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Abstract

The rapid advancement of Virtual Reality (VR) technology presents a timely

opportunity to enhance spatial abilities—skills fundamental to success in Article History
various educational and professional domains. This study addresses the Received:
urgent need to understand how VR can be effectively utilized in educational 13 June 2024
contexts to support spatial skill development. Employing a Systematic Revised:
Literature Review (SLR) methodology, this research synthesizes findings 16 August 2024
from 26 peer-reviewed studies published between 2013 and 2022, sourced Accepted:

from Scopus, ScienceDirect, and SAGE Journals. The objectives are 25 August 2024
threefold: (1) to assess the effectiveness of VR in improving spatial abilities, Published Online:
(2) to identify at least three key factors influencing VR's impact, and (3) to 1 October 2024

examine how initial spatial ability levels affect learning outcomes. The
findings reveal that VR significantly enhances spatial skills, particularly
mental rotation, and is most beneficial for learners with initially low spatial

K d
ability. Furthermore, three primary factors affecting VR effectiveness are \ﬁ?'tylﬁrres;lity (VR);
identified: the level of interactivity, task alignment with learning objectives, Spatial abilities; '

and user immersion. From an affective perspective, VR also increases Mathematics learning;
learner motivation and engagement, driven by its immersive and realistic Systeratic litera;ure
environment. This research contributes to the growing body of knowledge review (SLR)

on educational technology by offering evidence-based insights into the

conditions under which VR can be most effective. The findings hold practical

implications for educators, curriculum designers, and technology

developers aiming to design targeted interventions for spatial skill

development using VR.

1. Introduction

Mathematics and spatial abilities are closely related, specifically focusing on space and form. On the
other hand, spatial ability is the capacity to understand and manipulate visual and spatial information, such
as visual memory, spatial construction, mental rotation, pattern filling, and spatial orientation. Regarding
this, Gardner (1993) defines spatial ability as the capacity to accurately understand spatial-visual forms,
which includes the ability to identify shapes and objects, manipulate forms in the mind and recognize those
changes, describe spatial forms mentally and transform them into real shapes, and represent data in
graphs. Referring to the aspects studied in geometry, spatial ability plays a crucial role. Spatial ability itself
can be defined as the capacity to understand, reason, and remember visual and spatial relationships
between objects or spaces (West et al., 2013). In a study conducted by Yang et al. (2014), considering the
opinions of Lohman et al. (1987) as well as Carroll (1993), five different spatial abilities were identified: (i)
Visuo-spatial memory, (i) visuo-spatial construction, (jii) mental rotation, (iv) closure, and (v) direction
finding.

Previous research has extensively examined the influence of spatial abilities on mathematics and
geometry learning outcomes. For example, a meta-analysis conducted by Atit et al. (2021) concluded that
spatial skills are significantly related to mathematical skills. It was further explained that spatial skills and
mathematical skills have a direct positive relationship. Sudirman and Alghadari (2020) research reveals

54

This is an open-access article under the CC BY-SA license. @ @@
Copyright © 2024 by Author s


mailto:samsul.pahmi@nusaputra.ac.id
mailto:vrapi.asllan@gmail.com
mailto:edipmatematika@gmail.com
mailto:samsul.pahmi@nusaputra.ac.id

Volume 1, No 2, pp. 54-69

I J DlMID E International Journal of Didactic Mathematics in Distance Education
https://jurnal.ut.ac.id/index.php/ijdmde

effective methods for developing spatial abilities in mathematics education, which are essential for
enhancing skills such as spatial relations, mental rotation, and spatial visualization. Hawes et al. (2019) also
found a strong correlation between spatial skills and mathematical skills. Despite the abundance of real-
life objects that can support spatial abilities, without special treatment, the development of spatial abilities
remains relatively low. This is consistent with several studies that still find issues with each type of spatial
ability. For instance, Onyancha et al. (2009) found that only about 48.3% of students completed spatial tasks.
Research by Anggriawan et al. (2017) showed that 40% of students still have low spatial abilities, which
aligns with findings by Supriadi et al. (2021) that most first-year (81.25%) and third-year (79.5%) students
have very low spatial abilities.

