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ABSTRACT
In the contemporary context of the digital transformation of higher education, emerging technologies such as 
simulations, augmented reality, and virtual laboratories have gained relevance due to their potential to improve 
teaching and learning processes; however, the evidence regarding their effectiveness presents heterogeneous 
and scattered results. In this sense, this study aimed to critically and systematically analyze the existing 
empirical evidence on the use of these emerging technologies in higher education, focusing on their educational 
impact and the main limitations arising from their application within the pedagogical field itself, and not only 
from the technological perspective. A systematic review was conducted following the PRISMA methodology 
guidelines. To this end, empirical research on the use of emerging technologies was examined, focusing on 
variables such as learning outcomes, motivation, knowledge retention, and skills development. The analysis 
showed that these technologies can improve conceptual learning, knowledge retention, and transfer, as well as 
the development of practical and spatial skills. However, their effectiveness is mediated by pedagogical factors, 
instructional design, and the implementation context. Limitations include the small number of standardized 
studies, small sample sizes, and limited evaluation of long-term effects. Overall, the results demonstrate the 
high educational potential of these technologies, although they require robust pedagogical approaches and 
more comparative evidence to substantiate their effectiveness in higher education.
Keywords:  Educational simulations, augmented reality, virtual laboratories, higher education, simulation-
based learning.   

RESUMEN
En el contexto contemporáneo, la transformación digital de la educación superior, tecnologías emergentes 
como las simulaciones, la realidad aumentada y los laboratorios virtuales, han adquirido relevancia por su 
potencial para mejorar procesos de enseñanza-aprendizaje; sin embargo, la evidencia sobre su efectividad 
presenta resultados heterogéneos y dispersos. En este sentido, este estudio tuvo como objetivo analizar, de 
manera crítica y sistemática, la evidencia empírica existente sobre el uso de estas tecnologías emergentes 
en el ámbito de la educación superior, enfocándose en su impacto educativo y los principales límites que 
se derivan de su aplicación desde el propio campo pedagógico y no solo desde el ámbito tecnológico. Se 
realizó una revisión sistemática siguiendo los lineamientos de la metodología PRISMA. Para esto se examinaron 
investigaciones empíricas sobre el uso de tecnologías emergentes y que tuvieran como variables, los resultados 
de aprendizaje, motivación, retención del conocimiento y desarrollo de habilidades. El análisis mostró que 
estas tecnologías pueden mejorar el aprendizaje conceptual, retención y transferencia de conocimiento, 
además del desarrollo de habilidades prácticas y espaciales. Sin embargo, su eficacia está mediada por factores 
pedagógicos, diseño instruccional y contexto de implementación. Como limitaciones deben mencionarse la poca 
cantidad de investigaciones estandarizadas, tamaños de muestra reducidos y evaluación escasa de los efectos 
a largo plazo. En general, los resultados muestran el alto potencial educativo de este tipo de tecnologías, 
aunque requieren de planteamientos pedagógicos robustos y más evidencias comparativas para fundamentar 
la eficacia de su empleo en la educación superior.
Palabras clave: Simulaciones educativas, realidad aumentada, laboratorios virtuales, educación superior, 
aprendizaje basado en simulación.
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INTRODUCTION
For several years, higher education in general has undergone a rapid transformation related to pedagogy, 

influenced primarily by the inclusion of emerging digital technologies (Bitar & Davidovich, 2024) as didactic 
tools for the teaching-learning process. For example, these tools include those related to the use of educational 
simulations, augmented reality, and virtual laboratories, which are in higher demand in fields requiring a high 
level of conceptual abstraction to understand complex processes and develop practical skills (Crogman et al., 
2025).

These technologies have been proposed as innovative solutions for improving the quality of the university 
teaching-learning process, consolidating active methodologies, and expanding access to educational experiences 
that, in traditional contexts, would be costly, risky, or logistically limited (Mena-Guacas et al., 2025). However, 
their adoption in higher education institutions has, in many cases, outpaced the pedagogical reflection needed 
to justify their use.

