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In an era of rapid evolution in educational technologies, Virtual Labs (V-Labs) have emerged as a promising solution, fundamentally altering how learners engage with scientific concepts and experiments. Despite their potential, ensuring their effectiveness and inclusivity in terms of accessibility to diverse students remains a challenging task. Currently, there is limited insight into the accessibility of V-Labs, a gap that our study aims to address. This study seeks to ascertain the effectiveness of V-Labs in terms of accessibility and inclusivity. We synthesized empirical studies, reviewing 36 articles published between 2000 and 2023. Of these articles, 69% of the studies were conducted in higher education and covered a wide range of learning environments. Our study revealed that 47.3% of the studies focused on various engineering subjects. Our findings provide insight into V-Labs’ accessibility from four key perspectives: (a) students with limited abilities, (b) diverse cultural and linguistic backgrounds, (c) instructional design features and content availability, and (d) interaction supporting features. We also identified existing gaps in the accessibility of the V-Labs from the four perspectives. Furthermore, we examined the assessment methods of V-Labs, shed light on the aspects that are evaluated, and underscored the need for future work on assessment strategies.
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1 Introduction

The emergence of the Virtual educational environment, specifically Virtual Laboratories (V-Labs), has transformed the traditional teaching approaches to modern scientific experimentation for students and researchers, opening new and innovative ways to explore and understand complex phenomena. A virtual lab is a digital simulation environment in which experiments or simulation activities are conducted virtually without the need for a physical lab. Recently, virtual labs have been widely used across the primary, secondary, and higher education sectors due to their ability to engage students and educators through simulation in teaching and learning settings.

While V-Labs have been found effective in enhancing student learning outcomes when compared to traditional labs, they provide special benefits for enabling experimental analysis across several disciplines (Al-Nakhle, 2022). The benefits attributed to cost efficiency by eliminating physical space and equipment (Apiola et al., 2022; Elmoazen et al., 2023), providing a safe environment for experiential learning (Potkonjak et al., 2016), time efficiency by elimination setup, and global accessibility (He et al., 2022). Despite its potential, access to the V-Labs relies on reachability, and connectivity of the internet, which may create a gap in disparities of access and hinder inclusivity. Research by Van den Beemt et al. (2023) suggests that V-Labs promote active student engagement; improve learning outcomes and academic performance (Wahyuman et al., 2021), facilitate self-directed learning (Reginald, 2023), and motivate learners through gamified interactions.

To fully utilize V-Labs for teaching and learning, a multifaceted strategy is needed. For instance, the need to ensure proper functionality, regular maintenance, and use of the latest technology are essential. While V-Labs should be designed to captivate learners, make experimentation fun, and integrate into curricula emphasizing the practical application of course content; studies focus, for example (Sapriati et al., 2023), on evaluating the effectiveness and outcome of using V-Labs in various disciplines. Besides, incorporating accessible features in V-Labs for diverse learners, including those with visual or other impairments, is essential. Due to this, the effectiveness of V-Labs accessibility depends on how they are implemented and integrated into the learning environment.

Several reviews have recently explored many facets of V-Labs. For example, some studies address barriers, challenges, and possible advances in their area (e.g., Alnagrat et al., 2021; Deriba et al., 2023). Other reviews have highlighted trends and advancements in the academic landscape of V-Labs (Raman et al., 2022). In addition, specific studies examined the implementation and benefits of V-Labs within various disciplines and courses (Fan et al., 2021; Reeves and Crippen, 2021). The remaining examined the application of learning analytics and assessment methods within V-Labs’ environment (Elmoazen et al., 2023). However, it is important to note that there are limited studies that focus on examine the accessibility of V-Labs and exploring the current state V-labs environment. To address these gaps, our study poses two key research questions:

(RQ.1) What essential accessibility features are integrated into V-Labs to cater to diverse user needs?

(RQ.2) How do existing studies assess the effectiveness of accessibility of V-Labs and which aspects do they assess?

This paper provides insights from a systematic review, making at least the following contributions:

• Identifying diverse virtual learning environments across various disciplines, focusing on V-Labs to cater for those with specific educational needs.

• Examining the assessment of V-Labs with a particular focus on accessibility features usability, user experience, and engagement of educators and students.

• Examining and discussing the accessibility features of V-Labs and addressing gaps in accommodating users with disabilities, diverse cultural and linguistic backgrounds, instructional design characteristics, and interaction design support.

• Examining the gaps for future research and development of enhanced inclusivity in virtual learning environments.

The remaining section of our study is organized as follows: Section two reviews the existing state-of-the-art focusing on accessibility, inclusiveness, and the existing challenges of the V-Lab. Section three outlines the methods employed to investigate the study. Section four presents the synthesized results from the studies, and discussions are presented in section five. Finally, we provide the concluding remarks in section six.



