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ABSTRACT

Aim/Purpose

Background

Methodology

This study addresses the limitations of conventional PLC and pneumatics labot-
atory learning, including high equipment costs, safety risks, limited hands-on
time, and low interactivity. The purpose of this research is to design and evalu-
ate an Augmented Reality—Integrated Virtual Laboratory (ARViLab) to improve
student learning outcomes in PLC-Pneumatics education.

Although Augmented Reality (AR) has been widely used in engineering educa-
tion, most existing applications remain passive and lack deep integration with
real-time PLC programming and interaction with pneumatic systems. This study
addresses that gap by developing an immersive, interactive AR-based virtual la-
boratory that integrates PLC control logic and pneumatic actuators into a single
learning ecosystem.

This research employed a Research and Development (R&D) approach based
on a modified Borg and Gall model. The study involved 60 undergraduate Elec-
trical Engineering Education students, selected through proportional random
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sampling, who were divided into experimental (n = 30) and control (n = 30)
groups. Data were collected using expert validation questionnaires (analyzed
with Aiken’s V), practicality questionnaires (descriptive percentage), and learn-
ing outcome tests (N-Gain, paired-sample t-test, independent t-test, and AN-
COVA) using IBM SPSS Statistics 20.

This study contributes to the body of knowledge by proposing a comprehensive
AR-integrated virtual laboratory framework that combines immersive simula-
tion, PLC ladder programming, and pneumatic actuator interaction. It extends
prior AR research by moving beyond passive visualization to an interactive, sys-
tem-level learning environment supported by empirical testing of effectiveness.

The results indicate that ARVilab is valid (Aiken’s V material = 0.85; media =
0.95) and very practical (85.61%). The experimental group achieved a medium
N-Gain (0.65), significantly higher than the control group (0.29). Independent t-
test results (t = 10.32, p < 0.001) and ANCOVA findings (F = 107.355, p <
0.001; n* = 0.653) demonstrate that ARVil.ab significantly improves student
learning outcomes compared to conventional methods.

Educational institutions are encouraged to integrate AR-based virtual laborato-
ries as preparatory simulation tools prior to physical practicum sessions to opti-
mize equipment use, reduce operational risks, and enhance students’ readiness
and conceptual understanding.

Future researchers should adopt mixed-method approaches to explore cogni-
tive, affective, and behavioral impacts of immersive learning. Broader and more
diverse samples across institutions are recommended to enhance generalizabil-

1ty.

The implementation of ARViLab offers a scalable and cost-effective solution to
improve technical workforce preparation in the era of Industry 4.0. By enhanc-
ing practical competencies in automation and control systems, this innovation
supports the development of skilled graduates ready for modern industrial envi-
ronments.

Future studies should conduct longitudinal investigations to assess long-term
skill retention and transferability to real industrial contexts. Further develop-
ment may integrate Virtual Reality (VR), multi-user collaboration features, and
Artificial Intelligence (Al)-based adaptive feedback systems to create intelligent
immersive learning environments.

Keywords augmented reality, virtual laboratory, PLC pneumatics, immersive learning,
learning outcomes
INTRODUCTION

The Fourth Industrial Revolution has instigated profound changes in the global industrial sector, ne-
cessitating automation and intelligent control systems as essential components (Adel, 2024; Alia & El
Harmouzi, 2024; George, 2024). One such transformation is the integration of Programmable Logic
Controllers (PLCs) with pneumatic systems, an essential skill that electrical and industrial automation
engineers must master. Mastery of practical skills in designing, implementing, and troubleshooting
PLC-pneumatic systems is crucial to meet the need for a competent workforce capable of adapting to
modern industrial technology (Lovrec, 2019; Triatmaja et al., 2024). Therefore, higher education and
vocational institutions are responsible for providing learning experiences that integrate strong theo-
retical foundations with rich practical exposure (Gauthama et al., 2025; Kovalchuk et al., 2023).
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However, conventional learning methods that rely on physical laboratories often face significant chal-
lenges. The main limitations include the high cost of investing in and maintaining equipment, the risk
of component damage due to student errors, and occupational safety (Ali et al., 2024; Esen et al.,
2025; Iswan, 2024; Margheritti et al., 2025; Rafa et al., 2024). In addition, accessibility constraints,
such as a limited number of workbenches, are often disproportionate to the number of students,
thereby reducing individual practice time (hands-on time) and learning effectiveness (Doerner &
Horst, 2022; Volansky, 2020; K. Wang et al., 2025). Scalability to accommodate more complex and
diverse industrial scenarios is also difficult to achieve in a static physical laboratory environment
(Shamsuzzaman et al., 2024; Vilches et al., 2025).

In response to these challenges, innovations in educational technology, particularly immersive tech-
nology, offer a new paradigm in engineering education. Technologies that use Augmented Reality
(AR) have shown great potential to revolutionize the delivery of practical and procedural materials
(Aggarwal et al., 2024; Irfan et al., 2024; Rizvi et al., 2025). Suhail et al. (2024) found that implement-
ing Augmented Reality (AR) in engineering education enhances student engagement and understand-
ing of complex subjects. This technology creates a learning space that is interactive, safe, and easy to
access. It also creates simulations that closely resemble real life without the need for expensive hard-
ware. This means that problems that come with traditional labs can be solved in other ways.

The advancement of AR-based virtual laboratories enables students to participate in an immersive
three-dimensional simulation environment (Criollo-C et al., 2021; Fortuna et al., 2024; Neffati et al.,
2021; Shi et al., 2026). In virtual laboratory-based learning media, users can assemble pneumatic com-
ponents, connect cables to PLC modules, upload programs, and test system functionality interac-
tively. This virtual environment provides a safe platform for conducting repeated experiments, mak-
ing mistakes without financial consequences or danger, and visualizing internal processes that are not
visible on physical devices. The technique has proven effective in strengthening conceptual under-
standing and problem-solving skills.

Conversely, AR technology acts as a conduit between the digital and physical realms (Kiryakova,
2020; Romano et al., 2023). AR can present contextual information, such as assembly instructions,
schematic diagrams, or real-time sensor data, virtually overlaid on real objects. In the context of PLC-
Pneumatics learning, AR can be used to provide step-by-step guidance when students interact with
physical equipment or to visualize the flow of compressed air inside valves and cylinders, thereby en-
riching their understanding of the working principles of components in depth.