To address these difficulties, several researchers have conducted experiments that have produced
recommendations for geometry education. Van Hiele, in his thesis (in Fuys, 1984), proposed phases in the
process of learning geometry: Phase 1: Information (Inquiry), Phase 2: Directed Orientation, Phase 3:
Explication, Phase 4: Orientation, and Phase 5: Integration. Further, in terms of learning content, the use of
visualization media is a widely discussed recommendation, such as the use of GeoGebra (Bhagat & Chang,
2015), real shapes (Vidermanova & Vallo, 2015), and virtual reality (Bamodu & Ye, 2013). Research related to
the use of interactive media in learning geometry has also been widely conducted, with the term technology
as an alternative in the implementation of learning developing significantly in recent years. Particularly in
mathematics education, several studies have found the potential of using VR in geometry topics (Cangas
et al,, 2021; Rodriguez, 2022). This indicates that readiness to use a tool or learning media significantly
affects its impact on the learning process and outcomes. Thus, it is expected that teachers, as facilitators
in the learning process, should be able to design teaching materials that are appropriate to the conditions
and situations of the environment.

Implementation of VR on Spatial Ability

To spatial ability, numerous studies have been conducted integrating VR into learning to enhance
spatial skills. Gonzalez (2018) attempted to develop VR (Virtual Reality) and AR (Augmented Reality) to test
university students' visual perception and spatial expression abilities using SketchUp software for
rendering in VR. Gonzalez concluded that using digital media can stimulate students to learn spatial skills.
Another study by Kimura et al. (2019), with the aid of VR, tested two common types of spatial information:
geometric type, which includes distance and directional turns. The study showed that younger adults are
more capable of adapting to spatial changes in the environment compared to older adults. On the other
hand, Lochhead et al. (2022) also evaluated spatial ability in the aspect of mental rotation ability using the
Mental Rotation Test (MRT) instrument. In their research, Lochhead et al., through the Oculus Quest medium,
demonstrated that MRT performance is better when mental rotation is conducted in 3D VR than in 2D
images. Still related to VR research and spatial ability in mental rotation, Guzsvinecz et al. (2022) tested
university students using Gear VR with an MRT type of test. The conclusion found by Guzsvinecz et al. is that
the completion time for the MRT test using VR for male students is significantly longer than for female
students.

Knowledge Gap and Research Questions

Referring to the processes and results of the previously discussed studies, the implementation of VR
technology in spatial abilities has become an increasingly intriguing topic in recent years. Several studies
have demonstrated the potential positive effects of VR on spatial abilities (Gonzalez, 2018; Kimura et al.,
2019; Lochhead et al,, 2022). Despite the potential benefits of VR in enhancing spatial abilities, further
research is needed to understand the extent to which this technology can enhance spatial abilities,
considering the various types of spatial skills. Additionally, known issues regarding the barriers and
challenges in adopting VR technology to improve spatial abilities need to be further elaborated. Another
issue that needs consideration is the difference in initial student abilities, which undoubtedly has a
significant impact on their learning process. Given the significant knowledge gap observed, this research
focuses on exploring the impact of VR technology on the development of spatial abilities based on initial
ability groups and identifying factors to be considered in the adoption and implementation of VR technology
across various types of spatial abilities. Based on this description, the research questions to be addressed
in this study are as follows:
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RQA1.  What aspects need to be considered when implementing VR to enhance spatial abilities?

RO2. How does the use of VR affect the overall enhancement of spatial abilities?

RG3. How does the use of VR affect the improvement of spatial abilities based on differences in
participants' initial spatial ability levels?

RQ4. How does the use of VR impact spatial abilities based on different aspects of spatial skills?

2. Method

In the context of technological development, the concept of virtual reality has garnered increasing
attention in recent years. However, the use of this technology for enhancing spatial abilities requires
thorough exploration. To achieve this objective, a Systematic Literature Review (SLR) will be employed as
the method to identify, evaluate, and interpret all relevant research related to specific research questions,
thematic areas, or phenomena of interest. The review and mapping process in this work includes an
analysis of relevant research on the use of virtual reality technology in enhancing spatial abilities. The
phases followed in this SLR study refer to the steps outlined by Petersen et al. (2015), which include
reviewing related research; defining the research questions; establishing inclusion and exclusion criteria;
defining the search process; setting quality criteria; data extraction; results and data analysis; and report
writing.
2.1. Inclusion and exclusion criteria

The following indicators are used for the inclusion and exclusion criteria. The Inclusion Criteria
consist of (i) studies utilizing VR technology to enhance spatial ability; (i) studies involving participants
ranging from pre-primary school, primary school, secondary school, higher education, or the general
public; (iii) studies reporting evaluation results of spatial ability following the use of VR; (iv) studies
published in English within the timeframe of 2013 to 2022 to ensure recency; (v) studies employing
experimental, survey, or observational methods relevant to the research; and (vi) studies explaining
aspects to be considered in implementing VR to enhance spatial ability. The Exclusion Criteria consist of (j)
studies not utilizing VR technology to enhance spatial ability; (ii) studies containing questions that are too
general or broad, thus not providing clear direction to the research; (jii) studies not reporting evaluation
results of spatial ability following the use of VR; (iv) studies not published in English and those published
before 2013 or after 2022; (v) studies not addressing any of the research questions.

