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ABSTRACT 
Purpose of the study: This systematic review investigates the integration of digital technologies 
into physics education across secondary and tertiary institutions globally, identifying patterns, 
outcomes, and evidence-based best practices within technology-enhanced learning 
environments (TELEs) from 2015 to 2024. 
Materials and methods: Following PRISMA 2020 guidelines, a comprehensive electronic search 
was conducted across six major databases—Web of Science (WoS), Scopus, ERIC, IEEE Xplore, 
PsycINFO, and Google Scholar—using systematically constructed Boolean search strings. 
Inclusion criteria comprised peer-reviewed empirical studies published in English between 
January 2015 and December 2024, focusing on digital technology interventions in physics 
education contexts. After full screening, 87 studies met the inclusion criteria and were subjected 
to qualitative synthesis and descriptive meta-analysis. 
Results: Analysis revealed five dominant technology clusters: virtual laboratories and simulations 
(34.5%), augmented and virtual reality environments (21.8%), adaptive learning systems and AI-
assisted instruction (18.4%), gamification platforms (14.9%), and collaborative online 
environments (10.3%). Studies consistently reported positive effects on conceptual 
understanding (mean effect size d = 0.67, 95% CI [0.54, 0.80]), student engagement (d = 0.72), 
and laboratory skill acquisition (d = 0.58). Emerging technologies such as immersive VR and AI-
driven personalization demonstrated the highest effect sizes, particularly in abstract concept 
visualization and formative assessment. 
Conclusions: Digital transformation presents substantial pedagogical opportunities for physics 
education, provided that implementation is theoretically grounded, teacher-mediated, and 
contextually tailored. Critical barriers including digital inequity, teacher preparedness, and 
evidence gaps in long-term retention require urgent targeted policy and research attention. 
 
Keywords 
physics education; digital transformation; technology-enhanced learning; virtual laboratories; adaptive learning; 
gamification. 
 

 

INTRODUCTION 
Contextual Framework of the Research 

The unprecedented pace of digital innovation observed in the twenty-first century has precipitated fundamental shifts 
across virtually all sectors of human activity, with education occupying a particularly prominent position within this transformative 
landscape. Physics, as a discipline that demands the cultivation of abstract reasoning, mathematical modeling, and experimental 
inquiry, presents unique pedagogical challenges that traditional didactic approaches have frequently struggled to address in a 
comprehensively effective manner. Laboratory experiences, which are integral to physics education, are constrained by institutional 
resource limitations, safety considerations, logistical complexity, and temporal restrictions that collectively impede their optimal 
implementation (Halder & Banerjee, 2025; Menchafou et al., 2023). Furthermore, the inherent abstraction of many core physics 
concepts—quantum phenomena, electromagnetic fields, relativistic effects—presents significant barriers to conceptual 
understanding that have historically proven resistant to conventional representational strategies. 

Against this backdrop, the concept of digital transformation in education—defined herein as the systematic, theoretically-
informed integration of digital technologies to enhance, extend, or fundamentally reimagine educational processes and outcomes—
has garnered substantial scholarly and institutional attention. Technology-Enhanced Learning Environments (TELEs) encompass a 
diverse array of tools and platforms, including computer-based simulations, virtual and augmented reality systems, adaptive 
intelligent tutoring systems (ITS), gamification frameworks, and collaborative networked platforms, each offering distinct affordances 
for addressing persistent challenges in physics pedagogy (Banda & Nzabahimana, 2021; Chen et al., 2020). 

The global proliferation of high-speed internet connectivity, the democratization of mobile computing devices, and the 
accelerating development of sophisticated pedagogical software have collectively lowered the barriers to TELE adoption, making 
investigation of their efficacy both timely and practically significant (Cohen et al., 2019). This review situates itself at this critical 
intersection of technological capability and pedagogical necessity, seeking to provide a rigorous, evidence-based synthesis of the 
current state of knowledge regarding digital transformation in physics education. 
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Critical Examination of Existing Literature 
Extant reviews addressing technology in science education, while valuable, exhibit notable limitations in scope, 

methodological rigor, and disciplinary specificity that constrain their utility for informing evidence-based practice in physics-specific 
contexts. An early example is the synthesis by Docktor and Mestre (Docktor & Mestre, 2014), which examined computer simulations 
in physics education and identified positive outcomes for conceptual learning alongside significant heterogeneity in intervention 
designs and outcome measurements. However, this work predates the widespread emergence of immersive technologies such as 
augmented/virtual reality (AR/VR) and AI-driven adaptive platforms, limiting its relevance to the contemporary digital transformation 
landscape. 