Although previous research has examined the application of Augmented Reality (AR) to visualization
in engineering education, significant research gaps remain. Most current AR applications are passive
and only allow users to identify parts or view 3D models without interacting with the PLC device
(Sukardjo et al., 2023; Widodo et al., 2024). The main gap is the lack of an AR platform that serves as
an interactive virtual laboratory for integrated systems such as PL.Cs and Pneumatics. Therefore, this
research aims to provide a comprehensive augmented reality learning ecosystem that enables students
not only to observe but also to actively design, test, and improve control circuits virtually, facilitating
a smooth transition from abstract principles to concrete applications.

This study seeks to develop and evaluate an Augmented Reality—Integrated Virtual Laboratory
(ARViLab) for PLC-pneumatics education. The proposed learning environment is designed to im-
prove the learning outcomes of electrical engineering students by providing risk-free experimentation
in a virtual laboratory and guided interaction with real equipment through augmented reality. The
study evaluates whether ARViLab is valid, practical, and effective for classroom implementation.
This research specifically seeks to address the following inquiries:

1. How can an immersive AR-integrated virtual laboratory be designed and validated to sup-
port PLC-pneumatic learning?
2. To what extent is the proposed system practical and acceptable for students?
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3. What is the effect of the system on students’ learning outcomes compared to conventional
learning?

The remainder of this article is organized as follows. The next section reviews relevant literature on
augmented reality, virtual laboratories, simulation-based learning, and immersive technologies in engi-
neering education, with particular attention to their potential and limitations in supporting practical
skill development. The methodology section then explains the research and development design, par-
ticipants, treatment procedures, data-collection instruments, and data-analysis techniques used to
evaluate ARVilLab. The results section presents the development process, expert validation, practical-
ity testing, and empirical findings related to student learning outcomes. The discussion section inter-
prets these findings in relation to prior studies, highlights ARVilLab’s contribution to PLC-pneumat-
ics learning, and discusses practical implementation issues. Finally, the article summarizes the main
findings, acknowledges the study’s limitations, and outlines directions for future research.

LITERATURE REVIEW

The application of Augmented Reality (AR) in engineering education has advanced rapidly and has
had a significant positive impact on the learning process. This development reflects the increasing
need for learning environments that can connect theoretical knowledge with practical experience,
particularly in technical fields such as electrical engineering, industrial automation, and control sys-
tems (Suhail et al., 2024; Sulc et al., 2023). As shown in Figure 1, a bibliometric review by Lam-
propoulos et al. (2025), which analyzed 235 publications from 2011 to 2025, indicates that this im-
mersive technology plays an important role in increasing attention and focus on research on the use
of AR in engineering education. Research shows that the use of AR in engineering education signifi-
cantly improves students’ conceptual understanding, laboratory competence, and motivation to learn
compared with conventional techniques (Kulkarni & Harne, 2024; Liu et al., 2025; Mokmin et al.,
2024; Singh et al., 2019; Suhalil et al., 2024). AR technology has been shown to increase student moti-
vation, creativity, and learning outcomes through interactive, contextual three-dimensional (3D) ob-
ject visualization (Ceken & Tagkin, 2025). In addition, AR can create safe virtual and remote labora-
tories, allowing students to practice practical skills without risking damage to physical equipment.
These characteristics make AR relevant for engineering education because students are required not
only to observe technical concepts but also to understand procedures, system relationships, and
equipment operation in a more concrete learning environment (Singh et al., 2019; Suhail et al., 2024).
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In the context of modern engineering education, which requires integrating theoretical understanding
with practical experience, AR is an innovative solution because it provides an interactive, immersive,
and low-risk learning environment. Previous studies have shown that AR-based virtual laboratories
are effective in facilitating independent and collaborative learning (Sulc et al., 2023), as well as in im-
proving the quality of practical learning, reducing cognitive load, and decreasing student anxiety
when operating laboratory equipment (Suhail et al., 2024). In addition to AR, Virtual Reality (VR)
and immersive simulation environments have also been widely used to support laboratory-based
learning. VR allows students to interact with fully simulated environments, while AR connects digital
objects with real-world learning contexts. Both technologies support repeated practice, risk-free ex-
perimentation, and visualization of complex systems before students interact with real equipment
(Doerner & Horst, 2022; Rafa et al., 2024; Sanzana et al., 2024). In addition, the use of AR can im-
prove students’ understanding of control system concepts through more intuitive and interactive vis-
ual representations. These benefits are even more important for learning pneumatic PLC, which re-
quires spatial understanding, circuit visualization, and complex control logic (Habibi & Fieschko,
2020).

In pneumatic PLC learning, students must understand the relationships among ladder logic, electrical
signals, pneumatic components, actuator movements, and troubleshooting procedures. Therefore,
immersive and simulation-based learning can help students test procedures, identify errors, and refine
their understanding before conducting direct practice in the physical laboratory (Habibi & Fieschko,
2020; Sanzana et al., 2024). Furthermore, AR technology can address various limitations of conven-
tional practical learning, such as equipment constraints, high operational costs, safety risks, and lim-
ited practice time (Singh & Ahmad, 2024). These findings reinforce the urgency of research into the
design and evaluation of immersive AR-integrated virtual laboratories for pneumatic PLC as a rele-
vant and sustainable learning innovation.

Although various studies have shown significant benefits of AR in engineering education, a literature
review also identifies several research gaps that remain to be addressed. Research by Alvarez-Marin
and Velazquez-Iturbide (2022) emphasizes that many current educational AR applications remain
limited in interactivity and therefore do not fully support active and exploratory learning. Many AR
applications are still limited to object recognition, marker scanning, or passive visualization of 3D
components. Such applications can support observation, but they do not always provide sufficient
opportunities for students to manipulate systems, test control logic, or engage in problem-solving ac-
tivities (Alvarez—Marin & Velazquez-Iturbide, 2022; Suhail et al., 2024). Previous studies have devel-
oped virtual laboratory-based electro-pneumatic learning media and reported improvements in media
feasibility and students’ procedural understanding (Sukardjo et al., 2023). However, these studies re-
mained focused on pneumatic simulation without deep integration with real-time PLC programming
or augmented reality. The focus remained limited to pneumatic simulations, with no deep integration
with real-time PLC programming, and it did not use AR technology. This indicates that previous
studies have provided important foundations for virtual and simulation-based pneumatic learning,
but they have not fully integrated AR visualization, PLC programming, and pneumatic actuator inter-
action into a single immersive learning ecosystem (Sukardjo et al., 2023).