22. Search process

The literature search was conducted on three databases: Scopus, ScienceDirect, and Sage Journal.
These databases are well-regarded in terms of both quality and quantity. In this review, the search strings
for each selected electronic database are as follows.

Table 1
Keywords and Search Limits
Description Scopus ScienceDirect Sage Journal
Keywords  TTLE-ABS-KEY = (‘Virtual Reality* Z:ﬂ;"'(ctzftn":lh;:;i; Search All Content = “Virtual
n H HHNE = e n . i )

AND "Spatial Ability*") AND "Spatial Ability™) Reality” AND "Spatial Ability”
(LIMIT-TO  (SUBJAREA,"SOCI") OR Applied filters: Social Article type: Research articles;
LIMIT-TO (SUBJAREA,"MATH")) AND Sciences & Humanities, Publication title: Computers &

Limits (LIMIT-TO (PUBYEAR, 2022 - 2013)) Education, Communication & Education, Journal of Surgical
AND (LIMIT-TO Media Studies, Research Education; Subject areas: Social
(LANGUAGE,"English")) article, 2013 - 2022 Sciences; Refine by 2013-2022

23. Quality criteria

The research results that meet the inclusion criteria and do not align with any of the exclusion
criteria will proceed to be reviewed based on the established quality criteria. Each question has three
options, and the answers are coded as yes (1 point), partial (0.5 points), and no (0 points). Research that
enters the final process must have a score of 7.0 or higher as the final selection threshold for the paper.
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The quality criteria used in this SLR are as follows:

4.3.1. The definition of VR concepts and spatial abilities must be clear in the paper to evaluate the success
of the technology implementation.

4.3.2. |t is important to establish clear and well-defined research objectives so that the study can be
effectively directed.

4.3.3. The research must be well-designed and conducted with appropriate methods to achieve the set
objectives.

4.3.4. The research instruments used must be well-explained and suitable for the research design to
produce accurate and relevant data.

4.3.5. The sample size and research population must be clearly described to allow for proper analysis of
the research results.

4.3.6. The paper must adequately answer the research questions and provide useful information for
developing an understanding of VR and spatial abilities.

4.3.7. Conclusions must be clearly explained and based on tested research results to ensure the validity
of the research and its relevance to the stated objectives.

4.3.8. The research must acknowledge existing problems and limitations and provide suggestions for
further development so that the paper can improve research methods and increase the accuracy of
the results obtained.

2.4. Quality criteria

The development stage is the phase that includes the implementation of the SLR, where we refer to
the PRISMA standard. PRISMA creates a uniform, peer-reviewed technique that uses checklists of best
practices to help ensure the quality and reproducibility of the review process (Conde et al., 2020).
Identification, screening, eligibility, and inclusion are the foundational elements of PRISMA as presented in
Figure 1. In the initial search process, various types of publications were obtained, such as differences in
Article type, Subject areas, and year of publication. Therefore, the selection of articles was adjusted to
Keywords and Search Limits (Table 1).

3. Results and Discussion
3.1. Results

The initial search results, based on the selected keywords (Table 1), yielded a total of 490 articles
from three major databases: Scopus (228 articles), ScienceDirect (212 articles), and SAGE Journals (50
articles). The first step in the screening process involved eliminating duplicate entries and applying search
limits, such as publication dates and document types, as outlined in Table 1. As a result, the number of
articles was significantly reduced to 98, with Scopus contributing 73 articles, ScienceDirect 20 articles, and
SAGE Journals 5 articles. This initial reduction marked an important phase in refining the pool of studies
for further analysis.

The subsequent phase focused on applying the inclusion and exclusion criteria to the remaining 98
articles. These criteria were designed to ensure that only the most relevant studies aligned with the
research objectives were retained. Following this process, 54 articles were selected. This stage further
refined the collection of articles by filtering out those that did not meet the set requirements, such as
studies outside the scope of the research or those lacking the necessary methodological rigor.