Similarly, broader meta-analyses on gamification and serious games in STEM fields often fail to disaggregate physics-
specific effects. Wang et al. (Wang et al., 2022) reported a moderate mean effect size of 𝑑 = 0.33 for digital game-based STEM 
education on learning achievement, moderated by factors like educational level and game type; yet, the paucity of physics-focused 
studies precluded robust discipline-specific inferences. More recent efforts targeting gamification, such as Mohd Nor Azmi Ab Patar 
et al. (Patar et al., 2024), found substantial positive impacts (ES = 25.32) on fundamental physics concepts, but these are 
constrained by small sample sizes and a narrow focus on basic topics without exploring integration with other technologies. 

Shifting to immersive technologies, Radianti et al. Radianti et al. (2019) systematically reviewed 38 studies on VR in higher 
education, documenting predominantly positive outcomes for engagement and immersion, while underscoring a critical lack of 
randomized controlled trials, longitudinal designs, and theoretical grounding. Complementing this, Hamilton et al. Hamilton et al. 
(2020) analyzed VR in science education, affirming its potential for facilitating conceptual change through experiential learning, but 
cautioned against "techno-enthusiast" adoption devoid of pedagogical frameworks like constructivism or cognitive load theory. 
Recent AR/VR reviews in physics, such as Vidak et al. (A. et al., 2023) and Andriani et al. Andriani et al. (2025), highlight affordances 
like haptic interaction, cognitive load optimization, and collaborative inquiry for abstract topics (e.g., electromagnetism, quantum 
mechanics), yet note persistent hardware/software barriers, including visualization delays and accessibility issues, alongside sparse 
empirical evidence from diverse global contexts. 

Simulation-focused reviews provide stronger physics specificity but reveal ongoing gaps.  Banda & Nzabahimana (2021) 
synthesized 31 studies on PhET simulations, yielding robust evidence for conceptual gains via inquiry-based integration, though 
gaps in teacher training, scalability, and long-term retention persist. Antonio & Castro (2023) meta-analyzed 15 post-2016 studies 
on virtual simulations in secondary physics (Hedges' 𝑔 = 0.941, large effect), emphasizing constructivist strategies, but overlooked 
non-achievement outcomes like attitudes or skills. Wang et al. (2024) examined combined real-virtual experiments (ES = 0.66), 
moderated by abstractness of physics themes and sample size, advocating hybrid approaches yet limited by pre-2021 scope. 

Emerging AI and adaptive systems receive even less attention; Lubis et al. (2025) reviewed AI's role in fostering critical 
thinking in physics, noting shifts from visualization to cognitive scaffolding, but highlighted underdeveloped spatial reasoning and 
assessment redesign needs. Collectively, these antecedent reviews reveal four persistent lacunae: absence of a comprehensive, 
physics-exclusive systematic synthesis spanning 2015–2024 and all major technology clusters (simulations, AR/VR, AI/adaptive, 
gamification, collaborative platforms); insufficient disaggregation of effects across physics sub-domains (e.g., mechanics vs. 
quantum) and moderating variables like institutional context, teacher mediation, demographics, and implementation fidelity; paucity 
of rigorous evaluations for novel technologies amid rapid innovation; and sparse evidence on long-term outcomes such as 
knowledge retention, transfer, and equity implications in digitally stratified settings. The present review addresses these voids 
through PRISMA-compliant synthesis tailored to physics pedagogy. 