In addition, there are still shortcomings in the standardization of pedagogical frameworks and com-
prehensive evaluation methods, which are important to ensure the effectiveness of AR implementa-
tion in the context of technical learning (Suhail et al., 2024). The high visual complexity of some AR
applications can also cause cognitive overload if not accompanied by adequate instructional scaffold-
ing. Recent literature also emphasizes the necessity of a user-centered design approach in developing
AR applications, as well as the importance of more in-depth empirical testing within specific tech-
nical domains to understand better the benefits, limitations, and pedagogical implications of this
technology. Other practical challenges also need to be considered, including device compatibility, lec-
turer readiness, technical support, maintenance of digital content, and students’ familiarity with im-
mersive learning environments (Alvarez-Marin & Velazquez-Tturbide, 2022; Suhail et al., 2024).
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These issues show that AR implementation should be evaluated not only from the perspective of
technological novelty but also from its pedagogical relevance, usability, sustainability, and effective-
ness in improving learning outcomes (Mokmin et al., 2024; Suhail et al., 2024).

Based on these gaps, this study aims to design and evaluate an immersive virtual laboratory integrated
with AR (Augmented Reality), specifically focused on pneumatic PLC learning. This study uses AR
to visualize components and integrates immersive interactions among PLC programming, control
logic, and PLC actuators in a virtual environment. Unlike passive AR applications that mainly display
3D objects, ARViLab is designed as an interactive learning environment that enables students to ob-
serve components, assemble virtual circuits, design and test PLC ladder logic, and visualize the re-
sponse of pneumatic actuators. This study enhances the technical dimensions by creating a realistic,
interactive, 3D model-based virtual laboratory environment and employing a user-centered design
methodology. This research also makes an empirical contribution by thoroughly assessing improve-
ments in student learning outcomes. Therefore, the contribution of this study lies not only in devel-
oping an AR-based learning medium but also in proposing a system-level AR-integrated virtual labor-
atory that combines visualization, simulation, interaction, and empirical evaluation. Therefore, this
research aims to address current knowledge gaps while providing a systematic framework for design-
ing and evaluating immersive technologies in advanced control-system learning labs, especially for
pneumatic PLC learning.

METHODOLOGY

RESEARCH METHODS AND PROCEDURES

This research employed a Research and Development (R&D) approach to design, develop, and eval-
uate an immersive learning product, a PLC-Pneumatics virtual laboratory integrated with Augmented
Reality (AR). The development process adopted a modified Borg and Gall model (Wulansari et al.,
2024), as shown in Figure 2. This model is deliberately designed to support rapid prototyping and the
iterative nature of immersive technology development while maintaining methodological rigor. By
focusing on essential stages such as needs analysis, expert validation, and user testing, this model fa-
cilitates an efficient yet systematic development cycle that is practical for the vocational education
context.

Focus Group —\—>

Discussion

Expert Validation —3%—>
Revision ——%—>

Need Analysis
Analysis of RPS

Study
Literature

Learning Media
Valid, Practical,
and Effective
Expanded Trial

) Testing Practicality

: Testing Effectiveness
Developin e
ping on Learning Outcomes

Designing

Testing & Implementation

Figure 2. Fishbone diagram

The study procedure was carried out through five sequential and interconnected stages, as shown in
Figure 2. The analysis stage included needs analysis, analysis of the Semester Learning Plan, and liter-
ature review to identify gaps and requirements in PLC-Pneumatics practical learning. The subsequent
stage was the development phase, which focuses on designing and creating an immersive virtual la-
boratory, encompassing system architecture, digital content production, UI/UX design, and virtual
practice scenarios. The validation phase involved focus group discussions and expert evaluations to
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assess content accuracy, technological feasibility, and instructional relevance. The findings informed
subsequent product revisions. The subsequent stage of testing and implementation assessed the via-
bility of the educational medium and its effect on student competencies. These steps yield learning
media products that are valid, practical, and effective, enhancing student learning outcomes within
the PLC Pneumatics framework.

PARTICIPANTS

The participants in this study were undergraduate students involved in the Electrical Engineering Ed-
ucation program, particularly those undertaking courses in Programmable Logic Controllers (PLC)
and pneumatics. The population consisted of all students registered in the PLC Pneumatics course
during the academic year, totaling 122 students. These students were distributed across four intact
classes.

The sample size in this study was determined based on demographic characteristics and the existing
population size. From a total population of 120 students, a sample of 60 students was selected for
the study. Simple random sampling was applied to ensure that each member of the population had an
equal probability of selection. Proportional random sampling was then used to allocate the sample
across the four classes according to their respective population sizes.

The proportional allocation of the sample was calculated using the following formula (X. Wang &
Cheng, 2020) :

Ni
n,=—xn
N

where n; represents the number of samples from each class, Nj is the population of each class, N is
the total population, and n is the total sample size. Based on this calculation, the distribution of pat-
ticipants across classes is presented in Table 1.

Table 1. Research sample

Class | Population | Sample calculation | Sample quantity
1 32 (32/122) x 60 16
2 32 (32/122) x 60 16
3 29 (29/122) x 60 14
4 29 (29/122) x 60 14
Total 122 60

The 60 participants were randomly allocated to either the control or experimental group. The experi-
mental group engaged in activities within an immersive Augmented Reality-integrated virtual labora-
tory focused on PLC pneumatics. The control group, conversely, was instructed using conventional
methods commonly employed in PLC pneumatics courses.

ETHICAL CONSIDERATIONS

This study was conducted in accordance with established ethical principles for educational research.
Before data collection, written informed consent was obtained from all participants after they had
been informed of the study’s purpose and procedures, the voluntary nature of their participation, and
their right to withdraw at any time without penalty. To protect participants’ privacy and confidential-
ity, all data were anonymized and used solely for research purposes.

