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Abstract
The reading ability of hearing-impaired students is essential for their participation in main-
stream society. However, previous studies have shown that they may encounter obstacles 
due to a lack of interest or limitations in reading communication systems. Augmented real-
ity (AR) has been noted to provide immersive learning environments, collaborative assis-
tance, and in-time resources for improving reading experience and motivation. While pre-
vious studies have developed mobile reading environments tailored for hearing-impaired 
students, the incorporation of pedagogical approaches within immersive AR reading envi-
ronments remains unexplored. Accordingly, this study investigated the effects of immer-
sive AR environments on hearing-impaired students’ reading with a quasi-experiment. 
Sixty-five hearing-impaired students’ reading achievement, perceptions, and behaviours 
were analysed with one-way analysis of covariance and lag sequential analysis. The result 
indicated that the immersive AR learning environment incorporating the DEEP read-
ing strategy (i.e., Developing self-regulated reading, Experimental exploration, Express 
and creative construction, and Pluralism) improved hearing-impaired students’ reading 
achievement, perceptions, and behaviours. Students with the immersive AR reading strat-
egy exhibited more interactive-oriented behaviours and high levels of cognitive attainment 
(e.g., experiential exploration, creative construction, and problem-solving). This study con-
tributed to existing hearing-impaired teaching practices by revealing what essential behav-
iour teachers should consider and how to design an immersive AR learning environment.

Keywords  Augmented reality (AR) · Hearing Impairment · Students · Reading · 
Behaviour · Educational technology

Introduction

Reading ability is a skill that is necessary for hearing-impaired students to participate in 
mainstream society as ordinary students do (Escudeiro et al., 2022). Accordingly, research 
evidence has emphasized the need to promote hearing-impaired students’ reading achieve-
ment (Luangrungruang & Kokaew, 2022; Soogund & Joseph, 2019), interacting with them 
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by providing interactive online resources in online inclusive education courses (Hsieh, 
2023), and optimise their behaviours when reading with an interactive storybook to acquire 
knowledge (Trussell et al., 2017). However, without appropriate media, hearing-impaired 
students may have difficulties integrating suitable learning resources in their reading and 
writing since most academic content is only written and printed (Luangrungruang & 
Kokaew, 2022). Despite recognizing the benefits of interactive mobile devices for chil-
dren’s literacy skills, including vocabulary learning, story comprehension and reading 
engagement (Zhou & Yadav, 2017), few researchers have integrated appropriate strategies 
into technology-enhanced immersive reading environments. Hence, during the reading pro-
cess, hearing-impaired students are likely to have a negative attitude toward using technol-
ogy without learning assistance (Seale et al., 2021). There is thus an urgent need to develop 
and apply suitable technologies (i.e., incorporate suitable pedagogy into emerging tech-
nologies) to take positive advantage of using assistive technologies to ensure that hearing-
impaired students obtain the same learning opportunities as hearing students (Escudeiro 
et al., 2022).

Augmented reality (AR) is considered a suitable technology for promoting reading 
interest and motivation among deaf and hard of hearing individuals (Oral & Kalkan, 2024). 
It provides an immersive real and virtual integrated reading environment, collaborative 
learning assistance, interactive reading contexts, and timely resources to enhance the read-
ing experience and reduce learning barriers caused by hearing impairment (Chen & Chao, 
2008; Ebadi & Ashrafabadi, 2022; Na & Yun, 2024). The importance of using suitable 
assistive technology has been noted to provide visual supports and interactive instruction 
for cultivating hearing-impaired students with reading achievement, interest, and aca-
demic outcomes in inclusive education (Strnadová et al., 2023). AR possibly aids hearing-
impaired students by employing visual compensation techniques to enhance their reading 
abilities, ultimately bridging the gap between them and their hearing peers, improving 
literacy and competence, and addressing communication barriers (Herrera et  al., 2021). 
Furthermore, the integration of effective teaching strategies and resources is crucial for 
addressing the information requirements of students with hearing impairments (Onuigbo 
et  al., 2020). The utilization of digital resources specifically designed for students with 
impairments, such as hearing-impaired students, is widely acknowledged as a highly effec-
tive pedagogical approach, nevertheless, it is imperative to seamlessly integrate these 
teaching resources with other instructional strategies at both the classroom and virtual lev-
els (Cotán et al., 2021). Specifically, there is a lack of studies exploring how to incorpo-
rate suitable pedagogy into an immersive AR learning environment (Herrera et al., 2021; 
Hwang et al., 2018). Accordingly, this study established an integrated pedagogy immersive 
AR learning environment for hearing-impaired students and investigated its effects on their 
reading achievement, perceptions, and behaviours.

Literature review

Hearing‑impaired students’ reading

Reading is defined by Progress in International Reading Literacy Study as a constructive 
and interactive process in which readers comprehend and use written language for social 
purposes (Mullis et al., 2016) and could be deemed a complex process of “knowing” and 
“learning” (National Assessment Governing Board U. S. Department of Education, 2019). 
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Reading comprehension lessons emphasize the teacher’s guidance and enlightenment. 
Teachers cannot replace students’ reading experiences and thinking with mere patterned 
interpretations or communication. Instead, they should encourage students to read crea-
tively based on understanding, develop higher-order thinking, and improve the quality of 
reading (Assaly & Jabarin, 2021; Yousef, 2021). Thus, reading for hearing-impaired stu-
dents should be guided to activities with understanding and creation as the core purpose 
and interactive dialogue as the existing form in this study.