Finally, each of the 54 articles underwent a rigorous evaluation based on predetermined quality
criteria, with a minimum score of > 7.0 required for inclusion in the systematic literature review (SLR).
After this critical assessment, the selection was narrowed down to 26 articles that fully met the quality
standards. These articles were deemed robust enough to be analyzed in the SLR. The entire article
screening process, from keyword search to quality assessment, is depicted in the PRISMA flow diagram,
which outlines the systematic approach taken to ensure a thorough and reliable selection of studies.
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Figure 1
PRISMA flowchart
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Referring to the search results, this study analyzed articles published between 2013 and 2022, which were
retrieved from three primary databases: Scopus, ScienceDirect, and SAGE Journals. Although the search
was focused on these databases, the articles utilized in the study came from various renowned publishers,
including Dialnet, Elsevier, |EEE, Inderscience, MDPI, Springer, Taylor & Francis, UCOPres, ULPGC, and Wiley
Online Library (Figure 1). This broad scope of sources allowed for a comprehensive view of the research
landscape within the field of interest. Of the 490 articles initially retrieved during the search process, 26
were ultimately selected after applying specific criteria, including inclusion and exclusion standards, as
well as quality assessment measures. These chosen articles were deemed to best represent the research
focus and met the required standards for relevance and quality.

Table 2 below provides detailed data on the studies that were included in the final analysis, offering
a closer look at the range and distribution of the research findings.
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Table 2
Summary of Selected Studies Included in the Analysis
Author(s) Publisher Education Level or Age Sample Size
Merchant, et al. (2013) Wiley Online Library Higher Education 387
Martin-Gutiérrez, et al. (2013) |IEEE Higher Education 57
Lee & Wong (2014) Elsevier Middle School 370
Meng, et al. (2014) Taylor & Francis Age 21 to 26 years old 39
Yilmaz, et al. (2015) Elsevier Higher Education 61
Qin, et al. (2015) Springer Age 20 to 25 years old 20
Gutiérrez, et al. (2015) Dialnet Higher Education 202
Chandrasekersg, et al. (2015) SAGE Journals Higher Education 42
Jang, et al. (2017) Elsevier Higher Education 76
Roca-Gonzalez, et al. (2017) ULPGC Higher Education 178
Molina-Carmona, et al. (2018) Emerald Higher Education 61
Hong, et al. (2018) IEEE Age 7 to 12 years old 237
Hong, et al. (2018) IEEE Senior High School 35
Molina-Carmona, et al. (2018) MDPI Higher Education 61
Giakis, et al. (2019) Springer Elementary School NA
Rodriguez, et al. (2019) UCOPres Age 11to 14 years old 66
Weng, et al. (2019) SAGE Journals Elementary School 80
de Back, et al. (2020) Springer Higher Education 40
Chao & Chang (2020) Springer Elementary School NA
Obeid & Demirkan (2020) Taylor & Francis Higher Education 42
Wong, et al. (2021) Inderscience Higher Education 50
Lu, et al. (2022) IEEE Middle School NA
Zhou, et al. (2022) IEEE NA 49
Chakareski, et al. (2022) |EEE NA NA

3.2. Discussion
The following discussion explores four main Research Questions (RQs) that delve into the
implementation and impact of Virtual Reality (VR) in enhancing spatial abilities. Each RQ addresses different
aspects of applying VR technology in the development of spatial skills, aiming to provide a comprehensive
understanding of its impact across various dimensions.
321 Wnat are the considerations that need to be taken into account in implementing VR to enhance
spatial abilities? (RQ1)

Virtual Reality (VR) is a technology that enables users to experience immersive scenarios that are
physically impossible (Bailey & Bailenson, 2017). The use of VR allows users to feel as though they are inside
a virtual world created by this technology. Due to VR's capability to create profound experiences, it is widely
employed as a tool in the learning process. Several reasons underlie referenced research on the use of VR,
particularly for enhancing spatial abilities: (i) it can create realistic experiences; (i) it provides more
realistic and immersive interactive experiences; (jii) it can enhance motivation and learning interest; (iv) it
can help overcome physical limitations and costs; and (v) it can aid in improving collaboration and
communication among users. A detailed exposition is presented in Figure 2.
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Figure 2
Considerations in the Use of VR: Enhancing Spatial Skills (Source: Review of 26 Sampled Articles)
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10
8
6 6
0 - 5 e
4 B =]
= 2 =
2 = = =
—— E——--- S = —
Realistic Communication Physical and cost Motivation and Interaction
and limitations Interest
Collaboration

