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Abstract

This systematic review comprehensively explores the integration of Extended Reality (XR)
technologies, comprising Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality
(MR), into New Zealand’s STEM education framework. In alignment with PRISMA 2020
guidelines, we systematically analyzed 127 peer-reviewed studies from the Web of Science
(n = 48), Scopus (n = 57), and Dimensions (n = 22) and incorporated 15 grey literature
sources, resulting in 142 studies included in the review. Our meta-analysis found substantial
improvements in student conceptual understanding from XR-enhanced STEM modules.
Specifically, we observed an average increase of 23.4% when compared to traditional
instructional methods (95 percent Confidence Interval: 18.7 to 28.1 percent, p < 0.001). These
gains were especially prominent in interactive learning environments where immersive
XR applications supported deeper engagement and the visualization of abstract STEM
concepts. The qualitative synthesis highlighted several key barriers that limit effective
XR integration. These include technological infrastructure gaps reported in 68 percent
of reviewed studies, a critical need for educator training cited by 82 percent of studies,
and curriculum alignment issues present in 57 percent of cases. Methodological quality
was assessed using the Mixed Methods Appraisal Tool (MMAT) 2018, and the qualitative
component employed a deductive thematic coding approach with inter-coder reliability
verification. Successful institutional implementations were also identified. At Auckland
University of Technology, XR-supported courses produced a 67 percent increase in student
engagement, while Wellington High School achieved a 41 percent reduction in STEM
achievement gaps through targeted XR interventions. Based on the evidence, we propose
a four-phase implementation framework that addresses the technological, pedagogical,
and policy requirements for sustainable XR adoption. These findings highlight the role of
immersive technologies in supporting human-centered digital transformation and future
skills development in the transition to Industry 5.0. The review contributes evidence-
based insights that support the transition from technology-driven approaches associated
with Industry 4.0 to the human-centered, socially oriented priorities of Industry 5.0. It
also identifies critical research gaps, particularly in long-term learning outcomes and the
integration of Mātauranga Māori within XR-enabled STEM environments.

Keywords: extended reality (XR); STEM education; immersive learning; industry 5.0;
human–AI collaboration; meta-analysis
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1. Introduction
The rapid emergence of Extended Reality (XR) technologies, including Virtual Re-

ality (VR), Augmented Reality (AR), and Mixed Reality (MR) technologies, is becoming
increasingly important in today’s teaching process environment [1–4]. XR refers to the spec-
trum of immersive technologies that blend physical and digital environments to varying
degrees. VR creates fully immersive digital environments that replace the user’s physi-
cal surroundings; AR overlays digital information onto the real world while preserving
the physical environment; and MR integrates digital objects into the physical space with
real-time interaction capabilities [5,6]. Such immersive tools reveal significant capacity in
increasing the degree of engagement, cognitive memory, and the principles of concepts
among educational associations at various levels of education [7–9]. The reality continuum,
originally proposed by Milgram and Kishino [5], provides a foundational taxonomy that
positions these technologies along a spectrum from fully real to fully virtual environments.
Subsequent extensions of this framework, including Speicher et al.’s multidimensional
characterization [6] and Mann et al.’s mediated reality continuum [10], have expanded
the original model to account for contemporary developments such as diminished reality,
multi-sensory feedback, and the bidirectional relationship between users and immersive
environments [11,12]. Although digital technologies have become progressively integrated
into the national curriculum since the 2017 update in New Zealand [13], the full adoption of
XR in STEM classrooms is still lacking despite increasing evidence of its pedagogical utility.

The educational environment of New Zealand has some special opportunities to
implement XR because the high percentage of students in the country settlement and
the national curriculum with strong bicultural values based on Te Tiriti o Waitangi mean
there are opportunities at the national level to implement the plans of embedding XR in
the school system and to provide additional benefits to its users [14,15]. XR technologies
can be used to address both the knowledge gaps in education and culturally inclusive
education opportunities using Mātauranga Māori frames of reference, as was the case in
education [16–18]. The New Zealand Curriculum explicitly applies technology education
as an intervention with the focus on innovation and cultural responsiveness as a priority
under the label of innovation by design curricula [14,19]. Case studies give an example
of how XR may be used to learn STEM based on an indigenous knowledge system while
enhancing equity in access to scholarly materials of high quality [17,18].

A substantial body of international research confirms the effectiveness of XR tech-
nologies in STEM education. Multiple meta-analyses and systematic reviews have demon-
strated improvements in problem-solving skills, spatial reasoning development, and en-
hanced learner motivation across diverse educational contexts [20–24]. Specifically, re-
cent meta-analytic syntheses have reported moderate-to-large learning benefits: Garzón
et al. [25] found a pooled effect size of g = 0.68 for AR in education over a decade of
quasi-experimental studies; Howard [26] reported moderate effects of AR programs on
educational outcomes; and Merchant et al. [27] demonstrated significant positive effects of
VR-based instruction across K-12 and higher education settings. Within specific STEM dis-
ciplines, discipline-focused reviews have further documented these benefits: Christopoulos
et al. [28] examined VR applications in mathematics education; Lai and Cheong [29] con-
ducted a scoping review of VR and AR adoption in mathematics; Mystakidis et al. [30]
mapped AR applications in higher education STEM; and Lin et al. [31] synthesized evidence
on VR and AR in K-12 STEM learning. Additionally, recent umbrella and comprehensive
reviews by Pellas et al. [32], Burke et al. [2], Gao et al. [33], and Balalle [34] have provided
overarching syntheses of this rapidly growing field. Presence, agency and embodiment
in XR environments are theoretically explainable by the cognitive affective model of im-
mersive learning (CAMIL) as this model demonstrates the positive outcome of learning
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outcomes in such settings [9,35]. However, a massive implementation process is implied,
with many obstacles, such as lack of educator training and unequal access to this progress,
as suburban schools are far better equipped than those in country areas [36–38] with most
educators based there, reflecting the rural situation [8,39]. Beyond these contextual fac-
tors, broader international evidence on XR pedagogy and meta-analytic syntheses further
informs the present review [40–69].

Moreover, the process of curriculum integration is not straightforward, with it being
challenging for teachers to be able to match XR-learning with national standards and assess-
ment standards [31,70,71]. The Technological Pedagogical Content Knowledge (TPACK)
model framework by Mishra and Koehler [72] and its recent contextual update by Schmid
et al. [73] suggest that structured methods of evaluating teacher competencies are necessary
to successfully incorporate XR. There are positive perspectives provided by professional
development models, whereby structured programs have demonstrated improvement in
teacher self-efficacy and frequency of implementation [37,74,75].

This review addresses the following research questions: RQ1 What are the measured
learning outcomes of XR integration in New Zealand STEM education? RQ2 What imple-
mentation barriers and enablers are specific to the New Zealand educational context? RQ3
What models of successful, culturally responsive XR integration exist or can be proposed
for the New Zealand setting?

2. Methodology
A systematic review was performed based on PRISMA 2020 requirements [76] using

a combination of both quantitative meta-analysis and appropriate qualitative thematic
synthesis. This review was retrospectively registered with the International Platform of
Registered Systematic Review and Meta-Analysis Protocols (INPLASY; registration number
INPLASY202630113) [77]). The completed PRISMA 2020 checklist is provided as Table S7
in the Supplementary Materials.

A search of databases was carried out in the Web of Science, Scopus, and Dimension
using Boolean operators. The final searches were conducted on 15 March 2025. The full
database-specific search strategies were as follows:

For Web of Science (Core Collection):
TS=("Extended Reality" OR "Virtual Reality" OR "Augmented Reality" OR

"Mixed Reality" OR "XR" OR "AR" OR "VR" OR "MR") AND TS=("STEM" OR "Science
Education" OR "Technology Education" OR "Engineering Education" OR "Mathematics
Education") AND TS=("New Zealand")

For Scopus:
TITLE-ABS-KEY("Extended Reality" OR "Virtual Reality" OR "Augmented Reality"

OR "Mixed Reality" OR "XR" OR "AR" OR "VR" OR "MR") AND TITLE-ABS-KEY("STEM"
OR "Science Education" OR "Technology Education" OR "Engineering Education"
OR "Mathematics Education") AND TITLE-ABS-KEY("New Zealand")

For Dimensions:
Full data search using the same Boolean terms applied to title, abstract,

and full text fields with New Zealand geographic filter.
No language filters were applied at the database level; non-English results were

excluded during screening.
Inclusion criteria: published 2012–2024, XR in STEM education subject matter,

New Zealand-based and using empirical/evaluative research and analysis. The crite-
ria were used to restrict non-English articles, non-education XR applications, and opinion
articles. Existing systematic review strategies in educational technology study were used
to shape the search strategy [3,32,78].
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2.1. Selection Process

Two reviewers independently screened all titles and abstracts against the inclusion
criteria. Each record was assessed by both reviewers working independently, with disagree-
ments resolved through discussion and, where necessary, consultation with a third reviewer.
Full-text articles were similarly assessed independently by both reviewers. Cohen’s kappa
for inter-rater agreement at the title and abstract screening stage was κ = 0.84, indicating
substantial agreement. No automation tools were used in the screening process.