In this study, hearing-impaired students are defined as a group with the following char-
acteristics: (a) moderate to severe sensorineural hearing loss bilaterally; (b) hearing aids 
fitted in both ears and used regularly; (c) hearing aids used for at least six months (Elawady 
et al., 2019). For hearing-impaired students, reading is not only an important way they get 
information but also their necessary ability to return to the mainstream of society (Escu-
deiro et al., 2022). The researchers (e.g., Krasavina et al., 2019) have confirmed the unique 
characteristics of information perceptions of deaf and hearing-impaired students in dealing 
with reading materials (e.g., paper and interactive whiteboard). Based on these findings, 
they proposed several suggestions to cultivate normal students’ competencies to cooper-
ate with hearing-impaired students in an inclusive education system. Trussell et al. (2017) 
pointed out an effective vocabulary teaching strategy with interactive storybook reading, 
which developed learning guidance for deaf and hard-of-hearing children to narrow the 
difference with their hearing peers. Escudeiro et al. (2022) provided an immersive gamified 
learning environment to satisfy their high-level requirements and to allow them to enjoy 
the same learning opportunities as their hearing peers. In their comprehensive review of 
scientific findings concerning assistive technology from 2009 to 2020, Fernández-Batanero 
et al. (2022) discovered that assistive technology has emerged as an accessible and inclu-
sive tool that effectively addresses the educational requirements of students with disabili-
ties, including those who are hearing-impaired, within the context of the learning process. 
However, these studies only assisted students in reaching the level of reading comprehen-
sion comparable to their peers (Aldeeb et al., 2024). Few studies have discussed how to 
guide hearing-impaired students into activities involving deeper cognitive development, 
such as self-regulated reading, individualised expression, cognitive load, and reprocessing 
comprehended texts to form creative works after reading, which was the main focus of the 
present study.

AR learning environment

AR learning environment refers to the real learning environment enhanced by artificial 
vision technology where the integration of both real and virtual information brings contex-
tual experience for users (Wojciechowski & Cellary, 2013). Existing studies have proven 
the significant effect of AR learning environment on students’ reading. For instance, inte-
grating AR-based resources creates an interactive environment and gives learners contex-
tual knowledge of the content (Chen & Mokmin, 2024). Lai et al. (2019) developed a mul-
timedia system with an AR approach which presented understandable materials that could 
help students evoke relevance between the concepts and consequently reduce the dilemma 
of textbook reading for students. Concerning hearing-impaired students, previous studies 
have indicated the positive role of the immersive technology environment in helping their 
learning process (Han et  al., 2017). Since hearing-impaired students have a more devel-
oped sense of visual attention to compensate for their lack of hearing, visual interaction 
based on immersive technology (e.g., AR) has the potential to support hearing-impaired 
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students’ reading (Herrera et  al., 2021). By extending the boundaries of reality through 
audio-visual aids, AR empowers hearing-impaired learners’ to comprehend textual infor-
mation via interactive audiovisual media on mobile devices, thereby equipping them with 
the adaptability to diverse environmental settings, which has received significant attention 
in research and discussions (Del Pezo Izaguirre et al., 2021). Three advantages of using AR 
in facilitating interactive reading may shed light on possible contributions of AR to sup-
port hearing-impaired students’ reading. First, using AR could create multi-dimensional 
and immersive experiences for interaction. It allows hearing-impaired students to perform 
actions that cannot be done naturally in the real world, consequently increasing their satis-
faction and stimulating active participation for students to proceed to read (Penenory et al., 
2018). Second, behavioural data recorded by the AR system can be essential evidence 
for instructors to scaffold and adjust students’ reading (Wojciechowski & Cellary, 2013). 
Third, the application of AR stimulates the interest of hearing-impaired students during 
the reading process (Luangrungruang & Kokaew, 2018), thus providing them with more 
opportunities for creativity and expression.

Hidi and Renninger’s Four-Phase Model of Interest Development highlights how moti-
vation drives the transition from situational interest to maintained and individual interest, 
which is crucial for deep learning. Interest and motivation are closely connected, with 
interest acting as a distinct type of motivation. It combines cognitive and emotional ele-
ments, encourages intrinsic engagement, and develops through interactions between indi-
viduals and their environment. This process helps sustain effort and supports meaningful 
learning over time. Interest and motivation are closely intertwined, as interest combines 
affective and cognitive engagement to sustain effort and persistence in learning tasks (Hidi 
& Renninger, 2006).

Motivation is critical for engaging hearing-impaired students in deep cognitive learn-
ing processes. Hearing-impaired students often face unique challenges requiring tailored 
support to sustain their learning motivation, as it directly influences their ability to engage 
with and persist in performing learning tasks (Han et al., 2017). Individual interest, as a 
form of developed motivation, emerges when learners maintain consistent engagement 
over time and show a deeper connection to the learning material. This interest is reflected 
in specific behaviours such as self-initiated exploration, persistence in challenging tasks, 
deeper cognitive processing, and relentless attempts to overcome difficulties (Chen et al., 
2024a, 2024b; Hidi et al., 2004; Lin et al., 2023). By integrating behavioural analysis, there 
is an opportunity to bridge the gap between theory and practice, providing concrete evi-
dence of how AR technology aligns with the affective and cognitive processes necessary 
for motivation development.

However, although the use of AR affords advantages in improving students’ reading 
performance, the difficulties of in-depth AR-based pedagogical design do not appear to 
be well grounded. Researchers have argued that issues related to the burden of reading 
support should be considered more carefully in an immersive AR environment (Ibanez 
et al., 2020). For example, the excessive level of interactivity in an immersive AR environ-
ment may disturb students’ reading concentration (Wang et al., 2019). Without appropri-
ate designs for addressing the issues related to reading difficulties, simply introducing AR 
applications into the reading environment may cause unfavourable results.

It can be concluded that AR technology has the potential to address communication 
gaps and enhance learning and hearing skills for hearing-impaired students. However, 
it remains to be seen how to integrate AR technology with teaching scaffoldings and 
approaches in an immersive AR learning environment (Herrera et  al., 2021). Accord-
ingly, the current research is one of the pioneering studies to summarise the above 
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literature regarding AR learning environments to develop a compelling deep reading 
with the immersive  AR learning environment for hearing-impaired students’ reading. 
Based on the previous studies, the immersive AR learning environment could be a simi-
lar combination of suitable scaffoldings and a reading environment. The immersive AR 
learning environment consists of four scaffoldings: motivation stimulus, experience 
development, interactive self-regulated reading, and in-depth reading communication 
and collaboration as a cycle to address the challenges of conventional hearing-impaired 
students’ reading.

