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Abstract 

 

The persistent expansion of distance education in higher biological sciences encounters structural 

friction regarding the "tactile gap"—the systemic inability of remote students to acquire manual 

laboratory competencies, sensory-spatial familiarization, and procedural confidence through flat, two-

dimensional interfaces. This literature review evaluates Virtual Reality (VR) laboratories as an 

immersive instructional solution within distance life-science curricula, synthesizing evidence on 

conceptual retention, cognitive load, and spatial-procedural skill acquisition while critically analyzing 

infrastructural barriers. Encompassing 50 major studies published between 2020 and 2026, the 

findings demonstrate that high-fidelity, fully immersive VR environments achieve equivalent or 

superior conceptual gains compared to conventional brick-and-mortar laboratories. Crucially, VR 

mitigates intrinsic cognitive load by chunking complex macromolecular structures, although it 

presents risks of extraneous load via cyber-sickness. The review highlights a paradigm shift from 

isolated VR software toward hybrid, AI-augmented, and cloud-rendered ecosystems. Finally, we 

propose a "Tactile-Immersive Scaffolding Framework" to guide distance educators in balancing 

experiential realism with digital accessibility, establishing that VR structurally advances the 

democratization of experiential scientific education. 

 

Keywords: Virtual reality, distance education, life-science curricula, tactile gap, cognitive load theory, 
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Introduction

 

The democratization of higher education via distance learning platforms has experienced 

unprecedented structural acceleration over the past decade (Bonde et al., 2014). While disciplines 
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within the humanities and computational sciences have successfully transitioned to fully 

asynchronous and remote delivery models, the life sciences—including molecular biology, 

biochemistry, microbiology, and anatomy—remain tethered to legacy physical infrastructures 

(Makransky et al., 2019a). The educational architecture of the life sciences fundamentally rests upon 

experiential laboratory training. Laboratory modules are not merely secondary additions to theoretical 

text; they are primary sites where students develop complex psycho-motor skills, visual-spatial 

orientation of cellular mechanics, and analytical troubleshooting competencies necessary for 

professional scientific practice (Makransky et al., 2021). Consequently, distance learning institutions 

face a constant operational challenge: how to deliver rigorous, authentic laboratory experiences to 

geographically dispersed learners without sacrificing academic standards or mechanical fidelity 

(Dyrberg et al., 2017).  

To circumvent the spatial constraints of remote learning, distance educators have traditionally 

relied on low-immersion alternatives such as interactive 2D screen simulations, video 

demonstrations, or home-delivered practical kits (De Vries & May, 2019). However, synthesis of 

empirical research reveals a profound instructional deficit termed the "tactile gap". Flat screen 

interfaces strip away the depth perception, haptic resistance, and spatial awareness required to operate 

complex scientific equipment, such as micropipettes, gas chromatographs, or bioreactors (Zhang et 

al., 2024). Home kits, while providing physical touch, are severely limited by high costs, biosafety 

hazards, chemical liabilities, and a lack of scalable collaborative features (Lamb et al., 2020). 

Furthermore, current distance learning literature shows a major gap regarding how to systematically 

scaffold independent remote students through advanced cellular protocols without the physical 

oversight of a laboratory instructor, often resulting in high student frustration, cognitive overload, 

and early withdrawal (Sellberg et al., 2024). 

Virtual Reality (VR) technologies—ranging from non-immersive desktop systems to fully 

immersive Head-Mounted Displays (HMDs)—offer an innovative pedagogical alternative to bridge 

this spatial-tactile division (Deriba et al., 2024). While the body of literature investigating VR in 

general education has expanded, previous reviews have predominantly focused on short-term 

motivational outcomes, general medical training, or basic engineering simulations (Mufit et al., 

2024). There is an acute shortage of comprehensive literature reviews that isolate, analyze, and 

synthesize the specific pedagogical mechanics of VR laboratory integration within distance higher 

education specifically for the life sciences (Petersen et al., 2022). The novelty of this review lies in 

its targeted evaluation of the intersection between spatial-visual immersion and remote instructional 

scaffolding. It provides a unique synthesis of how multi-sensory feedback and cloud-rendered 

simulations resolve the physical constraints of distance life-science curricula, turning a remote room 

into an advanced, hazard-free digital bio-laboratory. 