Firstly, VR can create realistic experiences. By using VR, users can undergo experiences closely
resembling real-world environments. VR enables users to "enter" 3D environments that provide more
realistic learning experiences and allow for easier visualization of spatial concepts. However, findings from
reviewed studies on realistic experiences vary. Yilmaz et al. (2015) demonstrate that three-dimensional
virtual worlds can capture users' attention by providing rich interactions in environments akin to the real
world. Chandrasekera et al. (2015) designed environments as realistically as possible, adding sound effects
to achieve interactions that simulate real-world experiences. In another study, Giakis et al. (2019) found
that participants with low spatial abilities benefited more from the intuitive manipulation and interactivity
advantages provided by VR-based learning compared to those with high spatial abilities. Jang et al. (2017)
had participants wear 3-D stereoscopic glasses to enable a more realistic visual representation of
anatomical structures. Furthermore, to enhance realism, Chakareski et al. (2022) explored VR's use by
integrating 360-degree video streaming, focusing on user navigation modeling, rate-distortion analysis,
and end-to-end optimization for viewport-driven streaming. Lu et al. (2022) also examined VR's application
in programming environments to enhance students' spatial skills. However, research results indicate that
VR's impact on students' spatial skills may vary depending on their initial experience with computational
and spatial visualization skills. Despite VR's capacity to create realistic experiences, Roca-Gonzalez et al.
(2017) argue that the real world still provides more information and intense sensations compared to VR.
This perspective aligns with Chandrasekera et al. (2015), who found limitations in virtual environments'
analogy to the real world and observed that participants in VR environments tended to be passive in their
activities.

Secondly, VR provides a deep interactive experience, allowing users to freely explore 3D
environments. Research indicates that users can interact with objects within these environments,
facilitating intuitive spatial learning. Studies have explored VR's potential as an effective and engaging
learning tool, particularly for spatial skills. Yilmaz et al. (2015) examined how interaction in 3D virtual
environments enhances exploration and engagement, finding a strong correlation between interaction
depth and engagement duration, and a moderate one with spatial ability. Meanwhile, de Back et al. (2020)
highlighted the benefits of collaborative learning in VR environments using CAVE (Cave Automatic Virtual
Environment). Virtual reality games developed in this study offered interactive and engaging learning
experiences for student groups, utilizing CAVE's immersive four-wall setup. Another study by Zhou et al.
(2022) explored enhancing spatial and mental rotation abilities through VR environments, leveraging their
immersive visualizations for spatial training tasks. Additionally, Meng et al. (2014) focused on developing
VR panorama manifestation (PM) systems for navigation, employing six monitors to create a circular display
with interactive seating equipped with rotation sensors and control knobs. Lastly, research by Chao &
Chang (2020) and Molina-Carmona et al. (2018) discussed the use of VR in interactive learning to
significantly improve students' spatial abilities.
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Thirdly, VR can enhance motivation and learning interest. In educational implementations, VR is
often cited for increasing motivation and interest due to its enjoyable learning experiences. Users report
VR as an engaging learning method, which helps boost motivation and interest in spatial concepts. Giakis
et al. (2019) demonstrated VR's use in enhancing student motivation and interest in mathematics through
the educational game "The Wizard of Upside-Down." Rodriguez et al. (2019) further emphasized VR's
potential in mathematics education to enhance learning interest and experience, providing immersive and
interactive learning environments. Beyond spatial and mathematical skills, VR can visually and spatially
teach complex academic subjects like neuroanatomy. Hong et al. (2019) indicated VR's effectiveness in
improving spatial skills and positively correlating with student interest and experience. In a more specific
context, Yilmaz et al. (2015) explored VR usage based on gender, experience, and spatial ability groups,
finding that embodied interaction and gamification can enhance motivation. de Back et al. (2020)
underscored the collaborative learning benefits of using VR technology, particularly in immersive
environments like CAVE Lu et al. (2022) studied VR's use in programming environments to enhance
students' spatial skills, noting varying impacts depending on students' initial spatial and computational
visualization abilities.