The exponential growth of empirical studies on these technologies has generated a large but fragmented 
body of literature, with heterogeneous and, at times, contradictory results, and no clear consensus on their 
pedagogical impact or on the conditions under which these technologies effectively contribute to university 
learning (Kazlaris et al., 2025). Furthermore, the available literature shows a proliferation of studies focused on 
technological novelty, motivation, or student satisfaction, but with less emphasis on deep learning, knowledge 
transfer, and the development of long-term competencies. This influences informed decision-making by 
university faculty and administrators, as well as by educational policymakers. Therefore, all need access to 
systematic evidence on the effectiveness, implementation conditions, and limitations of these technologies 
(Feng et al., 2025).

The issue, in relation to the principles of technological assemblies in teaching and learning contexts, 
lies in the absence of a systematic and critical synthesis of empirical results that contribute to a reflective 
understanding of how, when, and under what circumstances emerging technologies can create educational 
value in higher education. In other words, higher education does not address emerging technologies from a 
pedagogical perspective, nor does it compare their results using cross-cutting themes such as active learning, 
cognitive visualization, or educational accessibility. The dispersion of methodological approaches, the diversity 
of disciplinary contexts, and the variability in instructional designs hinder the comparative interpretation of 
reported results.

From a critical perspective, the unreflective adoption of emerging technologies in higher education could 
carry the risk of reproducing excessively technology-centric approaches, in which innovation is valued 
for its level of technical sophistication rather than for its effective contribution to teaching and learning 
processes (Mena-Guacas et al., 2025). This problem is exacerbated in university settings due to the pressure 
for educational innovation, even though this innovation is not always aligned with teacher training, adequate 
infrastructure, or results evaluation.

Given the above, it could be argued that it is problematic for curricular and institutional decisions to be 
based on partial or anecdotal evidence, rather than systematic reviews that identify patterns, gaps, and 
trends in research. Therefore, this research aimed to use empirical evidence on the educational impact of 
simulations, augmented reality, and virtual laboratories in higher education, and the pedagogical conditions 
that influence their effectiveness.

The main reason for affirming the relevance of this systematic review is its theoretical, methodological, and 
practical contribution to the field of educational technology in higher education. From a theoretical perspective, 
this review will, on the one hand, unify and interrelate positions that have previously remained separate in 
the literature; on the other hand, it will provide a critical and coherent view of the effects, benefits, and 
limitations of emerging technologies such as simulations, augmented reality, and virtual laboratories. From a 
methodological standpoint, the use of a systematic approach based on the PRISMA guidelines makes it possible 
to conduct a rigorous, transparent, and replicable analysis, addressing the limitations of narrative reviews and 
reinforcing the validity of the synthesized evidence (Page et al. 2021). From a practical standpoint, the results 
could also contribute to pedagogical, curricular, and institutional decision-making aimed at implementing 
these technologies and, in some way, motivating the use of evidence-based educational strategies to improve 
the quality of the teaching and learning process in higher education.

Within this framework, this study aimed to critically and systematically analyze the existing empirical 
evidence on the use of simulations, augmented reality, and virtual laboratories in higher education, focusing 
on their educational impact and the main limitations arising from their application within the pedagogical field 
itself, and not only from the technological perspective. To this end, the most frequently used methodological 
strategies in empirical studies related to emerging technologies in higher education were identified; the 
impacts of using these technologies on university learning were reviewed; and emerging technologies were 
compared based on cross-cutting pedagogical analysis frameworks. The main knowledge gaps were identified 
to outline future lines of study in the field of emerging technology use, thus contributing to a more global and 
well-founded view of the phenomenon.
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METHODOLOGY
Research type and design

This study is a systematic review of the available scientific literature on the use of simulations, augmented 
reality, and virtual laboratories in higher education. The review was conducted following the PRISMA 2020 
guidelines (Page et al., 2021), as shown in Figure 1, which provide a robust framework for ensuring quality, 
transparency, and replicability in conducting systematic reviews. This methodological approach—methodical, 
transparent, and reproducible—for the selection and analysis of scientific studies allowed for a comprehensive 
analysis of existing empirical studies, integrating and comparing relevant results on the pedagogical impact, 
effectiveness, and implementation conditions of emerging educational technologies in the university context.

