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Feature Article

Children inherit a world challenged by climate change, pov-
erty, and environmental degradation. Sustainable Development 
(SD) balances economic growth, social equity, and environ-
mental preservation to meet present needs without compro-
mising future generations (Dhahri & Omri, 2018). The United 
Nations (UN) Sustainable Development Goals (SDGs) pro-
vide a framework for this effort (UN, 2016). Sustainability 
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Abstract
This study explored the effects of immersive virtual reality (IVR) supported sustainability-focused differentiated science 
instruction on gifted students’ engagement, self-regulated learning skills, and scientific creativity. A systematically 
developed instructional design incorporated Sustainable Development Goals (SDGs) related to Clean Water and 
Sanitation (SDG-6), Accessible and Clean Energy (SDG-7), Climate Action (SDG-13), Life Below Water (SDG-14), and 
Life on Land (SDG-15). Thirteen 3D scenes, created using Blender, were integrated into the Imedu 3D Metaverse. The 
embedded mixed-methods design included 40 gifted sixth graders (23 females, 17 males), divided into experimental 
(IVR-based) and control (non-IVR) groups. The experimental group used Oculus Quest 2 IVR headsets for a 10-week 
(40-lesson) intervention. Repeated measures ANOVA revealed significant group-by-time interaction effects, indicating 
that the IVR-supported group showed greater gains than the control group in science engagement, F(1, 38) = 5.181, 
η² = 0.12; self-regulated learning skills, F(1, 38) = 6.883, η² = 0.153; and scientific creativity, F(1, 38) = 68.237, η² 
= 0.642. Interviews, self-assessments, and student products confirmed these findings. Future research should explore 
larger samples and diverse SDG applications.

Plain Language Summary

How Do Immersive Virtual Reality Science Lessons Help Gifted Students Engage, Take Ownership of 
Their Learning, and Think More Creatively?

This study examined how immersive virtual reality (IVR) science lessons help gifted students in grade six become more 
engaged, self-directed, and creative learners. The lessons focused on global challenges such as clean energy, climate change, 
and protecting oceans and forests. Using VR headsets, students explored vivid three-dimensional environments that made 
these issues easier to understand. Forty gifted students were split into two groups. One group learned with IVR while the 
other relied on traditional classroom tools such as textbooks and videos. Although both groups covered the same topics, the 
IVR group showed much higher engagement, they were more curious, interested, and emotionally invested in the lessons. 
They also displayed stronger self-regulation skills, setting goals, managing their time and attention, and evaluating their own 
progress. In addition, the IVR group produced more original and practical ideas to solve real-world problems, demonstrating 
greater scientific creativity. Researchers confirmed these findings through interviews, classroom observations, and student 
products. Overall, the results suggest that well-designed IVR lessons can motivate gifted students, foster independent learning 
habits, and nurture creative thinking in science.
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Education (SE) promotes active learning, equipping individu-
als with the skills needed for a sustainable future (United 
Nations Educational, Scientific and Cultural Organization 
[UNESCO], 2020). SE fosters deep learning and differentiated 
instruction for gifted students, enhancing their empathy, ethi-
cal maturity, and social awareness (Marzetta et  al., 2018; 
Schroth & Helfer, 2017). Their intelligence, creativity, and 
strong justice orientation position them as future problem 
solvers (Akhan et al., 2022; Slade, 2021). However, despite 
their awareness of global issues (Sisk, 2009), they often 
engage less in environmental action and hold misconceptions 
(Mutlu & Nacaroglu, 2019; Özarslan, 2022), underscoring the 
need for targeted SE interventions.

SE is best integrated into gifted students’ science educa-
tion, as it already employs inquiry-based, higher-order 
thinking, and problem-based learning strategies (Akhan 
et  al., 2022). Science education fosters interdisciplinary 
approaches, expanding learning and innovation (Cotabish 
et al., 2021; Schroth & Helfer, 2017). It also cultivates sci-
entific literacy, enabling students to understand, apply, and 
make informed decisions on sustainability issues (Fakhriyah 
et al., 2017). Science education aligns with gifted students’ 
cognitive and creative traits, fostering inquiry, reasoning, 
and curiosity (Gallagher, 2021; Smutny & Von Fremd, 
2004). Its integration with sustainability can enhance both 
personal growth and societal impact, emphasizing the need 
for effective design over mere implementation. Gifted stu-
dents’ science education should be differentiated by adapt-
ing content, process, and environment to their needs 
(Matthews, 2021). It must integrate interdisciplinary 
themes, inquiry, and real-world applications while foster-
ing creativity, problem-solving, and advanced thinking 
(Chandler, 2012; Cotabish et al., 2021).

Differentiated science education enhances gifted students’ 
higher-order thinking and scientific creativity (Ayverdi & Öz 
Aydın, 2022; Washington & Andersen, 2016). Scientific cre-
ativity involves problem sensitivity, understanding scientific 
principles, and generating innovative ideas (Sidek et  al., 
2020). Its development is crucial for both personal growth 
and societal progress. Differentiated science instruction 
should enhance gifted students’ self-regulated learning 
(SRL) skills alongside scientific creativity (Oppong et  al., 
2019). Strengthening these skills is vital for scientific 
achievement (Efklides, 2019; Taber, 2007). Differentiated 
science instruction for gifted students should enhance 
engagement across cognitive, emotional, behavioral, and 
social dimensions (M. T. Wang et  al., 2016). Given their 
asynchronous development and diverse profiles, gifted stu-
dents require tailored strategies to sustain engagement 
(Ronksley-Pavia & Neumann, 2020). Effective differentia-
tion should address their cognitive and socio-emotional 
needs (Landis & Reschly, 2013).

Differentiated science instruction for gifted students 
should be interdisciplinary, in-depth, complex, foster higher-
order thinking and scientific creativity, and support SRL 

skills and engagement (Phelps, 2022). However, sustainabil-
ity-focused science education faces challenges such as the 
invisibility of environmental issues, psychological distance, 
and logistical barriers (Fauville et  al., 2020; Markowitz & 
Bailenson, 2021). IVR technology addresses these chal-
lenges by enhancing immersion, fostering presence, and 
enabling responsive interactions (Makransky & Petersen, 
2021; Petersen et al., 2022). It aids decision-making by visu-
alizing long-term consequences and simplifying complex 
concepts (Scurati et  al., 2021). Recognized by UNESCO 
(2020) and Gorski et al. (2023), IVR is a valuable tool for 
sustainability-focused differentiated science instruction.

The Cognitive Affective Model of Immersive Learning 
(CAMIL) explains IVR’s impact by analyzing cognitive and 
emotional processes (Makransky & Petersen, 2021). Key 
components—immersion, control, and representability—
enhance virtual experiences, fostering presence, agency, and 
embodiment. These factors positively influence motivation, 
self-efficacy, cognitive load, and self-regulation, facilitating 
knowledge acquisition and transfer (Makransky & Petersen, 
2021). IVR thus enhances learner engagement and SRL 
skills. IVR and other immersive technologies enhance prob-
lem-solving and creativity by enabling experiences impos-
sible in the real world (Reis et al., 2024). While IVR is used 
in gifted science education (Byeon, 2022; Ucar et al., 2017), 
no studies focus on its role in sustainability-focused science 
education. Effective implementation requires careful 
instructional design and evaluation (Cooper et  al., 2024; 
Matovu et  al., 2023). The current study explores IVR-
supported sustainability-focused differentiated science 
instruction’s impact on gifted students’ engagement, SRL 
skills, and scientific creativity.

Literature Review

Student Engagement in Gifted Learners

Student engagement is a multidimensional concept crucial 
for the academic success of all students, particularly those 
who are gifted (Ronksley-Pavia & Neumann, 2020). It 
includes behavioral, emotional, cognitive, and social 
dimensions, each contributing uniquely to learning out-
comes (M. T. Wang et al., 2016). Behavioral engagement 
involves students’ efforts, attention, and preparedness, 
while its absence can lead to inattention, motivation loss, 
and unpreparedness (Skinner et  al., 2009). Emotional 
engagement reflects enthusiasm, interest, and the value stu-
dents assign to learning (Fredricks & McColskey, 2012). 
Cognitive engagement entails goal-setting, deep thinking, 
and self-regulation, fostering autonomy and deep learning 
(Gibbs & Poskitt, 2010). Social engagement relates to stu-
dents’ interactions with peers and teachers, encouraging 
active participation in social relationships (M. T. Wang 
et  al., 2016). These interrelated dimensions collectively 
support students’ full involvement in learning.
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Gifted students need specialized educational approaches 
to sustain engagement, crucial for their academic success and 
well-being (Landis & Reschly, 2013). Standard curricula 
often lack sufficient challenge, leading to disengagement 
(Kanevsky & Keighley, 2003). Delisle (2012) highlights five 
key engagement factors: control, complexity, common bonds, 
choice, and caring teachers. Providing autonomy, challenging 
content, peer connections, and supportive teachers enhances 
engagement (Delisle, 2012). Formative assessments and 
authentic learning experiences, such as problem-based learn-
ing and real-world applications, further boost motivation and 
engagement (Eriksson, 2022). Differentiated instruction, 
through enriched content and flexible learning spaces, fosters 
engagement, motivation, and academic challenge, helping 
gifted students reach their potential (Phelps, 2022). IVR 
enhances gifted students’ engagement by fostering deep 
learning, motivation, and collaboration. It supports critical 
thinking (S. T. Wang et al., 2018), increases enjoyment and 
engagement (Ucar et al., 2017), promotes active participation 
(Byeon, 2022), and strengthens peer interaction (Alali & 
Wardat, 2024; Byeon, 2022). Overall, IVR enriches engage-
ment for gifted students.