TREATMENT PROCEDURES

Sixty students were randomly divided into an experimental group (n = 30) and a control group (n =
30). Before the intervention, both groups attended a 60-minute orientation session covering learning
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objectives, basic concepts of pneumatic PLCs, and laboratory procedures. A pre-test was adminis-
tered to assess students’ prior knowledge and ensure equal ability between the two groups. The inter-
vention was conducted over four weeks, comprising eight learning sessions held twice a week, each
lasting 120 minutes. Both groups received the same duration and scope of material, including PL.C
basics, ladder logic programming, pneumatic components, electro-pneumatic circuit design, system
integration, and troubleshooting procedures. At the end of the intervention, all participants took a
30-minute post-test using the same instrument to evaluate their learning outcomes. To minimize in-
structor effects, both the experimental and control groups were facilitated by the same lecturer. The
lecturer used the same learning objectives, core content, practicum schedule, and assessment proce-
dures for both groups. The main difference between the two groups was the learning treatment used
during the practicum preparation stage.

The experimental group followed a step-by-step learning approach that integrated an immersive,
Augmented Reality-based virtual laboratory and hands-on laboratory practice. In each practicum ses-
sion, students first used the virtual laboratory for 30 minutes to observe the system, design ladder
logic, assemble virtual control circuits, and test and refine the program through simulation with im-
mediate feedback. This stage provided opportunities for repeated exploration and reinforced under-
standing before actual implementation. Next, students conducted practice using PLC trainers in the
laboratory for 90 minutes to implement and verify the programs they had developed. In contrast, the
control group followed the learning process through the lecturer’s concept explanations and demon-
strations for 30 minutes, then immediately engaged in practice using the PLC trainer for 90 minutes,
without first going through the virtual simulation stage. This condition resulted in fewer opportuni-
ties for exploration, testing, and program refinement than in the experimental group. Both groups
received comparable guidance from the lecturer, feedback, and assessment conditions during the
learning process. Therefore, the comparison between the two groups was designed to isolate the ef-
fect of ARViLab as the primary treatment variable while maintaining equivalence in learning dura-
tion, content coverage, instructor support, and testing procedures.

DATA COLLECTION INSTRUMENTS

This study used three main instruments; the first instrument was a validity questionnaire covering
material and media validation. This instrument was developed using a Likert scale and completed by
experts following a comprehensive assessment of the learning materials and media. These experts
were academics with doctorates and professors who had 25-35 years of experience in PLC, pneu-
matic media, and learning. This research instrument was adapted from research by Muskhir et al.
(2025). Indicators for each aspect of material and media validation instruments are presented in Table

2.

Table 2. The indicators for expert validation of materials and media

Aspect Indicator
Material  |Learning design The main content, ease of understanding, and depth of
aspect the material
Quality of learning Enhancing learning motivation, benefits for lecturers
and students
Advantage of learning Relevance of material, completeness of material, and
use of media
Media Visual quality Design of media display, text, and images
aspect Software functionality Ease of media operation, user instructions, and smooth

media operation

Interactive and communicative |Interactive and communicative
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The second instrument was an AR-based practicality questionnaire administered to students in the
experimental group. Adapted from Muskhir et al. (2025), the questionnaire measured users’ percep-
tions of ease of use, time efficiency, material presentation, and the perceived benefits of the learning
medium. Responses were collected using a Likert scale. The indicators for each aspect of the practi-
cality instrument are presented in Table 3.

Table 3. Indicators of practicality

Aspect Indicator
Ease of use Ease of use in operating the application and
understanding navigation
Efficiency of Time Use |Measuring the efficiency of time use during the

learning process

Material Presentation Clarity and appropriateness of material presen-

tation in relation to learning objectives

Media Display Quality | The quality of the interface display and visual

media in supporting learning comfort

The third instrument was a learning-outcome test administered as both a pre-test and a post-test.
Item validity was examined using the biserial correlation coefficient, while reliability was assessed us-
ing the Kuder—Richardson 20 (KR-20) coefficient (Shojima, 2022). Item difficulty and discrimination
indices were also evaluated. Only items that met the predetermined validity, reliability, difficulty, and
discrimination criteria were retained for the final learning-outcome assessment.

DATA ANALYSIS TECHNIQUE

This research aimed to determine whether the ARVilab learning medium developed was effective,
feasible, and valid. Using IBM SPSS Statistics 26, quantitative data were analyzed with descriptive and
inferential statistics. Table 4 provides an overview of the analytical methods used in this study.

Table 4. Data analysis techniques

Analysis aspect

Technique used

Purpose

Media validity Aiken’s V Determining expert agreement

Media practicality  |Desctiptive percentage  |Evaluating usability level based on
student responses

Learning Normalized Gain Measuring learning effectiveness

improvement (N-Gain)

Normality testing

Kolmogorov—Smirnov
test

Testing data distribution normality

Homogenity testing

Levene’s test

Testing variance equality between
groups

Within-group effect

Paired-samples t-test

Analyzing pre-test and post-test
differences within each group

Between-group
comparison

Independent-samples
t-test

Comparing learning outcomes between
experimental and control groups

Effectiveness with
covariate

Analysis of Covariance

(ANCOVA)

Testing treatment effects while
controlling for pre-test scores
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Media validity was assessed using expert judgment from three subject-matter experts and three media
experts. Expert assessments were collected using Likert-scale questionnaires and analyzed with Ai-
ken’s V to assess the level of agreement among experts. The validity evaluation covered instructional
design, content quality, learning benetfits, visual quality, software functionality, and interactivity. The
tindings of this analysis were used to confirm the viability of the generated learning medium prior to
classroom adoption.

Media practicality was analyzed using student responses collected during the implementation phase.
A Likert-scale questionnaire was administered to assess ease of use, time-use efficiency, material
presentation, and media display quality. The practicality data were analyzed descriptively and con-
verted into percentage scores to determine the usability level of the learning media (Waskito et al.,
2024).

Using a quasi-experimental design with control and experimental groups, researchers evaluated the
ARVilab’s efficacy before and after testing. The normalized gain (N-Gain) index enabled quantifica-
tion of learning progress, assessed by administering tests before and after the learning intervention.
N-Gain values were interpreted according to the classification criteria presented in Table 5 (Prasetya
et al., 2023).