2 Background


2.1 Virtual labs across various fields of study

Across various academic disciplines, V-Labs offers an immersive and interactive approach to understanding complex concepts (Esquembre, 2015). In life science, for instance, V-Labs are used to simulate complex biological processes, such as mitosis and other dynamic cellular process phases (Muhamad et al., 2012). These simulations help demonstrate how data on these phases are collected and analyzed. Additionally, V-Labs enables understanding of the experimentation procedures in genetic expressions (Akhigbe and Ogufere, 2020), the structure of DNA, enzyme-controlled reactions, and cell reproduction behavior (Flowers, 2011), and assists in analyzing and visualizing microscopy in teaching (Pylvänäinen et al., 2023). These indicate students and researchers can understand life science’s deep processes without the need for expensive laboratory equipment.

Additionally, V-Labs have been widely used in the physical sciences, including physics, where they are used to simulate a wide range of phenomena such as the motion of a projectile, and to observe how different variables like launch angle, initial velocity, and air resistance affect its trajectory (Chen, 2010; El Kharki et al., 2021). Furthermore, V-Labs in physics employ the use of unobservable light rays as a means to assist students in comprehending the behavior of light (De Jong et al., 2013). This includes understanding how light rays travel, the outcomes when light rays encounter obstacles or colored acetate, and the colors of the rays involved. Similarly, in chemistry, V-Labs are utilized for various activities (Tatli and Ayas, 2010). For example, to experiment with the titration process, observe how chemical changes are made (Tatli and Alipasa, 2012), and how different factors, such as the pH of the solution and the indicator used, affect the results of the experiment (Harvey et al., 2022). This indicates that V-Labs enable students to manipulate different chemical processes and principles, observe reactions, and analyze the outcomes without the need for substances that pose potential risks to human health, the environment, or property due to their physical, chemical, or biological properties.

Furthermore, in engineering disciplines, V-Labs have been used to design, analyze, and test different systems (Balamuralithara and Woods, 2009). For example, in Mechanical Engineering, they enable students to observe the behavior of materials and fluids under different conditions and analyze their properties (Uribe et al., 2016). In Electrical Engineering, V-Labs are utilized for analyzing electrical circuits, and measuring voltage, current, and resistance (Dhang and Kumar, 2023). They also serve to assemble and test electronic circuits, including amplifiers, filters, and digital systems (Hernandez-Jayo and Garcia-Zubia, 2016). In Civil Engineering, V-Labs are employed to analyze forces and deformations in structures such as beams, trusses, and frames (Turkan et al., 2017). Additionally, they are used to experiment with concrete mixtures, strength, and durability in materials (Ramezanianpour and Jovein, 2012).

The field of medicine and healthcare has also witnessed the integration of V-Labs to complement traditional medical practices (Cheung et al., 2023). For example, in anatomy, V-Labs are used for medical students to practice surgical simulation, helping them to understand surgical techniques and procedures (Shen et al., 2006; Prentice, 2016). In pathology, V-Labs are employed to analyze and identify tissue histology structures, cellular abnormalities, and diseases (Barisoni et al., 2020; Kainulainen et al., 2023). V-Labs are also used to diagnose virtual patients, explore the effects of different drugs (Abutaleb, 2020), and learn about various medical procedures through sophisticated virtual simulations (Zare Bidaki, 2018). These simulations offer a safe and controlled environment for honing medical skills and enhancing decision-making abilities.

Although studies show that V-Labs are less commonly used in social science disciplines (Marks and Thomas, 2022), they are beginning to gain traction as a valuable tool. In economics, for example, V-Labs are used to simulate market behavior and test economic theories (Innocenti, 2017). While they remain a relatively new learning environment in many disciplines, they hold the potential to revolutionize the way experiments are conducted and theories are tested. Thus, V-Labs have opened doors across various disciplines, providing a versatile and accessible platform for students and researchers to explore and comprehend concepts, from simple to complex, fostering a practical understanding of knowledge. In this study, we will explore and comprehensively analyze V-Labs across various fields of discipline labs.



2.2 Virtual labs: accessibility features

Different researchers have employed diverse terminology to articulate accessibility attributes in distinct manners when referring to digital tools. For instance, Aljuhani et al. (2018) used usability features to identify their experimental tools’ ease of use, clarity of the experiments’ steps, navigation of the screens, and the interaction and enjoyability of their tools. Chaiyarak et al. (2021) mentioned the universal design element to express the tools easiness of accessing materials, offering customizable options, and helping physical, visual, auditory, sensory, communication, and interest impairments. In Robinson et al. (2017), functionality features were indicated to express the compatibility, portability, and multimedia capability of the tool. The remaining studies termed these as accessibility options. These terms were all interchangeably used to express the accessibility features of digital tools, specifically for V-learning environments. Few studies have attempted to equip and use their digital learning environment with accessibility features. For example, Ertugrul (2000) identified and used 11 criteria (or accessibility features) to consider while building V-Labs, such as user-friendliness, multi-platform portability, compatibility, extendable library, debuggable features, and more.