SRL Skills in Gifted Students

SRL is a critical skill that enables students to plan, monitor, 
and evaluate their learning processes effectively (Zimmerman 
& Schunk, 2012). Gifted students often demonstrate 
advanced SRL skills due to their high levels of metacogni-
tion and intrinsic motivation (Paz-Baruch & Hazema, 2023). 
However, their effective utilization of these skills depends on 
the challenges and supports within their instructional envi-
ronment (Oppong et  al., 2019). SRL consists of cognitive 
strategies such as goal-setting and task planning, motiva-
tional strategies including self-efficacy and maintaining 
interest, and behavioral strategies like time management and 
persistence (N. Johnson, 2012; Zimmerman & Schunk, 
2012). These components work synergistically to enhance 
learning outcomes, particularly when instructional design 
fosters autonomy and reflection (Winne, 2019; Zimlich, 
2016). Therefore, gifted students require educational support 
that nurtures and enhances their SRL skills, ensuring they 
can fully leverage their potential in diverse learning environ-
ments (Housand & Reis, 2008).

Differentiated instruction plays a crucial role in fostering 
SRL skills by providing personalized tasks that empower stu-
dents to take ownership of their learning (G. Johnson & 
Davies, 2014). Through modeling, guided practice, and inde-
pendent evaluation, students can develop SRL skills, enabling 
them to manage their own learning processes effectively 
(Pressley et al., 1992, as cited in Zeidner & Stoeger, 2019). 
Furthermore, incorporating personal, behavioral, and environ-
mental strategies alongside technology-based learning envi-
ronments enhances the development of SRL skills (Azevedo, 
2008; Reis, 2021). Particularly, IVR has been found to 

positively impact learners’ SRL skills by providing engaging, 
interactive experiences that support goal-setting, monitoring, 
and reflection (Jiang et al., 2018; Sakdavong et al., 2019; Wu 
et al., 2023; Zhao et al., 2024). When combined with differen-
tiated instruction, IVR allows students to adjust cognitive 
load, personalize their learning pace, and actively regulate 
their learning strategies, ultimately strengthening both SRL 
and lifelong learning capacities (Jiang et al., 2018).

Scientific Creativity in Gifted Students

Scientific creativity, characterized by the ability to generate 
original and valuable ideas within scientific contexts, is a 
hallmark of gifted learners. It involves cognitive flexibility, 
divergent thinking, and the capacity to integrate knowledge 
from various domains to solve complex scientific problems 
(Washington & Andersen, 2016). Scientific creativity is con-
ceptualized through models such as Hu and Adey’s (2002), 
Son’s (2009), and Park’s (2010) Scientific Creativity Models. 
Hu and Adey define it as generating scientific products 
through thinking and imagination, while Park integrates 
knowledge, creative thinking, and inquiry skills. Son’s model 
emphasizes competencies, motivation, and career interests 
(Sidek et al., 2020). This study adopts Hu and Adey’s (2002) 
model, which includes product, trait, and process dimen-
sions, forming a three-dimensional, 24-cell framework to 
analyze scientific creativity.

Gifted students possess significant potential for scientific 
creativity, but this capacity needs nurturing through instruc-
tional strategies that encourage exploration, experimentation, 
and interdisciplinary connections (Ayverdi & Öz Aydın, 
2022; Root-Bernstein & Root-Bernstein, 2001). Differentiated 
instruction, particularly in science education, supports cre-
ativity by providing open-ended problems, inquiry-based 
tasks, and opportunities for real-world application (Schroth & 
Helfer, 2017; Taber, 2007). For instance, sustainability-
focused projects challenge students to devise innovative solu-
tions to pressing global issues, fostering both originality and 
practical problem-solving skills (Akhan et al., 2022). The use 
of IVR further enhances scientific creativity by creating 
immersive environments where students can visualize, 
manipulate, and test scientific concepts. IVR simulations 
allow learners to explore abstract phenomena, conduct virtual 
experiments, and engage in scenarios that require creative 
problem-solving (S. J. Chen et al., 2024; Thornhill-Miller & 
Dupont, 2016). These environments enable students to inter-
act with high-fidelity models and test hypotheses dynami-
cally, supporting their ability to innovate and think divergently 
(Bourgeois-Bougrine et al., 2020; Gong & Georgiev, 2020; 
Gong et al., 2022).

Hu and Adey’s (2002) model guides the examination of 
how IVR supports scientific creativity by enhancing the 
product (technical product, science knowledge, science phe-
nomena, science problem), trait (fluency, flexibility, origi-
nality), and process (thinking, imagination) dimensions 
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through presence, interaction, and sensory feedback. Spatial 
presence, the perceptual illusion of “being there,” contrib-
utes significantly to the product component by immersing 
learners in authentic 3D environments where scientific prob-
lems emerge naturally, fostering curiosity and original 
inquiry (Araiza-Alba et al., 2021; Yu & Wang, 2025). This 
immersion supports diverse perspective-taking, promoting 
creative problem identification (Young et  al., 2020), while 
also enhancing focus and motivation in iterative problem-
solving tasks within safe, risk-free settings (Elme et  al., 
2022; Palombi et al., 2023). At the trait level, spatial pres-
ence diminishes mental constraints, facilitating a state of 
flow and enabling fluent, flexible idea generation within 
vivid, open-ended environments (Ichimura, 2023; Yu & 
Wang, 2025). It also reinforces the process dimension by 
transforming abstract phenomena into tangible experiences 
that scaffold imagination and hypothesis formation (Chang 
et al., 2023). In inquiry-based learning, such presence sup-
ports “what-if” thinking and deeper conceptual understand-
ing through mental simulation (Elme et al., 2022).

Embodied interaction, or learners’ physical engagement 
with virtual environments, strengthens the product dimen-
sion by enabling intuitive exploration and real-time manipu-
lation of scientific systems (Bagher et al., 2021). Interacting 
with virtual tools and receiving immediate feedback supports 
procedural understanding and creative problem generation 
(Bagher et  al., 2021; Elme et  al., 2022). At the trait level, 
embodied interaction enhances divergent thinking by pro-
moting cognitive flexibility, fluency, and originality (Yang 
et al., 2018). Gestures, posture changes, and role-play (e.g., 
becoming a scientist or animal) allow learners to approach 
problems from multiple perspectives, breaking functional 
fixedness (Frith et al., 2020; Malinin, 2019). The safe, risk-
free nature of IVR encourages creative risk-taking and boosts 
ideational fluency through a strong sense of agency 
(Bonnardel & Pichot, 2020). In terms of process, embodied 
interaction facilitates scientific imagination by enabling 
learners to enact hypotheses, manipulate variables, and itera-
tively build mental models. These kinesthetic actions con-
nect bodily experience with abstract thinking, supporting 
imagination and conceptual exploration (Ceja Salgado, 
2022; Frith et al., 2020).

Multisensory feedback deepens scientific creativity by 
engaging visual, auditory, and tactile channels. In the prod-
uct dimension, such feedback enhances emotional salience 
and attention, improving scientific problem detection and 
solution refinement—for instance, through synchronized 
sensory input while adjusting a wind turbine (Andonova 
et al., 2023; Yang et al., 2018; Yu & Wang, 2025). In the trait 
dimension, multisensory environments stimulate divergent 
thinking by fostering elaboration, vividness, and originality 
(H. T. Huang & Chang, 2023). Emotional arousal and asso-
ciative memory triggered by rich sensory input—like immer-
sive soundscapes or scents—significantly boost creative 
ideation (Andonova et  al., 2023; H. T. Huang & Chang, 

2023). Regarding process, multisensory input supports imag-
ination and scientific reasoning by anchoring emotionally 
rich stimuli in memory. The integration of multiple modali-
ties enables learners to build layered mental models, gener-
ate hypotheses, and engage in creative extrapolation (Corral 
et  al., 2023). In conclusion, the combined features of IVR 
may support all components of scientific creativity in Hu and 
Adey’s (2002) model, fostering innovative and imaginative 
thinking in gifted learners.