The focus of the present study

To promote their reading from a self-regulated to creative perspective, this study further 
proposed a modified DEEP reading with the immersive  AR learning environment for 
hearing-impaired students’ reading by replacing the “in-depth reading communication 
and collaboration” scaffoldings with “express  and creative construction”  and “plural-
ism”. In addition, since the role of combining self-regulated  learning and mobile AR 
has been emphasized by the previous study (e.g., Huang et  al., 2016) to help readers 
communicate asynchronously to create an online sharing community, obtain books effi-
ciently, address the obstacle of learning domain unawareness, this study incorporates 
self-regulated reading as the first step for hearing-impaired students to experience the 
immersive AR learning environment. With the modified scaffoldings immersive AR 
learning environment, the students collaborated to build in-depth knowledge with  an 
immersive experience.

This study combined suitable scaffoldings and immersive AR reading environments, 
which were divided into four stages: Developing self-regulated reading, Experiential explo-
ration, Express and creative construction, and Pluralism (i.e., the DEEP reading strategy). 
Thus, this study investigated hearing-impaired students’ reading achievement, perceptions, 
and behaviours in the immersive AR learning environment. First, for educational research, 
what learning outcomes hearing-impaired students achieve was an essential topic that 
researchers were concerned with (Luangrungruang & Kokaew, 2022). Learning achieve-
ments could be considered as a representative form of cognitive attainment in an immersive 
AR environment, that is, what knowledge learners obtain. Second, recording and analysing 
hearing-impaired students’ reading behaviours with immersive AR materials is valuable 
for understanding the in-depth reading activities of students with special needs. To date, 
the latent sequential analysis method of exploring hearing-impaired students’ behaviours 
is still in its infancy and should be worth investigating in this field. Third, a crucial yet not 
fully explored characteristic of students’ reading in an immersive AR environment might 
be students’ perceptions. The hearing-impaired students’ perceptions can demonstrate their 
attention, memory, and cognitive situation in reading digital materials (Krasavina et  al., 
2019). However, among AR-based reading research, a limited number of studies (Cheng, 
2019; Lin et al., 2023) have mainly explored the relevant issues. There is a dearth of empir-
ical research concerning how to incorporate suitable pedagogy into immersive AR learning 
environments for hearing-impaired students. Therefore, this study intended to minimise the 
literature gap by identifying hearing-impaired students’ perceptions and behavioural pat-
terns of reading in an immersive AR environment. Hearing-impaired students’ perceptions 
of their motivation and cognitive load for reading were explored. Several research ques-
tions were proposed as follows:
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(1)	 To what extent may reading in an immersive AR environment approach improve 
hearing-impaired students’ reading achievement and reading creation performance 
compared to conventional reading with AR-based books?

(2)	 What are the differences in hearing-impaired students’ perceptions (i.e., reading 
motivation and cognitive load) between reading with an immersive AR environment 
approach and conventional reading with AR-based books?

(3)	 What are the differences in behavioural patterns of hearing-impaired students between 
reading with an immersive AR environment and conventional reading with AR-based 
books?

The system and procedure of this study

The development of the AR‑based reading system

To facilitate the reading achievement and cognitive development of hearing-impaired 
students, the current study developed an AR-based reading system. Figure  1 shows the 
system’s structure, which includes the AR mechanism, the mobile reading guidance and 
feedback mechanism, and several databases. The AR mechanism and the mobile reading 
guidance and feedback mechanism each comprise three functions as shown in Fig. 1.

To mitigate the challenges faced by hearing-impaired students in accessing and engag-
ing with reading materials, we have modified the deep cognitive reading strategy integrat-
ing the immersive AR learning environment. Specifically, the AR mechanism could narrow 
the hearing input gap and foster a more inclusive deep cognitive reading environment with 

Fig. 1   Structure of the immersive AR-based reading system
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the following three functions: (1) The experimental group students immerse themselves in 
a reading learning environment crafted by the AR-based system, enabling them to engage 
in self-paced and reflective reading practices. This function matches the strategy of foster-
ing autonomy and critical thinking, which is essential for deep reading; (2) The teacher 
utilizes AR-based books to assist students in the control group with their individual reading 
tasks, ensuring that all students, regardless of their hearing abilities, receive personalized 
instruction. This function aligns with the strategy of differentiated instruction, which is tai-
lored to meet the unique needs of each student; (3) The AR-based software equips students 
with a robust annotation tool, allowing them to mark up text, images, audio, and video con-
tent. This not only supports their active engagement with the material, but also facilitates 
a deeper understanding by enabling them to connect multiple forms of media. This func-
tion corresponds with the strategy of multimedia learning, which leverages various sensory 
channels to enhance comprehension.

To better ensure the integrating effects of deep cognitive reading scaffoldings and 
immersive AR reading environments, the mobile reading guidance and feedback mecha-
nism also has three functions: (1) When students receive practice feedback, they can revise 
and refine their reading comprehension, thus enhancing their deep learning experience. 
This function aligns with the strategy of iterative learning and reflection, fostering a deeper 
understanding of the text; (2) The teacher monitors students’ progress and provides instruc-
tions and reminders through the AR system, ensuring the students access the necessary 
resources and reading knowledge. This function supports the strategy of differentiated 
instruction, catering to the unique learning needs of hearing-impaired students; (3) The 
AR-based software collects learning process data and recommends personalized AR-based 
reading materials to students, further enhancing their reading engagement and deepening 
their comprehension. By leveraging these functions, the system aims to narrow the gap in 
reading input between hearing-impaired students and their hearing peers, ultimately facili-
tating a more inclusive and equitable learning environment.