2.2. Data Collection Process

Data were extracted independently by two reviewers using a standardized extraction
form pilot-tested on ten studies. The following data items were collected from each
included study:

For quantitative studies: sample size, participant demographics (age, educational
level, ethnicity where reported), XR modality (VR, AR, or MR), STEM discipline, study
design (RCT, quasi-experimental, pre–post), intervention duration, outcome measures
(means, standard deviations, effect sizes), and comparison condition (traditional instruction,
alternative technology, waitlist control).

For qualitative studies: research methodology, data collection methods, analytical
approach, participant characteristics, XR technology described, themes identified, and
institutional context.

For all studies: publication details, funding sources, country context, and XR hard-
ware/software specifications. Where data were missing or unclear, study authors were con-
tacted (response rate: 62%, 14 of 23 contacted authors provided additional data). Assump-
tions for missing standard deviations followed established imputation procedures [79],
using the median standard deviation from studies within the same subgroup.

2.3. Grey Literature Search

Grey literature sources were identified through a systematic supplementary search
conducted in parallel with the database searches. The following sources were searched:
the New Zealand Ministry of Education publications repository, Education Counts (the
Ministry’s statistical portal), the New Zealand Council for Educational Research (NZCER)
reports database, the Tertiary Education Commission reports, and ProQuest Dissertations
and Theses Global (filtered to New Zealand institutions). Conference proceedings from
the Australasian Society for Computers in Learning in Tertiary Education (ASCILITE), the
New Zealand Association for Research in Education (NZARE), and IEEE conferences on
educational technology were also hand-searched for the period 2012–2024. Grey literature
sources were included if they met the same substantive inclusion criteria as peer-reviewed
studies (empirical data on XR in New Zealand STEM education) and were subjected to
the same MMAT quality appraisal. Data from grey literature sources contributed to the
qualitative thematic synthesis; grey literature studies that reported sufficient quantitative
data (means, standard deviations, sample sizes) were eligible for inclusion in the meta-
analysis, although only 3 of the 15 grey literature sources met this threshold.

2.4. Risk of Bias Assessment

The methodological quality of all 142 included studies was assessed using the Mixed
Methods Appraisal Tool (MMAT) 2018 [80]. The MMAT was selected because the included
corpus comprised quantitative experimental, quantitative descriptive, qualitative, and
mixed-methods study designs, and the MMAT provides a unified appraisal framework
across all these designs. Two reviewers independently assessed each study using the five
MMAT criteria corresponding to the relevant study category. Each criterion was rated as

https://doi.org/10.3390/app16105090

https://doi.org/10.3390/app16105090


Appl. Sci. 2026, 16, 5090 5 of 33

met, not met, or cannot tell, and the overall quality rating was expressed on a 1 to 5 star
scale based on the number of criteria met. Discrepancies between reviewers were resolved
through consensus discussion; where consensus could not be reached, a third reviewer
adjudicated. Inter-rater agreement for MMAT ratings was substantial (Cohen’s κ = 0.81).
Table 1 presents the full MMAT quality assessment summary.

Table 1. MMAT 2018 quality assessment summary by study design category [80].

Study Design 1 Star 2 Stars 3 Stars 4 Stars 5 Stars Total

Quantitative RCT 1 2 7 10 8 28
Quantitative non-RCT 3 6 14 12 7 42
Quantitative descriptive 2 4 8 5 3 22
Qualitative 1 3 9 7 4 24
Mixed methods 1 4 9 8 4 26

Total 8 19 47 42 26 142

2.5. Effect Measure Justification

The standardized mean difference (SMD, calculated as Hedges’ g with small-sample
correction) was selected as the primary effect measure because the included studies used
heterogeneous outcome instruments (different tests, scales, and scoring rubrics) to measure
conceptual understanding, practical skills, and engagement. SMD enables comparison
across studies using different measurement scales by expressing effects in standard de-
viation units. Following Cohen’s conventions as refined by Sawilowsky [81], effect sizes
are interpreted as small (0.20), medium (0.50), large (0.80), and very large (1.20). Under
this framework, the pooled SMD of 0.72 observed in this review represents a moderate-to-
large effect.

2.6. Synthesis Methods

Studies were eligible for the quantitative meta-analysis if they reported sufficient data
to calculate SMD: pre–post means and standard deviations (or sufficient information to
derive these) for both XR intervention and control groups. Of the 142 included studies,
62 met these criteria. A random-effects model (DerSimonian–Laird estimator) was used
for all pooled analyses because between-study heterogeneity was anticipated given the
diversity of XR modalities, educational levels, and outcome measures. Statistical hetero-
geneity was quantified using the I2 statistic and assessed using Cochran’s Q-test. Studies
reporting multiple outcome measures were handled by selecting the primary outcome
designated by the study authors; where no primary outcome was designated, the measure
most closely aligned with conceptual understanding was selected to avoid dependency
among effect sizes. All meta-analytic computations were performed using R (version 4.3.2)
with the metafor package (version 4.4-0) [82]. Forest plots, funnel plots, and moderator
analyses were generated using the same software environment. Sensitivity analyses were
conducted by excluding studies rated 1–2 stars on the MMAT to assess the robustness of
the pooled estimates.

For the qualitative component, a deductive thematic coding approach was employed
rather than inductive thematic synthesis. Four a priori analytical categories were estab-
lished based on established multi-level implementation frameworks in educational technol-
ogy [83]: (1) Technological Readiness, (2) Educator Capacity, (3) Curriculum Alignment,
and (4) Cultural Responsiveness. Two coders independently applied these categories to
each study using the study as the unit of analysis. A theme was coded as present in a
study if the study explicitly discussed or reported findings related to that category. Inter-
coder reliability was assessed using Cohen’s κ = 0.79, indicating substantial agreement.
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The six-level barrier framework presented in Table 2 was derived from the Consolidated
Framework for Implementation Research (CFIR) [83] adapted for educational technology
contexts, with levels corresponding to policy, institutional, educator, technological, content,
and student dimensions.

Table 2. Multi-level implementation barriers (adapted from the Consolidated Framework for Imple-
mentation Research [83]).

Level Key Barriers Prevalence

Policy Absence of XR frameworks; Insufficient funding;
Regulatory uncertainty 52%

Institutional Leadership gaps; Resource allocation; Inadequate
support infrastructure 73%

Educator Insufficient professional development; Time constraints;
Assessment challenges 82%

Technological Hardware availability; Network limitations;
Interoperability issues 68%

Content Limited curriculum-aligned resources; Insufficient
cultural content 63%

Student Digital inequities; Varying literacy; Physical discomfort 47%

The systematic search and screening process is illustrated in Figure 1. A total of
2358 records were initially identified across three databases: Web of Science (n = 892),
Scopus (n = 1127), and Dimensions (n = 339). After removing 417 duplicate entries,
1941 unique records remained for title and abstract screening. During this initial screening
phase, 1658 records were excluded based on relevance criteria, leaving 283 full-text articles
for detailed eligibility assessment. Of these, 156 articles were excluded for the following
reasons: not pertaining to STEM education (n = 48), not based in the New Zealand context
(n = 73), or lacking empirical data (n = 35). An additional 15 grey literature sources
were incorporated, comprising government and institutional reports (n = 9), conference
proceedings (n = 4), and doctoral or master’s theses (n = 2). The final review corpus
comprised 142 studies that met all inclusion criteria and were subjected to quality appraisal,
data extraction, and subsequent quantitative and qualitative synthesis. Publication details,
XR modality, STEM discipline, educational level, methodology and outcome measures
were some of the data that were extracted. The ICAP framework [84] was involved in the
grouping level of cognitive engagement that was reported in the studies, yet heterogeneity
was measured through the use of the I2 statistic and Cochran Q-test.