Problem Statement

Despite increasing interest in differentiated science instruction 
and IVR, their combined impact on engagement, SRL skills, 
and scientific creativity in gifted students remains underex-
plored. Prior research has focused on either traditional meth-
ods or isolated technologies, leaving a gap in understanding 
the synergistic effects of IVR-supported sustainability-focused 
differentiated science education (Byeon, 2022; Kim & Kim, 
2022; Tanik Önal & Önal, 2021; Ucar et al., 2017; S. T. Wang 
et al., 2018). This study aimed to address this gap by examin-
ing the following research questions:

1.	 What are the effects of IVR-supported, sustainabil-
ity-focused differentiated science instruction on the 
post-test scores of the Science Engagement Scale 
(SES), Science Self-Regulation Scale (SSRS), and 
Scientific Creativity Test (SCT) of gifted students, 
compared to sustainability-focused differentiated sci-
ence instruction conducted in the control group?

2.	 What are the perspectives of the experimental group 
students regarding the IVR-supported, sustainability-
focused differentiated science instruction?

3.	 What are the engagement levels of the students in the 
experimental group?

4.	 To what extent do the students in the experimental 
group utilize SRL skills?

5.	 How do learning products from creativity-stimulat-
ing activities reflect experimental group students’ 
scientific creativity?

Method

Research Design

This study employs a mixed-methods approach with an 
embedded design, where the quantitative component is pri-
oritized, and the qualitative data support the findings 
(Creswell, 2021). Within the quantitative strand, a pre-test–
post-test control group quasi-experimental design is uti-
lized to determine the causal effects of the intervention. 
The qualitative strand, employing phenomenological and 
case study approaches, investigates students’ perceptions, 
experiences, and learning products to enrich the quantita-
tive data (Creswell, 2021).
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Participants

Participants include 40 gifted sixth-grade students (Age 
M=13.1) from a science and art-focused educational institution 
called BİLSEM in Türkiye. BİLSEM is an after-school enrich-
ment institution where students identified as gifted receive dif-
ferentiated education. Türkiye has 393 BİLSEMs serving 
83,051 students with 3,178 teachers. This study was conducted 
with BİLSEM students in Balıkesir, selected as a typical sam-
ple among 81 provinces (Büyüköztürk et al., 2022).

Ministry of National Education (MoNE; 2024) defines 
gifted individuals as those demonstrating advanced cognitive 
abilities, creativity, leadership, and exceptional performance 
in academic, artistic, or musical domains. Identification begins 
in 1st to 3rd grade through teacher nominations in general 
mental ability, art, and music, followed by pre-assessments 
and IQ testing for the top 20%. BİLSEMs foster development 
through programs such as the Compliance Education Program 
(CEP), Support Education Program (SEP), Recognizing 
Individual Skills Program (RISP), Developing Special Skills 
Program (DSSP), and Project Production and Management 
Program (PPMP). It can be said that BİLSEM is structured 
similarly to the autonomous learning model, which is one of 
the educational models for gifted students (Betts & Kercher, 
2009). While students identified for general mental ability 
engage in all programs, those specializing in art and music 
begin their education with the DSSP.

The CEP supports students’ integration and development, 
followed by the SEP, which enhances key skills like com-
munication, problem-solving, and critical thinking. The 
RISP fosters creativity and talent exploration, leading to the 
DSSP, which provides interdisciplinary education in intellec-
tual ability, arts, and music. The PPMP enables students to 
complete at least one independent or group research project 
annually under mentor supervision. Evaluation and assess-
ment incorporate formative and summative methods, ensur-
ing systematic progress tracking. Program durations range 
from 2 months to graduation, promoting continuous aca-
demic and personal growth (MoNE, 2024).

These students (in RISP) were identified as gifted in gen-
eral mental ability through IQ tests and divided equally into 
an experimental group (n=20) and a control group (n=20). 
The experimental group received IVR-supported sustainabil-
ity-focused science instruction, while the control group 
experienced sustainability-focused differentiated science 
instruction. A balanced representation in terms of gender and 
socio-economic background was ensured to maintain diver-
sity and minimize selection bias (Büyüköztürk et al., 2022).

The IVR-Supported Sustainability-Focused 
Differentiated Science Instructional Design

The design process involved analysis (need, task, and 
instructional analysis phases), design, development, imple-
mentation, and evaluation. The need analysis phase assessed 

target learners’ needs and instructional challenges. The study 
emphasized the need for differentiated sustainability educa-
tion for gifted students and its integration into science, 
exploring IVR-supported approaches as a solution. The study 
determined learning topics through task analysis, drawing 
from science curricula, BİLSEM programs, environmental 
education guidelines, SDG reports, literature, and researcher 
observations. The identified topics included SDG-13, SDG-
14, SDG-15, SDG-6, and SDG-7. The instructional design 
focused on the theme of “change,” highlighting its inevitabil-
ity, impact, and role in growth. Essential questions covered 
human-nature interaction, ocean acidification, climate 
change, future energy sources, and clean water. In the design 
phase, data from the analysis stage guided the selection of 
instructional methods, techniques, duration, and assessment 
approaches to achieve the specified learning outcomes. 
Instructional methods fostering student engagement, self-
regulated learning, and scientific creativity included virtual 
field trips, personal analogy, brainstorming, inquiry-based 
learning, experimentation, fishbone, research reporting, self-
assessment, invention development, oral presentations, 3-2-1 
Bridge, RAFT, See-Think-Wonder, SCAMPER, and gallery 
walk. Key information on activity plan designs is provided in 
Table 1. In the development phase, the draft learning materi-
als from the design stage are refined, reviewed, and evalu-
ated based on instructional principles.

To ensure methodological rigor and isolate the specific 
impact of IVR on students’ engagement, scientific creativity, 
and self-regulated learning skills, both the experimental and 
control groups were exposed to the same sustainability-
focused thematic content, learning objectives, assessment 
tools, and creative tasks. The only distinction between the 
two conditions lay in the mode of content delivery: while the 
experimental group engaged with immersive IVR environ-
ments, the control group participated in cognitively and 
affectively parallel activities utilizing printed visuals, videos, 
comic books, structured worksheets, gallery walks, and 
guided discussions. Instructional time was equally allocated 
in both groups. As presented in Table 1, the detailed week-
by-week instructional alignment underscores the instruc-
tional equivalence across groups, thereby enabling a more 
valid attribution of observed differences to the affordances of 
the IVR-supported learning environment. To control for 
potential teacher and class effects, a single researcher con-
ducted all instructional sessions for both the experimental 
and control groups. This approach ensured consistency in 
teaching style, instructional delivery, and classroom manage-
ment. Furthermore, all lessons were held in the same class-
room and followed an identical weekly schedule to minimize 
environmental and temporal confounds.

The development process included expert-reviewed activ-
ity plans, integrating 3D Metaverse (Imedu) and IVR for the 
experimental group. The immersive learning design was 
guided by key instructional principles. CAMIL (Makransky 
& Petersen, 2021) balanced cognitive load and emotional 
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engagement, while the Extended Model of Immersive 
Learning in VR (EMIL VR; Vogt, 2022) optimized user 
experience. Emotional Design (Plass et al., 2022) and immer-
sion principles emphasized engagement and retention. 
Additional strategies included Exaggerated Feedback 
(Stenberdt & Makransky, 2023), Cognitive Load Reduction 
(Makransky & Petersen, 2021), and Signaling Principle 
(Mayer, 2014). Thirteen low-poly 3D scenes were created in 
Blender, integrated into the Imedu Metaverse, and tested 
with Oculus Quest 2 for IVR-supported learning. Expert 
reviews refined the final design. Figures 1 and 2 present 3D 
scenes in Imedu and the immersive virtual environment from 
students’ views.

Data Collection Tools

Quantitative Data Collection Tools.  The Science Engagement 
Scale (SES) in the current study is the Turkish adaptation of 
Wang et al.’s (2016) Science and Mathematics Engagement 

Scale, validated by Turan Gürbüz et al. (2020). It assesses 
cognitive, behavioral, emotional, and social engagement 
with 33 items. Adaptation involved expert translations and 
linguistic evaluations. Validity and reliability tests with 519 
middle school students confirmed a good model fit (χ2 / df = 
1.75; RMSEA = 0.038; SRMR = 0.049; RMR = 0.072; CFI 
= 0.98; NFI = 0.96). Reliability analysis showed Cron-
bach’s alpha = 0.90. In the current study, pre-test α = 0.87 
and post-test α = 0.89, demonstrating strong internal consis-
tency (Büyüköztürk, 2014).

