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Advancing equal rights and prohibiting discrimination based on disability
are essential to achieving social equity. Education serves as a vital
mechanism in this effort, particularly through inclusive practices that support
diverse learners. Sakon Nakhon Rajabhat University advances these values
by admitting students with disabilities, including those with hearing
impairments, and by fostering accessible learning environments. This study
presents the development of an augmented reality (AR) application,
designed according to universal design (UD) principles, to enhance learning
for students with hearing impairments. The AR technology integrates real
and virtual elements to create an engaging and interactive educational
experience. Evaluation results indicate a high level of effectiveness, with the
assessment dimension receiving the highest mean score (x = 4.87,SD =
0.35), and overall effectiveness rated similarly (x = 4.78,SD = 0.42). User
satisfaction was also rated at a very high level across all aspects

(x = 4.67,SD = 0.54). These findings highlight the potential of AR
technology, when guided by inclusive design principles, to improve learning
outcomes for students with hearing impairments.
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1. INTRODUCTION

According to the World Health Organization (WHO), over 5% of the global population—more than
360 million people—experience hearing loss, with the majority residing in low- and middle-income countries [1].
Education for individuals who are deaf or hard of hearing (DHH) presents unique challenges, particularly in
early childhood, when acquiring language and communication skills is more complex due to interactions with
family members and others who may not be hearing-impaired [2]. Education is universally recognized as a
fundamental human right, and no individual should face discrimination based on disability or physical
condition. Ensuring equal access to education plays a critical role in fostering social equity and contributing
to national development. In line with this vision, the Sakon Nakhon Provincial Development Plan (2023—
2027) highlights the need for inclusive education for people with disabilities, promoting awareness of legal
rights and access to state-supported services.

Sakon Nakhon Rajabhat University has aligned its strategic educational goals with inclusive
principles by implementing initiatives that support students with disabilities. These efforts ensure that all
students with disabilities have equitable access to resources and opportunities to reach their full potential.
A key component of this strategy is the development of accessible and adaptive learning media, which plays
a vital role in enhancing educational outcomes. Augmented reality (AR) is a digital technology that merges
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real and virtual environments through software and interactive devices. Over the past 25 years, AR has
gained widespread application in education due to its ability to increase learner engagement, enjoyment, and
academic performance [3]. A literature review of 1,694 scholarly works identified 26 studies published
between 2006 and 2020 that focused specifically on the use of AR for students with hearing impairments. Of
these, approximately 60% employed marker-based AR systems, reporting positive impacts on student
motivation, interactivity, and learning outcomes [1].

The learning process of students with hearing impairments often affects their proficiency in both
language and mathematical reasoning. As a result, educational materials utilizing AR have been developed to
support these learners [4]. Although emerging technologies have the potential to create diverse methods and
models of learning, the impact of the internet of things (IoT) on the education of students with hearing
impairments remains poorly understood. Learning loT concepts poses unique challenges, particularly
because such content is difficult to translate and communicate through sign language [5]. Therefore,
specialized instructional strategies are necessary for this group of learners. Effective learning for students
with hearing impairments requires strong language comprehension and accurate perceptual understanding,
which leads to a distinctive reliance on visual processing. Despite the promise of AR in enhancing learning
outcomes, its application in computer science education for hearing-impaired students remains limited. To
address this gap, a new AR-based learning tool has been developed following the principles of universal
design (UD). This initiative aims not only to enhance learning outcomes for students with hearing
impairments but also to offer meaningful benefits to other learners interested in the subject.

The aforementioned research findings highlight the potential of utilizing three-dimensional AR
technology to enhance the dissemination of knowledge in computer science courses. AR technology offers
opportunities to increase learner engagement and facilitate the effective communication of course content.
However, the application of AR in computer science education for students with hearing impairments
remains limited at Sakon Nakhon Rajabhat University. To address this gap, an AR-based learning tool has
been developed based on the principles of UD. The objective is to create instructional media that improve
learning efficiency for students with hearing impairments, while also providing educational benefits for other
learners interested in the subject.

2. METHOD

This study focuses on the development of an AR application designed to support hearing-impaired
students in learning foundational computer concepts. The methodology integrates three core frameworks:
sign language principles, AR technology, and universal design for learning (UDL).