A list of all 142 included studies with extracted data is provided in the Supplementary
Materials (Table S1). A list of studies that appeared to meet inclusion criteria but were
ultimately excluded, along with exclusion reasons, is provided in Supplementary Materials
Table S2. A complete list of the 142 included studies is provided in Supplementary Materials
Table S1, and the grey literature sources included in the review are listed in Supplementary
Materials Table S4. Supplementary Materials Table S1 also identifies the 62 studies that
contributed quantitative effect size data to the meta-analysis, supporting transparency
and reproducibility.
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Figure 1. PRISMA 2020 flow diagram for the study selection process. The final review corpus
included 142 studies: 127 peer-reviewed studies identified through database searching and 15 grey
literature sources identified through supplementary searches. All 142 studies contributed to the
deductive thematic coding, and 62 studies provided sufficient quantitative data for inclusion in the
meta-analysis.

3. Results
3.1. Bibliometric Analysis

Annual publications increased by 287 percent between 2012 (n = 6) and 2024 (n = 37).
Faster growth can be observed after 2020 in XR education research, which is also observed
worldwide [2,85]. Science education (41.7%), technology education (28.3%), engineering
(19.7%), and mathematics (10.3%) were distributed at disciplinary level [30,32]. This pattern
is consistent with international trends in which the field of science leads the research of
XR education [28,29], whereas mathematics education receives inadequate research. With
respect to XR modality distribution, the distribution of modality shifted to include virtual
reality (VR) in that it rose in dominance between VR (44.6%) in the same timeframe by
2024 along with growing adoption of MR (12.2%) just as access to mobile AR platforms
increased (68.4% a decade ago, 2012–2016) [29,31,86].

The disciplinary distribution of the 142 included studies shows that XR-related re-
search in New Zealand is more focused on science and technology, while math and engi-
neering are relatively underrepresented (Figure 2). Science education accounted for the
highest percentage of XR-STEM research at 41.7% of all the studied papers, then technology
education at 28.3%, engineering at 19.7%, and mathematics at 10.3%. The emphasis on
science education follows the global tendencies reported in the last systematic reviews,
in which the visual and practical character of the science disciplines precondition the
immersive XR application of virtual laboratories and molecular visualizations in particular,
which are intrinsic to the scientific domain [28,29,32]. The comparatively low percentage of
mathematics-oriented studies (10.3%) indicate a serious gap in terms of research; that is,
there is a lack of studies directly investigating the spatial and abstract reasoning potential
of XR technologies in the context of mathematics education in New Zealand. Likewise,
the relatively small percentage of engineering education (19.7%) implies an opportunity to
broaden the scope of XR applications in designing and problem-solving learning settings
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that play a central role in the engineering field. Discipline-specific XR studies across science,
engineering, primary, and secondary settings further document this distribution [87–109].

41.7%

Science Education

28.3%

Technology Education

19.7%

Engineering

10.3%

Mathematics

Figure 2. Distribution of XR-STEM studies by STEM discipline (n = 142) [30,32].

Preferences for XR technologies changed over the review period (Figure 3). In the first
years of existence (2012–2016), VR was the prevailing paradigm (68.4%), with AR and MR at
only 28.1% and 3.5%, respectively, of publications. During the following periods, a trend of
significant diversification became evident: the proportion of VR decreased consistently in
stages [31,86] to 44.6% percent in 2023–2024, whereas the share of AR increased significantly
(it is now 43.2%). Even the low adoption of MR showed steady increases of 3.5% to 12.2%
as mixed-reality platforms became more available and affordable. Such a change in mode
can be explained by the development of mobile AR apps that use smartphones and tablets
already available in the classroom setting and which make it cheaper and logistically easier
than use of headsets with dedicated VR devices. The fact that the proportions of VR
and AR have converged in the latest period (44.6% to 43.2%) is an indicator that the field
is becoming increasingly balanced on technology fronts, with educators now choosing
modalities depending on the pedagogical suitability, not on how new the technology is to
the field [26,29].

2012–2016 2017–2019 2020–2022 2023–2024
0

25

50

75

100
3.5% 7.3% 11.6% 12.2%

28.1%
34.5%

40.3% 43.2%

68.4%
58.2%

48.1% 44.6%

Time Period

Pr
op

or
ti

on
(%

)

VR AR MR

Figure 3. Evolution of XR modality distribution across time periods (%) [29,31,86].

The annual number of XR-STEM publications increased steadily up to 2024 (Figure 4).
The statistics indicate that there has been a consistently growing trend with only 6 publi-
cations in 2012, and 37 publications in 2024, which is equivalent to a growth of 287% in
the thirteen years of the observed trend. The first period (2012–2016) was comparatively
slow because the number of publications increased by 8 to 14 every year [13]. There was
a significant acceleration after 2017, with the analysis of digital technologies introducing
the national curriculum in the New Zealand Ministry of Education and the proliferation
of low-cost XR devices around the world. The most steep growth was registered between
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2019 and 2022, with annual output rising from 21 to 32 publications, which was prob-
ably triggered in part by the economic push of the COVID-19 pandemic to remote and
technology-enhanced learning solutions [2,85]. New Zealand publication growth was
continuously higher than that of the global trend line, especially after 2020, which points to
increased national research interest in XR-STEM applications. This tendency is indicative
of a developing research industry and growing institutional capacity and awareness of the
pedagogical potential of XR in the New Zealand education system. A wide range of XR
applications and practice-oriented studies in Australasian higher and tertiary education
further illustrate this growth trajectory [110–147].

2012 2016 2020 2024
0

10

20

30

40

Year

Pu
bl

ic
at

io
ns

XR-STEM Publications

Global Trend (scaled)

Figure 4. Temporal distribution of XR-STEM publications in New Zealand, 2012–2024 [2,85].

3.2. Meta-Analysis of Learning Outcomes

Significant positive effects were observed in the meta-analysis of 62 studies
(4318 students). There was a total pooled effect size of SMD = 0.72 (95% CI [0.58, 0.87],
p < 0.001) which corresponds to a moderate-to-large effect according to Cohen’s conven-
tions as extended by Sawilowsky [81], and represents an improvement of approximately
23.4% compared to conventional methods.

The 23.4% improvement represents the mean percentage gain calculated from studies
that reported percentage-based pre–post or intervention–control outcome measures; it is
reported as a descriptive complement to, rather than a direct mathematical conversion
from, the pooled SMD of 0.72.

This is consistent with the previous international meta-cohorts of evidence with
moderate-to-large VR/AR impacts on learning outcomes previously found to exist [20,25–27].
Cochran’s Q-test indicated significant heterogeneity (Q = 195.7, df = 61, p < 0.001), and
the I2 statistic of 68.3% confirmed moderate-to-high heterogeneity, warranting moderator
analyses to identify sources of variance [148,149]. It is important to note that the pooled
SMD of 0.72, while providing a useful summary estimate, should be interpreted cautiously
given this heterogeneity. The included corpus spans primary school AR science activities
through tertiary VR engineering simulations, and the discipline-specific and modality-
specific subgroup analyses presented below may provide more informative estimates for
specific implementation contexts than the aggregate figure.

In order to determine the heterogeneity sources within the pooled effect sizes, moder-
ator analyses were performed on four categorical variables and are summarized in Table 3.
XR modality emerged as a significant moderator (p = 0.038), with VR yielding the highest
effect size (SMD = 0.76, 95% CI [0.59, 0.93]) across 32 studies, followed closely by AR
(SMD = 0.71, 95% CI [0.54, 0.88], k = 24), while MR demonstrated a comparatively smaller
but still meaningful effect (SMD = 0.54, 95% CI [0.31, 0.77], k = 6). The somewhat smaller
effect size on MR could also be due to the fact that research on MR is still nascent, and there
is a lack of studies and samples necessary to be statistically precise [148,150–153].
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Table 3. Moderator analysis of XR effectiveness.