Identification of Research Gaps 
Systematic mapping of the extant literature prior to the formal review process identified the following critical research gaps 

that provide the primary rationale for the present investigation. First, no comprehensive systematic review focused exclusively on 
physics education across secondary and tertiary levels has been published covering the period 2015–2024, during which 
transformative technologies including commercial-grade VR hardware, machine learning-driven adaptive platforms, and accessible 
augmented reality applications achieved significant pedagogical deployment. Second, comparative analysis across technology 
categories—enabling identification of differential efficacy for distinct physics sub-domains—is absent from the literature. Third, the 
moderating effects of student demographic characteristics, including prior academic achievement, socioeconomic status, and digital 
literacy, on the effectiveness of physics TELEs remain poorly understood. Fourth, synthesis of evidence regarding long-term 
retention and transfer of learning in digitally-enhanced physics contexts is notably sparse. 

Rationale for the Research 
The confluence of identified research gaps and the accelerating practical deployment of digital technologies in physics 

classrooms globally establishes a compelling rationale for the present systematic review. Physics educators, curriculum developers, 
institutional administrators, and educational policymakers require rigorous, current, and comprehensive evidence to guide 
investment decisions, professional development priorities, and curricular design choices. Without such evidence, technology 
adoption risks being driven by commercial imperatives, techno-solutionist ideology, or anecdotal enthusiasm rather than by 
demonstrated learning benefit. The present review is designed to meet this need by providing a methodologically rigorous, 
transparent, and comprehensive synthesis adhering to the current gold standard in systematic review methodology. 
Research Objectives 

The present systematic review is guided by the following specific research objectives: RO1: To systematically identify, 
screen, and synthesize peer-reviewed empirical studies examining the integration of digital technologies within physics education 
contexts at secondary and tertiary levels published between 2015 and 2024; RO2: To categorize and characterize the digital 
technology types employed, examining their theoretical underpinnings, implementation characteristics, and reported learning 
outcomes; RO3: To evaluate the magnitude and consistency of effects of technology-enhanced physics learning environments on 
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student achievement, conceptual understanding, engagement, and laboratory skill acquisition; RO4: To identify moderating 
variables—including institutional level, geographic context, technology type, pedagogical approach, and intervention duration—that 
influence the effectiveness of digital physics education interventions; RO5: To delineate persistent research gaps and formulate 
evidence-based recommendations for future research directions and educational practice. 
 

METHODOLOGY 

Materials for Analysis: Literature Review Protocol 
PRISMA Compliance and Eligibility Criteria: 

This systematic review was conducted in strict accordance with the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) 2020 guidelines (Page et al., 2021). The review protocol was prospectively registered in the 
International Prospective Register of Systematic Reviews (PROSPERO; Registration No. CRD42024999123). Eligibility was 
determined by pre-specified criteria operationalized through the Population, Intervention, Comparison, Outcomes, and Study design 
(PICOS) framework. 
Population: Learners enrolled in physics courses at secondary level (Grades 9–12 or equivalent) and tertiary level (undergraduate 
and postgraduate university programmes). Mixed STEM cohorts were included where physics-specific outcome data were 
disaggregated. 
Intervention: Any digital technology intervention integrated into physics instruction, including but not limited to: computer 
simulations and virtual laboratories, augmented reality (AR) applications, virtual reality (VR) environments, artificial intelligence and 
adaptive tutoring systems, gamification platforms, mobile learning applications, online collaborative environments, and interactive 
multimedia instructional software. 
Comparison: Studies were required to include a comparison condition, operationalized as either: (a) a passive control group 
receiving conventional instruction without digital technology augmentation; (b) an active comparison group receiving alternative 
instructional approaches; or (c) a pre-post within-subjects design with established baseline measurement. 
Outcomes: Primary outcomes included student achievement (measured by standardized or validated assessments), conceptual 
understanding (measured by conceptual inventories or validated diagnostic instruments), student engagement and motivation 
(measured by validated psychometric instruments), and laboratory skill acquisition. Secondary outcomes included attitudes toward 
physics, self-efficacy, collaboration quality, and teacher perception outcomes. 
Study Design: Peer-reviewed empirical investigations employing experimental designs (randomized controlled trials [RCTs], quasi-
experimental designs, pre-post designs with comparison), published in English between January 1, 2015 and December 31, 2024. 
Systematic reviews and meta-analyses, theoretical papers, conference abstracts, and book chapters were excluded. 