Table 5. N-Gain classification criteria

N-Gain value Category
g=0.70 High
0.30 < g <0.70 Medium
g < 0.30 Low

Moreover, paired-samples (within-group) t-tests were employed to investigate changes from pre- to
post-intervention within groups (Peng et al., 2025). Assumption tests were run prior to making the
between-group comparisons. The research assessed statistical significance using the Kolmogorov-
Smirnov test, which checks whether the data are normally distributed, and Levene’s test, which as-
sesses whether the variance is homogeneous. Finally, after the assumption tests were met, an inde-
pendent-samples t-test was conducted to compare the post-test learning outcomes of the experi-
mental and control groups. Using students’ pre-test scores as covariates, ANCOVA was conducted
to examine the effect of the treatment on post-test learning outcomes while controlling for baseline
prior knowledge (Yan & Mendoza, 2025). For each test, a significance level of 0.05 was utilized.

RESULT

This study aims to develop a valid, practical, and effective Augmented Reality-Integrated Virtual
Laboratory (ARViLab) to improve student learning outcomes in PLC and Pneumatics learning. The
development process adapts the simplified Borg and Gall model.

ANALYSIS STAGE

The analysis stage began by identifying learning problems through student surveys and interviews
with lecturers teaching PL.C and Pneumatics courses. The survey results showed that most students
experienced significant difficulties during practical work, caused by limited facilities, the risk of com-
ponent damage, and a lack of visualization of the interaction between the PLC program and the
pneumatic system. This condition was reinforced by lecturers who confirmed that the learning
method still relied on conventional media such as PowerPoint presentations, which were considered
ineffective for presenting dynamic simulations and real-time interactions. As a result, the existing me-
dia was considered monotonous and unable to motivate students, even though students had high dig-
ital literacy through smartphone use.

10
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Based on these issues, the needs analysis led to the development of an ARVil.ab. This proposed so-
lution received support from students and lecturers who expressed the need for innovative media.
Both students and lecturers viewed AR technology as the ideal solution to facilitate virtual assembly,
programming, and troubleshooting simulations. This media is expected to not only provide a safe
and interactive learning experience but also increase motivation, encourage independent learning, and
offer flexibility for learning outside class hours.

To ensure relevance and focus in development, an analysis of the Semester Learning Plan was also
conducted. This analysis successfully mapped materials with high cognitive load and a significant risk
of equipment damage, such as basic control circuits that require in-depth procedural understanding.
These materials are prioritized for integration into ARViLab. The goal is to help students understand
complex concepts visually and interactively in a risk-free environment, so that learning outcomes can
be achieved more effectively.

DEVELOPMENT STAGE

During the development stage, an initial design for the Augmented Reality (AR) application was cre-
ated, tailored to the findings and requirements from the previous phase. The development stage con-
sisted of designing 3D AR assets, the application structure (storyboard), and the UI (User Interface)
display to be shown on the learning media. The three-dimensional (3D) asset design representing the
PLC components was developed using Blender. Each model was created to accurately reflect the
equipment’s physical characteristics, including texture, shape, and scale. The rendering process in-
volved setting the appropriate materials, lighting, and visual effects to ensure realism. To enhance in-
teractivity, the models were animated to demonstrate the cable installation procedure and the system
response after the connection was complete. These assets include representations of PLC trainers,
magnetic contacts, and three-phase motors (Figure 3). This AR simulation provides students with re-
alistic and interactive tools to understand and practice basic control circuits.

R O S S T T

(b) Design of PLC Omron

(c) Design of three-phase motors (d) Design of magnetic contacts

Figure 3. The process of creating 3D assets
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During the development stage, findings from the analysis stage were transformed into functional
products: AR learning media for the PLC & Pneumatics courses. This process involves three main
steps: (a) Conceptual and User Interface (UI/UX) design by designing the application user flow, in-
terface layout, and wireframes to ensure an intuitive and interactive learning experience; (b) Digital
Asset development by producing all visual components and data needed for simulation. This includes
creating 3D models for each component of the PLC and Pneumatics system, designing UI/UX ele-
ments, and creating animations that illustrate electrical signal flow and motor rotation; (c) Application
Realization and Feature Integration by programming an Augmented Reality-based mobile applica-
tion. In this step, all digital assets are integrated, and interactive features such as assembly simula-
tions, PLC program execution, and troubleshooting scenarios are implemented. The result of this
stage is a functional prototype that is ready for validation.

In Figure 4(a), the main menu display shows several menus that can be accessed, ranging from start,
information, and developer to exit, which exits the application. Furthermore, in Figure 4(b), the ap-
plication usage instruction menu display will direct users to explanations of the menu functions in the
application and to the manual menu, which contains complete guidelines on how to use AR-based

learning media applications.

IMMERSIVE SIMULATION UVIRTUAL INNSTRUCTIONS FOR USE

LABORATORY AUGMEMNITED REALITY

MEMU FUNICTIONS GUIDEBOOR

IFORMATION DEVELOPER

(a) Main menu (b) Instructions for use

Figure 4. Main menu display and application usage instructions

In Figure 5(a), users can freely select which material in the series they want to work on. Next, after
selecting the circuit, users select the menu to determine what they want to work on. Meanwhile, in
Figure 5(b), the virtual component menu also includes a scanning component menu, allowing users
to display all marker components in 3D and view each component’s functions. The component scan
menu also provides a demo menu that displays the entire circuit, allowing users to immediately acti-
vate it without assembling it first.

SELECT A CIRCUIT

DIRECT OMU LI FORWARD REVERSE

— =

(a) Material menu (b) AR 3D scan display
Figure 5. Material Menu Display and AR 3D Scan Display

In Figure 6(a), a jobsheet menu is displayed, containing the objectives, implementation steps, and
available virtual components. Meanwhile, Figure 6(b) shows a simulation of the motor under PL.C
control. In the motor rotation simulation feature, users can first assemble the electrical circuit from
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the PLC to the electric motor control and also program the PLC. After that, users can see how the
simulation of the program and circuit that has been installed works.