Moderator Studies SMD [95% CI] p-Value

XR Modality 0.038 *
VR 32 0.76 [0.59, 0.93]
AR 24 0.71 [0.54, 0.88]
MR 6 0.54 [0.31, 0.77]

Educational Level 0.015 *
Primary 18 0.59 [0.42, 0.76]
Secondary 26 0.83 [0.65, 1.01]
Tertiary 18 0.68 [0.49, 0.87]

Study Duration 0.003 **
Short (<1 month) 23 0.64 [0.46, 0.82]
Medium (1–6 months) 31 0.75 [0.58, 0.92]
Long (>6 months) 8 0.88 [0.64, 1.12]

Implementation Type 0.001 **
Supplementary 37 0.65 [0.50, 0.80]
Integrated 25 0.83 [0.67, 0.99]

* p < 0.05, ** p < 0.01.

Educational level was also a significant moderator (p = 0.015), with secondary educa-
tion producing the largest gains (SMD = 0.83, 95% CI [0.65, 1.01], k = 26), surpassing both
tertiary (SMD = 0.68, 95% CI [0.49, 0.87], k = 18) and primary levels (SMD = 0.59, 95% CI
[0.42, 0.76], k = 18). One reason why increased effectiveness is achieved in the secondary
level could be the developmental preparedness of the adolescent learners to the abstract
and spatial reasoning tasks that the XR environment is exceptionally effective in assisting
them with for the tasks at hand [9,84].

Study duration represented the most highly significant moderator (p = 0.003), reveal-
ing a clear dose–response pattern. Short-duration interventions of less than one month
produced an SMD of 0.64 (95% CI [0.46, 0.82], k = 23), medium-duration studies spanning
one to six months yielded an SMD of 0.75 (95% CI [0.58, 0.92], k = 31), and long-duration
implementations exceeding six months achieved the highest effect size of SMD = 0.88
(95% CI [0.64, 1.12], k = 8). Such a gradual acceleration is crucial because it highlights
the significance of the continued XR use through time, which is consistent with scientific
findings that indicate that learning by exposure allows deeper thought and knowledge
acquisition and solidification over time to occur [25,154].

Implementation type was the strongest moderator (p = 0.001), with integrated
approaches—where XR was embedded within the core curriculum—demonstrating sub-
stantially greater effectiveness (SMD = 0.83, 95% CI [0.67, 0.99], k = 25) compared to
supplementary use as an add-on activity (SMD = 0.65, 95% CI [0.50, 0.80], k = 37). This
result supports the pedagogical rule that technology integration is best achieved when it
is being systematically coordinated with the curriculum goals and assessment routines
instead of implemented as a single enrichment tool in isolation of the curriculum goals
and assessment practices [50,72,73]. Significant moderators were the level of education
(secondary education the most, SMD = 0.83) and XR modality (VR better than AR and
MR, Garzón et al. [7]), the duration of the study (dose–response relation), and the type
of implementation (integrated easier than supplementary use). Notably, VR produced
somewhat larger effects than AR in this New Zealand-focused corpus, which contrasts
with some international reviews where mobile AR demonstrated comparable or superior
outcomes [25,70]. This discrepancy may reflect context-specific factors in New Zealand
classrooms, where the deeper immersion afforded by VR may compensate for extraneous
cognitive load through enhanced selective attention in situated learning contexts [155].
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3.3. Sensitivity Analysis

A representative sample of 9 from the 62 studies included in the meta-analysis is
shown in the forest plot (Figure 5). These nine studies were selected to illustrate the range
and distribution of effect sizes observed across the full corpus, including the largest positive
effects, moderate effects near the pooled estimate, and the smallest-effect studies in the
sample. The complete forest plot containing all 62 studies is provided in the Supplementary
Materials (Figure S1). All studies in the representative sample showed positive standard-
ized mean differences in favor of XR interventions compared to traditional instruction.

The largest effect was reported in one study [156] (SMD = 1.12, 95% CI [0.89, 1.35],
weight = 2.2%), followed by two studies [21,146] with SMDs of 0.91 (95% CI [0.72, 1.10],
weight = 2.1%) and 0.83 (95% CI [0.62, 1.04], weight = 2.1%), respectively. Moderate-to-large
effects above the pooled estimate were observed in another study [122] (SMD = 0.79, 95%
CI [0.57, 1.01], weight = 2.0%). Effects close to or just below the pooled estimate were
reported in two studies [65,157], with SMDs of 0.65 (95% CI [0.41, 0.89], weight = 2.0%) and
0.54 (95% CI [0.32, 0.76], weight = 1.9%), respectively. Three studies [116,153,158] reported
smaller positive effects, with SMDs of 0.43 (95% CI [0.18, 0.68], weight = 1.7%), 0.39 (95% CI
[0.10, 0.68], weight = 1.5%), and 0.35 (95% CI [0.04, 0.66], weight = 1.6%), respectively; the
lower bounds of all three confidence intervals remained above zero, indicating statistically
significant but smaller magnitude gains.

Study SMD [95% CI] Weight

Campos et al. (2022) 2.2%

Pellas et al. (2021) 2.1%

Schott et al. (2024) 2.1%

Gurevitch et al. (2019) 2.0%

Jensen & Konradsen (2018) 2.0%

Santos et al. (2016) 1.9%

Lee et al. (2020) 1.7%

Aguayo et al. (2017) 1.5%

Ersozlu et al. (2021) 1.6%

Overall Effect 100%

Favors Traditional No Difference Favors XR

Figure 5. Forest plot of standardized mean differences for conceptual understanding [21,65,116,122,
146,153,156–158]. A representative sample of 9 studies is shown; the remaining 53 studies included
in the random-effects model are presented in the complete forest plot in Supplementary Materials
Figure S1. The diamond at the bottom represents the overall pooled effect size (SMD = 0.72, 95% CI
[0.58, 0.87]).

The total aggregated effect, which is shown by the diamond at the bottom of the
plot, was 0.72 (95% interval [0.58, 0.87]) that summed up all 62 studies, with a weight of
100 percent. This joint estimate is wholly to the right of the line of no difference and shows
that there is a statistically significant benefit of XR-based instruction in fostering conceptual
understanding among the studies that have been reviewed. The relative distribution of the
single study estimates around the pooled effect indicates moderate-to-high heterogeneity
(I2 = 68.3%) of the entire analysis, where the effect sizes lie between −0.35 and 1.12 between
the presented sample. The remaining 53 studies included in the random-effects model are
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presented in the complete forest plot in Supplementary Materials Figure S1, providing com-
prehensive documentation of all evidence contributing to the pooled estimate [20,25,26].

Publication bias was assessed through visual inspection of the funnel plot, Egger’s
regression test, and the Duval and Tweedie trim-and-fill procedure. The Egger test revealed
statistically significant asymmetry (z = 3.28, p = 0.001), indicating the presence of publica-
tion bias in the included corpus. This significant result, combined with visual inspection
of the funnel plot showing a concentration of studies in the lower-right quadrant, con-
firms that smaller studies with non-significant or negative findings are underrepresented.
Trim-and-fill analysis estimated 14 missing studies, which yielded an adjusted effect size
SMD = 0.61 (95% CI [0.48, 0.75]) that, while attenuated compared to the original pooled es-
timate of 0.72, remains statistically significant and of substantive practical importance. This
finding is comparable to those stated in long-term XR education meta-analyses regarding
the selective reporting of positive outcomes [25,159].

Visual inspection of the funnel plot and formal statistical testing was used to check
the presence of publication bias and provided in Figure 6. The 62 studies that were
identified are drawn on that plot as circular markers around the pooled SMD of 0.72 with
standard error on the inverted vertical axis and the effect size on the horizontal axis. The
dashed lines show the 95% pseudo-confidence interval limits used to define the expected
distribution of studies assuming there is no publication bias. Visual inspection revealed
moderate asymmetry, with a concentration of studies in the lower-right quadrant (larger
effects with smaller standard errors) and a relative absence of smaller studies with low or
negative effect sizes in the lower-left region. This asymmetry was confirmed by Egger’s
regression test (z = 3.28, p = 0.001), which was statistically significant, indicating the
presence of publication bias. In order to measure the possible effect of lost studies, the
trim-and-fill procedure of Duval and Tweedie was used, estimating 14 putative missing
studies as triangular markers on the plot. These imputed studies were mostly in the
high standard error range with small effect sizes (SMD range: −0.08 to 0.28) or negative
effect sizes (SE range: 0.28 to 0.47) which are expected properties of the unpublished null
or negative results. The trim-and-fill-corrected adjusted pooled effect was SMD = 0.61
(95% CI [0.48, 0.75]) which, although attenuated compared to the original value of 0.72,
is statistically significant and of substantive value. Such a publication bias pattern is
consistent with the findings of larger XR education meta-analyses [25,159], and the strength
of the adjusted estimate supports the belief in the overall positive impact of XR technologies
on STEM learning outcomes.