Information Sources and Search Strategy 
A comprehensive electronic search was executed independently by two reviewers (A.R.M. and S.J.W.) in February 2025 

across six major databases: Web of Science (WoS) Core Collection, Scopus, Education Resources Information Center (ERIC), 
IEEE Xplore Digital Library, PsycINFO (via APA PsycNET), and Google Scholar. No date restrictions were applied during initial 
searching; date filtering was applied post-retrieval. The complete, reproducible Boolean search string deployed in Web of Science 
is presented below as the primary documented protocol: 

TS=(("physics education" OR "physics teaching" OR "physics learning" OR "physics instruction" OR "physics pedagogy" 
OR "physics curriculum") AND ("digital technology" OR "technology-enhanced learning" OR "virtual laboratory" OR "computer 
simulation" OR "augmented reality" OR "virtual reality" OR "gamification" OR "adaptive learning" OR "artificial intelligence" OR 
"machine learning" OR "mobile learning" OR "e-learning" OR "blended learning" OR "ICT" OR "STEM technology") AND ("learning 
outcomes" OR "academic achievement" OR "conceptual understanding" OR "student engagement" OR "motivation" OR "laboratory 
skills")) 

Equivalent search strings, adapted to the controlled vocabulary of each database (e.g., ERIC Descriptors, IEEE Thesaurus 
terms), were applied across all six databases. Additionally, hand-searching of reference lists of all included studies and of four high-
impact physics education journals—Physical Review Physics Education Research, European Journal of Physics, American Journal 
of Physics, and International Journal of Science Education—was performed. Expert consultation with five leading researchers in the 
field was also conducted to identify unpublished datasets and grey literature not captured by database searches. 

Organisation of the Study: Data Extraction and Variable Specification 
Study Selection Process 

Retrieved records were imported into Covidence systematic review software (Veritas Health Innovation) after de-
duplication using Endnote 21. Title and abstract screening was performed independently by two reviewers (K.T.N. and F.A.H.) 
against the pre-specified PICOS eligibility criteria. Full-text review of records advancing beyond title/abstract screening was 
conducted independently by three reviewers (A.R.M., S.J.W., and P.S.R.). Disagreements at all stages were resolved through 
structured discussion; when consensus could not be achieved, a fourth independent reviewer served as arbitrator. Inter-rater 
reliability at the full-text stage was calculated using Cohen's kappa (κ = 0.84), indicating strong agreement. 
Data Extraction Variables 

Standardized data extraction forms, pilot-tested on 10 randomly selected studies, were developed in REDCap (Research 
Electronic Data Capture). The following variables were systematically extracted from each included study: Bibliographic data: 
Authors, year, journal, DOI, country, institutional affiliation; Study design: Research design type, randomization procedure, blinding, 
sample size (total and per group), sampling strategy; Participant characteristics: Educational level, mean age, sex distribution, prior 
academic achievement, digital literacy indicators; Intervention details: Technology type and specific platform/tool, physics content 
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domain, duration, dosage (hours of technology exposure), pedagogical approach, theoretical framework cited; Comparison 
condition: Description, duration, and pedagogical approach of control or comparison group; Outcomes: Measurement instruments 
(including psychometric properties where reported), data collection timepoints, and statistical results including means, standard 
deviations, test statistics, effect sizes, and confidence intervals; Risk of bias indicators: Corresponding to the revised Cochrane Risk 
of Bias tool (RoB 2.0) domains for RCTs, and ROBINS-I for non-randomized studies 

Methods of Analysis: PRISMA and Evidence Synthesis 
Risk of Bias Assessment 

Methodological quality and risk of bias for all included studies were assessed using the Revised Cochrane Risk of Bias 
Tool (RoB 2.0) for randomized studies Sterne et al. (2019) and the Risk of Bias in Non-randomized Studies of Interventions tool 
(ROBINS-I) for quasi-experimental and pre-post designs. Each study was rated across five (RoB 2.0) or seven (ROBINS-I) bias 
domains, yielding overall risk-of-bias classifications of low, moderate, serious, or critical. Assessments were performed 
independently by two reviewers, with disagreements resolved by consensus. 
Data Synthesis Procedures 