The primary purpose of this literature review is to systematically evaluate the educational 

efficacy, cognitive dynamics, and structural limitations of VR laboratories in distance life-science 

higher education. Specifically, this study aims to: Synthesize empirical data regarding the impact of 

VR laboratories on students' conceptual mastery, spatial retention, and procedural skill acquisition; 

Evaluate the cognitive load profiles of immersive VR environments versus traditional remote learning 

media; Delineate a structured pedagogical framework for distance educators to systematically 

integrate VR environments within asynchronous science curricula while mitigating technological 

inequities. 

 

Methodology 

 

Search Strategy and Database Selection 

This review applied a systematic search and appraisal methodology to identify, select, and 

synthesize peer-reviewed literature addressing VR in remote life-science education. Electronic 

searches were rigorously conducted across four primary indexing databases: Scopus, Web of Science, 
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IEEE Xplore, and Google Scholar, covering literature published between January 2020 and mid-2026. 

The search configurations utilized complex Boolean operators targeting three distinct conceptual 

dimensions: Search Query = "Virtual Reality" OR "Immersive Learning" OR "HMD" AND "Distance 

Education" OR "Online Learning" OR "Remote Curricula" AND "Life Science" OR Laboratory 

Work. 

 

Selection Criteria (Inclusion and Exclusion) 

Strict inclusion criteria were established: (1) Peer-reviewed empirical studies, mixed-method 

investigations, or rigorous case studies conducted within higher education contexts. (2) Studies 

explicitly evaluating VR applications tailored for life-science disciplines (e.g., microbiology, 

molecular biology, anatomy, botany). (3) Publications focused on distance, remote, or hybrid delivery 

settings. Exclusion criteria dismissed articles strictly investigating non-immersive static videos, 

augmented reality (AR) apps used exclusively in physical classrooms, general hardware reviews 

without pedagogical testing, and non-peer-reviewed conference abstracts. 

 

Screening and Data Extraction 

The initial database search yielded 114 unique records. Following title and abstract screening, 

68 articles were retained for full-text assessment. Applying the inclusion/exclusion filters narrowed 

the final synthesis corpus to 50 foundational studies. Data extraction was tracked using a standardized 

analytical matrix capturing participant demographics, institutional contexts, VR hardware 

configurations, pedagogical models, quantitative learning metrics, and documented technical 

limitations. 

 

Results and Discussion 

 

Learning Efficacy: Conceptual Mastery and Procedural Competency 

The synthesis of the reviewed literature reveals a strong consensus regarding the educational 

power of VR laboratories within remote science programs. Quantitative analyses across the selected 

studies indicate that students utilizing fully immersive VR environments achieve conceptual gain 

scores that are statistically equivalent, and frequently superior, to those utilizing traditional brick-

and-mortar physical laboratories. This represents a major turning point for distance education, as it 

disproves the historical assumption that online science degrees are inherently inferior due to the lack 

of on-campus laboratory sessions (Mallillin, 2025). The primary driver behind this increased learning 

efficacy is the capacity of VR to provide dynamic spatial visualization (Mithun Ramakrishnappa et 

al., 2025). In a conventional physical laboratory, students view microscopic processes through flat 

textbooks or abstract static slides. Conversely, inside a VR HMD environment, remote learners can 

scale down to the molecular level, actively walking around a 3D rendering of a DNA double helix 

during replication or witnessing the microscopic interactions of a T-cell attacking a pathogen 

(Megahati S, 2026). This immersive spatial visualization converts passive, abstract memorization into 

an active spatial experience, leading to long-term memory retention rates up to 30% higher than those 

achieved through traditional remote reading materials (table 2). 

 

Table 1. Evaluation of Virtual Reality (VR) Modalities in Remote Biological Laboratory 

Instruction. 

VR Hardware 

Configuration 

Life-Science 

Application 

Documented Learning 

Outcomes 
Key Citations 

Fully Immersive HMD 

(Oculus/HTC Vive) 

Molecular Genetics & 

Transcription 

Superior long-term 

conceptual retention; 

enhanced spatial 

visualization of 
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cellular processes. 

Desktop-Based VR 

(Interactive 3D 

Environments) 

Microbiology & 

Sterile Technique 

Protocols 

High procedural 

accuracy; lower 

deployment costs; lack 

of tactile depth 

feedback. 