Figure 1. Article selection process using the PRISMA methodology.

Formulation of research questions
The PICO framework (De Cassai et al., 2025), adapted for systematic review, was used to formulate the 

research question: P (Patient/Problem) referred to university students participating in higher education 
programs, who constitute the study group; I (Intervention) involved the incorporation of emerging technologies 
(simulations, augmented reality, and virtual laboratories) implemented in the teaching-learning process; C 
(Comparison) involved analyzing the effects of these emerging technologies compared to traditional teaching 
methodologies, to evaluate the differences and possible advantages over conventional methods; finally, O 
(Outcomes) referred to the effects of these technologies on university learning, specifically on the development 
of students’ cognitive, procedural, and motivational skills.

Based on the PICO framework, the following research question was formulated: How do emerging 
technologies, such as simulations, augmented reality, and virtual laboratories (I), impact university learning (O) 
compared to traditional teaching methodologies (C), specifically in the development of cognitive, procedural, 
and motivational competencies (O) in university students (P)? The selection of studies included in this review 
was based on this PICO framework to ensure that the effects of implementing these emerging technologies on 
educational outcomes in university contexts were explicitly addressed.

Search strategy and information sources
The scientific databases Web of Science, Scopus, and ERIC (Education Resources Information Center) were 

used to search for information. The following search terms, in both Spanish and English, were used, combined 
with Boolean operators (AND, OR), for example: “higher education” AND “simulation-based learning”; 
“augmented reality” AND “higher education”; “virtual laboratories” AND “higher education”; “emerging 
educational technologies” AND “impact” AND “learning outcomes”.
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To avoid omitting research important to the study, a manual search was also conducted for articles cited in 
the works included in the study.

Inclusion and exclusion criteria
Inclusion criteria

Studies were included that met the following criteria: a) type of study: empirical research published in 
scientific journals, both qualitative and quantitative, that have evaluated the impact of emerging technologies 
(simulations, AR and virtual laboratories) in higher education; b) context: studies carried out in higher education 
institutions such as universities, tertiary institutes, undergraduate or postgraduate programs; c) pedagogical 
approach: research that explicitly addresses pedagogical effects, such as the development of skills, active 
learning, cognitive visualization or student motivation; d) language: articles published in English or Spanish; 
and e) publication date: studies published in the last 5 years (2022-2026) were considered to ensure that the 
review reflects the most recent dynamics on the use of these technologies.

Exclusion criteria
For this literature review, the following articles were not considered: a) those that did not focus on higher 

education, such as research in basic education or continuing education; b) those that had not undergone peer 
review or were not fully accessible (e.g., abstracts, expert opinions, unreviewed reports); c) those that dealt 
only with emerging technologies outside the scope of this study; for example, artificial intelligence applied 
in the classroom without a direct relationship to simulations, AR, or virtual laboratories; and d) those that 
did not report an explicit result of the influence of these technologies at the pedagogical level or on learning 
outcomes achieved by students.

Study selection process
The study selection process followed a three-phase protocol:
• Phase 1 - Identification: A search was conducted in the previously mentioned databases using the defined 

search terms.
• Phase 2 - Screening: The titles and abstracts of the articles found in the initial search were reviewed to 

determine whether they met the inclusion criteria and could therefore be considered for the next stage of the 
methodology.

• Phase 3 - Final selection: The articles that passed the previous phase were evaluated in full text, and from 
there, only those articles that met the inclusion criteria established for this systematic review were selected.

Data extraction
For each selected study, the following relevant data were extracted: i. bibliographic information: 

author(s), year of publication, source (journal, conference, etc.); ii. study design: type of study (quantitative, 
qualitative, mixed), data collection method (questionnaires, interviews, observation, etc.), and sample 
size; iii. technologies evaluated: description of the emerging technologies analyzed (simulations, AR, virtual 
laboratories); iv. educational outcomes: effects observed on learning outcomes (competencies developed, 
improvement in understanding, motivation, etc.); v. implementation conditions: contexts in which the 
technologies were implemented, limitations and challenges reported in the studies.