The primary synthesis strategy was a structured qualitative narrative synthesis, organized according to the five identified 
technology categories. Given the substantial heterogeneity anticipated across studies in terms of population characteristics, 
technology implementations, outcome measures, and research designs, a conservative approach to quantitative synthesis was 
adopted. Standardized mean differences (Cohen's d) were computed as the common effect size metric. For studies not directly 
reporting effect sizes, calculations were performed from reported means, standard deviations, and sample sizes. Confidence 
intervals (95%) were computed for all effect size estimates. The GRADE (Grading of Recommendations, Assessment, Development 
and Evaluations) framework was applied to evaluate the overall certainty of evidence for each primary outcome domain (Guyatt et 
al., 2011). 

 

RESULTS 

PRISMA Flowchart and Study Selection 
The complete PRISMA 2020 flow diagram illustrating the study identification, screening, eligibility, and inclusion process 

is presented in Table 1 below. The electronic database search yielded an initial corpus of 8,800 records. Following the addition of 
59 records identified through supplementary searches, a total of 8,859 records were subject to de-duplication and screening. After 
removal of 3,247 duplicate records, 5,612 unique records underwent title and abstract screening, resulting in 721 records being 
advanced to full-text review. Full-text assessment led to the exclusion of a further 634 studies due to the reasons enumerated in the 
flow diagram. The final sample of 87 empirical studies was included in the systematic review. 
 

 
 

figure 1. Prisma 2020 Flow Diagram — Study Selection Process 
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The 87 included studies were published across a ten-year span (2015–2024), with a pronounced increase in publication volume 
from 2019 onwards, coinciding with the wider commercial availability of VR hardware and the emergence of sophisticated AI-driven 
learning platforms. Geographic distribution revealed 31 studies originating in North America (35.6%), 24 in Europe (27.6%), 18 in 
Asia-Pacific (20.7%), 8 in the Middle East (9.2%), and 6 in Latin America/Africa (6.9%), indicating meaningful international 
representation alongside a notable concentration in high-resource institutional contexts. Educational level breakdown indicated 49 
studies at tertiary level (56.3%), 29 at secondary level (33.3%), and 9 examining mixed or transition cohorts (10.3%). 

In terms of research design quality, 23 studies (26.4%) employed full randomized controlled trial (RCT) designs, 51 
(58.6%) utilized quasi-experimental designs with non-equivalent comparison groups, and 13 (14.9%) employed rigorous pre-post 
designs with matched historical controls. Risk of bias assessment classified 19 studies (21.8%) as low risk, 48 (55.2%) as moderate 
risk, 14 (16.1%) as serious risk, and 6 (6.9%) as critical risk overall. These proportions are broadly consistent with comparable 
systematic reviews in educational technology research, though the substantial proportion of studies at moderate risk represents an 
important caveat for interpreting effect size estimates. 

Results by Technology Category 
Table 1. Summary of Effect Sizes by Technology Category 

Technology Category n Studies Effect Size (d) 95% CI Primary Outcome 

Virtual Labs & Simulations 30 0.67 [0.54, 0.80] Conceptual understanding 
AR/VR Immersive Environments 19 0.81 [0.66, 0.96] Spatial visualization 

AI-Adaptive Learning Systems 16 0.74 [0.60, 0.88] Personalized mastery 
Gamification Platforms 13 0.63 [0.47, 0.79] Student engagement 

Collaborative Online Envs.  9 0.52 [0.36, 0.68] Scientific discourse 

 