The Science Self-Regulation Scale (SSRS) was devel-
oped by Nacaroğlu and Bektaş (2023) based on the self-reg-
ulation strategies section of the Motivated Strategies for 
Learning Questionnaire (MSLQ) and adapted for science 
education. Reviewed by two science education experts, the 
revised scale was administered to 482 middle school stu-
dents. Reliability analysis yielded a Cronbach’s alpha of 
0.90. Exploratory Factor Analysis (EFA) showed a KMO 
value of 0.88, and after removing overlapping items, the 

Figure 1.  3D Scenes in Imedu.
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final 25-item scale was structured into five factors: rehearsal, 
effort regulation, elaboration, metacognitive self-regulation, 
and critical thinking. Confirmatory Factor Analysis (CFA) 
confirmed the model fit, χ2/df = 2.52, AGFI = 0.91, GFI = 
0.92, CFI = 0.94, NFI = 0.91, RMSEA = 0.05. In the cur-
rent study, pre-test Cronbach’s alpha was 0.82 and post-test 
was 0.89, demonstrating strong reliability (Büyüköztürk, 
2014).

The Scientific Creativity Test (SCT) was developed by 
Hu and Adey (2002) with 160 middle and high school stu-
dents (ages 12–15). The SCT consists of seven tasks assess-
ing fluency, flexibility, and originality. The first four tasks 
are evaluated based on fluency, flexibility, and originality, 
whereas the remaining three tasks are scored only on flexi-
bility and originality. Fluency scores reflect the number of 
responses provided by students; flexibility scores represent 
the diversity of categories and approaches utilized; original-
ity scores are derived by analyzing the frequency of unique 
responses. Tasks include identifying scientific uses for a 

piece of glass, formulating scientific questions for space 
exploration, proposing innovative improvements to a bicy-
cle, describing Earth without gravity, dividing a square into 
four equal parts through multiple methods, comparing the 
effectiveness of two napkin types using various approaches, 
and designing an apple-picking machine.

The original scale had a Cronbach’s alpha of 0.89. The 
inter-rater reliability was 0.875. The Turkish adaptation by 
Ayverdi et al. (2012) was conducted with 58 middle school 
students, yielding a Cronbach’s alpha of 0.861. Three raters 
assessed the scale, with Pearson correlation coefficients 
ranging from 0.87 to 0.939. Validity was confirmed by two 
subject-matter experts, two Turkish language experts, and 
three foreign language experts, deeming it suitable for 
Turkish students.

The SCT was scored independently by two raters who 
were external to the research team to ensure impartiality in 
the current study. To further mitigate potential scoring biases, 
raters remained blind to both the condition (experimental or 

Figure 2.  3D Scenes in Imedu and Students’ Views on IVR.
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control) and the measurement phase (pre-test or post-test) of 
the students’ responses. This approach strengthened objec-
tivity and enhanced the reliability of the assessment out-
comes. The inter-rater reliability for the SCT was established 
with a correlation coefficient of 0.84. Cronbach’s alpha val-
ues indicated strong internal consistency, with α = 0.81 at 
pre-test and α = 0.87 at post-test, both exceeding the recom-
mended threshold of 0.70 (Büyüköztürk, 2014).

Qualitative Data Collection Tools.  The semistructured inter-
view form aimed to explore the impact of this instruction on 
students’ engagement, self-regulated learning skills, and sci-
entific creativity. It included seven main questions with 
probes for four of them. Experts in gifted education, technol-
ogy integration, and science education, along with a Turkish 
language teacher, reviewed the form for content and clarity. 
After revisions based on their feedback, a pilot evaluation 
was conducted with a gifted sixth-grade student to ensure the 
clarity and comprehensibility of the questions. Example 
questions from the interview form are as follows:

•• How do you compare the IVR-supported sustainabil-
ity-focused science lessons with your previous sci-
ence lessons? What similarities and differences can 
you identify?

•• What was the most memorable aspect of the IVR-
supported sustainability-focused science lessons? Can 
you share an experience that you will not forget?

•• How do you think the IVR-supported sustainability-
focused science lessons contributed to your self-regu-
lated learning skills?

•• Do you believe that the IVR-supported sustainability-
focused science lessons helped develop your scien-
tific creativity?

•• Would you like your future science lessons to be IVR-
supported? Why or why not?

Classroom sessions and activities were recorded to cap-
ture students’ behavioral, cognitive, emotional, and social 
engagement during the learning process (200 min in total, 
with 160 min utilized). These recordings enabled the 
researcher to observe and analyze participation patterns and 
interactions in a naturalistic setting. Students were asked to 
evaluate their learning processes, strategies, and experiences 
through self-assessment forms. This tool offered insights 
into their self-perceived growth in self-regulated learning 
and their ability to reflect on their achievements and 
challenges.

Learning outputs developed by students during the 
instructional process were collected and analyzed. These 
products served as tangible evidence of students’ scientific 
creativity. The examined learning products include ecosys-
tem-themed drawings and inventions (Let’s visit Kaz Dağları 
Activity), scientific solutions for ocean acidification and pol-
lution (Changing Oceans Activity), and research reports, 

problem-based solutions, and fishbone analyses (Climate 
Action Activity). Students also created letters, speeches, and 
posters using 3-2-1 Bridge and RAFT techniques (Clean and 
Renewable Energy Activity) and developed SCAMPER-
based creative ideas and plastic reduction solutions (Clean 
Water and Sanitation Activity).

Data Collection and Analysis

This study was approved by the Istanbul University-
Cerrahpasa Social and Humanities Research Ethics 
Committee (approval no: 2023/374). Informed consent was 
obtained from all student participants and their parents prior 
to the study. Descriptive statistics provided an overview of 
the data. Normality was assessed using skewness-kurtosis 
values, normality tests, and histograms, confirming that each 
subgroup (pre-test, post-test) followed a normal distribution. 
Assumptions for Two-Factor ANOVA for Repeated Measures 
and Independent t-test were met. Independent samples t-test 
results showed no significant difference between the experi-
mental and control groups in SES (t38 = -0.517, p > .05), 
SSRS (t38 = -1.29, p > .05), and SCT (t38 = 1.31, p > .05) 
pre-test scores. This indicates that both groups were equiva-
lent in terms of these measures before the intervention. Two-
Factor ANOVA for Repeated Measures evaluated differences 
in pre-test and post-test scores for SES, SSRS, and SCT 
between the experimental and control groups. Effect sizes 
were calculated using partial eta-squared (η²) values obtained 
from the ANOVA tests conducted for SES, SSRS, and SCT 
to determine the magnitude of the intervention’s impact, with 
thresholds classified as small (0.01), medium (0.06), and 
large (0.14; Cohen, 1973).

Semistructured interviews were conducted with five stu-
dents, representing low, medium, and high scores on the 
SES. Each interview lasted an average of 34.8 min, ranging 
from 29 to 47 min. The interviews were held in a quiet envi-
ronment conducive to open responses, and all sessions were 
audio-recorded with prior consent from both students and 
their parents. The recordings were transcribed, and student 
anonymity was maintained by coding participants as 
Student1, S2, .  .  ., S5. Inductive content analysis was 
employed to examine the interviews, self-assessment forms, 
and video recordings. Initial readings identified recurring 
themes and patterns, which were coded and categorized into 
related concepts. To enhance the trustworthiness of the quali-
tative analysis, the coding process involved two researchers. 
After an initial phase of independent coding, the researchers 
engaged in several consensus meetings to review, discuss, 
and resolve any discrepancies in the codes. The final the-
matic structure was established only after a full consensus 
was reached on all data.

A total of 200 min of classroom activities were recorded, 
edited down to 160 min of analyzable footage. Students’ self-
reflections on their learning processes were analyzed, with 
forms coded as F1 to F100. Learning outputs were evaluated 



Avcu and Yaman	 11

according to the activity plans, with descriptive analysis used 
to interpret the data. The study ensured validity and reliabil-
ity through expert review, detailed documentation, code vali-
dation, and participant verification, with triangulation 
enhancing credibility.

Findings

Quantitative Findings

The descriptive statistics findings from the groups’ pre-test 
and post-test results are presented in Table 2. Accordingly, in 
the SES, scores ranged from 127.15 to 137.20 in the experi-
mental group and 128.68 to 130.10 in the control group. In 
the SSRS, mean scores varied between 84.66 and 102.80 in 
the experimental group and 88.92 to 91.60 in the control 
group. The SCT showed mean scores ranging from 67.95 to 
87.50 in the experimental group and 59.85 to 69.85 in the 
control group. Regarding skewness and kurtosis values, all 
fall within the acceptable range of -1 to +1, confirming that 
the data distribution is approximately normal (George & 
Mallery, 2010).