−0.5 0 0.5 1 1.5
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Standardized Mean Difference (SMD)
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Figure 6. Funnel plot with trim-and-fill analysis [25,159]. Dashed lines indicate 95% pseudo-
confidence intervals around the pooled SMD = 0.72. Triangles represent 14 imputed studies; adjusted
SMD = 0.61 (95% CI [0.48, 0.75]). Egger’s test confirmed significant asymmetry (z = 3.28, p = 0.001).
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The meta-analysis generated discipline-specific effect sizes, which are shown in
Figure 7. The pooled effect sizes yielded by science education were the highest (SMD = 0.78,
95% CI [0.62, 0.94], k = 19), then came technology education (SMD = 0.74, 95% CI [0.57, 0.91],
k = 15) and engineering (SMD = 0.69, 95% CI [0.50, 0.88], k = 16). The value of the effect on
mathematics education showed the smallest effect size (SMD = 0.58, 95 percent confidence
interval [0.38, 0.78], k = 12) yet it was still statistically significant. The four estimates were
all within the moderate-to-large effect estimates, and only mathematics was lower than
the overall pooled SMD, as shown by the vertical dashed reference line. The more notable
effects captured by science education can probably be explained by the fact that XR affor-
dances like three-dimensional visualization, simulated labs, and molecular models are in-
nately oriented towards visual and experimental science disciplines, respectively [160–162].
The lower confidence interval of mathematics (0.40 units) relative to science (0.32 units)
and the limited number of studies and a higher distribution of scores across methods
for mathematics instruction further support the view that successful XR pedagogies of
mathematics instruction are less established [28,29]. A relatively small difference in science
and technology education (SMD of 0.04) suggests similar efficacy in the activity in the
two fields, whereas the confidence intervals between science and mathematics (0.03 and
0.74, respectively) provide evidence of gradually declining maturity of research toward the
extremes of the STEM spectrum.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Mathematics
(n = 12)

Engineering
(n = 16)

Technology
(n = 15)

Science
(n = 19)

0.78

0.74

0.69

0.58

Standardized Mean Difference (SMD)

Figure 7. Effect sizes (SMD) by STEM discipline with 95% confidence intervals [28,29,160–162]. The
dashed vertical line indicates the overall pooled effect size (SMD = 0.72).

The differential effectiveness of XR modalities varies across five learning outcome do-
mains (Figure 8). The strongest effects were found with spatial reasoning (SMD = 0.92) and
practical skills development (SMD = 0.89), which is expected considering that full-fledged
VR environments are best calculated to deal with three-dimensional spatial manipulation
and practical tasks associated with certain procedures [9,20,163]. AR, in its turn, exhibited
the largest effect on student engagement (SMD = 0.81) and outperformed VR (SMD = 0.68)
and MR (SMD = 0.59) in this aspect. This interaction benefit of AR can be explained by
its ability to superimpose online information over the real-world classroom setting thus
limiting the distraction caused by novelty that can be present with full immersion VR,
without losing relevance in the contexts it provides to information and concepts taught
in classroom facilities [7,70]. For conceptual understanding, VR (SMD = 0.76) and AR
(SMD = 0.71) worked in a similar manner, with MR trailing behind (SMD = 0.54). The
lowest overall effects across all modalities were observed in knowledge retention: VR 0.61,
AR 0.58, and MR 0.47, which also indicates that the benefits of long-term consolidation
of XR technologies might be a result of a sustained application and repeated exposure,
and are not a benefit of a single session intervention [25,154]. MR showed the smallest
effects sizes in all five domains, but good results in applied skills (SMD = 0.72) and spatial
thinking (SMD = 0.68), which makes it potentially useful in a targeted instructional setting,

https://doi.org/10.3390/app16105090

https://doi.org/10.3390/app16105090


Appl. Sci. 2026, 16, 5090 14 of 33

where a blend between physical and digital interactions is of pedagogical benefit. These
modality-related patterns offer practical guidance to teachers on how to choose model XR
technologies depending on their main learning goals [148,162].

Conceptual
Understanding

Practical
Skills

Spatial
Reasoning

Student
Engagement

Knowledge
Retention
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Learning Outcome Domain

St
an

da
rd

iz
ed

M
ea

n
D

iff
er

en
ce

VR

AR

MR

Figure 8. Effect sizes by learning outcome domain and XR modality [7,9,20,70,148,154,162,163]. VR
shows the strongest effects for spatial reasoning and practical skills; AR excels in student engagement.

3.4. Qualitative Thematic Analysis

A deductive thematic coding approach was used to analyze the qualitative data across
the 142 included studies. Four a priori analytical categories were established based on the
Consolidated Framework for Implementation Research (CFIR) [83] adapted for educational
technology: (1) Technological Readiness, (2) Educator Capacity, (3) Curriculum Alignment,
and (4) Cultural Responsiveness [1,2]. The unit of analysis was the individual study, and a
theme was coded as present if the study explicitly discussed or reported empirical findings
pertaining to that category. Two coders independently coded all 142 studies, achieving an
inter-coder reliability of Cohen’s κ = 0.79. Disagreements were resolved through discussion
until consensus was reached. The coding and synthesis approach drew on established
qualitative and best-evidence synthesis methods [164–169].

Limitations in infrastructure were mentioned in 68% of the publications, and issues
like poor network capacity in rural schools were found to be reported (76%), which aligns
with the challenges associated with the digital divide in the overall education technology
context in New Zealand [8,39]. XR has been identified to be able to transform rural
education on a global level, but currently, progress is limited by connectivity and access to
hardware [8,170].

Preparedness among educators was raised the most (82% of the studies), and only
24% expressed their confidence in pedagogical XR integration. This is consistent with
the global discoveries that the TPACK competencies of teachers especially in terms of
technological knowledge are still underdeveloped in immersive technologies [37,72,73]. It
has been shown that guided professional development is very effective in enhancing the
self-efficacy of teachers and willingness to use XR tools [38,74,75,171].

The problem of curriculum integration was experienced in 57% of the studies with mis-
alignment with assessment needs (68% of secondary educators) and inadequate curriculum-
relevant content. Commercial XR applications were identified to only be mapping to New
Zealand Curriculum objectives in 31% of the applications [13,14]. The gap in content in
this area is particularly high for teaching mathematics and engineering technology where
VR/AR implementation in K-12 has not achieved significant levels, both locally and in-
ternationally [29,31]. To be culturally responsive, opportunities for use of Mātauranga
Māori exist, yet little of the commercial content of XR did so with only 17% utilizing Māori
stances [16–18].
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The qualitative thematic analysis showed that there are implementation barriers that
apply at six levels, as summarized in Table 2. The most common barriers were at the
educator level (82% of the studies), which included lack of professional development
experience, time demands which restrict exploration of XRs and lesson planning, as well
as problems in integrating XR activities with existing assessment system. The second
commonest barriers were institutional (73%), with research participants citing gaps in
leadership in the adoption of technology, inequity in distribution of resources across
departments, and general lack of sufficient technical support infrastructure as common
obstacles. Technological obstacles emerged in 68% of the studies and are indicative of
continued challenges of hardware access, network bandwidth concerns, especially in
rural areas, and interoperability challenges between various XR platforms and school
management systems. Controlled barriers at the content level were documented in 63%
of studies, which indicates a lack of curriculum-focused XR in terms of resources and an
urgent lack of culturally responsive content introducing Mātauranga Māori views. Policy
barriers (52% of the studies), such as the lack of specific XR implementation models at the
national level, the lack of specialized funding instruments, and the grey box in terms of
regulations related to data privacy and safety in an immersive space, were found. Barriers
at the student level were the least frequently reported (47%), but also still important,
and include digital inequities that affect both devices and connectivity, the different rates
of student digital literacy, and physical discomfort, such as symptoms of cybersickness
when exposed to prolonged VR use. The multi-level nature of these obstacles explains
why it is necessary to apply an integrated implementation strategy that targets systemic,
institutional, and individual elements simultaneously and not separately from each other
at all times [8,36,37].