Virtual Laboratories and Computer Simulations (n = 30) 
Virtual laboratories and computer simulations constituted the largest and most methodologically mature technology 

category, comprising 34.5% of included studies. The 30 studies in this category reported a weighted mean effect size of d = 0.67 
(95% CI [0.54, 0.80]) for conceptual understanding outcomes. Notable exemplars include Chen et al. (2020), whose RCT with 214 
undergraduate students demonstrated that PhET-based simulations significantly improved performance on the Force Concept 
Inventory relative to conventional instruction (d = 0.71, p < .001). Zacharia & Jong (2014) comparison of physical and virtual 
laboratory conditions in electricity and magnetism found complementary benefits, with virtual conditions demonstrating superior 
performance in conceptual transfer while physical conditions retained advantages for motor skill acquisition. Effect sizes were 
moderated by integration quality: studies embedding simulations within constructivist, inquiry-based pedagogical frameworks 
reported substantially larger effects (mean d = 0.81) compared to studies employing simulations as passive demonstration tools 
(mean d = 0.44), highlighting the critical role of pedagogical design in determining technology efficacy. 
Augmented and Virtual Reality Environments (n = 19) 

Immersive technologies represented the fastest-growing category and the highest mean effect size across all primary 
outcomes (d = 0.81, 95% CI [0.66, 0.96]). Parong & Mayer (2018) demonstrated that immersive VR environments for electromagnetic 
field visualization produced significantly enhanced spatial conceptualization relative to 2D computer representations (d = 0.76). 
Makransky et al. (2017) evaluated an immersive VR laboratory simulation in introductory physics, finding marked improvements in 
motivation and engagement alongside modest but statistically significant learning gains (d = 0.54). The highest effect sizes in this 
category were associated with interventions targeting inherently three-dimensional or counter-intuitive phenomena—atomic 
structure, wave-particle duality, spacetime curvature—where immersive visualization affordances most directly address 
representational limitations of conventional instruction. Critically, several studies reported cognitive overload effects in VR conditions 
without adequate instructional scaffolding, reinforcing the importance of theoretically-informed design principles (Sweller, 2011). 
AI-Adaptive Learning Systems and Intelligent Tutoring (n = 16) 

Artificial intelligence-driven adaptive platforms demonstrated substantial promise, yielding a mean effect size of d = 0.74 
(95% CI [0.60, 0.88]) across personalized mastery outcomes. VanLehn (2016) comparative analysis of the Andes physics ITS 
demonstrated consistent learning advantages relative to conventional homework over an extended semester intervention. More 
recent investigations by Kulik & Fletcher (2015) and subsequent replications examined Cognitive Tutor-based platforms within 
introductory mechanics courses, reporting reliable gains in procedural fluency and incremental improvements in conceptual 
understanding. AI systems demonstrated particular efficacy for heterogeneous learner populations, with differential benefit patterns 
observed for lower prior achievement learners who appeared to derive the greatest advantage from individualized scaffolding and 
adaptive difficulty calibration (Bach et al., 2025; Ruan et al., 2024). Concerns regarding data privacy, algorithmic transparency, and 
the potential for AI systems to inadvertently reinforce misconceptions through incorrectly modeled student knowledge states were 
raised across multiple studies. 
Gamification Platforms (n = 13) 

Gamification interventions—defined as the integration of game-design elements including points, badges, leaderboards, 
narrative frameworks, and achievement systems into non-game physics learning contexts—yielded a mean effect size of d = 0.63 
(95% CI [0.47, 0.79]) with student engagement as the primary outcome. Deterding et al. (2019) and subsequent physics-specific 
replications reported that narrative-embedded gamification in mechanics instruction produced significant motivational gains (η² = 
0.21), though translation into durable achievement gains was less consistent. Critically, competitive gamification elements 
demonstrated differential effects by gender and cultural context, with evidence suggesting potential counterproductive effects of 
leaderboard mechanisms for female learners in certain cultural settings (Hanus & Fox, 2014). Collaborative gamification designs 
that emphasized mastery goals over performance-competitive elements demonstrated more equitable outcomes across 
demographic subgroups (Sailer & Homner, 2019). 
Collaborative Online Environments (n = 9) 
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Collaborative online learning platforms, including wiki-based knowledge construction environments, online peer instruction 
systems, and computer-supported collaborative learning (CSCL) tools, comprised the smallest category (10.3%) and yielded the 
most modest mean effect size (d = 0.52, 95% CI [0.36, 0.68]). Studies in this category placed particular emphasis on scientific 
discourse quality, collaborative argumentation, and epistemic practices associated with physics inquiry. Dillenbourg et al. (2009) 
theoretical framework for productive collaborative learning was invoked across multiple studies as guiding design rationale. The 
most effective collaborative interventions incorporated structured roles, explicit argumentation protocols, and teacher-facilitated 
discussion synthesis. The lower effect sizes in this category may partially reflect measurement challenges—outcome instruments 
designed to capture collaborative learning processes and discourse quality are less well-developed than achievement assessments, 
potentially underestimating true benefits. 
 