Fourthly, VR can help overcome physical limitations and costs. In abstract learning contexts such
as mathematics and physics, VR is identified as an ideal medium for digitally visualizing complex objects
realistically. This not only aids in visualization and object interaction but also eliminates distance and
location barriers through online accessibility. de Back et al. (2020) highlighted VR's use in neuroanatomy
education, showing benefits in enhancing learning outcomes and overcoming the high costs of physical
models. Similarly, in engineering fields, Martin-Gutiérrez et al. (2013) demonstrated how VR and 3D models
can enhance engineering education more affordably compared to physical objects. Wong et al. (2021) tested
spatial skills' impact on core STEM topics using augmented reality and VR, combining scaffolding and
repetition to enhance learning efficiency and confidence economically. Meng et al. (2014) showed VR
panorama manifestation (PM) systems outperforming desktop systems in cost and completion time for
spatial visualization tasks.

Fifthly, VR can enhance collaboration and communication among users by providing a three-
dimensional virtual environment where interactions feel natural and intuitive. Yilmaz et al. (2015) found
that VR improves collaboration and communication within these environments, enhancing interaction with
objects and surroundings similar to real-world interactions. Chakareski et al. (2022) explored new
challenges in utilizing VR and 360° video technology for advanced video communication systems to
maximize Quality of Experience (QoE) for users.

322 Howdoesthe use of VR influence the overall enhancement of spatial abilities? (RG2)

The utilization of Virtual Reality (VR) technology has experienced rapid development in recent years
and has been applied across various fields, including education. One of the primary advantages of VR is its
ability to enhance spatial abilities. Several studies indicate that the use of virtual reality technology in
learning can improve spatial abilities. A review of 26 studies overall shows both significant and
nonsignificant positive impacts on spatial abilities. Among these studies, three did not demonstrate
significant effects (Figure 3).

Figure 3
Data on the Impact of VR Usage on Spatial Abilities (Source: Review of 26 Sampled Articles)

H Significant effect = No significant effect
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Research findings from several studies suggest that the use of VR technology positively influences
the spatial abilities of students and VR users. Yilmaz et al. (2015) demonstrate that spatial abilities and
experience influence user interaction in three-dimensional virtual environments. Meanwhile, Molina-
Carmona et al. (2018) found that VR technology can enhance students' spatial perception. Other studies also
show that VR technology can improve mental rotation abilities (Chandrasekera et al., 2015; Hong et al., 2019;
Molina-Carmona et al., 2018; Roca-Gonzalez et al., 2017; Zhou et al., 2022). Similar results were found in
Giakis et al. (2019) study, which successfully enhanced spatial abilities and mental rotation skills in
elementary school children through virtual reality learning games. Additionally, VR technology significantly
aids students with low spatial abilities in understanding the 3-D nature of molecules, as evidenced by
Merchant et al. (2013). Furthermore, integrating virtual reality and augmented reality into textbooks or
learning materials can improve students' learning outcomes, particularly those with low spatial abilities,
as shown in studies by Weng et al. (2019) and Wong et al. (2021). Regarding navigation, Meng et al. (2014)
demonstrate that VR enhances effectiveness and efficiency in various navigation tasks. Chao & Chang
(2020) research indicates that interactive VR learning materials can significantly improve students' spatial
abilities and the effectiveness of learning mathematics among low-achieving students. Studies also
indicate significant differences when participants estimate distances with or without time pressure, and
that virtual environments can influence distance perception (Qin et al., 2015). Moreover, immersive virtual
design environments can facilitate creativity and improve flow states associated with student interest in
learning, as demonstrated by Obeid & Demirkan (2020). Some studies also show that the use of VR
technology and 3D applications can enhance students' spatial abilities in technical and engineering graphics
subjects (Gutiérrez et al., 2015; Martin-Gutiérrez et al., 2013). The use of soundscapes can also enhance
navigation abilities in virtual environments, as shown by Chandrasekera et al. (2015). Nonetheless, this
study still finds varied research outcomes and suggests the need for further research to comprehensively
understand their overall impact (Hong et al., 2019).

Although the selected studies in this review generally indicate an influence of VR application on
spatial abilities, at least 3 out of a total of 26 studies show that the use of VR does not significantly impact
spatial abilities. Lu et al. (2022) demonstrate that while there was an improvement in spatial visualization
performance in the first group of students after intervention using the MYR cloud-based programming
environment, statistical significance was not achieved. The second group of students, who had higher initial
experience in computational and spatial visualization skills, also did not further improve their spatial
visualization skills. Merchant et al. (2013) show that there were no statistically significant differences
between the control group and the group using Second Life (SL) in understanding the 3-D nature of
molecules. However, students classified as having poor spatial abilities showed much greater improvement
in understanding the 3-D nature of molecules if they engaged in relevant activities in the 3-D virtual world
compared to students who only worked with 2-D images. Meanwhile, Gutiérrez et al. (2015) concluded that
the use of 3D virtual technology in training spatial skills did not significantly influence the improvement of
students' spatial abilities compared to traditional methods. Nonetheless, overall, students who participated
in subjects using VR technology generally showed improvements in their spatial abilities.