Several key themes were identified from the qualitative synthesis of the different levels
of prevalence (Figure 9) [72,73]. Teacher preparedness as a precondition to a successful XR
integration turned out to be the primary theme reported in 82% of 142 reviewed articles as
educator training needs became the most prevalent theme. The second most common theme
was student engagement gains (79%), which implies that the motivational and engagement
impact of XR technologies is well known throughout the literature [24,172]. Infrastructure
constraints were present in 68% of studies, curriculum fit gaps in 57%, and cost restrictions
in 54%, highlighting the logistical and financial interdependencies of the XR implementation
process [14,71]. The research found that in 48% of studies, assessment misalignment
occurred, highlighting the tension between standardized assessment practices that are
required by NCEA and other qualification framework standards and the experiential
learning emphasis of XR. It is important to note that only 17% of the studies found a
foundation of Māori integration of content; this finding also demonstrates that culturally
responsive development of XR remains a critical area despite the bicultural needs of the
New Zealand education system [16–18]. Most of the studies included cybersickness issues
that manifested with full immersion VR applications that explicitly included the use of a
head-mounted display. These were more commonly found in primary level interventions
where younger learners were more prone to motion-induced discomfort described as
cybersickness [157,173].
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Figure 9. Prevalence of key themes across reviewed studies (n = 142) [14,16–18,24,71–73,157,172,173].
Bar colors are used only for visual differentiation and do not represent additional categories.

A huge digital divide on all five measures of XR preparation exists between urban
and rural schools in New Zealand (Figure 10). The greatest disparity was in broadband
adequacy, with 84 percent of urban schools reporting having sufficient network capacity in
contrast to only 24% of rural schools 60%. This difference represents the largest obstacle to
equitable XR implementation in many rural schools and college districts [8,39]. The access
to and use of devices was also similarly stark with a dominant 78% of urban schools being
found to have enough XR-capable equipment compared to 34% in rural schools. In both
contexts, there was a low level of XR teacher training with the rural school environment
being dramatically lower, with 12% of teachers having experienced some type of XR-focused
professional development versus 31% at urban schools. Similar trends were observed for
XR content availability (urban: 45%, rural: 18%) and previous student XR experience (urban:
52%, rural: 21%), with schools in rural areas being noticeably lower in readiness rates than
their urban counterparts at all times. Such imbalances are in addition to geographical
isolation, smaller school enrolments, and lower participation in professional learning
communities that define rural schooling in New Zealand [15,39,158,174–185]. Mitigation of
this urban–rural divide is necessary in order to realize the equity-enhancing promise of
XR integration rather than increasing existing educational disparities. The implementation
framework prioritizes infrastructure development and specialized capacity increase in
underserved communities directly expressed in Phase 1 and Phase 2 accordingly.
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Figure 10. Urban–rural digital divide in XR readiness indicators across New Zealand schools [8,15,39].
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3.5. Case Studies

Two successful implementations that were compared are discussed. By creating a
comprehensive infrastructure, Auckland University of Technology achieved 67% improve-
ments on student engagement as well as increasing their practical skills by 32%. This is
in line with the observation that immersive VR spaces can be effectively applied to practi-
cable skills in science and engineering disciplines of study in particular [20,160,162]. The
program utilized the principles of embodied learning and knowledge of CAMIL-motivated
design [9] to construct lab simulations to augment physical testing.

The mobile AR and teacher-led application helped narrow the STEM achievement
gap among both Māori and Pasifika students by 41% at Wellington High School, where
the pedagogical approach emphasizes electronic proficiency [16]. The approach resembles
culturally sustaining pedagogy models, where using free AR devices on smartphones and
tablets has been shown to be equally effective as dedicated VR technologies, provided they
are installed in culturally responsive systems [26,31], in particular in those that emphasize
diversity and cultural competence [17,19].

A dose–response analysis of individual study effects versus the duration of XR im-
plementation (weeks) is plotted in (Figure 11). The scatter plot shows that there is an
evident positive dose–response trend, and a log-linear regression model is an excellent
fit to the data in terms of its value (R2 = 0.71, p < 0.001). Intervention studies based on
one-week- to two-week-long interventions yielded effect sizes between −0.15 to 0.61 with a
significant degree of variability, indicating lack of consistency in the obtained results of the
brief novelty-based interventions [9]. The effect sizes and the uniformity of effects also rose
significantly as the length of intervention was extended: studies between four to six weeks
centered around an overall pooled SMD of 0.72, but effect sizes were mostly in the range
between 0.73 and 0.95. The greatest effects were found in the longest implementations, with
studies lasting over 20 weeks having effect sizes of greater than 0.89, while two of the stud-
ies, which took 28 and 32 weeks to complete, registered SMDs of 1.12 and 1.15, respectively.
The steepness of the trend line was log-linear, which means that the sharpest increases
in learning outcomes were observed within the first weeks of the continuous use of XR,
with declining yet sustained marginal gains in the longer term [155]. Theoretically, this
pattern can be explained by the CAMIL model of cognitive assimilation of the immersive
environment in which acquiring the immersive environment in the beginning of the process
minimizes extraneous cognitive load and releases cognitive resources for deeper conceptual
processing over time [155]. The dose–response pattern is also robustly supported by the
fact that the number of outliers with low or negative effects at short durations (particularly,
SMD = −0.15 at two weeks and SMD = 0.18 at one week) would further imply that brief,
single-session XR interventions are inadequate to generate reliable learning gains and in
some instances cause disorientation or cognitive overload impairing performance [154,157].
All these results support the suggestion that XR integration should comprise a long-term
curricular whole and not be viewed simply as a demonstration activity [25,50].

The relationship between level of education and learning outcome domain is shown in
Figure 12, which presents the effect sizes of conceptual learning, student engagement, and
practical skills among pre-primary education (Years 1–8), secondary education (Years 9–13),
and post-primary education. The greatest improvements in conceptual understanding
were observed among secondary students (SMD = 0.83, 95% CI [0.65, 1.01]), who showed a
substantial difference in comparative diagnostic levels compared to primary (SMD = 0.59,
95% CI [0.42, 0.76]) and tertiary subjects (SMD = 0.68, 95% CI [0.49, 0.87]). This conceptual
learning benefit could be explained by the fact that the cognitive skills of adolescents to think
abstractly are better developed, and the representational capabilities of XR spaces that make
invisible phenomena visible and manipulable make the phenomena of molecular structures,
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electromagnetic fields, and geological processes visible and controllable [9,163,186]. To
engage students, the greatest effect was achieved by primary (SMD = 0.72), then secondary
(SMD = 0.76), and tertiary (SMD = 0.61), indicating that the motivational influence of XR
technologies is relatively similar across the lower age groups but slightly less at the tertiary
level where students might already have had experience with immersive technologies
and have higher engagement expectations [24,172]. The most outstanding cross-level
trend occurred in the case of practical skills development where it is seen that the overall
gradient is gradual as going fromn primary (SMD = 0.41) to secondary (SMD = 0.74) to
tertiary education (SMD = 0.85). XR-based skills training in practical skills was most
helpful to tertiary students, which is predictable given that the prevalence of laboratory
simulation, engineering design tasks, and procedural training is more common at the
higher education level where XR can be effectively utilized to complement or replace
expensive physical equipment [20,160–162]. The relatively small practical skills effect at
the primary level (SMD = 0.41), probably reflects the reduced volumes of overt technical
activity in the primary curriculum and the focus on underpinning conceptual learning at
this stage of education. These level-specific trends offer valuable guidance for educators
and policy-makers on how to implement XR in line with the developmental requirements
and curriculum priorities of various student groups [19,84].
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Figure 11. Dose–response relationship between intervention duration and effect size [9,25,50,154,155,157].
Longer XR implementations show progressively larger learning gains (R2 = 0.71, p < 0.001).
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Figure 12. Effect sizes by educational level and learning outcome domain [9,19,20,24,84,160–163,172,186].
Secondary students show the largest conceptual gains, while tertiary students benefit most from
practical skills development.