Methodological quality
To determine the methodological quality of the selected articles, standard checklists were used, 

corresponding to the type of study. For example, the STROBE (Strengthening the Reporting of Observational 
Studies in Epidemiology) quality criteria (Cevallos & Egger, 2014; STROBE Initiative, 2021) were used for 
quantitative studies, and the CASP (Critical Appraisal Skills Programme UK, 2024) assessment criteria were 
used for qualitative studies. This analysis of methodological quality ensured that the results included in this 
systematic review were robust and reliable.

Data analysis
As part of the analysis of information from the selected articles, a synthesis was conducted encompassing 

both qualitative and quantitative approaches. For the qualitative research, a thematic coding system was used 
to identify common patterns in the pedagogical conclusions, benefits, and limitations of emerging technologies. 
For the quantitative studies, both descriptive analyses and a meta-analysis were performed to substantiate the 
overall effect of emerging technologies on students’ academic outcomes.

For the meta-analysis, the following information was extracted from each study: technology type, sample 
size, duration, design, dependent variables, main results, and effect size (when available). In cases where 
this information was not explicitly reported, Cohen’s effect size (d) or the normalized gain (N-Gain) was 
calculated from means, standard deviations, F-values, or t-tests, whenever the data allowed. After estimating 
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high heterogeneity in designs, populations, and selected technologies, a random-effects meta-analysis was 
conducted using the inverse variance method. Heterogeneity was estimated using the I² statistic. Due to the 
small number of studies with directly calculable effect sizes, no publication bias analysis was performed.

Synthesis and interpretation of the results
A critical synthesis of the articles was conducted, highlighting the strengths and weaknesses of the emerging 

technologies analyzed. This was done from a pedagogical perspective. Furthermore, some existing gaps were 
identified to guide further research on the use of these technologies as teaching tools. Finally, recommendations 
were proposed for the effective implementation of these technologies in higher education.

RESULTS AND DISCUSSION
Methodological approaches to emerging technologies in higher education

Among the 25 included studies (Table 1), experimental or quasi-experimental designs predominated (68%; 
n= 17). This reflects the trend toward methodological approaches focused on evaluating interventions and 
establishing causal relationships in educational contexts. Pre-experimental or case studies, on the other hand, 
constituted 20% (n= 5), while those with mixed or survey-based approaches reached approximately 12% (n= 
3), indicating less integration of qualitative and quantitative methods in the research. This distribution, while 
consistent with a preference for designs with greater internal control, could limit a holistic understanding of 
the diverse educational dynamics (Acosta et al., 2021).

Table 1. General characteristics of the included studies (n = 25)
      

The sample distribution is moderately balanced (44% between 50 and 150, 36% less than 50, 20% greater 
than 150), indicating heterogeneity that could have a negative effect on statistical power and external 
validity. Therefore, research addressing this topic is still methodologically developing, with a predominance of 
experimental designs, but facing challenges in terms of methodological diversity and sample representativeness.
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Virtual reality (VR) research predominated (40%; n=10) and, in this respect, has become the preferred 
tool thanks to its immersive capacity to improve performance, practical skills, motivation, and cognitive load 
(Figure 2), a key aspect of current studies (Llanos-Ruiz et al., 2025; Hamash et al., 2025). Virtual laboratories 
and simulations (28%; n=7) present an outstanding alternative for the development of higher-order skills and 
critical thinking, promoting active and experiential learning.

Figure 2. Classification by type of educational technology.

Meanwhile, augmented reality (AR) and hybrid technologies (metaverse and digital twins) each account 
for 16% of the data (n= 4). While technically less represented, both technological eras are characterized by a 
trend focused on variables such as motivation, interaction, engagement, and usability, suggesting an emerging 
trend toward a more integrated and collaborative learning experience. All of this is geared toward increasing 
student motivation, interaction, and engagement in complex virtual environments (Mercan & Varol, 2024). The 
results reflect a trend toward immersive technologies, with an emphasis on VR, although with a progressive 
diversification toward hybrid ecosystems that expand pedagogical possibilities.