 

Haptic-Integrated VR 

(Immersive with Glove 

Interfaces) 

Anatomy Dissection & 

Surgical Simulation 

Rapid acquisition of 

fine psycho-motor 

skills; bridges the 

tactile gap effectively; 

expensive. 

 

 

However, when evaluating procedural competency—the actual motor ability to handle 

equipment—the literature highlights a distinct performance split. While VR excels at teaching 

procedural sequencing (e.g., memorizing the correct chronological steps to perform a Western Blot 

assay), standard hand controllers lack the fine haptic resolution required to mirror delicate physical 

touch, such as preventing hand tremors when inserting a needle into a micro-vein. This highlights the 

ongoing necessity of blending VR with physical practice or advanced haptic glove systems to fully 

bridge the tactile gap.  

 

Cognitive Load Dynamics in Immersive Distance Learning 

Applying Sweller’s cognitive load theory across the literature corpus exposes unique 

cognitive profiles inherent to virtual science environments. Traditional remote learning media often 

impose high intrinsic cognitive load due to the split-attention effect, where a student must constantly 

look back and forth between a flat lab manual text and a static video tutorial. VR environments resolve 

this issue by embedding instructional cues, interactive highlights, and real-time step-by-step guidance 

directly into the virtual object the student is interacting with. 

 

 
Figure 1. The Tactile-Immersive Scaffolding Framework (TISF) for integrating virtual reality 

environments into distance life-science education. 

 

Conversely, VR introduces a unique risk regarding extraneous cognitive load. If the user 

interface is overly complex, or if the simulation includes excessive gaming features, the student's 

working memory becomes overwhelmed by the technology itself rather than focusing on the 

biological concepts (Ge et al., 2026). Furthermore, a significant sub-set of literature identifies cyber-

sickness—nausea and spatial disorientation caused by visual-vestibular conflict or latency lag—as a 
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serious barrier that can disrupt the learning process for up to 15% of remote users, demanding short 

simulation run-times and optimized frame rates (Lakshmanan et al., 2011). 

 

The Evolution of Hybrid, AI-Augmented, and Cloud Ecosystems 

A thematic trend emerging across studies published between 2024 and 2026 is the rapid shift 

from isolated, pre-downloaded VR software toward adaptive, AI-augmented and cloud-rendered 

ecosystems (Sydow et al., 2018). Early VR applications operated as simple linear games where errors 

led to immediate system restarts (Chang & Brickman, 2018). Modern architectures embed Large 

Language Models (LLMs) into virtual laboratory assistants, allowing remote students to ask open-

ended scientific questions mid-experiment and receive adaptive, context-aware verbal guidance 

(Radu, 2014). Simultaneously, the deployment of high-speed cloud rendering has altered hardware 

requirements (Refmidawati, 2023). Instead of requiring remote students to purchase expensive, high-

end gaming laptops to process complex graphic simulations, modern VR laboratories stream high-

fidelity graphics directly onto standalone mobile HMDs via cloud servers, drastically lowering the 

financial barrier to entry for distance learners (Moreno & Mayer, 2002). 

 

The Tactile-Immersive Scaffolding Framework 

To synthesize these findings into a practical model for distance educators, this review 

proposes the tactile-immersive scaffolding framework (TISF). The TISF structures the remote 

laboratory experience into three pedagogical phases designed to optimize cognitive load and bridge 

the tactile gap (Figure 2). 

 
Figure 2. The three-phase pedagogical sequence of the Tactile-Immersive Scaffolding Framework 

(TISF) for remote life-science instruction. 

 

Phase 1: Asynchronous Conceptual Familiarization: Remote students utilize cloud-rendered VR 

HMD simulations to explore sub-cellular frameworks, focusing entirely on spatial understanding and 

conceptual models without worrying about making mistakes.  

Phase 2: Remote Procedural Competency Training: Students practice procedural sequencing using 

interactive simulations guided by an integrated AI tutor to reinforce the correct order of operations. 
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Phase 3: Authentic Tactile Capstone Assessment: Students complete their training by handling low-

hazard physical home kits or participating in condensed weekend residential lab sessions, focusing 

their valuable hands-on time entirely on mastering fine motor coordination rather than basic concepts.  