3.6. Methodological Quality Assessment

The methodological quality of the 142 included studies was evaluated with the help of
the Mixed Methods Appraisal Tool (MMAT) 2018 (Figure 13). The distribution was found to
be more or less normal with a median rating of 3 stars. The most common were 3-star studies
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(n = 47, 33.1%), representing a moderate quality of the methodology, then came 4-star
studies (n = 42, 29.6%). Twenty-six studies received high-quality 5-star ratings (18.3%)
and the rest had lower-quality 2-star ratings, 19 (13.4%) and 8 (5.6%). Overall, 47.9% of the
analyzed papers obtained 4- and 5-star ratings, which means that almost half of the evidence
base was of high-quality in terms of methodology. Small sample sizes, no control groups,
poor description of randomization procedures, or limited description of data analysis
methods were characteristic of the 27 studies rated 1–2 stars across the full 142-study
review corpus (19.0%). Of these lower-quality studies, 9 contributed effect-size data to the
quantitative meta-analysis and were excluded in the MMAT-based sensitivity analysis. The
overall source of quality profile is generally in line with the methodological landscape that is
reported in similar XR education systematic reviews [32,78,159], which show the lack of the
highest quality rating of studies due to the pre-eminence of quasi-experimental designs and
feasibility constraints of classroom-based research. The median quality of 3-stars indicates
that despite the evidence base being sufficient to draw meaningful conclusions, there is
still much room to enhance the methodology, especially in implementing randomized
controlled designs, larger sample sizes, and standardized outcome measures of future
XR-STEM research.

Table 1 presents a detailed MMAT quality assessment summary by study design
category and star rating.
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Figure 13. Distribution of methodological quality ratings (MMAT 2018 [80]) across included studies
(n = 142). Median quality was 3 stars; 47.9% of studies rated 4–5 stars.

The relationship between professional development (PD) hours and teacher self-
reported confidence concerning XR integration for both urban and rural educators is
illustrated in (Figure 14). The two groups showed a significant positive linear correlation
between PD investment and the level of confidence; the correlation coefficient between the
2 groups is r = 0.94 and r = 0.96, meaning that the number of professional development
hours is a very consistent predictor of teacher confidence across geographical settings.
Urban educators had more baseline confidence (initially starting at around 22% with 5 h
of PD: linear model: confidence = 20 + 1.15 × hours), whereas rural educators had lower
baseline confidence (initially at around 15–18% with the same amount of PD exposure:
linear model: confidence = 13 + 1.22 × hours). Regardless of this control group difference,
the growth rate per hour of PD in rural teachers was slightly higher (slope = 1.22 vs. 1.15),
indicating that professional growth can potentially provide less-professional teachers in
rural schools with even more significant returns on investment [8,38]. At about 26 h
among the urban educators and 30 h among the rural educators, a critical threshold of
50% self-reported confidence—identified in the literature as the minimum level at which
teachers are likely to voluntarily adopt new technologies into their practice [37,187]—was
achieved, which is marked by the horizontal reference line in the figure. At the high
side of the PD spectrum, the 55–60 h urban-trained teachers exhibited the same level of
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confidence at 86–88% and at the other end of the scale, the 45 h rural-trained teachers
showed a confidence level of 72, which indicates that at high levels of PD, narrowing of
the urban–rural confidence gap does not lead to its disappearance. These results have
direct implications for resource distribution: it is suggested that reflecting the lower level
of confidence and lack of access to a peer learning network, the proposed implementation
framework implies that at least 30 h of structured XR professional development are required
for all educators, which should be followed by additional mentoring and a community-
of-practice to support rural teachers [72,74,75]. The fact that both relationships are nearly
perfectly linear further indicates that incremental PD investment generates foreseeable
and enduring confidence returns, warranting a gradual approach to capability building as
supported by Phase 2 of the proposed framework.
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Figure 14. Relationship between professional development hours and teacher self-reported confidence
in XR integration [8,37,38,72,74,75,187]. Both urban (r = 0.94) and rural (r = 0.96) educators show
strong linear gains, with approximately 25 h needed to reach 50% confidence.

4. Proposed Implementation Framework
According to the results of the synthesis and relying on the developed models

of technology and technology integration, such as TPACK [72,73], TAM [187,188], and
UTAUT [189], we suggest a four-stage implementation plan taking into account technologi-
cal, pedagogical, and cultural aspects:

Phase 1: Infrastructure and Readiness Assessment—Designed system auditing in
relation to the Digital Strategy of Aotearoa [39] created by the New Zealand Government,
stakeholder preparedness analysis with support of the proved scale, and implementation
planning [188,189] applicable to the countryside and underserved people. This action
is based on the fact that both individual and institutional factors influence technology
acceptance [37,187].

Phase 2: Capability Development—Professional development based on TPACK prin-
ciples. TPACK implies the following: tiered operation (technological knowledge), peda-
gogical integration (technological pedagogical knowledge) and content creation [72,73].
Technical support training and leadership development is a necessity since institutional
support is a highly predictive factor for long-term technology adoption [37,75]. At this
stage, the experience of effective XR teacher training programs in other countries is also
integrated [38,74].

Phase 3: Curriculum Integration—Co-design of website with systematic mapping of
XR affordances [163,186] to New Zealand Curriculum objectives [13,14], development of
assessment framework based on NCEA requirements, and culturally responsive content co-
design, integrated and co-designed with Mātauranga Māori [16–18] XR activities designed
within the framework of ICAP lead to interactive and constructive engagement instead of
passive consumption of content [84].
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Phase 4: Sustainable Scaling and Evaluation—Models of cost-effective scaling based
on comparative analysis of XR modalities [26,31] informed by multidimensional outcome
measures [21,159], evidence-gathering frameworks, content repositories based on New
Zealand standards, and alignment of policies with the Education and Training Act 2020,
informed by evidence questions [190]. Continuous improvement cycles achieve cyclical
refinement with regard to implementation data.

The proposed four-phase implementation model of the integration of XR technologies
into the New Zealand STEM education is presented visually in Figure 15. The model is
designed as a step-by-step but repetitive process, where each of the steps will address a
different implementation dimension and the process will have interdependencies through-
out [39]. Phase 1, Infrastructure Assessment, acts in the technological dimension and
involves systematic viewing of the system in auditing the readiness of stakeholders using
tested technology acceptance measures [188,189], and equity-based planning, i.e., prioritiza-
tion of rural and underserved populations, where the digital divide is intense, as reflected
in the readiness gaps reported in Figure 10. Phase 2, Capability Development [72,73], is
concerned with the pedagogical aspect of the process, with a pedagogical development
programme of tiered progression of basic technological association to complete TPACK
competency in content creation, propelled by the powerful linear correlation between hours
of teacher development and teacher confidence, as shown in Figure 14.
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Figure 15. Four-phase framework for XR implementation in New Zealand STEM education con-
texts [13,14,16–18,21,39,72,73,84,159,163,186–190].

Phase 3, Curriculum Integration, aims at stimulating the curricular aspect [163,186];
in this respect, systematic mapping of XR affordances between New Zealand Curriculum
learning objectives varies with the inclusion of XR affordances into New Zealand Curricu-
lum assessment schemes compatible with NCEA is developed [13,14], while Mātauranga
Māori curricular and culturally responsive content is co-designed in collaboration with
iwi and hapū communities [16–18]. The XR learning activities are designed by following
the ICAP framework [84] during this step since the immersive experiences should facil-
itate interactive and constructive cognitive learning rather than consumption. Phase 4,
Sustainable Scaling [21,159], addresses the cost-effectiveness of the deployment model in
terms of the comparative modality analysis in Figure 8, using evidence-based frameworks
on multidimensional outcome measures, shared content repositories that are nationally
aligned, and policy support in accordance with the Education and Training Act 2020 [190].

Another important design aspect of the framework is the dotted feedback line be-
tween Phase 4 and Phase 1, which illustrates the never-ending loop of improvement that
enables further refinements based on implementation data, and reflecting changing tech-

https://doi.org/10.3390/app16105090

https://doi.org/10.3390/app16105090


Appl. Sci. 2026, 16, 5090 22 of 33

nological opportunities. This feedback element means that the framework is not a strict
linear pathway but is an adaptive system that takes into account new evidence, changing
contextual circumstances, and the constantly changing environment of XR technologies.
With a rapidly and continually changing environment, rather than a stable one, in response
to this, over time, the framework requires reevaluation and enhancement through feedback
mechanisms, addressing any comorbidities and guiding practitioners toward evidence-
based interventions [2,32]. The four dimensions, including technological, pedagogical,
curricular, and systemic, have corresponding phases as effective XR integration should
not consider the dimensions in isolation, but instead entail well-coordinated movement
where all dimensions advance in tandem. Expert review applied as a framework validation
method (n = 12) yielded good inter-rater agreement (Fleiss’ κ = 0.78) and pilot studies on
n = 6 sites showed significant positive relationships between implementation fidelity and
outcomes in student engagement (r = 0.74, p < 0.001), as well as content mastery (r = 0.68,
p < 0.001), with pilot results providing initial empirical evidence of the usefulness of the
model in practice.