2.1. Sign language as a foundation for content design

Sign language, the primary mode of communication within DHH communities, incorporates a rich
combination of hand movements, facial expressions, and spatial body positioning [6], [7]. It can be
conceptualized as a three-dimensional visual language [8], ranging from informal context-specific gestures to
standardized national sign languages [9]. In this study, sign language serves as the basis for content
representation, ensuring accessibility and clarity of information within the AR environment.

2.2. Integration of augmented reality

AR technology enhances real-world environments by overlaying virtual elements that can be
interactively processed alongside physical reality [10]. In the context of education, AR has been shown to
improve student engagement, motivation, and learning outcomes [11]. Marker-based AR was applied in this
study to facilitate the presentation of sign language content and interactive learning components [12].

Over the past decade, AR has emerged as a significant trend in educational research [13]-[15].
Studies have highlighted AR's potential to enhance learning, particularly in science, technology,
mathematics, and language education [13], [15]. In secondary education, AR has been reported to improve
students' interest, attitudes, classroom engagement, collaboration, and self-directed learning [13], [15].
Moreover, AR contributes to more dynamic and meaningful learning experiences by actively involving
students in the learning process. Research indicates that the most effective outcomes are achieved when AR
is integrated into collaborative, classroom-based learning environments [14].

In addition, AR has been applied to support sign language communication across various
educational levels from primary [16]-[18] and secondary education [19], to higher education [20], [21].
These applications have been particularly effective in enhancing physical and cognitive skills among students
with special needs, including those with hearing impairments [22].
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2.3. Application of universal design and universal design for learning

The development process adheres to UD principles, promoting inclusivity by making systems
accessible to all users. In education, UDL extends this approach by providing flexible methods for presenting
information, engaging learners, and assessing performance, thereby addressing diverse needs and removing
learning barriers [23]. By incorporating UDL, the AR tool was designed to support hearing-impaired students
while remaining valuable for a broader audience. The methodology integrates linguistic, technological, and
pedagogical strategies, combining AR with sign language content. This approach enhances comprehension
for hearing-impaired learners and offers a scalable, adaptable solution for inclusive education.

2.4. Development and evaluation of the AR application

The AR application was systematically developed using UDL principles to support hearing-
impaired students in the information technology curriculum. A needs analysis, including interviews with
students and consultations with special education instructors, identified key learning challenges. Core
curriculum content was then adapted and translated into Thai sign language in collaboration with certified
interpreters, incorporating visual representations, technical terminology, and culturally appropriate gestures
to enhance AR-based interaction.

A marker-based AR environment was created using Unity 3D and the Vuforia SDK, allowing
students to interact with 3D objects and synchronized sign language video overlays. The interface prioritized
visual clarity, intuitive navigation, and device compatibility. Expert reviewers evaluated the application, and
subsequent testing with hearing-impaired students informed usability and engagement improvements.

To assess effectiveness and user satisfaction, 26 hearing-impaired students participated in pre- and
post-tests, a 5-point Likert questionnaire, and interviews. Quantitative data were analyzed using descriptive
statistics and paired t-tests, while qualitative feedback was thematically examined. In line with UDL
principles, the application addressed representation through multimedia content and sign language support,
expression through user feedback mechanisms, and engagement via interactive 3D environments. These
strategies collectively enhanced accessibility, learning outcomes, and motivation, as summarized in Table 1.
Table 1 illustrates the application of UDL within the development process of the AR-based educational tool.
The UDL framework was implemented through multiple modes of content representation, opportunities for
learners to express feedback, and active engagement using AR tailored to hearing-impaired students.

Table 1. Application of UDL

Universal design for learning Implementation procedures
Representation — Multimedia content such as websites, videos, still images, and text
— Thai sign language and symbolic representations
Expression — Satisfaction surveys and feedback forms for collecting opinions and suggestions
Engagement — Utilization of augmented reality applications designed specifically for deaf and

hard of hearing learners using universal design principles

2.5. Hearing impairment and educational challenges

Hearing impairment refers to the condition in which an individual experiences limitation in
performing daily activities or participating in social engagements due to auditory dysfunction. This is
characterized by a hearing loss of 90 decibels (dB) or more in the better ear, as measured at the frequencies
of 500 Hz, 1,000 Hz, and 2,000 Hz. Such a degree of hearing loss significantly affects an individual's ability
to access auditory information.

Within the deaf community, sign language is the primary mode of communication and comprises
body movements, facial expressions, hand gestures, and body positioning, all of which are conveyed in three-
dimensional space [6], [7], [24]. These range from informal, context-specific gestures to fully standardized
national sign languages [8], [9]. In Thailand, Thai sign language (TSL) is widely disseminated through
television networks, where it is used for content interpretation, thereby increasing public recognition and
awareness of sign language [25].