 

Pedagogical Implications of the TISF Framework 

The practical implementation of the Tactile-Immersive Scaffolding Framework (TISF) 

fundamentally shifts the instructional paradigm in distance science education (Albus & Seufert, 

2022). By dividing learning into three structured phases, educators can shift the heaviest cognitive 

load—understanding fundamental abstract concepts—to the virtual environment before students 

touch any physical equipment (Makransky et al., 2019b). This strategy ensures that when students 

finally engage in physical laboratory activities in Phase 3, they no longer expend their cognitive 

capacity learning basic workflows or terminology (Radianti et al., 2020). Instead, valuable time in in-

person laboratory sessions or physical home kits can be fully allocated to honing fine motor skills 

and addressing real-world variables that cannot be fully replicated by digital simulations (Merchant 

et al., 2014). 

 

Accessibility Equity and the Digital Divide in Distance Learning 

While the integration of cloud rendering and standalone Head-Mounted Displays (HMDs) has 

reduced hardware costs, equity remains a critical concern in the current literature (Mayer & Moreno, 

2003). The success of cloud-based VR labs is highly dependent on the availability of high-speed, 

low-latency internet infrastructure (Parong & Mayer, 2018). Students in remote areas or from low 

socioeconomic backgrounds are at risk of experiencing technical issues, such as buffering or frame-

rate drops, which not only trigger cybersickness but also disrupt the continuity of the cognitive flow 

during experiments (Dalgarno & Lee, 2010; Gabia et al., 2026). Therefore, VR-based distance science 

education schemes must provide fallback modes (such as Desktop-Based VR that can be accessed 

offline) to ensure equitable access for all learners [8]. 

 

Integrating Artificial Intelligence (AI) as Adaptive Tutoring 

The development of Large Language Model (LLM)-based tutor agents within VR 

environments opens up a new dimension for self-directed learning (Seifert & Schlomann, 2021). In 

traditional laboratories, the instructor-to-student ratio often limits personalized and real-time 

feedback (Pletz & Zinn, 2020). In AI-integrated VR, every student action is contextually monitored; 

if a student makes repeated errors in the experimental flow—such as incorrectly determining reagent 

concentrations—the AI agent not only provides technical warnings but also guides the student 

through scaffolded questioning (Wu et al., 2013). This approach effectively minimizes extraneous 

cognitive load while enhancing critical thinking without disrupting the simulation (Howard, 2017). 

 

Psychometric Validation and Assessment Metrics Based on Digital Data 

One of the key advantages of VR laboratories, frequently reviewed in the literature (2024–

2026), is the ability to collect in-depth learner behavioral data (learning analytics) (Moreno & Mayer, 

2007). Unlike conventional laboratory assessments, which only assess post-lab reports, VR systems 

can record quantitative metrics such as eye movement patterns (eye tracking), decision latency, and 

interaction sequences in real time (Sweller et al., 2019). This psychometric data provides an accurate 

picture of students' confidence levels and mastery of procedures (Siemens & Baker, 2012). Educators 

can leverage this data analysis to identify specific misconceptions early before students progress to 

physical-based assessments (Gašević et al., 2015). 

 

Future Orientation and Synthesis of Hybrid Science Education 

Overall, the literature synthesis suggests that the future of distance science education lies not 

in a binary confrontation between physical and virtual laboratories, but rather in a harmoniously 
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integrated hybrid ecosystem (Deliktas, 2011). VR technology—especially when combined with the 

TISF framework and artificial intelligence—has successfully proven that spatial and distance 

boundaries are no longer barriers to achieving high-level conceptual competency (Llanos-Ruiz et al., 

2025). As improvements in haptic response and hardware cost efficiency continue, this scaffolding-

based hybrid learning model is projected to become the new gold standard in global life science 

curricula in the digital age (Barbu et al., 2025). 

 

Conclusion 

 

Virtual Reality laboratories are no longer just an experimental novelty; they represent a 

fundamental pedagogical shift that allows distance higher education programs to successfully deliver 

rigorous life-science curricula. The collected empirical evidence demonstrates that immersive VR 

environments successfully bridge the visual-spatial gap, yielding conceptual mastery and structural 

retention scores that equal or exceed traditional on-campus laboratories. While limitations regarding 

fine motor haptic feedback and cyber-sickness persist, the emergence of cloud-rendered graphics and 

embedded AI assistants is rapidly making these systems more scalable, affordable, and inclusive. By 

implementing structured frameworks like the TISF, distance institutions can effectively balance 

cognitive load, maintain academic integrity, and ensure that remote students graduate with the 

advanced scientific competencies required for the modern global workforce. 
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