The usage of strategy to facilitate hearing‑impaired students’ reading 
with AR‑based resources

To explore the hearing-impaired students’ reading achievement, perceptions, and behav-
iours in the immersive AR learning environment, this study was based on a quasi-experi-
mental design that consisted of the experimental and the control group. The experimental 
group adopted an immersive AR reading strategy based on the immersive AR environment 
and included four stages: Developing self-regulated reading, Experiential exploration, 
Express and creative construction, and Pluralism. The control group adopted conventional 
reading with an AR-based books strategy, which would pass through the following four 
stages: Concepts cognition, Difficult knowledge explanation, Exercises and consolidation, 
and Practice and application.

In the experimental group, hearing-impaired students engaged in immersive reading 
activities using the proposed strategy, which was designed to foster deep cognitive engage-
ment and creative learning. As illustrated in Fig. 2, students began by forming a collabo-
rative reading community within the immersive AR environment. This initial phase sup-
ported shallow cognitive processing, enabling students to acquire basic information and 
build context for the reading material.

Following this, the teacher introduced AR manipulation guidelines and scaffolded read-
ing tasks, providing structured opportunities for the students to interact with the immersive 
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AR resources and pose individualized questions. By engaging with immersive AR models 
and collaborating within the reading community, students transitioned to more complex 
cognitive processes, including analysing the information and applying it to problem-solv-
ing scenarios.

Figure 3 shows that students utilized their insights to produce creative works. The work 
images illustrate that students in the experimental group demonstrated more diverse and 
elaborate forms of visual presentation and representation of the reading materials in their 
creative endeavours compared to those in the control group. These activities allowed stu-
dents to engage in expressive and creative construction, demonstrating their ability to 
synthesize and reimagine the reading material. This exemplifies how the refined reading 
input strategies within the AR-based reading system fostered deep learning among hearing-
impaired students.

Finally, throughout the immersive learning process, students participated in multiple 
assessments aimed at deepening their understanding and fostering inclusive perspectives 
on the reading text. The integration of immersive AR technology in this strategy enabled 
hearing-impaired students to achieve a richer, more inclusive reading experience, fostering 
both cognitive and creative growth.

Fig. 2   Reading strategies for hearing-impaired students

Fig. 3   Creative work of reading
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In the control group, the teacher carried out four-stage teaching with the aid of the com-
mon media equipment (i.e., PowerPoint courseware, computer, projector, audio, video, etc.) 
and the coordination of AR teaching resources. Firstly, hearing-impaired students expe-
rienced individual reading with AR-based books to cognise new concepts. Secondly, the 
teacher taught the difficult knowledge and demonstrated the AR reading resources’ annota-
tion function for hearing-impaired students to understand and consolidate the knowledge. 
Then, based on knowledge understanding, hearing-impaired students deepened their under-
standing of the concepts and formed general conclusions by answering questions. Finally, 
according to conventional reading instructions steps demonstrated by the teacher, hearing-
impaired students were required to reproduce the experimental process by AR to realise the 
transfer and application of the learned knowledge.

Procedure and the context

Figure 4 shows the experiment procedure, which was conducted for eight weeks. During 
the first week, students in both groups were required to complete the pre-test and pre-ques-
tionnaires to exclude the effect on students’ achievement and perception.

The learning activities for the experimental and control groups consisted of four similar 
interactive stages, and all of the participants were taught by the same teacher. All partici-
pants in both groups were arranged in the learning content regarding reading and the same 

Fig. 4   Experimental procedure
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AR-based resources and multi-annotation functions (i.e., recording, text, voice input, photo 
uploading, etc.).

The difference between the two groups was that the students in the experimental group 
learned with an immersive AR reading strategy. In contrast, the control group adopted con-
ventional reading with AR-based books. For instance, after the experimental group, stu-
dents experienced AR-based resources under the teacher’s guidance and discussed with 
their learning community. Unlike the experimental group, the students in the control group 
did practical exercises after the teacher demonstrated the AR function and only worked 
in groups to reproduce the experimental procedures during the practice and application 
stage. Moreover, the experimental group collaborated intensely as teacher-student and stu-
dent–student learning communities to achieve creative constructions of the reading materi-
als. Though the teacher gave direct answers when students encountered problems in the 
control group, it is worth noting that students would be guided by the teacher in a similar 
situation instead.

Method

This study employed a quantitative quasi-experimental design to explore the effects of an 
immersive AR learning environment on hearing-impaired students’ reading achievement, 
perceptions, and behaviours. A total of 65 hearing-impaired students in sixth grade were 
divided into experimental and control groups, allowing for comparison of the immersive 
AR-based reading strategies and conventional AR reading approaches.

Several potential biases and constraints were considered in the design. First, self-
reported data gathered through questionnaires are subjective and prone to biases, such as 
participants selecting more positive responses. This could lead to overestimation of out-
comes such as motivation. To address this, the study incorporated behavioural observa-
tion via video-recorded analyses, thereby offering objective data on the interactions and 
engagement of hearing-impaired students’ reading process. This approach helps counter-
balance biases inherent in the subjectivity of self-reports, and ensures a more comprehen-
sive understanding of the hearing-impaired students’ reading. Second, while quasi-exper-
imental designs typically assess the overall effectiveness of an intervention, this study 
aimed to explore specific periods of the intervention in greater depth. The quasi-experi-
mental design was chosen for its ability to assess the impact of the intervention as a whole, 
while the behavioural analysis provided detailed insights into the key moments of student 
engagement. This combination allowed for a more nuanced understanding of the effects of 
the immersive AR environment on hearing-impaired students. To ensure validity, a trian-
gulation approach was applied (Elliott, 1991). This methodological triangulation enhances 
confidence in the results by integrating different sources of evidence, enabling a compre-
hensive and balanced perspective on the effectiveness of the intervention.