Table 2 presents the methodological quality of the included articles. The quality of these studies showed 
a balanced distribution (high: 40%; medium: 32%; low: 28%), although some limitations exist when analyzing 
their overall validity. Several of the included studies could be considered high quality because they employ 
experimental or quasi-experimental designs, advanced techniques such as ANOVA, ANCOVA, and SEM, and 
control groups to allow for statistical inference. However, some problems were detected, such as small sample 
sizes, which result in low generalizability of the findings in application contexts related to teaching and learning 
processes in higher education (Viswanathan et al., 2012).
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Table 2. Synthesis grouped by methodological quality level of the included studies.

Studies with less rigor and experimental control were grouped as medium quality (32%), even though they 
used validated instruments and provided descriptive evidence; their robustness is limited by the risk of bias. 
Low-quality studies (28%) are mainly pre-experimental or exploratory, useful for generating hypotheses, but 
with low internal validity and limited generalizability, which should be considered in the critical synthesis of 
systematic reviews (Quispe et al., 2021).

Comparative and critical analysis of the included studies
The comparative analysis (Table 3) reveals a marked methodological divergence that affects the strength of 

the reported evidence. Robust experimental studies (Lestari et al., 2023; Tokatlidis et al., 2024; Arymbekov et 
al., 2024) include control groups, adequate sample sizes (n= 61-152), and advanced analyses (ANCOVA, mixed 
ANOVA) that enhance their internal validity, although 68% of them do not specify the exact duration of the 
interventions, limiting the dose-response assessment. In contrast, pre-experimental designs (Prasetya et al., 
2023; Setiyawan & Syamsuddin, 2026) overestimate effect sizes (d = 3.67 vs. d = 0.85 in the meta-analysis) 
due to the lack of a control group and randomization, so their results should be interpreted with caution when 
making pedagogical recommendations.

Virtual reality increases theoretical performance (Aldosari et al., 2022; Anjos et al., 2024), but can drastically 
decrease practical skills. De Lorenzis et al. (2024) even reported that asymmetric collaboration in VR can 
impair manipulative skills if technological exposure is insufficient. In contrast, augmented reality shows higher 
and more homogeneous effects on motivational and critical thinking variables (d = 1.04), outperforming the 
virtual laboratory in this domain according to Arymbekov et al. (2024).

Studies combining technology with active pedagogies (inquiry: Anugrah et al., 2025; flipped classroom: 
Alharthi et al., 2026) achieve the greatest combined effect (d = 1.21), considerably greater than the use of 
technology alone (d ≈ 0.20-0.50). However, three cross-cutting limitations affect all groups: the small sample 
size (44% with n < 50 in the robust experimental group, and 9 total studies with n < 50) reduces statistical 
power; the lack of longitudinal follow-up (none exceed one year; only Zhuang et al. (2025) reported 12 months) 
prevents assessing sustainability; and the heterogeneity in the measurement instruments (ad hoc simulations, 
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unvalidated rubrics, Likert scales) hinders the possibility of comparison and, therefore, meta-analyses. Taken 
together, these limitations suggest that the true population effect, once threats to internal validity are 
controlled, would be in the middle range (d = 0.50-0.70), lower than that reported in pre-experimental studies, 
but still clinically relevant for pedagogical decision-making.

Table 3. Methodological comparison and differentiating findings of the included studies according to their 
research design.

Impact of simulations, augmented reality, and virtual laboratories on university learning
The analysis of learning outcomes reveals a favorable trend toward the effectiveness of technological 

interventions in higher education, particularly in academic performance, where studies report a significant 
improvement supported by pre-post designs and inferential analyses such as ANOVA. This result supports the 
argument that performance is a key indicator for evaluating the quality of the educational process, as it 
reflects students’ achievements during their academic training (Cruz et al., 2025).