Deaf children typically rely on a combination of sign language and lip-reading for communication.
However, reading plays a central role in their learning process [26], and unlike hearing individuals who
associate letters with sounds, deaf learners tend to memorize visual characters. Consequently, when writing,
they often construct short and simple sentences with limited structural complexity and lack transitional
elements. Grammatical errors are also more frequent [27], [28].

To address these challenges, the AR application developed in this study was designed based on UD
principles and includes TSL, written content, audio elements, and 3D models to comprehensively support the
learning experience of hearing-impaired students.
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This study focuses on the development of an AR learning tool for students with hearing
impairments, designed in accordance with the principles of UDL. Prior to data collection, the researcher was
required to complete training and obtain certification in research ethics for studies involving human
participants. The development process was carried out in several structured phases. A summary of this
process is presented in Figure 1.
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Figure 1. Development and evaluation process of the AR application based on UDL

This study followed a structured development process to create an AR application tailored for
hearing-impaired students. Core computer content was first collected, incorporating principles of UDL, TSL
interpretation, and essential resources for AR development. Using Unity, interactive educational features
were integrated following UDL guidelines and certified TSL standards. The application’s efficiency was
evaluated by a panel of five experts in computer education and sign language, whose feedback informed
system refinements. Learning outcomes were assessed through pre- and post-tests, with relative gain and
difference scores calculated to measure student progress. Additionally, 26 participants provided usability
feedback to enhance satisfaction and effectiveness. Results, summarized graphically, demonstrated notable
improvements in learning performance and comprehension, confirming the AR application’s potential as an
effective educational tool for DHH learners.

3. RESULTS AND DISCUSSION
This section presents the outcomes from the study and development of the AR application for
hearing-impaired students, designed by UD principles.

3.1. Efficiency evaluation results

The system’s efficiency was evaluated by five experts using a five-level rating scale. The evaluation
focused on three primary aspects: usability, system performance, and evaluation mechanism. The results of
the assessment are presented in Table 2.

Table 2. Results of the expert evaluation of the AR application’s performance

Evaluation aspect X SD Evaluation level
Usability 4.67 0.43 Very good
System performance 4.87 0.35 Very good
Evaluation mechanism 4.80 0.41 Very good

Overall average score 4.78 0.42 Very good
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As shown in Table 2, the overall evaluation of the AR system designed for hearing-impaired
students demonstrated a very high level of efficiency (X = 4.78,SD = 0.42). Among the three assessed
dimensions, the system performance received the highest mean score (¥ = 4.87,SD = 0.35), indicating a
particularly strong endorsement of the system’s evaluation framework. The usage of the developed AR
application by hearing-impaired students is depicted in Figure 2, illustrating the integration of sign language
support, interactive 3D content, and accessible user interface features designed in accordance with UDL
principles.

Figure 2. Application usage

3.2. User satisfaction results

To evaluate user satisfaction, a total of 26 students with hearing impairments participated in the
assessment of the developed AR application. The evaluation emphasized key dimensions including usability,
accessibility, and the overall learning experience provided by the system. The results of the satisfaction
assessment are summarized in Table 3.

Table 3. Summary of user satisfaction scores for the AR application
Satisfaction aspect X SD Evaluation level
Overall satisfaction score  4.67 0.54 Very good

As indicated in Table 3, the overall satisfaction level reported by the participants was at a very high
level (x = 4.67,SD = 0.54). These results suggest that the AR application, which was developed based on
UDL principles, effectively addressed the needs of students with hearing impairments, especially in terms of
content presentation and interaction.