Participants

This study explored the hearing-impaired students’ reading performances in reading learn-
ing by providing students with books with a corresponding AR system, which supported a 
more informatively contextual experience with multimedia reading materials. A total of 65 
sixth grade hearing-impaired students involved in the project from a special primary school 
in Southern China were randomly selected as the experimental group using the proposed 
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approach. The other was the control group using the conventional reading with AR-based 
books approach. The experimental group consisted of 32 students (mean age = 11.57), 
of whom 15 were male and 17 were female. The control group consisted of 33 students 
(mean age = 11.21), of whom 17 were male and 16 were female. These two groups were 
taught by the same teacher. To ensure the accuracy of the experimental results, none of 
the participants had any prior experience using AR technology in reading. The inclusive 
course was selected because it included a series of multi-subject interdisciplinary (e.g., sci-
ence, language, mathematics, and art). The curriculum also involved students completing 
a project that required the students to learn in group activities. In addition, the overall pro-
cess of students’ behaviours was also recorded by video. Students in this study were also 
required to participate in the learning activities guided by a system with an AR-based read-
ing approach.

Instruments

Reading achievement

The hearing-impaired students’ reading achievement was measured by reading tests 
designed by consulting the teachers in special education with teaching experience of more 
than ten years. The tests are modified from the Progress in International Reading Literacy 
Study Digital Reading Test (2016 Edition) conducted by the International Association for 
the Evaluation of Educational Achievements for primary school students (Mullis et  al., 
2016). The test mainly includes four dimensions: concentration and retrieval of designated 
information, direct reasoning, interpretation and integration of ideas and information, eval-
uation, and criticism of content and text. The reading test consisted of a pre-test and a post-
test, each of them contained two matching items (20%), four multiple-choice items (40%), 
two fill-in-the-blank items (20%), and one short-answer question (20%) with a total score 
of 100. Sample questions in each test are shown below:

(1)	 Pre-test sample question: Why does the ten-million-kilometre journey to Mars have to 
be planned a long time in advance?

(2)	 Post-test sample question: Why Mars rovers can almost explore Mars like humans?

Reading creation performance

The hearing-impaired students’ reading performance was determined by the quality of their 
creative works. Four aspects of evaluative criteria, namely related to reading goal, correct 
reading concept, fluency, and genesis, were established to grade the creative products with 
reference to the scale developed by Liu et al. (2014). Related to reading goals refer to crea-
tive work that includes reading goals set by the groups. The correct reading concept means 
the embedded reading creative works are correct. Fluency represents that the main ideas of 
creative work are clear and concrete. The Genesis characterises creativity associated with 
an aggregate of experiences (or memories) and comprises a series of students’ original 
products, performances, ideas, and methods, which could be for any identified need. The 
overall evaluation criteria for the four aspects is 100 points. Each aspect of the evaluative 
criteria consisted of 25 points (the lowest score = 1 point; the highest score = 25 points). 
Students’ creative drawings were evaluated by teachers and researchers. The inter-rater 
reliability kappa was 0.86, suggesting a high agreement between the raters (Cohen, 1960).
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Reading motivation

The reading motivation questionnaire was modified based on Guthrie and Klauda’s 
(2014) scale, which includes intrinsic motivation (3 items), perceived value (3 items), 
and perceived self-efficacy (3 items) subscales, which were modified for further analy-
sis in this study to fit well with the context of AR reading for hearing-impaired stu-
dents. The refined reading motivation questionnaire was rated by students on a 5-point 
Likert-type scale (1-strongly disagree, 2-disagree, 3-disagree nor agree, 4-agree, and 
5-strongly agree). The Cronbach’s alpha reliability of the questionnaire was 0.82. Thus, 
the questionnaire was sufficiently reliable for assessing students’ motivation in reading 
with AR. The sample items for each scale are as follows:

(1)	 Intrinsic motivation sample question: It was fun to do the AR-based reading.
(2)	 Perceived value sample question: I would like to spend my time and effort on reading.
(3)	 Perceived value sample question: I can give correct answers to most reading questions 

in reading exercises.

Cognitive load

The questionnaire for assessing hearing-impaired students’ cognitive load was adminis-
tered by adapting the original scale of Chen et al. (2022) and Paas and van Merriënboer 
(1994). The scale modification for suiting hearing-impaired students retained ten items 
in two dimensions: mental load and mental effort. The items were rated on a 5-point 
Likert scale ranging from “strongly disagree” to “strongly agree”. The Cronbach’s 
alpha values of mental load and mental effort are 0.81 and 0.85, respectively, indicating 
acceptable reliability of the scale. The following items explain each dimension of the 
cognitive load scale in the AR-based reading context:

(1)	 Mental effort: students’ reactions to the instructions of the learning task to complete 
the reading tasks in immersive AR environments (e.g., I devoted much energy to the 
AR reading).

(2)	 Mental load: students’ perceived difficulty in reading AR content, learning tasks, and 
materials to understand new information (e.g., It is difficult for me to be attentive in 
reading AR materials).

Reading behaviour

Based on an AR learning behavioural coding scheme addressed by previous studies (Lin 
et  al., 2023) and the hearing-impaired students’ learning support proposed by Izagu-
irre et al. (2021) suggestions, this study developed a coding scheme revealing possible 
behaviours of hearing-impaired students’ AR-based reading, as shown in Table 1.

According to Anderson and Krathwohl’s (2001) classification of cognitive process, 
presenting a continuum of increasing cognitive complexity from lower order to higher 
order level of thinking skills has also been used as a framework to analyse hearing-
impaired students’ levels of cognitive learning. To contribute to AR-based reading 
research, in the present study we considered that L1-L5 could be examined as low-level 
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cognitive attainment of AR-based reading, while H1-H5 could be considered as high-
level cognitive attainment of AR-based reading.