The results of several studies, which present findings supported by analyses such as ANCOVA and t-tests, 
show that there is indeed a consistent improvement in the development of higher-order thinking skills (HOTS) 
in students. This indicates that educational technologies can generate short-term results and can also develop 
complex cognitive processes related to critical thinking and problem-solving, especially when dealing with 
situations involving a certain degree of abstraction.

Regarding practical skills, mixed results were observed, which could be partly due to the heterogeneity of 
the simulation environments and practical assessment criteria. This heterogeneity may hinder the comparison 
of the results obtained and even highlight the need to standardize practical assessment metrics. Conversely, 
the improvement in motivation and engagement, as measured by Likert scales and SEM models, confirms that 
technology can increase student participation.

Although technologies optimize information processing, enabling a reduction, at least partially, in cognitive 
load, instructional design remains the critical point to consider when trying to avoid this cognitive overload. In 
this respect, the results of the selected studies report a positive influence that varies depending on the type 
of outcome analyzed (Figure 3).
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Figure 3. Overview of predominant evidence and trends in AI-enhanced learning outcomes.

Comparison of emerging technologies according to cross-cutting pedagogical axes
The analysis of the pedagogical conditions for effectiveness (Figure 4) reveals that the impact of educational 

technologies depends not only on their implementation but also on their integration with active pedagogical 
approaches. In this sense, inquiry-based learning shows a direct contribution to the development of hot-based 
learning skills (HBLS), which is consistent with its focus on problem-solving and critical thinking.

On the other hand, some of the selected studies suggest that cognitive improvement conditioned by instructional 
design could be enhanced through collaborative learning using some of these emerging technologies. In other 
words, they indicate that simple interaction among students alone does not yield positive results. Therefore, 
well-defined structures are needed to promote meaningful learning, which can be achieved through student 
interaction with these technologies as didactic tools in the teaching-learning process. In short, the reviewed 
literature supports that collaborative work can promote active learning, but only when each of the curricular 
activities is properly organized (González & Yépez, 2026).
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Figure 4. Key conditions and their observed effects in educational technology.

When strategies such as the flipped classroom and gamification are integrated pedagogically with these 
emerging technologies, a sustained increase in motivation and, consequently, academic performance is observed 
over time. This confirms the potential of these technologies to energize the teaching-learning process and thus 
lead to greater student engagement. Sustained exposure to these technologies is important for developing 
practical skills, as their frequent use consolidates the desired competencies. Furthermore, instructional design 
must be adapted to foster personalized learning, enabling the integration of technology and pedagogy to achieve 
educational effectiveness within the teaching-learning process in higher education.

Table 4 indicates that emerging technologies have defined a pedagogical ecosystem of active, immersive, 
and personalized learning, where collaborative and personalized learning is consolidated as the predominant 
behavior within these emerging technologies. Virtual reality and virtual laboratories serve as interactive spaces 
that foster learning by engaging students and even allowing for the adjustment of training processes to meet the 
needs of each individual. The interactive and immersive nature of emerging technologies facilitates meaningful 
learning (Llanos-Ruiz et al., 2025; Zekeik et al., 2025), while experiential and situated learning through 
simulations reduces abstraction and improves contextualization, which is important in applied disciplines for 
transferring knowledge to real-world scenarios.
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Table 4. Thematic coding of pedagogical patterns, benefits, and limitations of emerging technologies in 
education

Regarding motivation and participation, a sustained increase is observed, which can be associated with the 
use of immersive environments and active learning strategies, reinforcing students’ preference for interactive 
experiences. Similarly, the development of HOTS confirms the potential of these technologies to promote 
critical thinking and complex problem-solving.

However, some methodological and technological limitations still exist (very small sample sizes, required 
training, high implementation costs, etc.) that restrict the generalizability of the results. Methodological 
integration (combining technologies with the PBL approach or gamification) is the determining factor for 
increasing educational effectiveness, demonstrating that it is not so much the technology itself, but rather its 
proper pedagogical integration.