The Repeated Measures Two-Factor ANOVA results are 
presented in Table 3. Accordingly, inferential analyses 
revealed significant differences between the groups’ post-
intervention, with the experimental group showing substan-
tial improvements across all three scales compared to the 
control group. Repeated Measures Two-Factor ANOVA 
showed a significant interaction effect between group and 
test for SES, (F1,38 = 5.181, p < .05, η² = 0.12; SSRS, F1,38 
= 6.883, p < .05, η² = 0.153; and SCT, F1,38 = 68.237, p < 
.05, η² = 0.642). Repeated Measures Two-Factor ANOVA 
showed a significant interaction effect between group and 
test for SES, F1,38 = 5.181, p < .05, representing a moderate 
effect size (η² = 0.12), and for SSRS, F1,38 = 6.883, p < .05, 
and SCT, F1,38 = 68.237, p < .05), representing large effect 
sizes (η² = 0.153 and η² = 0.642, respectively).

Qualitative Findings

Students’ Perspectives of IVR-Supported Sustainability-Focused 
Differentiated Science Instruction.  Table 4 shows students’ 
perspectives of IVR-supported differentiated science instruc-
tion. It highlights cognitive, behavioral, emotional, and 
social engagement, along with self-regulated learning skills 
and scientific creativity. Students demonstrated active par-
ticipation, deep thinking, perseverance, and curiosity but 
also faced challenges like anxiety and distraction. Their self-
regulated learning involved goal setting, planning, and effort 
regulation, while scientific creativity was reflected in imagi-
nation, flexibility, and problem-solving.

S3 emphasized scientific knowledge and scientific prob-
lems, finding it intriguing that global warming is influenced 
not only by human activities but also by natural factors like 
methane emissions from cows. The student noted that, 

“everyone thinks of cars, but natural creatures also contrib-
ute. Learning new scientific facts is interesting.” S1 high-
lighted enjoyment of learning and the practical value of 
writing techniques, stating that acquiring these skills was 
both enjoyable and applicable beyond the course: “Learning 
writing techniques was enjoyable and useful beyond this 
course.” S4 underscored the importance of collaborative 
work, emphasizing that teamwork enhances creativity and 
engagement: “Working with friends is fun and helps generate 
better ideas.” S5 demonstrated metacognitive self-regula-
tion, recognizing the role of self-assessment in deeper learn-
ing and reflection: “Self-assessment questions deepened my 
learning and awareness.”

The Engagement Levels of the Students in the Experimental 
Group According to Video Recordings.  Video recordings of 
classroom sessions revealed a rich and multidimensional 
profile of student engagement in the experimental group. 
Across cognitive, behavioral, emotional, and social domains, 
students actively participated in the learning process through-
out the 10-week instructional period.

Cognitive engagement was particularly evident in stu-
dents’ abilities to make informed choices, engage in deep 
thinking, and demonstrate cognitive effort. Activities such as 
the scientific creativity tasks, IVR explorations, and the 
3-2-1 Bridge and RAFT techniques prompted students to set 
goals, solve complex problems, and apply strategic thinking. 
During sessions focused on hypothesis development and 
experimental designs, students exhibited understanding of 
complex ideas through analysis and reasoning.

Behavioral engagement was reflected in consistent attention 
and readiness to learn, timely completion of tasks, and active 
involvement in classroom activities. Students came prepared to 
class, followed instructions for both in-person and IVR-
supported tasks, and demonstrated sustained focus. Time man-
agement and adherence to class norms were observed throughout 
the implementation, indicating high levels of self-discipline and 
persistence. Emotional engagement emerged strongly during 
immersive and creative activities. Students expressed excite-
ment, enjoyment, and curiosity during IVR scenes (e.g., climate 
change scenarios, underwater ecosystems, and renewable 
energy simulations). Many showed positive emotions such as 
happiness, enthusiasm, and interest in learning new content. 
Some activities also fostered empathy, especially when students 
explored real-world environmental issues such as deforestation, 
ocean pollution, and access to clean water.

Social engagement was evident through collaborative work, 
peer interaction, and respectful communication. Students fre-
quently built upon each other’s ideas during group discussions, 
offered help to peers, and participated enthusiastically in coop-
erative tasks like problem-based learning and group presenta-
tions. Teacher-student interaction remained active and supportive 
across all weeks, further contributing to a socially rich learning 
environment. Collectively, these observations suggest that the 
IVR-supported sustainability-focused differentiated science 
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instruction created an engaging and immersive learning experi-
ence that activated multiple dimensions of student engagement. 
The integration of interactive tasks, authentic problems, and col-
laborative structures appeared to foster students’ involvement 
cognitively, behaviorally, emotionally, and socially.

Self-Regulated Learning Skills Utilization in the Experimental 
Group Students.  Analysis of self-assessment forms revealed 
that students in the experimental group employed a wide 
range of SRL strategies during the IVR-supported sustain-
ability-focused science instruction. These strategies were 

Table 2.  Descriptive Statistics Findings From the Groups’ Pre-Test and Post-Test Results.

Pre-test Group M Median Mode SD Skewness Kurtosis

SES Experimental 127.15 129.50 126.00 10.72 -.690 -.388
Control 128.68 128.02 125.00 7.84 .381 .233

SSRS Experimental 84.66 82.50 82.00 12.47 .054 -.072
Control 88.92 88.50 82.00 7.86 .233 -.429

SCT Experimental 67.95 63.50 66.00 25.10 -.596 -.263
Control 59.85 59.85 58.00 11.37 .355 -.199

Post-test Group M Median Mode SD Skewness Kurtosis

SES Experimental 137.20 138.00 143.00 9.00 -.771 .223
Control 130.10 130.00 130.00 8.79 -.299 -.596

SSRS Experimental 102.80 103.00 103.00 13.64 -.422 -.171
Control 91.60 87.00 90.50 12.34 -.339 .633

SCT Experimental 87.50 83.50 83.00 24.35 .532 -.574
Control 69.85 69.00 68.00 11.33 .343 -.219

Table 3.  Repeated Measures Two-Factor ANOVA Results.

Source of Variance Sum of Squares df Mean Square F p η2

SES Between Groups 2,553.854 39  
Group (Experimental /Control) 274.770 1 274.770 4.581 .038 .108
Error 2,279.084 38 59.976  
Within Groups 5,469.01 40  
Test (pre-test and post-test) 886.193 1 886.193 8.350 .006 .180
Group*Test 549.876 1 549.876 5.181 .028 .12
Error 4,032.941 38 106.130  
Total 8,022.864 79  

  Source of Variance Sum of Squares df Mean Square F p η2

SSRS Between Groups 677,054.287 39 677,054.287  
Group (Experimental /Control) 240.934 1 240.934 2.309 .137 .057
Error 3,965.649 38 104.359  
Within Groups 8,330.886 40  
Test (pre-test and post-test) 2,166.916 1 2,166.916 12.484 .001 .247
Group*Test 1,194.800 1 1,194.800 6.883 .012 .153
Error 6,596.011 38 173.579  
Total 624,160.398 79  

  Source of Variance Sum of Squares df Mean Square F p η2

SCT Between Groups 4,075,551.250 39 4,075,551.250  
Group (Experimental / Control) 3,406.050 1 3,406.050 4.648 .037 .109
Error 27,847.700 38 732.834  
Within Groups 5,233.0 40  
Test (pre-test and post-test) 4,470.050 1 4,470.050 622.433 <.001 .942
Group*Test 490.050 1 490.050 68.237 <.001 .642
Error 272.900 38 7.182  
Total 4,080,784.25 79  
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Table 4.  Students’ Perspectives of IVR-Supported Differentiated Science Instruction.

Category Code Source

Cognitive Engagement Valuing learning S4
Utility value S1
Ability to make choices S4, S5
Understanding mistakes S3, S4
Asking questions S1, S4, S5
Contributing to discussions S1, S2, S3, S5
Exerting mental effort S1, S2, S3, S4
Applying deep thinking processes S1, S2, S3, S4, S5

Behavioral Engagement Being ready for learning S3
Perseverance S2, S5
Effort investment S1, S3
Maintaining focus S1, S2
Adhering to class and VR usage rules S1, S2, S5
Staying engaged in the lesson S1, S2, S3, S4, S5
Participating in learning activities S1, S2, S3, S4, S5
Completing activities S1, S2, S3, S4, S5

Emotional Engagement Empathy S5
Losing track of time S4
Excitement S2, S3
Curiosity S3, S5
Enjoying learning new things S1, S2, S3
Interest S2, S3, S5
Looking forward to lessons S1, S2, S3
Feeling good S1, S3, S4, S5
Happiness S1, S2, S3, S4, S5
Fun experience S1, S2, S3, S4, S5

Social Engagement Building on others’ ideas S3
Enjoying working with peers S2, S4
Participating in collaborative learning activities S1, S2, S3, S4, S5

Negative Emotions and 
Thoughts

Boredom S2
Struggling to generate ideas S2
Difficulty in teamwork S3
Ineffective time management S2
Anxiety S1
Distraction S1, S3
Headache and nausea S1, S3
Disliking self-assessment form completion S2, S3
Helplessness S2, S4, S5

Self-regulated Learning Skills Goal setting S4
Rehearsal S1
Environmental structuring S4
Resource management S5
Metacognitive self-regulation S5
Help-seeking S3
Note-taking S1, S3
Planning S1, S3, S4
Organizing S2, S3, S5
Time management S2, S3, S4
Effort regulation S1, S2, S5
Critical thinking S1, S3, S4, S5
Elaboration S1, S3, S4, S5

(continued)
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categorized into cognitive, metacognitive, behavioral, and 
motivational components, reflecting a rich pattern of autono-
mous learning behaviors. Many students reported applying 
effort regulation and perseverance, especially in challenging 
or unfamiliar tasks. They showed a sustained effort to com-
plete activities even when they encountered obstacles, such 
as generating creative solutions or interpreting 3D models.