BACH

FORWARD REVERSE CIRCUIT
JOBSHEET
SELECT THE MEMU BELOW

IMPLEMENTATION UIRTUAL
OBJECTIVE STEPS COMPONENTS

— " - —

(a) Jobsheet menu display (b) Circuit simulation display

Figure 6. Job sheet menu and circuit simulation display

VALIDATION STAGE

The validation procedure was conducted to determine whether the augmented-reality immersive vir-
tual laboratory was feasible. This was accomplished by evaluating the laboratory’s feasibility with a
panel of experts that included three subject-matter experts and three media experts. The subject mat-
ter experts evaluated the content’s accuracy, the curriculum’s relevance, and the learning design,
whereas the media experts focused on the visual quality, the software’s functionality, and the effec-
tiveness of the interaction. Afterward, a quantitative analysis was performed on all evaluation data
collected via the questionnaire, using Aiken’s V to derive an objective validity index. A comprehen-
sive description of the validity calculation results from both sets of experts, which indicates that the
product is feasible, is presented in Table 6 in its entirety.

Table 6. Validation findings from material and media experts

Validators
Aspect Aiken’s V | Average | Category
1 2 3
Material |Learning design 0.89 | 097 | 0.88 0.91
aspeCt | Quality of learning 0.75 | 0.95 | 0.85 0.85 0.85 Valid
Advantage of learning 0.88 | 1.00 | 0.89 0.92
Media | Visual quality 0.97 | 095 | 0.95 0.95
aspect 9o frware functionality 097 | 092 | 092 | 093 0.95 Valid
Interactive and communicative 1 0.95 1 0.98

In general, validation by six experts (three in the subject matter and three in the media) confirmed
that the constructed learning media are valid and ready for use. Based on quantitative analysis using
Aiken’s V, the validation result for the subject-matter aspect averaged 0.85 (Valid), confirming the
content’s accuracy and suitability. This assessment is significantly reinforced by the validation results
for the media aspect, which obtained a higher average score of 0.95 (Valid), proving its superior tech-
nical quality, design, and interactivity. Thus, this AR-based Immersive Simulation Virtual Laboratory
has been proven to meet the feasibility standards from both crucial perspectives, namely pedagogical
and technical feasibility, and is ready to be tested in the next stage.

TESTING AND IMPLEMENTATION STAGE

The purpose of the implementation stage is to test the extent to which and how well AR immersive
virtual laboratory learning media works in a real learning environment. This stage employs a quasi-
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experimental design with 60 students randomly assigned to two groups: a control group (n=30) and
an experimental group (n=30). The control group received standard conventional learning media in
the form of PowerPoint-based teaching, followed by a physical assembly using training kits and
printed worksheets. In contrast, the experimental group received ARViLab media as simulation and
exercise materials to equip students to test the PLC training kit in real-world laboratory settings. At
the last meeting, researchers asked students for feedback on the learning media they had studied dur-
ing the learning process. Student feedback was used to evaluate the feasibility of using AR-based
learning media on mobile devices in PLC Pneumatics courses. In addition, to measure effectiveness,
learning outcome data were collected from both groups through pre-tests and post-tests.

The practicality assessment yielded an overall score of 85.61%, placing ARVilab in the “Very Practi-
cal” category. As shown in Figure 7, the aspect scores were 88.75% for ease of use, 82.67% for time-
use efficiency, 86.29% for material presentation, and 84.75% for media display quality. These results
indicate that students generally perceived ARVilab as usable and supportive of the learning process.

88.75%
89.00%
88.00% 86.29%
87.00% 2
86.00% 84.75%
85.00%
84.00% 82.67%
83.00%
82.00%
81.00%

80.00% S
79.00%

Ease of Use Efficiency of Material Media Display
Time Use Presentation Quality

Aspect

Figure 7. Practicality test results

In addition to collecting hands-on data, this trial gathered learning outcome data for the two groups
to analyze effectiveness. To analyze media effectiveness, this research adopted a quasi-experimental
design using the Pre-test-Post-test Control Group Design, with two classes as the experimental sub-
jects. First, a pre-test was administered to both groups to measure initial ability. Second, an experi-
ment was conducted with one group by providing treatment in the form of AR-based virtual lab
learning, while the other group received conventional learning. Lastly, a post-test was conducted us-
ing identical questions and timing for both groups to measure the increase in learning outcomes. The
quantitative data were further analyzed using two methods to compute the N-Gain score to assess
each group’s effectiveness, as well as a t-test to evaluate differences between the two groups. Table 7
presents the results of the effectiveness analysis based on the N-Gain scores.

Table 7. Findings from effectiveness tests using N-Gain score

Group Types of test N M SD N-Gain
Pre-test 30 58.20 6.45 .
Experiment e 0.65 (Medium)
Post-test 30 85.33 5.24
Control Pre-test 30 57.80 6.10 0.29 (Low)
Post-test 30 70.10 6.15
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The effectiveness results presented in Table 7 show that the experimental group using ARViLab
achieved an N-Gain of 0.65, which was classified as Medium, whereas the control group achieved an
N-Gain of 0.29, which was classified as Low. These findings indicate that the experimental group ex-
perienced greater improvement in learning outcomes than the control group. Thus, the AR-inte-
grated immersive virtual laboratory was more effective in improving students’ learning outcomes in
PLC-pneumatics education than the conventional learning approach.

The subsequent step involves performing prerequisite tests, including the normality and homogeneity
tests, to assess the learning outcomes of the student groups both within and between groups prior to
analyzing the efficacy of the two learning media. The normality test assesses whether the distribution
of students’ learning outcomes in both the control and experimental classes is normal, using the Kol-
mogorov-Smirnov test. The homogeneity tests aim to determine whether the variation of the data

from both samples is homogeneous, utilizing Levene’s test. The information is encapsulated in Table

8.

Table 8. Normality and homogeneity test

K-S Levene
Variable Test Group
Statistic | p-value | Statistic p-value
Experiment 0.124 0.200
Pre-test xpermen 0.345 0.562
Learning Control 0.118 0.200
Outcome Experiment 0.132 0.185
Post-test Xpermen 1.024 0.318
Control 0.141 0.126

Table 8 shows that the normality test p-values for the pre- and post-test data in both the control and
experimental groups are greater than the significance level of 0.05. The data on students’ learning
outcomes appear to be normally distributed. The findings of the homogeneity test show that both
the pre-test and post-test data have significant values greater than 0.05, at 0.562 and 0.318, respec-
tively. This suggests that there is no significant difference in the data variance between the two
groups.