Data analysis

This study employed multiple learning analytics methods to address hearing-impaired 
students reading achievement, perceptions, and behaviours. The hearing-impaired stu-
dents’ reading achievement test consisted of a pre-test and a post-test, each of them 
contained two matching items (20%), four multiple-choice items (40%), two fill-
in-the-blank items (20%), and one short-answer question (20%) with a total score of 
100. The hearing-impaired students’ reading performance was evaluated by teachers 
and researchers. The inter-rater reliability kappa was 0.86, suggesting a high agree-
ment between the raters (Cohen, 1960). The Cronbach’s alpha reliability of the read-
ing motivation questionnaire was 0.82. Thus, the questionnaire was sufficiently reliable 
for assessing students’ motivation in reading with AR. The Cronbach’s alpha values of 
mental load and mental effort of the questionnaire for assessing hearing-impaired stu-
dents’ cognitive load were 0.81 and 0.85, respectively, indicating acceptable reliability 
of the scale. In addition, the items in the cognitive load section employed a reverse scor-
ing method (i.e., when students selected “strongly agree” for these reverse-scored items, 
they received lower scores, indicating higher cognitive load).

The hearing-impaired students’ reading behaviours were collected from digital video 
camera records. Based on the coding scheme, the behaviour data could be transcribed 
into the behaviour patterns diagram. Accordingly, two researchers independently coded 
the observed behaviour according to the coding scheme. They discussed and negoti-
ated some inconsistencies or dilemmas in the coding process. The inter-rater agreement 
coefficient for the items was 0.84, showing acceptable inter-rater reliability. The lag 
sequential analysis (LSA) was conducted to understand the changes in students’ behav-
iour during the reading process in the AR context. The statistical significance of behav-
iour transition was analysed by calculating Z-score (an adjusted residual value) statistics 
with GSEQ 5.1. Z-scores greater than 1.96 indicated significant behavioural transforma-
tion data, which was filtered to obtain the behaviour patterns of students (Bakeman & 
Gottman, 1997).

Table 1   Coding scheme

Code Behaviour

L1 Read the content of the book himself/herself
L2 Operate the AR elements of the book from the AR system
L3 Answer the tasks in the AR system (i.e., reading test, creative tasks)
L4 Search the Internet for information on the tasks
L5 Take personal annotations on the AR-based book in the AR system
H1 Explore problems according to the reading goals
H2 Read the feedback on the tasks from the AR system
H3 Interact with peers regarding the reading content
H4 Explore problem-solving activities with peers
H5 Give comments for help on others’ pages (answers to the tasks, creative works)
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Result

Reading achievement

The present study used a one-way analysis of covariance (ANCOVA) to evaluate the dif-
ferences in reading achievement between the experimental group and the control group. 
Before the ANCOVA, the homogeneity of variance assumption and the homogeneity of 
regression coefficients were tested. For reading achievement, Levene’s test for equality of 
variances was not significant (F = 3.23, p = .14 > .05). Hence, the homogeneity of variance 
assumption was not violated. Similar results were obtained in the following homogeneity 
of regression coefficients test (F = 1.73, p = .14 > .05). The results mentioned above meant 
that it was appropriate to employ ANCOVA. Table 2 presents the results of the ANCOVA 
of the two groups. The results revealed a significant difference (F = 5.62, p < .05) in read-
ing achievement between the experimental group (adjusted mean = 79.22) and the control 
group (adjusted mean = 73.71). Moreover, the effect size (η2 = 0.068 > 0.059) represented a 
moderate effect size. This result further showed that reading with immersive AR learning 
environments was more helpful for students in improving their reading achievement than 
conventional reading with AR-based books.

Reading creation performance

The ANCOVA was conducted to confirm the difference in students’ reading creation per-
formance between the experimental group and the control group. Before ANCOVA, Lev-
ene’s test of homogeneity of variances was applied to examine whether variances across 
samples were equal. The result of this test was not significant (F = 3.15, p = .22 > .05), 
which showed that it was satisfied with the condition of homogeneity of variance. Also, the 
inspection result of the slope homogeneity test (F = 2.14, p = .32 > .05) was checked. After 
controlling for the influence of pre-test scores on reading creation performance, the scores 
were 85.02 for the experimental group using reading with immersive AR learning environ-
ments and 73.91 for the control group, respectively. The results of ANCOVA were given 
in Table 3 and showed that there was a significant difference (F = 3.33, p < .05) between 

Table 2   The ANCOVA result of reading achievement

*p < 0.05

Group N Mean SD Adjusted SD Adjusted mean F η2

Experimental group 32 79.92 10.11 1.36 79.22 5.62* 0.068
Control group 33 72.24 12.22 1.56 73.71

Table 3   The ANCOVA result of reading creation performance

*p < 0.05

Group N Mean SD Adjusted SD Adjusted mean F η2

Experimental group 32 85.35 8.93 1.34 85.02 3.33* 0.072
Control group 33 73.27 12.23 1.88 73.90
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the two groups of students. Besides, the ANCOVA results gave a moderate effect size with 
η2 = 0.072 > 0.059. Consequently, these results indicated that the students in the experi-
mental group achieved significantly better reading creation performance than those in the 
control group after implementing the reading with immersive AR learning environments. 
It could be concluded that reading with immersive AR learning environments was particu-
larly helpful to students in enhancing their reading creation performance.

Reading motivation

Regarding hearing-impaired students’ motivation, the result of the homogeneity of vari-
ance was F = 3.12, p = .14 > .05, and the homogeneity of regression coefficients was 
F = 3.77, p = .10 > .05, implying that the ANCOVA could be employed. In comparison 
with the scores given by the control group (adjusted mean = 4.02), it should be noted that 
students in the experimental group (adjusted mean = 4.80) gave higher scores for reading 
motivation. As portrayed in Table 4, a significant difference (F = 9.90, p < .001) was found 
between the experimental group and the control group, with the η2 represented a large 
effect (η2 = 0.876 > 0.138). This finding implied that those students who read in the immer-
sive AR environment revealed higher degrees of motivation than those who conventionally 
read with AR-based books.