Peer learning was one of the most frequently observed 
strategies. Students emphasized the importance of collabora-
tion and mutual support in group-based activities. For 
instance, in F43, a student stated, “We completed our project 
as a group. Every member contributed.” This quote high-
lights how students benefited from sharing responsibilities 
and building upon each other’s ideas, a hallmark of socially 
mediated self-regulation.

Elaboration and knowledge transfer were also prominent. 
Students extended their understanding by integrating prior 
knowledge with new concepts across different environmen-
tal themes. In F36, one student reflected on this process: “I 
already knew the importance of clean and renewable energy 
sources and their necessity. This activity made everything 
more tangible for me, and many questions arose in my mind, 
such as how to prevent changes in bird migration routes.” 
This response demonstrates how the instruction supported 
deeper thinking and cross-contextual reasoning. In addition, 
many students engaged in critical thinking, applying analyti-
cal reasoning to environmental problems. They also dis-
played goal setting and planning, outlining the steps needed 
to complete their tasks effectively. For instance, students 
reported that they began activities with a clear objective and 
frequently monitored their progress against that goal.

Note-taking, organization, and visualization strategies 
were commonly used to process and retain complex informa-
tion, particularly during IVR-based experiences. As described 
by the student in F87: “After watching the video about wind 
turbines in the VR environment and entering the turbine, I 

took notes, sketched its shape, and identified its components. 
I also labeled them within the VR.” This highlights how 
immersive learning encouraged multimodal engagement 
with scientific content. Metacognitive self-regulation was 
evident in students’ ability to reflect on their thinking, moni-
tor comprehension, and adjust learning strategies. Many stu-
dents practiced help-seeking by reaching out to peers or 
teachers when they encountered confusion or difficulty.

Students also used rehearsal and resource management 
techniques, such as reviewing learning materials or orga-
nizing their physical and digital tools. Time management 
was crucial throughout the intervention, as students needed 
to balance individual and group responsibilities within 
limited instructional periods. Finally, a strong sense of 
self-efficacy emerged. Students expressed confidence in 
their ability to learn complex topics, contribute to group 
work, and solve real-world problems. This motivational 
aspect of SRL was reinforced by the differentiated and 
supportive learning environment.

Reflection of Scientific Creativity in Learning Products of the 
Experimental Group Students.  The IVR-supported differenti-
ated instruction meaningfully enhanced students’ scientific 
creativity by fostering deeper engagement in creative pro-
cesses. Guided by Hu and Adey’s (2002) model—covering 
traits, processes, and products—these experiences enabled 
gifted students to move beyond conventional thinking often 
seen in traditional instruction. The defining features of the 
IVR environment—spatial presence, embodied interaction, 
and multisensory feedback—each contributed uniquely to 
enhancing students’ ideation and problem-solving capacity 
during scientific creativity tasks. Spatial presence allowed 
students to enter and explore vivid simulations of real-world 
environmental problems. In the Kaz Mountains activity, for 
example, students transitioned from experiencing a thriving 
ecosystem to witnessing the aftermath of deforestation and 

Category Code Source

Scientific Creativity Scientific phenomenon S3
Predicting cause and effect S3
Elaboration S4
Fluency S2
Scientific problems S3, S4
Motivation and curiosity S3, S4
Imagination S1, S3
Flexibility S4, S5
Originality S2, S3
Inspiration for other subjects S1, S2
Technical production S1, S2, S4
Scientific knowledge S1, S3, S4
Thinking S1, S2, S3, S4, S5
Creativity-enhancing techniques S1, S2, S3, S4, S5

Table 4.  (continued)
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wildfire. This prompted them to imagine future risks, con-
struct analogies between animal vulnerability and human 
displacement, and propose early-warning rescue systems, all 
of which indicate engagement in imaginative simulation and 
problem sensitivity—key components of the process and 
product domains.

Embodied interaction, such as walking through wind tur-
bines, operating virtual control panels, or navigating sub-
merged coral reefs, enhanced fluency and flexibility. Students 
explored scientific content physically and spatially, allowing 
them to generate multiple, diverse ideas from varying stake-
holder perspectives. For instance, in the Clean and Renewable 
Energy activity, students proposed hybrid systems that com-
bined solar and wind power, designed energy solutions tai-
lored for constrained urban environments, and created 
persuasive arguments assuming the roles of engineers or 
community leaders. These behaviors reflected higher-order 
divergent thinking aligned with the trait dimension of scien-
tific creativity.

Multisensory feedback, including realistic soundscapes, 
voices, animated visuals, and ambient environmental 
changes, strengthened emotional engagement and supported 
originality. In Our Changing Oceans, the experience of 
swimming through vibrant coral ecosystems followed by 
degraded, acidified waters inspired students to propose inno-
vations such as autonomous underwater drones equipped 
with pH sensors for early detection. Similarly, in the Clean 
Water and Sanitation activity, observing waste discharge and 
simulated water treatment systems led students to conceptu-
alize sensor-based community filtration technologies that 
addressed both environmental and human health needs.

When compared with traditional instructional approaches 
such as printed texts, static diagrams, or photo-based discus-
sions, the IVR environments allowed for richer experiential 
learning. Students were not limited to abstract representa-
tions but instead interacted with complex systems in real 
time, leading to deeper cognitive and affective engagement. 
This experiential dimension contributed directly to students’ 
ability to identify nuanced problems, simulate possible 
futures, and develop interdisciplinary, technically feasible 
solutions. Moreover, students’ use of structured creativity 
techniques such as SCAMPER, RAFT, Fishbone Diagrams, 
and 3-2-1 Bridge was transformed by the immersive context. 
Rather than approaching these tasks as routine exercises, stu-
dents used them to externalize imaginative ideas rooted in 
vivid, embodied experiences. Invention tasks became more 
functionally original, written reflections gained complexity 
and empathy, and brainstorming generated a wider spectrum 
of relevant, context-driven alternatives.

In sum, the IVR-supported instructional model enhanced 
not only the outcomes of students’ scientific creativity but the 
very processes through which ideas emerged, evolved, and 
were evaluated. Through immersive engagement with envi-
ronmental challenges, students experienced heightened per-
spective-taking, emotional resonance, and simulation-based 

reasoning. These affordances allowed gifted learners to fully 
activate the trait, process, and product dimensions of scien-
tific creativity as conceptualized by Hu and Adey, demon-
strating the potential of IVR to transform creativity-centered 
science education. Examples of learning products are pre-
sented in Figure 3.

Discussion

The current study examined the effects of IVR-supported 
sustainability-focused differentiated science instruction on 
gifted students. Ten weeks of differentiated instruction were 
implemented, and pre-/post-tests measured engagement, 
self-regulated learning, and scientific creativity. Qualitative 
data supplemented the findings, which were synthesized and 
discussed in relation to the literature.

Quantitative analysis showed that IVR-supported sustain-
ability-focused differentiated science instruction was associ-
ated with greater gains in gifted students’ engagement more 
than the control group. The intervention had a moderate effect 
size based on pre-/post-test measures. While the control 
group’s post-test scores were higher than pre-test scores, this 
difference was not statistically significant. However, engage-
ment still improved. Qualitative findings showed that IVR-
supported sustainability-focused differentiated science 
instruction was linked to higher levels of gifted students’ 
engagement more than traditional methods. Students reported 
cognitive, behavioral, affective, and social engagement, cit-
ing deep thinking, task completion, enjoyment, and collabo-
ration. Some faced challenges with self-assessment, 
teamwork, and repetition. A few experienced mild discomfort 
during IVR use, indicating mixed perceptions. Analyzing stu-
dents’ behaviors, expressions, discussions, and interactions 
provided evidence of their cognitive, behavioral, affective, 
and social engagement. In the IVR-supported sustainability-
focused differentiated science instruction, cognitive engage-
ment was reflected in deep thinking, decision-making, and 
mental effort. Behavioral engagement emerged through rule 
adherence and active participation. Affective engagement 
was evident in enthusiasm, enjoyment, and anticipation of 
lessons. Social engagement was demonstrated through peer 
interactions, collaboration, and group activities.