323 Howdoesthe use of VRinfluence the enhancement of spatial abilities based on differences in initial
spatial ability levels among participants? (RQ3)

The discussion regarding the influence of virtual reality (VR) technology on enhancing spatial
abilities considers the effectiveness of VR technology in improving spatial abilities, which can also depend
on individuals' initial spatial skills. Some studies indicate that individuals with higher initial spatial abilities
may not derive significant benefits from VR technology in enhancing their spatial abilities. Therefore, this
research is categorized into two groups. The first category consists of studies demonstrating the
effectiveness of VR use among groups with lower initial spatial abilities. Several studies have found that
VR technology significantly enhances spatial abilities among groups with lower initial spatial skills. For
example, de Back et al. (2020) found that immersive learning in CAVE was effective in improving
performance for learners with low spatial abilities. This study suggests that VR can help overcome
difficulties faced by this group in understanding and visualizing spatial information. Another study showing
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similar results is by Jang et al. (2017), indicating that direct manipulation of anatomical structures in a VR
environment can enhance spatial abilities in groups with lower initial spatial skills. Similar outcomes were
also found in the studies of Lu et al. (2022) and Merchant et al. (2013), demonstrating the potential of VR
technology in enhancing spatial abilities among medical students and undergraduate learners, particularly
in visually and spatially complex aspects.

Figure 4

VR-spatial abilities based on initial skills (Source: Review of 26 Sampled Articles)

® Without Spatial Level Grouping @ With Spatial Level Grouping

In contrast, the second category focuses on the impact of using virtual reality desktop and mixed
reality (AR and VR) technologies in enhancing spatial abilities among students across various levels of
initial spatial skills. Lee & Wong (2014) showed that the use of virtual reality desktop significantly improved
performance for learners with low spatial abilities. Weng et al. (2019) and Wong et al. (2021) demonstrated
that the use of mixed reality in textbooks and technical training can enhance learning outcomes and skills,
particularly among students with low spatial abilities. Meanwhile, Chao & Chang (2020) indicated that the
use of VR learning materials among elementary school students in Taiwan significantly improved their
spatial abilities, learning effectiveness in mathematics for low-achieving students, and learning motivation
in spatial concept education. Therefore, the use of AR and VR technologies holds promising potential in
enhancing students' spatial abilities across various levels of initial spatial skills.

324 Whatisthe impact of using VR on spatial abilities based on various aspects of spatial ability? (RQ4)
Spatial ability encompasses a range of cognitive skills crucial for understanding and manipulating
shapes and objects in visual-spatial contexts. One fundamental aspect is mental rotation, which involves
mentally rotating objects and detecting changes within them (Shepard & Metzler, 1971). Spatial cognition
extends this by engaging in processes like spatial orientation, visualization, cognitive mapping, navigation,
and reasoning to interact effectively with spatial environments (Johnson & Moore, 2020). Additionally,
spatial perception plays a vital role in interpreting visual information related to spatial dimensions, such
as shapes, sizes, distances, depths, colors, and movements (Johnson & Moore, 2020). Spatial relations
further build upon these abilities, facilitating the understanding of spatial relationships like distance,
direction, orientation, and congruence between objects or their parts (Pellegrino et al, 1984). These
relations are integral to cognitive functions such as spatial perception, orientation, visualization, and
reasoning. Moreover, spatial visualization allows individuals to mentally generate and manipulate images
of objects or situations that are not physically present (Pellegrino et al., 1984).
Figure 5
Data based on types of spatial abilities (Source: Review of 26 Sampled Articles)
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As previously discussed, spatial ability encompasses various skills such as mental rotations, spatial
visualization, spatial perception, spatial cognition, and spatial relations (See Figure 5). Mental rotation
ability plays a significant role in this regard. The implementation of VR has had a considerable impact,
particularly on mental rotation ability across different educational stages, from elementary school (e.g.,
Giakis et al., 2019), through secondary school (as studied by Hong et al., 2018), and even into higher education
(explored by Martin-Gutiérrez et al., 2013). Additionally, VR's influence has been investigated across various
learning subjects such as Mathematics (Chao & Chang, 2020; Rodriguez et al., 2019), Technical Graphics
(Gutiérrez et al., 2015), Anatomy Structures (Jang et al., 2017), Programming (Lu et al., 2022), Chemistry
(Meng et al., 2014), and Natural Sciences (Weng et al., 2019).