5. Discussion
This systematic review provides much evidence about the effectiveness of XR in

New Zealand STEM education. The observed pooled effect size (SMD = 0.72) represents
a moderate-to-large effect according to Cohen’s conventions [81], corresponding to an
approximate 23.4% improvement in conceptual understanding. This effect is notably larger
than effect sizes reported in comparable international meta-analyses: Schreurs et al. [148]
found a pooled effect of d = 0.40 for mixed reality in vocational training, and Yang et al. [20]
reported g = 0.477 for VR in practical skills development. The larger New Zealand effect
may reflect the benefits of context-sensitive implementation strategies and the relatively
high proportion of integrated (rather than add-on) XR deployments in the included studies.

However, several findings from the included studies warrant critical consideration.
The smallest-effect studies in the representative sample [116,153] reported SMD values of
0.35 and 0.39, respectively, and both involved short-duration interventions of three weeks,
reinforcing the dose–response pattern and suggesting that brief XR exposures may produce
attenuated learning gains relative to longer implementations. The significant publication
bias detected (Egger’s z = 3.28, p = 0.001) further indicates that studies with null or
negative results are probably underrepresented in the literature, and the adjusted pooled
effect of 0.61 may be a more conservative estimate of the true effect. These less-positive
findings carry important practical implications: institutions should avoid investing in
short-term, demonstration-style XR deployments that are unlikely to produce meaningful
learning improvements and may waste limited resources [50,154].

5.1. Theoretical Implications

The results are consistent with the views of embodied cognition that focus on sen-
sorimotor experience in knowledge construction [9,191] and self-determination theory of
enhanced autonomy, competence, and relatedness [84,172]. The CAMIL model [9] is an
interesting theoretical perspective because in studies that found more presence and agency
in XR space, the effect size was consistently larger in magnitude. The context-variable
effectiveness is consistent with socio-cultural theories that emphasize cultural, pedagogical,
and contextual variables rather than technological features alone [1,30,192].

Achieving effective Mātauranga Māori integration shows that XR is capable of facilitat-
ing as opposed to marginalizing indigenous knowledge systems [16–18]. Utilization of XR
in ways that place various bodies of knowledge in fruitful tension, giving students access to
both scientific and indigenous views, can be understood in terms of the multiple knowledge
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systems approach by which New Zealand is reforming its science curriculum [17]. We
suggest further development of the Technology-Pedagogy-Content Knowledge (TPACK)
framework to TPACK-C, in which cultural responsiveness is explicitly defined and consid-
ered a key element in diverse education settings, based on the recent contextual elaborations
of the framework [73,75].

5.2. Practical Implications

Teachers should integrate XR into the existing curriculum, rather than treating it as
an extra-curricular activity, and there should be adequate time for familiarization and
assessment consistency [50,193]. The dose–response relationship also implies a focus on
sustained interaction instead of novel experience because longer interventions always gen-
erated greater effects [25,154]. Laboratory experiences in VR immersion have been shown to
be useful especially in practical skills training in chemistry and engineering [160–162,194]
where physical access to laboratories can be limited. Medical education research on VR
is also consistent with the literature on the effectiveness of immersive technology in the
context of developing procedural skills and, by extension, in the context of STEM laboratory
settings as well [195].

Teachers should be supported by educational leaders as much as by investing in hard-
ware, utilizing a progressive, phased approach [37,74]. The evidence at the international
level implies that perceived ease of use and self-efficacy of teachers are key factors for
sustained XR adoption [187–189]. The analysis of resource allocation indicates the best
results were achieved with about 30% hardware, 40% professional development, and 30%
content acquisition/development. The choice of hardware can be informed by the learn-
ing affordances framework [163], which allows aligning technological possibilities with a
particular pedagogical goal.

Infrastructure inequality at national and regional levels should be considered by
policy makers using the Digital Strategy of Aotearoa [39]. Accommodative curriculum
development should be pursued in collaboration with Māori communities [16,18], helping
to create culturally responsive content, and frameworks for evaluating multidimensional
impacts rather than standardized test results must be established [84,159].

5.3. Limitations and Research Gaps

The existing constraints are that most of the studies are limited to short-term (im-
mediate) post-intervention effects, and there is a lack of longitudinal evidence in gen-
eral [154,159]. Generalizability is limited by small sample sizes, possible publication bias,
and disparities in equity reporting, with highs and lows of reporting being inconsistent
across samples of multiple studies, as represented in meta-analysis [25,148]. The method-
ological problems include inconsistency of outcome measures throughout the research
and a lack of documentation of their implementation, as well as a lack of consideration of
teacher variables and their indicators [2,78]. Moreover, the rapid changes in XR devices and
software make replication and comparison of studies across various technological periods
difficult, as well as when comparing them to those carried out at different times [32,173,196].

Limitations specific to this review include the following: (1) the moderate-to-high
heterogeneity (I2 = 68.3%) suggests that the pooled effect size should be interpreted
as a summary indicator rather than a precise estimate applicable to all contexts; (2) the
statistically significant publication bias (Egger’s z = 3.28, p = 0.001) indicates that the
true effect may be smaller than the observed pooled SMD of 0.72, with the adjusted
estimate of 0.61 providing a more conservative benchmark; (3) the use of a deductive
(rather than inductive) coding approach for the qualitative synthesis may have constrained
the identification of emergent themes not captured by the a priori categories.
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Future research priorities include the following: longitudinal effects studies on re-
tention, beyond immediate post-tests [154]; transfer effect research to determine whether
XR learning enables transfer to new contexts [156,197]; comparative pedagogy research to
determine the most effective instructional designs in the XR environment [84,193]; equity
research that includes disaggregated assessment by ethnicity [8,198], socioeconomic sta-
tus, and geographical location [31,157,199]; and authentic Mātauranga Māori integration
research, designed in conjunction with iwi and hapū [16–18].

6. Conclusions
This systematic review indicates that XR technologies have a moderate-to-large pos-

itive effect on STEM education in New Zealand with an improvement in conceptual
understanding of approximately 23.4% (SMD = 0.72, interpreted as a moderate-to-large
effect following Cohen’s conventions [81]). Nevertheless, to be successful, one should
tackle the problems of technological infrastructure, educator staff strength, curriculum
compatibility, and cultural responsiveness with a comprehensive, evidence-based imple-
mentation strategy. The four-stage model suggested provides formal guidance to both high-
and low-end stakeholders within the education system.

The bicultural focus of New Zealand opens up new possibilities in terms of ground-
breaking applications of XR, incorporating approaches that combine the Mātauranga Māori
with current semantic representation of STEM knowledge [16–18]. The success reported
with a culturally responsive approach is evidence of how technology can empower in-
digenous knowledge systems whilst ensuring equity-related considerations of the national
curriculum model [14,19]. The concept of introducing cultural responsiveness to TPACK
(TPACK-C) provides a theoretical input that can be applied in various educational settings
across different parts of the world.

Future study needs to investigate longitudinal effects, transfer effects, and genuine
integration of indigenous knowledge, as well as integration of the majority of options and
discoveries of future research studies with actual indigenous knowledge towards practical
use of the results and conclusions [4,21,34]. Recent systematic surveys of XR in applied
sciences with references to technology-oriented learning settings start by highlighting
the necessity of implementing research studies based on context-specific factors [33] and
technology-driven learning settings integrated into learning environments [200]. According
to student acceptance research, which focuses on the importance of alignment with peda-
gogical objectives, student motivation and engagement acquisition are highly contingent
upon them [21]. Researchers need to use high-quality experimental designs and active
control conditions, disaggregate results based on student demographics, and provide sub-
stantial detail on implementation procedures to enable them to be replicated in the future.
By basing the evidence-based implementation strategies on existing theoretical bases of
knowledge [9,72,163], New Zealand can build a worldwide, globally significant model of
culturally responsive, equity-oriented XR integration in STEM education [2,22,170].
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