Analysis of quantitative and qualitative data indicated 
that IVR-supported sustainability-focused differentiated sci-
ence instruction was associated with more favorable out-
comes for gifted students’ engagement than traditional 
differentiated instruction. No prior studies were found spe-
cifically examining its impact on gifted students. However, 
the findings align with research on VR/IVR, AR, and XR as 
Metaverse technologies, which have been linked to engage-
ment-related variables in gifted students (Byeon, 2022; Kim 
& Kim, 2022; Laurens-Arredondo, 2021; Shim et al., 2000; 
Tanik Önal & Önal, 2021; Ucar et al., 2017; S. T. Wang et al., 
2018). For instance, Ucar et al. (2017) found that gifted mid-
dle school students learning chemical bonds through IVR 
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reported greater interest and positive perceptions, indicating 
higher affective engagement.

S. T. Wang et  al. (2018) found that IVR-based learning 
enhanced gifted students’ motivation, interest, and deep 
thinking, supporting its impact on cognitive and affective 
engagement. Similarly, Byeon (2022) reported that a 
Metaverse-based biology program improved motivation, 
task commitment, and social interaction of gifted students, 
aligning with behavioral, affective, and social engagement. 
Alali and Wardat (2024) highlighted that Metaverse-
supported mathematics education with VR and 3D environ-
ments fostered interactive and immersive learning, enhancing 
active participation. These studies reinforce IVR and VR’s 
engagement-enhancing potential. The finding that VR tech-
nologies may enhance gifted middle school students’ engage-
ment aligns with studies on its effects in typical students 
across different educational levels (Al-Kfairy et al., 2024; X. 
Huang et al., 2023; Luo et al., 2024; Makransky & Mayer, 
2022; Stenberdt & Makransky, 2023; Villegas-Ch et  al., 

2024). Papanastasiou et al. (2019) found that VR enhances 
cognitive engagement, enabling deeper knowledge acquisi-
tion. Similarly, Makransky and Lilleholt (2018) reported that 
IVR improves learning by increasing cognitive effort and 
task value. These studies highlight VR technologies’ positive 
impact on cognitive engagement.

Y. Chen et al. (2022) and Makransky and Mayer (2022) 
found that Metaverse and VR enhance learning motivation, 
enjoyment, and cognitive engagement, aligning with this 
study’s findings. Research also highlights their role in social 
interaction and collaboration (Grover et al., 2023). Most stud-
ies focus on behavioral engagement, underscoring the need 
for further research on cognitive, affective, and social engage-
ment (Ak et al., 2024; Jalhotra et al., 2024; López-Belmonte 
et al., 2023; Shi & Park, 2024). Integrating IVR into science 
education may enhance engagement, academic success, and 
conceptual understanding, though further research is needed 
(Saphira et  al., 2024). This study contributes by examining 
IVR-supported sustainability-focused differentiated science 

Figure 3.  Learning Products.
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instruction’s impact on student engagement. Studies show 
that IVR-based instruction enhances student engagement, 
aligning with this study’s findings. However, Zhang et  al. 
(2023) reported that while VR technologies improved affec-
tive engagement, it had no significant effect on cognitive or 
behavioral engagement, possibly due to differences in peda-
gogical approaches and implementation (López-Belmonte 
et  al., 2023). Effective use also depends on technological 
infrastructure and teacher competence (Jalhotra et al., 2024). 
In addition, two gifted students in this study reported head-
aches and nausea after IVR use, consistent with Tekel and 
Yaman (2023), who noted potential health risks alongside 
Metaverse’s educational benefits. Gifted students’ hypersen-
sitivity in psychomotor and sensory domains may contribute 
to these effects, as some experience discomfort due to visual, 
auditory, or tactile sensitivity. Hein et al. (2023) linked motion 
sickness susceptibility to dizziness, nausea, and eye strain in 
IVR. Despite being an advanced technology, Oculus Quest 2, 
used in this study, may still pose health challenges for some 
students.

Gifted students in the experimental group experienced 
3D scenes on the Imedu Metaverse platform using Oculus 
Quest 2 IVR headsets. Their greater engagement increase 
compared to the control group suggests IVR’s effectiveness. 
As the most used Metaverse technology (Lin et al., 2024), 
IVR differs from VR through immersion, which occurs 
when users actively engage in tasks (agency), focus on 
meaning and narrative (cognition), and feel physically or 
socially present (system; Pedrosa et  al., 2023). Well-
designed immersive learning environments can enhance 
cognitive, behavioral, affective, and social engagement 
(Çiğdem & Öncü, 2023). The current study suggests that the 
IVR-based 3D scenes on the Imedu platform provided an 
immersive learning experience, enhancing student engage-
ment. The effectiveness of IVR-supported sustainability-
focused differentiated science instruction can be explained 
through the CAMIL, which highlights the role of immer-
sion, control, and representational fidelity in learning 
(Petersen et  al., 2022). Immersion deepens learning by 
intensifying responses to stimuli, control factors enhance 
motivation by allowing interaction, and representational 
fidelity strengthens presence through realism. These factors 
influence motivation, self-efficacy, cognitive load, and self-
regulated learning, impacting learning outcomes (Makransky 
& Petersen, 2021). In the current study, IVR experiences 
included real-world representations (Kaz Mountains, ocean, 
city, farm), where students could interact, teleport, and navi-
gate scenes using custom avatars. Oculus Quest 2 provided 
a high-resolution, fast 3D experience. Since the design con-
sidered CAMIL’s key elements, it likely contributed to 
enhanced student engagement.

The sense of presence and agency in IVR experiences 
directly influences student motivation, as greater control 
and immersion enhance engagement (Makransky & 
Petersen, 2021). Motivation is a prerequisite for effective 

engagement (Saeed & Zyngier, 2012), and gifted students 
require stimulating learning environments to maintain active 
engagement (Phelps, 2022). Such environments help pre-
vent boredom, disengagement, and underachievement 
(Kanevsky & Keighley, 2003; Ronksley-Pavia & Neumann, 
2020). Providing autonomy and authenticity in instruction 
enhances gifted students’ motivation. Autonomy allows stu-
dents to control what and how they learn, including topic 
selection, depth, pace, and intensity (Zimlich, 2016). This 
fosters higher engagement and achievement (Fakolade & 
Adeniyi, 2010). Authenticity involves working on real-
world projects, creating meaningful products, and present-
ing them to authentic audiences (Eriksson, 2022). In 
addition, self-efficacy, challenging tasks, real-life connec-
tions, teacher support, and diverse learning options further 
enhance motivation (Delisle, 2012; Fredricks & McColskey, 
2012). Value beliefs also shape motivation (Wigfield & 
Eccles, 2002). These factors likely influenced gifted stu-
dents’ engagement in the current study.

The differentiated science instruction provided gifted stu-
dents with autonomy, authenticity, depth, and challenge, fos-
tering peer-teacher interaction and real-world engagement 
with sustainability and SDGs. Its interdisciplinary nature 
supports inquiry-driven and creative thinking, enhancing 
motivation and engagement (Slade, 2021). Both groups 
received differentiated instruction, as gifted students need 
tailored approaches (VanTassel-Baska & Wood, 2023). 
Technology played a key role, with the experimental group’s 
greater improvement attributed to their IVR experience in 
the Metaverse (J. Chen et al., 2013; Zimlich, 2016).

The current study also examined SRL skills alongside stu-
dent engagement. Findings revealed that IVR-supported 
sustainability-focused differentiated science was associated 
with a significant improvement in gifted students’ SRL skills 
compared to traditional differentiated instruction. While the 
control group showed improvement, the increase was not 
statistically significant. Qualitative data from semistructured 
interviews and self-assessment forms supported these results. 
Gifted students reported using goal-setting, planning, note-
taking, metacognitive regulation, time management, and 
effort regulation strategies. Self-assessment forms confirmed 
that experimental group students actively applied SRL strate-
gies, demonstrating persistence, knowledge transfer, visual-
ization, and self-efficacy.

Quantitative and qualitative findings indicate that IVR-
supported sustainability-focused differentiated science 
instruction appeared to effectively support the development 
of gifted students’ SRL skills. No prior studies have specifi-
cally examined its impact on gifted students, highlighting 
this study’s unique contribution. However, findings align 
with research on IVR’s and other immersive technologies’ 
role in promoting SRL in typical students (Al-Duhani et al., 
2024; Arici, 2024; Y. L. Chen & Hsu, 2020; Jiang et  al., 
2018; Liu et  al., 2023 T. Wang et  al., 2024). For instance, 
Jiang et  al. (2018) found that IVR interactions in science 
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education improved SRL skills in middle school students. 
The current study demonstrated that IVR technologies sup-
port SRL skills by promoting deep cognitive processing, 
effective learning strategies (e.g., note-taking, self-monitor-
ing, resource management), and monitoring of learning pro-
cesses. Similarly, Y. L. Chen and Hsu (2020) found that 
VR-based applications enhanced self-efficacy and SRL skills 
through flow and presence. Al-Duhani et al. (2024) reported 
that a web-based virtual laboratory was more effective than a 
physical lab in developing cognitive awareness, effort regu-
lation, peer learning, and time management in eighth-grade 
students. While Ateş (2024) and Nacaroğlu and Bektaş 
(2023) showed the impact of flipped learning on SRL skills 
in both students with typical development and gifted stu-
dents, these studies, though not directly examining 3D 
immersive environments, support the effectiveness of tech-
nology-based learning in enhancing SRL skills.