After the assumptions of normality and homogeneity were satisfied, paired-samples and independ-
ent-samples t-tests were conducted. The paired-samples t-test examined changes in pre-test and post-
test scores within each group, whereas the independent-samples t-test compared post-test scores be-
tween the experimental and control groups. The results are presented in Table 9.

Table 9. Summary of paired and independent t-test analysis

Pre-test Post-test | Paired sample t-test| Independent t-test
Group
M SD M SD t P t P
Experiment 58.20 6.45 | 8533 | 524 241 <.001 10.32 < 001
Control 57.80 6.10 | 70.10 | 6.15 114 <.001

According to Table 9, the paired-samples t-test results indicate that both groups experienced statisti-
cally significant improvements in learning outcomes from pre-test to post-test. In the experimental
group, the mean score increased from 58.20 (SD = 6.45) to 85.33 (SD = 5.24), with a significant
within-group difference (t = 24.10, p < .001). Similarly, the control group showed an increase from
57.80 (SD = 6.10) to 70.10 (SD = 6.15), which was also statistically significant (t = 11.40, p < .001).
Furthermore, the independent-samples t-test comparing the post-test scores of the two groups
showed that the experimental group achieved significantly higher learning outcomes than the control
group (t(58) = 10.32, p < .001). These findings indicate that although both groups improved after the
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learning intervention, students who used ARVilab demonstrated substantially higher post-interven-
tion performance than those who received conventional instruction.

Alongside the t-test analyses, an Analysis of Covariance (ANCOVA) was conducted to examine the
effect of the learning method on students’ post-test scores while controlling for their pre-test scores.
Prior to the ANCOVA, the homogeneity of regression slopes assumption was examined and satis-
fied, indicating that the interaction between group membership and pre-test scores was not statisti-
cally significant (p > .05). The ANCOVA results are presented in Table 10.

Table 10. Summary of ANCOVA Findings

Source Df Mean square F p Partial n2
Corrected model 2 1960.225 65.451 <.001 697
Intercept 1 245.120 8.184 .006 126
Pre-test 1 485.320 16.205 <.001 221
Group 1 3215.115 107.355 <.001 .653
Error 57 29.948
Total 60
Corrected total 59

Table 10 shows that, after controlling for students’ pre-test scores, the effect of group membership
on post-test learning outcomes remained statistically significant, F(1, 57) = 107.355, p < .001, partial
Np* = .653. This indicates a large treatment effect, with approximately 65.3% of the variance in post-
test scores, after accounting for the pre-test covariate, associated with group membership. The results
therefore indicate that students in the experimental group who used ARVilLab achieved significantly
higher adjusted post-test learning outcomes than students in the control group who received conven-
tional instruction.

DISCUSSION

This study aims to design and evaluate ARVilab as a solution to existing problems in conventional
PLC and pneumatics teaching. Empirical results show that the media created meet the criteria of va-
lidity, practicality, and effectiveness in improving student learning outcomes. Furthermore, the higher
N-Gain and post-test scores observed in the experimental group indicate that ARVilLab supported
greater learning improvement than conventional instruction. The AR approach allows students to di-
rectly visualize the interaction between PLC programs and pneumatic actuators in a single integrated
learning environment. This differs from conventional methods, where students must divide their at-
tention between job sheets, PC-based logic programs, and separate physical PLC training kits, requir-
ing them to imagine and connect the series of components themselves.

These findings align with prior research indicating that augmented reality can enhance the pedagogi-
cal efficacy of educational media by providing clearer and more engaging procedural visualizations
(Ceken & Tagkin, 2025). In addition, AR media is also considered practical because it is easily accessi-
ble via mobile devices, thereby reducing spatial and temporal barriers in laboratory learning (Singh &
Ahmad, 2024). Furthermore, the findings of this research corroborate that AR can substantially en-
hance knowledge retention and learning outcomes in the fields of science and engineering (Liu et al.,
2025; Mokmin et al., 2024; Suhail et al., 2024). By providing opportunities for repeated exploration,
students gain a richer learning experience than with lectures or limited laboratory methods. This sig-
nificant improvement in learning outcomes is also consistent with experiential learning theory and
previous research stating that immersive technology can reduce cognitive load when learning com-
plex systems (Altmeyer et al., 2024; Alvarez-Marin et al., 2025; Costu, 2025). The findings reinforce
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the study by Suhail et al. (2024), which reported increased student engagement through AR visualiza-
tion. Furthermore, these results support Sanzana et al.’s (2024) argument that virtual laboratories pro-
vide a risk-free environment for repeated experimentation, thereby strengthening students’ proce-
dural understanding of industrial control systems.

The main contribution of this research is the innovative integration of PLC and pneumatics in AR,
which has rarely been explored in previous research, as most previous studies have only emphasized
the visualization of electronic or mechanical components separately (Anwar et al., 2024; Muskhir et
al., 2024; Waskito et al., 2024). A comparison of current and previous research shows that passive AR
applications identified in previous research gaps display only 3D models without interaction, whereas
ARViLab provides a holistic ecosystem where students can assemble and test PLC ladder logic in real
time. The use of realistic 3D assets (such as three-phase motors and magnetic contacts) also helps
bridge the gap between abstract theory and physical application. This spatial ability is important in
electrical engineering (Habibi & Fieschko, 2020), where understanding schematic diagrams must
translate into actual cable installations. This addresses the limitations identified by Sukardjo et al.
(2023) and Widodo et al. (2024) concerning the separation between software simulation and mechan-
ical response. By virtually integrating the behavior of pneumatic actuators, this medium provides a
more complete systemic understanding, changing students’ perception from simply observing to “do-
ing” (learning by doing).