Meta-analysis on the impact of emerging technologies on learning
For the meta-analysis, 25 articles were included, encompassing approximately 6,900 participants. Of these, 

72% showed significant improvement in academic performance, conceptual understanding, and practical skills 
after using immersive technologies and virtual labs. The average effect size, weighted by Cohen’s d, was 0.85 
(95% CI: 0.62-1.08), which can be considered a large effect size, but exhibited high heterogeneity (I2 = 74%), 
which could be attributed to differences in duration, type of technology, and measured variables. Individual 
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effect sizes ranged from a moderate effect size of d = 0.42 to a very large effect size of d = 3.67 in pre-
experimental studies. The effect sizes according to technology type and outcome variable (Table 5) provide a 
comprehensive view of the differences between each category.

Table 5. Aggregate effect sizes from the meta-analysis by technology type and outcome variable

Note. 95% CI: 95% confidence interval. Heterogeneity was calculated using the I² statistic. The sample size of each study 
weighted the effect sizes.

When direct comparisons are made between the technologies, VR has a significant effect on theoretical 
performance (d = 0.92). However, this effect may be limited in terms of practical skills (d = 0.41), where, for 
example, the physical laboratory proves superior. AR has greater effects on motivation and critical thinking (d 
= 1.04). When these technologies are integrated with active learning pedagogies, the greatest overall effect is 
achieved, with a value of d = 1.21. Finally, collaborative approaches and digital twins show promise in terms 
of use and satisfaction.

Of the methodological limitations shown in the studies that formed the basis of this review, the main ones 
limit the confidence that can be placed in the results obtained. Among the most frequent shortcomings, we 
mention: the lack of specification of the exact duration of the intervention (eight studies), the sample size 
being too small (nine studies), the lack of a control group (five studies), and the pre-experimental design 
without random assignment of participants (four of the analyzed studies). The evidence supports the idea that 
immersive technologies and virtual laboratories are effective complements to, but do not replace, traditional 
methodologies in science and technology education.

Table 6 shows high variability in effect sizes (d = 0.20-3.67) attributable to the design: pre-experimental 
studies overestimate them, while experimental and within-subjects studies report moderate effects (d ≈ 0.20-
0.50). Furthermore, the magnitude of the effect depends critically on the variable measured: theoretical 
knowledge shows large effects, while practical skills show only small or medium effects.
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Table 6. Individual effect sizes from selected studies (descending order)

Note. VL: virtual laboratory; AR: augmented reality; CNC: computer numerical control; SEM: structural equation modeling; 
N-Gain: normalized gain; N/E: not specified. The d values were calculated from the F and t statistics and percentage 
improvements. The β coefficient is a standardized regression coefficient, equivalent to d for large effects.

In general, it was observed that integrating technologies with active learning pedagogies produces greater 
effects (d ≈ 0.70-1.20) than when they are used in isolation (d ≈ 0.20). This is why students’ experience using 
AR can surpass that of virtual labs in terms of developing critical thinking. However, this analysis should be 
approached with certain reservations that consider the entire teaching and learning process in which students 
are immersed. Furthermore, when internal validity is controlled for, the population effect would be moderate 
(d = 0.50-0.70). In other words, teachers should prioritize teaching strategies that enhance interventions 
integrating or combining emerging technologies with active learning pedagogies, seeking, above all, to foster 
the development of students’ practical skills.

Research gaps and future opportunities
A comprehensive analysis reveals significant gaps in the methodological rigor of the available evidence. While 

experimental or quasi-experimental designs predominate, limitations persist related to small sample sizes, the 
lack of longitudinal follow-up, and insufficient standardization of dependent variables, all of which affect the 
external validity of the results. Several studies show improvements in performance or motivation, but they do 
not determine the duration or sustainability of the effect (Anjos et al., 2024; Sáiz-Manzanares et al., 2024; 
Bonavolontà et al., 2025).