Flipped learning typically uses web-based platforms and 
videos, while Metaverse technologies, including IVR and 
AR, offer immersive, self-directed, and multi-sensory learn-
ing environments that can enhance SRL skills (Arici, 2024; 
Makransky & Petersen, 2021). Applying SRL strategies in 
these environments improves learning efficiency, indepen-
dence, and academic performance (Çiğdem & Öncü, 2023). 
The current study suggests that IVR technologies effectively 
support SRL skill development. As research on IVR and SRL 
is still emerging, further studies are needed to explore their 
potential in fostering independent learning.

Findings indicate that IVR-supported sustainability-
focused differentiated science instruction was associated 
with a significant enhancement of gifted students’ SRL skills, 
aligning with research on technology-supported learning 
(Al-Duhani et al., 2024; Y. Chen et al., 2022). However, fac-
tors such as cognitive load and individual differences may 
influence SRL development (T. Wang & Lajoie, 2023). To 
address these challenges, the learning environment was 
designed using research-based design principles, reducing 
distractions and supporting SRL growth (Mayer, 2021). In 
addition, gifted students’ cognitive strengths may have fur-
ther facilitated their SRL improvements (Lawson & Mayer, 
2024). Both groups showed SRL improvement, but IVR’s 
immersive nature likely provided additional benefits. 
CAMIL suggests that presence and agency in IVR learning 
enhance motivation, self-efficacy, and SRL (Makransky & 
Petersen, 2021).

Students completed self-assessment forms after sessions, 
reflecting on learning, challenges, collaboration, and strat-
egy use, supporting SRL development (Harris & Brown, 
2018; He et al., 2024). The differentiated instruction included 
inquiry-based learning, problem-solving, virtual field trips, 
and creative thinking, fostering SRL skills (Biswas et  al., 
2009; Reis, 2021). Constructivist, student-centered 
approaches further supported autonomous and collaborative 
learning (W. S. Wang et  al., 2024). Explicit SRL strategy 
instruction and a supportive learning environment helped 

students set goals, manage resources, reflect, and apply criti-
cal thinking, contributing to SRL development across both 
groups.

The experimental group’s gifted students showed greater 
improvement in scientific creativity, engagement, and SRL 
skills than the control group, as well as a significant associa-
tion between the intervention and gains in scientific creativ-
ity over time. While the control group also showed notable 
gains, the IVR-supported instruction was associated with 
more positive outcomes, supported by qualitative findings. 
Students reported using scientific creativity dimensions such 
as process (thinking, imagination), traits (fluency, flexibility, 
originality), and products (technical production, scientific 
knowledge, problem-solving). They also noted increased 
motivation, curiosity, and benefits from creative thinking 
techniques, enhancing their cause–effect reasoning skills. 
The analysis revealed that differentiated instruction activities 
effectively fostered gifted students’ scientific creativity 
across traits (fluency, flexibility, originality), processes 
(analysis, synthesis, imagination), and products (innovation, 
problem-solving), as demonstrated by their creative solu-
tions to environmental issues, interdisciplinary projects, and 
sustainable innovation proposals using techniques like 3-2-1 
Bridge, RAFT, SCAMPER, and problem-based learning.

Findings indicate that IVR-supported sustainability-
focused differentiated science instruction was associated 
with significant gains in gifted students’ scientific creativity, 
aligning with research on immersive technologies and cre-
ativity (Barabanschikov & Selivanov, 2022; S. J. Chen et al., 
2024). While no prior studies specifically examined its 
impact on gifted students, results are consistent with research 
on Metaverse technologies improving fluency, originality, 
and problem-solving (Bourgeois-Bougrine et  al., 2020; 
Nanjappan et  al., 2023). Studies suggest that IVR can 
enhance creativity through immersion, interactivity, and 
presence, which may foster motivation, collaboration, and 
problem-solving (Gong & Georgiev, 2020; Thornhill-Miller 
& Dupont, 2016). In the current study, exploratory, task-
based, and inquiry-driven approaches likely contributed to 
scientific creativity development (W. S. Wang et al., 2024). 
Both experimental and control groups showed significant 
creativity gains, emphasizing the importance of tailored 
instructional strategies for gifted students (Mukhopadhyay & 
Sen, 2013). The integration of inquiry-based learning, 
SCAMPER, RAFT, and problem-based approaches provided 
opportunities for scientific exploration and innovation 
(Akhan et al., 2022; Washington & Andersen, 2016). In addi-
tion, working on sustainability-related topics may have 
increased motivation, further enhancing creativity (Schroth 
& Helfer, 2017).

The immersive nature of IVR appeared to uniquely con-
tribute to the development of scientific creativity. Spatial 
presence helped students engage with environmental prob-
lems, supporting problem identification and imagination 
(Araiza-Alba et  al., 2021; Yu & Wang, 2025). Embodied 
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interaction fostered fluency and flexibility through kines-
thetic exploration (Bagher et  al., 2021; Frith et  al., 2020). 
Multisensory feedback boosted originality and emotional 
engagement, enabling meaningful and creative connections 
(Andonova et al., 2023; H. T. Huang & Chang, 2023). These 
features collectively supported innovative, grounded, and 
personally relevant solutions in sustainability education.

In interpreting the study findings, it is essential to 
acknowledge the potential influence of novelty effects asso-
ciated with IVR technologies. Although the instructional 
design ensured equivalency between the experimental and 
control groups in terms of content, duration, and assessment 
tools, the novelty of the IVR modality might have contrib-
uted to heightened engagement and creative performance. 
Previous research has shown that users tend to focus more on 
the technology itself during initial encounters, which can 
limit its educational value unless familiarization is provided 
beforehand (Miguel-Alonso et  al., 2024). In our study, a 
structured pre-training session on using the Oculus Quest 2 
headset was included in Week 1, as shown in Table 1. This 
familiarization phase aimed to reduce potential novelty 
effects by ensuring students became comfortable with the 
IVR equipment before engaging with content-related activi-
ties. Nevertheless, as the intervention lacked a crossover or 
delayed-treatment phase, distinguishing the specific contri-
bution of IVR from residual novelty or expectancy effects 
remains a limitation. Consequently, the results should be 
framed as preliminary and exploratory, offering foundational 
insights for more rigorously controlled future studies.

This study presents several limitations. First, the lack of a 
crossover or delayed-treatment design constrains the ability 
to isolate the specific effects of IVR from novelty or expec-
tancy-related influences. Second, the study did not include 
direct measures of academic achievement such as curricu-
lum-aligned science concept tests, limiting conclusions 
about instructional effectiveness. Third, the qualitative strand 
was limited to five students from the experimental group. 
These students were purposefully selected to represent a 
range of engagement levels—low, medium, and high scores 
on the SES. However, the absence of systematically col-
lected qualitative data from the control group restricted 
deeper process-based comparisons between groups. To miti-
gate this limitation, both groups followed the same thematic 
content, learning objectives, assessment tools, and creative 
tasks, which helps support the validity of observed differ-
ences. Nonetheless, the lack of control group perspectives, 
combined with the exclusion of teacher interviews, restricted 
the breadth and balance of qualitative insights.

Future research should adopt more rigorous experimental 
designs, such as crossover or within-subject frameworks, to 
differentiate the effects of IVR from novelty-induced gains. 
Including curriculum-based science achievement tests or 
embedding performance assessments within IVR environ-
ments would enhance the alignment between instruction and 

measured learning outcomes. Expanding the qualitative 
strand to incorporate control group students, individuals with 
neutral or negative IVR experiences, and teacher perspec-
tives will provide a more holistic understanding of instruc-
tional impact. In addition, longitudinal research should 
explore the persistence of IVR’s effects beyond initial expo-
sure, and comparative studies should evaluate IVR against 
other interactive technologies such as 360° video or other 
technology-enhanced methods.

Conclusion

This study offers an innovative contribution to gifted educa-
tion by integrating IVR with sustainability-focused, differen-
tiated science instruction. It highlights the potential of IVR 
environments to foster engagement, enhance self-regulated 
learning, and stimulate scientific creativity in gifted learners. 
The promising outcomes suggest that IVR can act as both an 
engaging instructional medium and a catalyst for deeper cog-
nitive and affective development. However, the absence of 
academic outcome measures and a crossover design limits 
causal claims. Thus, the findings should be viewed as explor-
atory yet encouraging, warranting future research with stron-
ger experimental controls.
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