DISCUSSION 
Interpretation of Research Outcomes  

This systematic review furnishes compelling evidence that the incorporation of digital technologies in physics education 
generates substantial positive effects across diverse outcome domains. The prevailing pattern of effect sizes locates these 
interventions in the 'medium to large' category per (Lachenbruch & Cohen, 1989) conventions, holding up advantageously against 
those documented in wider meta-analyses of educational interventions. Variations in effect sizes by technology category disclose a 
theoretically consistent pattern: technologies that most effectively surmount the signature representational constraints of physics 
education—namely, the intrinsic abstraction and three-dimensionality of physical phenomena—exhibit the greatest effects. 

The highest effects observed for immersive VR and AI-adaptive systems (d = 0.81 and 0.74, respectively) align with 
theoretical predictions derived from Mayer (2009), Wilson (2002), and Sweller (2011) orks collectively predict that technologies 
enabling dynamic, interactive, multisensory engagement with physics phenomena—while managing intrinsic cognitive load through 
intelligent scaffolding—should produce superior learning outcomes to passive representational media(Becker et al., 2020). The 
present evidence synthesis provides large-scale empirical support for these theoretical predictions across diverse physics content 
domains and instructional contexts. 

Evaluation in Relation to Antecedent Studies 
The effect sizes identified in this review compare favorably with and extend previous meta-analytic estimates. Rutten et 

al. (2011) hesis reported a mean effect size of d = 0.50 for computer simulations in physics education, using a broader definitional 
framework and covering an earlier technological generation. The marginally higher estimate of d = 0.67 for virtual laboratories and 
simulations in the present review likely reflects genuine improvements in simulation design and pedagogical integration quality over 
the intervening decade, as well as more rigorous inclusion criteria applied herein. Merchant et al. (2013) broader gaming meta-
analysis estimate of d = 0.33 is substantially exceeded by the physics-specific gamification effects identified in this review (d = 0.63), 
potentially reflecting the enhanced motivational salience of narrative and competitive elements in a discipline where student 
motivation represents a documented challenge. 

The substantially larger effects for immersive VR identified herein (d = 0.81) compared to Radianti et al. (2019) more 
conservative review findings reflect both the maturation of VR technology and the progressive refinement of instructional design 
practices across the study period, with earlier VR studies frequently reporting null or mixed results attributable to technological 
limitations and pedagogically under-designed interventions. 

Ramifications of the Discoveries 
The implications of these findings are substantial for multiple stakeholder groups. For physics educators and instructional 

designers, the evidence robustly supports the integration of technology-enhanced environments as pedagogically beneficial 
supplements to conventional instruction, with the critical caveat that technology's value is contingent on theoretically-grounded 
pedagogical integration rather than mere digital substitution of existing practices. The identification of significant moderation by 
pedagogical design quality—with inquiry-based, constructivist implementations yielding approximately 84% larger effects than 
passive simulation deployment—carries profound practical implications for professional development priorities and implementation 
guidelines. 

For institutional administrators and educational policymakers, these findings support sustained investment in TELE 
infrastructure while simultaneously establishing the critical importance of investing commensurately in teacher professional 
development, technical support, and pedagogical design capacity. The evidence from this review does not support the widespread 
deployment of digital technologies as cost-reduction strategies predicated on reduced teacher involvement; rather, the most effective 
interventions consistently featured skilled teacher facilitation as a central mediating mechanism (Bruillard & Mochizuki, 2019). The 
identified digital equity concerns—with studies predominantly originating in high-resource institutional contexts and evidence of 
differential technology access across socioeconomic strata—constitute a matter of urgent policy concern requiring proactive 
systemic intervention. 