Furthermore, heterogeneity in the measurement of practical skills and HOTS (ANOVA, Student’s t-test, 
Likert scale, simulations) hinders comparisons between studies and robust meta-analyses. This heterogeneity 
is particularly evident in studies on simulations and virtual laboratories, whose results are often mixed (De 
Lorenzis et al., 2024; Tokatlidis et al., 2024; Darejeh et al., 2025).
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At the same time, gaps are identified in the systematic pedagogical integration of emerging technologies. 
Research integrating VR, AR, or digital twins with structures such as gamification or inquiry-based learning is still 
in its early stages and lacks established theoretical frameworks that would allow for its practical implementation 
(Marougkas et al., 2025; Anugrah et al., 2025; Alharthi et al., 2026). Therefore, it is understood that work must 
be done toward the future development of integrative techno-pedagogical models that encompass technology, 
didactics, and assessment.

Finally, future opportunities are identified related to the scalability, accessibility, and longitudinal evaluation 
of these technologies. It would be necessary to develop multicenter studies with large samples and longitudinal 
designs to assess the sustainable impact of research in each educational context. At the same time, the inclusion 
of learning analytics and adaptive learning approaches represents a promising future direction for personalizing 
teaching and optimizing learning outcomes (Zhuang et al., 2025; Rodriguez-Saavedra et al., 2025). These lines 
of research will consolidate a still-emerging field with high transformative potential.

Emerging technologies have potential for university learning, but their effectiveness is heterogeneous and 
depends on instructional design, context, and the variables evaluated (Mena-Guacas et al., 2025). For example, 
virtual reality improves theoretical performance but has a limited impact on practical skills (Tokatlidis et 
al., 2024; Darejeh et al., 2025). In contrast, augmented reality (AR) stands out for enhancing motivation, 
engagement, and critical thinking, an advantage attributed to its ability to overlay information onto the real 
world without isolating the student (Arymbekov et al., 2024; Rodriguez-Saavedra et al., 2025). However, these 
results should be interpreted with caution due to the small sample sizes and short durations characteristic of 
many studies (Haj-Hosseini et al., 2024; Zhuang et al., 2025).

The effectiveness of these emerging technologies in university learning depends on pedagogical conditions, 
which are crucial for enhancing outcomes rather than their isolated use (Feng et al., 2025). However, certain 
widespread methodological limitations (small sample sizes, lack of control and randomization, and no follow-
up) prevent robust conclusions from being drawn on a large scale (Viswanathan et al., 2012; Quispe et al., 
2021). In several cases, the observed disconnect between the application of these technologies and analytical 
integration (Zhuang et al., 2025) suggests that university management should prioritize teacher training and 
an integrated techno-pedagogical design (Rodriguez-Saavedra et al., 2025). Progress in performance and 
motivation is acknowledged, but limitations in practical skills, heterogeneity, and methodological weaknesses 
are noted, requiring multicenter, longitudinal research and integrative models (Crogman et al., 2025; Kazlaris 
et al., 2025).

CONCLUSIONS
Emerging technologies, including simulations, augmented reality, and virtual laboratories, have high potential 

to improve university learning, both conceptually, procedurally, and motivationally. Research shows significant 
improvements in academic performance, the development of higher-order cognitive skills, and student 
motivation, as well as advances in the acquisition of practical and spatial skills. However, the functionality 
and effectiveness of these tools will depend very directly on instructional design, pedagogical integration, and 
students’ exposure to the technology. Identified methodological limitations, such as small sample sizes, the 
lack of control groups, the impossibility of long-term evaluation, and limited characteristics of the objects of 
study (disciplinary units), highlight the need for more robust and generalizable comparative studies. 

From a pedagogical perspective, the importance of implementing active strategies such as inquiry-based 
learning, structured collaboration, or the combination of adaptive and gamified methodologies is emphasized, 
as these would promote participation, personalized learning, and critical thinking. The combination of features 
from immersive environments and those of exact representations of real-world systems, such as digital 
twins, will generate an experience that maximizes security, feedback, and knowledge transfer, establishing 
a foundation for educational planning in the universities of the future. Therefore, a systemic approach is 
advocated, integrating technology, pedagogy, and rigorous evaluation to maximize the benefits of these tools 
in higher education.
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