Regarding other supportive factors, VR's application to diverse aspects of spatial ability has been
extensively studied. For instance, Jang et al. (2017) found that the depth of VR interaction is influenced not
by gender but by experience and mental rotation ability. Moreover, apart from enhancing mental rotations,
VR technology has been identified to improve spatial perception, as observed in Giakis et al. (2019). Lu et al.
(2022) conducted interventions using My Reality (MYR), and although statistical significance was not
achieved, there were indications of improved spatial visualization and mental rotation performance based
on the spatial ability measurement instruments used.

Further research indicates that three-dimensional virtual worlds like Second Life® (SL) can enhance
spatial abilities and academic performance among undergraduate students, particularly those with poor
spatial skills (Merchant et al., 2013). The virtual environment FORSpatial has also been shown to enhance
spatial visualization and mental rotation abilities (Zhou et al., 2022). The virtual reality panorama
manifestation (PM) system has been developed to aid navigation in spatial cognition tasks (Meng et al.,
2014). Meng et al. (2014) further discovered that participants using the PM system achieved significantly
higher success rates and required less completion time compared to those using the desktop system (DT).
Immersive virtual design environments have proven effective in facilitating participants' design creativity
compared to non-immersive environments (Obeid & Demirkan, 2020). Moreover, immersive virtual reality
learning systems have been shown to enhance spatial visualization and mental rotation abilities in learners
(Hong et al., 2018). Hong et al. (2018) additionally found a positive relationship between students' learning
interest and flow experience.

Limitations

This study has several limitations that should be noted. First, there is heterogeneity in the use of hardware
and VR software across the various studies analyzed, which may affect the consistency of the results. The
wide range of devices and VR applications makes comparisons between studies more complex. Second,
differences in educational levels and ages of participants in the analyzed studies also pose a limitation, as
the effects of VR may vary depending on participants' cognitive levels and prior experience. Third, this
research lacks a detailed focus on gender differences in the impact of VR interventions on spatial abilities.
The absence of data related to gender effects limits the understanding of result variations based on gender.
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These limitations highlight the need for further research that specifically addresses differences in subject
conditions, such as the type of hardware used, educational level, and gender factors, to provide a more
comprehensive and accurate understanding of VR's influence on spatial abilities. Addressing these
limitations will help in developing more effective and inclusive VR interventions, benefiting a wider range
of learners.

4.  Conclusion

This systematic study provides a detailed overview of the factors influencing the adoption of VR
technology to enhance spatial abilities. It identifies various related aspects, including considerations
regarding differences in students' initial abilities that may affect the effectiveness of VR interventions in
improving spatial skills. In this research, we analyzed 26 selected publications through keyword screening,
inclusion-exclusion criteria, and quality assessment criteria. Based on our analysis, our conclusions are
categorized according to the predefined research questions. In the context of this study, the impact of VR
usage on spatial abilities extends beyond specific learning subjects and has been explored across various
fields such as Mathematics, Engineering Graphics, Anatomy Structure, Programming, Chemistry, and
Natural Sciences. The advantages of VR in enhancing spatial abilities primarily lie in its ability to create
realistic and interactive visual experiences, which can be integrated into educational games to enhance
motivation and learning interest.

Furthermore, VR helps overcome physical and cost constraints, particularly in learning abstract and
technical topics. Regarding the influence of VR interventions on spatial abilities, it is evident that overall,
VR interventions have a significantly positive impact. The greatest potential is observed in individuals with
initially low spatial abilities, where their spatial skill improvements are more significant compared to
participants with moderate or high initial spatial abilities. Overall, various aspects of spatial abilities such
as mental rotation, spatial perception, spatial visualization, and spatial relations have been shown to
significantly benefit from VR interventions. However, mental rotation was the primary focus of this study.
Nevertheless, this study has several limitations, including heterogeneity in hardware and VR software
usage, differences in educational levels and ages, as well as a lack of detailed research focusing on gender
differences among participants. Before making suggestions, it is best to convey these limitations first.
Therefore, recommendations for further research include conducting studies that specifically address
these subject condition differences. Addressing these limitations will help refine the understanding of VR's
impact on spatial abilities and guide the development of more effective and inclusive interventions.
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