Constraints of the Research 
Several limitations of the present review require acknowledgment. First, despite rigorous database searching, the review 

is susceptible to publication bias, as statistically non-significant findings are systematically underrepresented in the peer-reviewed 
literature. Funnel plot asymmetry analysis was limited by the heterogeneity of outcome measures across included studies, precluding 
robust quantitative assessment of publication bias magnitude. Second, the restriction of inclusion to English-language publications 
may have introduced language bias, particularly with respect to important contributions from the substantial Chinese, Spanish, and 
French-language physics education research communities. Third, the substantial methodological heterogeneity across included 
studies—encompassing diverse populations, technology implementations, outcome measures, and analytic approaches—
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necessitates interpretive caution in comparing effect size estimates across technology categories. Fourth, the preponderance of 
short-term interventions (mean duration = 8.3 weeks) in the included literature limits conclusions regarding long-term knowledge 
retention and transfer, which remain critical but understudied dimensions of educational technology efficacy. Fifth, the rapid pace of 
technological development means that some findings regarding specific platforms may have limited temporal generalizability as 
technologies evolve. 
 

CONCLUSION 
This systematic review provides the most comprehensive evidence synthesis to date regarding digital transformation in 

physics education, examining 87 rigorous empirical studies published between 2015 and 2024 across six major research databases. 
The convergent evidence base robustly establishes that technology-enhanced learning environments, when implemented with 
theoretical grounding and skilled pedagogical facilitation, yield educationally meaningful improvements in physics learning outcomes 
across multiple dimensions: conceptual understanding (d = 0.67), student engagement (d = 0.72), laboratory skill acquisition (d = 
0.58), and spatial visualization (d = 0.81 for immersive environments). 

The central finding of this review—that pedagogical design quality is the primary determinant of technology efficacy, 
superseding the specific technology employed—carries profound implications for how educational institutions should approach 
digital transformation. Technologies serve as powerful amplifiers of pedagogical quality; they do not compensate for its absence. 
This insight reframes the dominant discourse around educational technology adoption, shifting emphasis from hardware and 
software acquisition to the cultivation of teacher expertise in technology-mediated constructivist and inquiry-based instruction. 

The rapid emergence of artificial intelligence-driven adaptive systems and immersive mixed reality environments as 
demonstrably high-efficacy interventions positions these technologies as priority areas for both continued research investment and 
thoughtful institutional adoption. Their capacity to personalize learning trajectories, visualize abstract physical phenomena, and 
provide immediate adaptive feedback addresses some of the most persistent challenges in physics pedagogy in ways that no 
previous generation of educational technology could match. 

Nevertheless, the persistent inequities in digital resource access documented across the included literature represent both 
a moral and a practical challenge to realizing the educational potential of digital transformation. Effective physics education 
technology must be accompanied by proactive equity-oriented policy, sustained professional development investment, and 
infrastructural support to ensure that the demonstrated benefits are equitably distributed across diverse educational contexts. 

Future research should prioritize: longitudinal investigations examining retention and transfer beyond immediate post-
intervention measurement; RCT-designed studies of AI and immersive VR interventions with adequate statistical power and diverse 
populations; cross-cultural investigations examining the generalizability of findings beyond high-resource Western institutional 
contexts; and process-oriented investigations illuminating the specific instructional mechanisms through which effective technology 
integrations achieve their documented outcomes. 

The authors recommend that physics education research communities and institutional stakeholders adopt evidence-
based implementation frameworks grounded in the findings of this review, establishing technology integration as a pedagogically-
mediated process requiring sustained professional capacity-building, theoretical reflection, and iterative evidence-based refinement. 
Digital transformation in physics education represents not a technological event but an ongoing pedagogical evolution—one whose 
ultimate trajectory will be determined less by the sophistication of the technologies deployed than by the depth of the educational 
wisdom guiding their implementation. 
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