Cognitive load

Regarding hearing-impaired students’ cognitive load, Levene’s test for equality of vari-
ances was not significant (F = 3.12, p = .32 > .05), which indicated that the variances for 
both groups were assumed to be equal. Also, the inspection result of the slope homogeneity 
test (F = 3.09, p = .08 > .05) was not significant. Therefore, the ANCOVA was conducted. 
The ANCOVA result indicated that the cognitive load of the two groups showed a signifi-
cant difference (F = 7.29, p < .05). As shown in Table 5, students in the experimental group 
(adjusted mean = 4.81) were exposed to more cognitive load than those in the control group 
(adjusted mean = 4.14). Moreover, the η2 of the proposed approach was 0.068 > 0.059, 

Table 4   The ANCOVA result of reading motivation

***p < 0.001

Group N Mean SD Adjusted SD Adjusted mean F η2

Experimental group 32 4.72 0.98 0.08 4.80 9.09*** 0.876
Control group 33 3.98 0.88 0.08 4.02

Table 5   The ANCOVA result of cognitive load

*p < .05

Group N Mean SD Adjusted SD Adjusted Mean F η2

Experimental group 32 4.81 0.74 0.07 4.81 7.29* 0.068
Control group 33 4.12 0.99 0.07 4.14
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which indicated a medium effect size. Thus, due to the reverse scoring, it was concluded 
that the students reading with immersive AR learning environments were subjected to less 
cognitive load than those conventionally reading with AR-based books.

Reading behaviours

According to the coding scheme presented in Table 1, the behaviours of AR-based reading 
were coded for representing hearing-impaired students’ cognitive attainment after reading 
to explore the behavioural patterns of the experimental group and control group. As shown 
in Fig. 5, the LSA revealed several important behavioural patterns: H1, H3, H4, and L4, 
which demonstrated the reading procedures of the students in the experimental group.

Under the proposed approach, the students tended to explore problems according to 
the reading goals, which would lead to two frequent behavioural patterns: interacting with 
peers regarding the reading content or exploring problem-solving activities with peers 
(H1 → H3 and H1 → H4). In particular, the continuity in which the students interacted with 
peers regarding the reading content (z = 8.39, p < .05) reached the highest level of signifi-
cance. Moreover, operating the AR elements of the book from the AR system (L2 → H3), 
giving comments for help on others’ pages (H5 → H4), searching the Internet for more 
information (L4 → H3 ↔ H4), or reading the feedback of the tasks from the AR system 
(H2 → H3 ↔ H4), which all led to students interacting with each other. That is, the hear-
ing-impaired students in the experimental group expressed more tendency to reciprocally 
interact with each other mediated by deep reading strategies in the immersive AR environ-
ments than the control group did.

Compared to the behavioural pattern of the experimental group, students in the control 
group showed different results. Their behavioural patterns consisted of answering the tasks 
in the AR system and taking personal annotations on the AR-based book in the AR system 
(Fig. 6). There were only a few connections among each single event in the control group, 
which involved reading the content of the book, subsequently operating the AR elements, 
searching the Internet for information on the tasks, and taking notes in the system, which 
might lead to answering the tasks in the AR system (L1 ↔ L2 → L5 → L4). They would 
focus on the task module, search the Internet for the tasks, and interact with peers regard-
ing the reading content if required (L3 ↔ L4 → H3). The interaction with peers in problem-
solving behavioural patterns (H4) was uncorrelated with other behavioural patterns, sug-
gesting that the students in the control group tended to regard interaction with peers as a 

Fig. 5   Behavioural patterns of 
hearing-impaired students in the 
experimental group
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task, rarely considering it as a method to foster their higher-level behaviours of cognitive 
attainment.

Discussion and conclusion

The present study was hence aimed to explore how the hearing-impaired students read 
books with the proposed immersive AR environment through a quasi-experiment involv-
ing multiple dependent variables (e.g., reading achievement, reading creation performance, 
reading motivation, and cognitive load) and LSA aiming at analysing behavioural patterns. 
Furthermore, based on the results, associations between students’ reading learning out-
comes and reading behavioural patterns can be revealed.

In response to research questions 1 and 2, the results indicate that reading in an immer-
sive AR environment can enhance students’ reading achievement, reading creation perfor-
mance, and reading motivation, while reducing their cognitive load. Aldeeb et al. (2024) 
discovered that AR-based strategies can improve students’ outcomes and motivation, which 
is similar to the findings of this study. In addition, some research has revealed that AR can 
reduce students’ cognitive load due to the contiguity effect (Chen & Mokmin, 2024), user-
friendly AR applications, or student proficiency (Ebadi & Ashrafabadi, 2022). However, 
other research has found that AR increases students’ cognitive load due to the AR-based 
concept association approach, despite this method being able to improve learning achieve-
ments (Aldeeb et  al., 2024). In this study, the immersive AR learning environment may 
have reduced the cognitive load of hearing-impaired students due to factors such as student 
AR training, the spatial contiguity principle, and the ease of operation of the reading sys-
tem. Specifically, the immersive AR learning environment proposed in this study integrates 
multiple types of information (e.g., text, images, and videos) into the system, aligning with 
the spatial contiguity principle proposed by Mayer. Within this system, hearing-impaired 
students can independently operate the AR elements of the book and take personal annota-
tions on the AR-based book.

The creation performance of hearing-impaired students implied that reading with 
immersive AR environments stimulated more creativity in students compared to conven-
tional reading with AR-based books. This finding aligns with previous research showing 
that the application of AR in educational settings can enhance students’ creative thinking 
skills (Yousef, 2021). Specifically, after engaging in an AR creative project, students pre-
ferred to ideate and value new ideas (Lin & Wang, 2023). This indicates that immersive 
AR environments have significant advantages in promoting cognitive development, par-
ticularly in stimulating and cultivating creative thinking among hearing-impaired students. 
Hearing-impaired students can create their works with more individualized expression 
after reading in immersive AR environments.