IMPLICATIONS

From a practical perspective, the implementation of ARViLab offers a scalable solution to overcome
the resource limitations faced by universities and vocational institutions. By moving the initial stages
of practice to a virtual environment, campuses can overcome obstacles such as limited PLC Pneu-
matic training kits and high physical laboratory maintenance costs. This means that campuses can im-
prove the efficiency of the student-to-equipment ratio, so that time in physical laboratories can be
focused on advanced problem solving rather than just basic assembly. In addition, the portability of
the mobile AR system supports flexible learning, allowing pneumatic PLC learning to be accessed an-
ywhere, anytime.

However, the implementation of ARViLab should not be interpreted as an automatically low-cost
solution in every institutional context. Although AR-based virtual laboratories may reduce reliance on
expensive physical equipment, their adoption still requires careful consideration of initial develop-
ment costs, compatibility with mobile devices, software maintenance, technical support, lecturer
training, and long-term sustainability. The actual cost-effectiveness of ARVilab may depend on the
scale of implementation, the availability of students’ devices, the institution’s digital infrastructure,
and the institution’s ability to maintain and update the AR content over time. Therefore, institutions
need to conduct a contextual cost-benefit analysis before adopting ARVil.ab as a regular component
of PLC-pneumatics learning.

Successful implementation also requires adequate technical and pedagogical preparation. From a
technical perspective, institutions need to ensure that students have access to compatible
smartphones or other mobile devices, that the application runs smoothly across different hardware
specifications, and that technical support is available when users encounter installation, scanning, or
performance issues. From a pedagogical perspective, lecturers need training not only in operating the
application but also in integrating ARVilab into lesson plans, practicum procedures, assessment ac-
tivities, and feedback mechanisms. Thus, ARViLab is best positioned as a complementary learning
environment that prepares students for physical laboratory practice, rather than as a complete re-
placement for hands-on laboratory experience.

LIMITATIONS

Although ARVilab media shows potential to improve student learning outcomes in pneumatic PLC
learning, several limitations should be considered when interpreting these findings. First, the study
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involved a relatively small and homogeneous sample from a single study program and institution,
namely Electrical Engineering Education at Universitas Negeri Padang. Therefore, the generalization
of the findings to broader populations, different institutions, vocational education contexts, ot other
engineering disciplines should be made with caution. Future studies involving larger and more di-
verse samples are needed to strengthen the external validity of the findings.

Second, although the same lecturer facilitated both the experimental and control groups to minimize
instructor effects, differences in classroom dynamics, student motivation, interaction patterns, and
responses to the learning media may still have influenced the results. In addition, the implementation
of ARViLab depended on students’ mobile devices, which may vary in hardware specifications,
screen size, camera quality, and operating system compatibility. Students’ prior familiarity with AR,
VR, or mobile-based learning may also have affected how easily they adapted to the learning media.

Third, the adoption of ARVilab requires institutional readiness, including compatible devices, lec-
turer training, technical support, software maintenance, and sustainable digital infrastructure. There-
fore, although ARVilab may reduce dependence on physical laboratory equipment, its cost-effective-
ness may vary with institutional context and the scale of implementation. Finally, this study primarily
measured short-term learning outcomes using pre-test and post-test scores. Longitudinal studies are
needed to examine long-term retention, skill transfer, and the application of PLC-pneumatics compe-
tence in real industrial contexts.

FUTURE RESEARCH DIRECTIONS

Based on the limitations identified, future research should focus on several strategic developments.
Given that this study is still limited to evaluating short-term learning outcomes, conducting a longitu-
dinal study is highly recommended to measure students’ retention of technical skills over a longer pe-
riod. Further development should also explore the use of multi-user Virtual Reality to simulate team
collaboration and conduct PLC practices as they occur in real industry settings. In addition, integrat-
ing Artificial Intelligence to provide adaptive, real-time feedback on student errors will elevate the
system from a simulation tool to an intelligent virtual tutor.

CONCLUSION

This study successfully developed an Augmented Reality (AR)-integrated virtual laboratory, namely
ARVilab, to address the limitations of conventional PLC and pneumatics learning. The development
process was carried out systematically using a modified Borg and Gall model, producing learning me-
dia that were valid, practical, and effective, as evidenced by expert validation, student practicality re-
sponses, and empirical learning outcome tests. The expert validation results showed that ARVilab
met the feasibility criteria in both material and media aspects. In contrast, the practicality results indi-
cated that students perceived the application as easy to use, useful, and supportive of the learning
process. The quasi-experimental findings also showed that students in the experimental group
demonstrated greater improvement in learning outcomes than those in the control group, as reflected
in the N-Gain, paired-samples t-test, independent-samples t-test, and ANCOVA results.

The main contribution of this study lies in the development and evaluation of an interactive, system-
level AR-integrated virtual laboratory that combines component visualization, virtual circuit assem-
bly, PLC ladder logic testing, and pneumatic actuator simulation within a single learning environ-
ment. Unlike AR applications that mainly focus on passive visualization, ARVil.ab provides students
with opportunities to observe, construct, test, revise, and understand PLC-pneumatics systems be-
fore conducting physical laboratory practice. Through realistic 3D assets, simulation-based interac-
tion, and guided virtual practice, ARViLab helps transform abstract PLC and pneumatics concepts
into more concrete learning experiences. Therefore, this study contributes not only to the develop-
ment of AR-based instructional media but also to the empirical understanding of how immersive
technology can support practical skill development in engineering education.

18



Muskhir, Luthfi, Effendi, Irfan, & Rahmat

Nevertheless, the findings should be interpreted with caution because this study was conducted with
a relatively limited and homogeneous sample from a single institution. The implementation of ARVi-
Lab also depends on students’ mobile device compatibility, lecturer readiness, technical support, in-
stitutional infrastructure, and the sustainability of application maintenance. In addition, the study pri-
marily measured short-term learning outcomes, so it does not yet provide sufficient evidence on
long-term retention, the transfer of skills to real-world industrial contexts, or sustained practical com-
petence. Future research should therefore involve broader, more diverse samples, conduct cost-bene-
fit and implementation analyses, examine potential instructor effects, and evaluate the long-term im-
pact of ARVilLab on students’ technical competence. Further development may also integrate Virtual
Reality (VR), multi-user collaboration, and Artificial Intelligence (Al)-based adaptive feedback to cre-
ate a more intelligent and collaborative immersive learning environment for PLC-pneumatics educa-
tion.
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