To measure the effectiveness of the application in enhancing learning outcomes, pre-test and post-
test evaluations were conducted. Figure 3 presents a comparative analysis of test scores before and after the
use of the AR tool. The X-axis represents the 26 participating students, while the Y-axis displays the scores
in percentage format (maximum score = 100%). The results reveal a noticeable improvement in post-test
scores, indicating a positive impact of the AR application on learners’ understanding of computer hardware
concepts.
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Figure 3. Comparison of pre-test and post-test scores
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In addition, Figure 4 illustrates the analysis of score differences and relative gain scores between the
pre-test and post-test results. These metrics provide further evidence of the educational value of the AR
application, highlighting its effectiveness in supporting knowledge retention and comprehension. The
interpretation of relative gain scores, derived from the difference between pre-test and post-test results, may
be affected by the ceiling effect, wherein high-achieving students score near the maximum on the pre-test,
thus limiting observable improvement in the post-test. For instance, in this study, the test had a maximum
score of 13 points. Student 5 scored 1 point before and 13 points after, while student 11 scored 12 and 13
points, respectively, both yielding a relative gain of 100%. However, the actual learning gain of student 5 is
more substantial, although this is not reflected in the relative gain due to the scoring ceiling. This limitation
suggests the need to consider individual learner profiles in interpreting results. Despite this, the overall
average relative gain was 82.57, indicating a very high level of learning improvement, with 65.38% of
students showing a very high gain, 15.38% high gain, 15.38% moderate gain, and 3.85% low gain,
demonstrating the effectiveness of the AR application for hearing-impaired learners. The comparison of pre-
and post-learning achievements of students using the AR application was analyzed using a dependent
samples t-test, as summarized in Table 4.
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Figure 4. Comparison of difference scores and relative gain scores

Table 4. Comparison of pre- and post-learning achievement scores using AR application
Testing n X SD  t-Test
Pre-test 26 6.85 2.98 8.01
Post-test 26 12.00 1.59

To evaluate the effectiveness of the developed e-learning materials, a dependent samples t-test was
conducted to compare students' learning achievement before and after using the platform. As shown in Table 4,
the mean pre-test score of 26 hearing-impaired students was 6.85 (SD = 2.98), while the mean post-test
score increased significantly to 12.00 (SD = 1.59). The calculated t-value of 8.01 exceeded the critical value
of 1.71 at the 0.05 significance level, indicating a statistically significant improvement in post-test scores
(p < 0.05). These findings suggest that the AR application had a substantial positive effect on students’
academic performance.

Furthermore, the analysis of relative gain scores revealed notable individual learning progress.
Although some students demonstrated high pre-test scores, which limited the margin for post-test
improvement due to ceiling effects, most participants showed substantial relative gains. For instance, students
with low initial performance were able to achieve full scores post-instruction, reflecting strong learning
development. The ability to access and review content repeatedly, including sign language vocabulary related
to computer hardware, likely contributed to these outcomes. The results support the effectiveness of AR
application in enhancing educational accessibility and learning achievement for hearing-impaired students.

3.3. Discussion

The development of the AR application for hearing-impaired students, guided by UD principles,
enabled the use of a mobile-based learning tool. Users could explore computer hardware through interactive
3D models in an AR environment, allowing 360-degree visualization accompanied by audio narration, Thai
subtitles, and TSL interpretation all of which could be toggled on or off based on user preference. The
evaluation of the AR application was conducted across three dimensions: usability, system performance, and
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evaluation mechanism. The expert review, involving five specialists in relevant fields, indicated that the
overall efficiency of the AR application was rated at a very high level (x = 4.78,SD = 0.42).

In terms of user satisfaction, the evaluation involved 26 hearing-impaired students, whose feedback
highlighted strong agreement with the application’s alignment with learning objectives, logical sequencing of
content presentation, and the appropriate layout and organization of on-screen components. The overall user
satisfaction rating was also at a very high level (x = 4.67,SD = 0.54), indicating the AR application’s
success in meeting the needs of hearing-impaired learners and providing an accessible and engaging learning
experience.

4.  CONCLUSION

The literature review and prior studies provided a robust foundation for defining the scope and
conceptual framework of an AR learning application designed for students with hearing impairments.
Developed in alignment with the principles of UDL, the tool supports diverse learning needs and fosters
equitable access to educational content. The AR application enables learners to engage with virtual three-
dimensional models of computer hardware and offers multiple modes of information delivery, including
optional audio narration, subtitles, and TSL. This multimodal design allows learners to access and review
content flexibly and in accordance with their individual preferences and pace. By reducing learning barriers
and promoting inclusivity, the application contributed to measurable improvements in educational outcomes,
such as increased test scores and academic development.

User feedback indicated high levels of satisfaction, particularly in relation to the application's
usability, the quality of its 3D visualizations, and the integration of TSL as a core communication method.
Given its demonstrated success, the application presents strong potential for expansion into additional subject
areas and integration with emerging educational technologies. Furthermore, the design framework could be
adapted to support other learner groups, such as students with speech impairments or students with hearing
impairments who use another sign language.
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