Fig. 6   Behavioural patterns of 
hearing-impaired students in the 
control group
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The improvement in motivation implied that an immersive AR environment raised 
hearing-impaired students’ willingness to participate in AR reading activities and 
helped them maintain the reading process. In a previous study, Ebadi and Ashrafabadi 
(2022) found that AR can enhance learners’ willingness to use AR-based approaches. 
This underscores the need for educators to avoid using AR merely as a standalone tool 
and instead integrate the immersive environment into their instructional frameworks to 
enhance hearing-impaired students’ willingness, even though AR in isolation can also 
achieve this outcome.

In response to research question 3, LSA revealed that hearing-impaired students 
exposed to immersive AR reading environments exhibited distinct reading behaviour pat-
terns and characteristics compared to those reading with AR-based books. Simultaneously, 
the experimental group demonstrated a more diversified sequence of high-cognitive-level 
behaviours than the control group, which is attributable to the different roles that AR 
resources played in the students’ cognitive processes. According to the above literature 
review, motivation could be cultivated through diverse cognitive processing behaviours 
(Hidi et  al., 2004). For instance, as individuals exhibited more relentless attempt behav-
iours, their motivation within immersive AR environments became stronger (Chen et al., 
2024a, 2024b). The immersive AR reading environments focused on triggering situational 
motivation through AR, which should continuously stimulate hearing-impaired students to 
engage in more diversified reading behaviours (e.g., exploring problem-solving activities 
with peers and interactive feedback with the AR system, reading feedback on the tasks 
from the AR system, and giving comments for help on others’ pages). In this process, phys-
ical learning interest stemming from AR materials gradually evolves into mental cogni-
tive motivation (Hidi et  al., 2004). In contrast, the AR-based books used by the control 
group primarily focused on students’ acquisition of knowledge content from the learning 
materials, without truly achieving individual knowledge internationalization and cognitive 
construction through interaction with AR resources, which is supported by the research of 
Na and Yun (2024). Besides, the LSA results further explained the impact of immersive 
reading on cognitive load in hearing-impaired students. In the control group, the only high-
level cognitive attainment sequences significantly identified were L4 → H3 and H1 → H5.

In conclusion, based on the abovementioned findings, this study further proposed the 
immersive reading strategy for stimulating hearing-impaired students’ significantly deep 
reading learning. Initially, the strategy underscores the cultivation of self-regulated read-
ing, empowering these students with autonomy throughout the AR book reading process. 
This autonomy serves as a foundational step towards immersive AR reading, fostering 
an initiative for reading and adhering to self-directed learning guidance, echoing Kera-
walla et al. (2006) findings. Subsequently, experiential exploration within immersive AR 
environments has emerged as a pivotal strategy to bolster reading comprehension among 
hearing-impaired students. This exploration entails students engaging with AR-based 
immersive resources under the guided exploration of teachers, aligning with the perspec-
tives presented by Lin et al. (2023) and Hwang et al. (2018). Furthermore, within immer-
sive environments, the focus on enhancing knowledge building and creative reading tasks 
for hearing-impaired students revolves around expressive and creative construction. This 
stage marks students’ active participation in the reading community, where they exchange 
ideas and create works guided by AR manipulation principles and reading scaffolds. Lastly, 
integrating a diverse array of reading activities into immersive strategies underscores the 
importance of pluralism. In this context, pluralism signifies the development of a profound 
understanding and multiple, inclusive perspectives of reading materials through varied 
learning approaches among students during the AR immersive learning journey.
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Implications and limitations

The findings of this study have three key implications, providing valuable suggestions for 
educators and policymakers to enhance the learning experiences of hearing-impaired stu-
dents. First, this study highlights the need to integrate collaborative and interactive ele-
ments into AR-based learning environments for hearing-impaired students. Educators can 
design group tasks leveraging AR content to promote peer interaction and problem-solv-
ing, thus enhancing engagement and comprehension. Policymakers should support this by 
training teachers to create inclusive, collaborative AR learning settings and ensuring ade-
quate resources for such implementations. Second, the proposed DEEP learning strategy 
provides a structured approach to fostering self-regulated reading and creativity. Teachers 
are encouraged to incorporate scaffolding methods, such as guided exploration and real-
time feedback, to help students overcome cognitive and social challenges. Policymakers 
can include AR-based pedagogy in teacher training programs to ensure the effective imple-
mentation of these strategies. Third, this study underscores the importance of establishing 
systemic frameworks to integrate AR technologies in inclusive education. Policymakers 
should foster partnerships among schools, developers, and researchers to scale AR-based 
tools for diverse learning contexts. Such initiatives can bridge resource gaps and promote 
equity in education for hearing-impaired students.

This research contributes to understanding how immersive AR environments can be tai-
lored to support students with hearing impairment. By integrating scaffolding techniques 
and interactive elements, it demonstrates how AR can address specific learning needs. 
Furthermore, the study encourages exploration of AR’s potential to foster broader cogni-
tive skills, such as critical thinking and problem-solving, especially for hearing-impaired 
student populations. The DEEP learning strategy provides a model for interdisciplinary 
collaboration, highlighting how AR tools can enhance personalization and inclusivity in 
education.

Some limitations were worth to be noted in this study. First, the sample size was limited 
in southeast China in the present study. Future studies can be conducted on other hear-
ing-impaired students with diverse cultural backgrounds and larger sample sizes. Second, 
although the effect of immersive AR learning environments on students’ reading achieve-
ment, perceptions, and behaviours has been verified, there is still a need to test its effective-
ness for a more extended period. Third, this study measured the hearing-impaired students’ 
reading achievement, perceptions, and behaviours as crucial factors. The follow-up studies 
could take other factors (e.g., higher-order thinking and problem-solving) into account to 
prove the effectiveness of the proposed environment in promoting hearing-impaired stu-
dents’ reading.
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