V-Labs’ features may vary depending on the nature of the proposed field (or subject), the specific aim, and the type of V-Lab. Accessing the accessibility of the lab environment is essential to make sure all students are served equally. A study by Reginald (2023) identified that, without appropriate features of digital tools, user engagement may be obstructed, making it difficult for learners to fully participate in the learning processes. One contributing factor to these issues is the lack of well-defined or established guidelines to evaluate digital learning platforms, particularly V-Labs. In this study, we focus on a comprehensive analysis of accessibility features that are considered in the implementation of V-Labs.



2.3 Inclusive and accessible virtual labs

The true potential of a V-Lab is realized through the integration of inclusivity and accessibility. However, identifying accessible features and developing V-Labs for diverse learners is a challenging task due to various factors. For example, lack of incorporating accessible design features in the lab, such as diverse representation in lab scenarios, responsive design, and the use of multiple modalities (e.g., text, images, video) to deliver information. Similarly, Liu et al. (2022) states that clear and consistent visual design, intuitive navigation, and responsive design are essential features for accessibility to special needs students. The Report of Purdue University (Anderson et al., 2022) identifies one of the challenges faced by individuals with disabilities is the lack of incorporating specialized features in the design. To overcome these issues, Elfakki et al. (2023) developed and evaluated a 3D V-Lab for students with disabilities. Their study demonstrates the effectiveness of the 3D virtual environment in enhancing cognitive skills related to physics subjects.

On the other hand, inclusive V-Labs are required to encompass considerations for various disciplines as well as diverse needs and participants who have different characteristics, backgrounds, abilities, and learning styles. For example, students with different learning modalities (e.g., visual, auditory, kinesthetic), students with diverse cognitive development and abilities, and students with disabilities or special needs. A few studies have investigated diverse learners and students with visual or other impairments. For instance, Thompson et al. (2022) explored inclusive V-Labs for diverse learners and identified that students’ knowledge and confidence improve when they participate in the labs. Similarly, Gavronskaya et al. (2021) examined how inclusive online labs in courses improved students with special needs, especially those who had previously struggled in science classes.

This indicates studies highlighting the need for focused attention and a comprehensive analysis of both the accessibility features and inclusiveness of existing labs.



2.4 Challenges of accessibility in virtual labs

The use of V-Labs in education has grown significantly over the past few years, but making them accessible to all students presents a complex set of challenges, including technological, pedagogical, and infrastructure (Deriba et al., 2023). Technological and infrastructural challenges include the lack of essential design components; difficulty in integration and interoperability with multiple systems (or platforms); and issues with media, file, and executable standards (Vary, 2000). Balancing functionality with ease of use is also a challenging task. For example, according to Leporini and Buzzi (2019), developing V-Labs compatible with assistive technologies is challenging due to the need for consideration of different technologies and compatibility within the V-Lab platform. This indicates necessitating a deep investigation of the accessibility requirements and compatibility environment across different platforms. Similarly, Kapici et al. (2019) underlined that ensuring the accessibility of V-Labs across multiple platforms and devices can be difficult, especially if they depend on specific operating systems. Furthermore, Since V-Labs are widely accessed over the Internet, they are susceptible to issues related to network latency, bandwidth limitations, and connectivity disruptions (Jara et al., 2009). Maintaining a consistent experience across different network conditions and underlying resources required to support V-Labs accessibility (Potkonjak et al., 2016) is essential. For example, ensuring that V-Labs are hosted on reliable servers with sufficient bandwidth is important.

Pedagogically, despite the need for V-Labs to be designed in a way that supports learning objectives and allows all learners to participate fully regardless of their abilities, most V-Labs neglect to do so. For instance, Ji et al. (2022) highlights the challenges in designing V-Labs that offer visual and audio feedback to enhance accessibility for learners with visual impairments. This is due to the need for precise synchronization between the visual and audio data elements (Misiejuk et al., 2023) and ensuring that the feedback is meaningful and effectively conveys the necessary information to the learners. Furthermore, Nedungadi et al. (2018) suggested that incorporating Universal Design for Learning (UDL) principles into V-Labs is necessary to make it more engaging and interactive in the learning environment.

To broaden the scope of designing, developing, and implementing V-Labs, and to address these challenges, our study investigates the identification of essential accessibility features. This endeavor aims to overcome these challenges and ensure that diverse learners have full access to the lab environment.



2.5 Related literature and gap analysis

There have been numerous efforts to synthesize V-Lab research in previous studies. Most researchers have extensively focused on exploring V-Labs’ applications, highlighting their ability to offer superior practical learning experiences compared to traditional labs (Sypsas and Kalles, 2018; Sasongko and Widiastuti, 2019; Elmoazen et al., 2023). Another study (Zhang et al., 2021) assessed the transition from traditional methods to V-Labs, emphasizing their effectiveness in improving student learning outcomes. Specific studies (Byukusenge et al., 2022) attempted to identify commonly taught topics via V-Labs and associated learning outcomes. Additionally, investigations (Sapriati et al., 2023) into students’ self-regulated learning behaviors in V-Lab settings aimed to understand their impact on cognitive, metacognitive, motivational, behavioral, and contextual educational strategies.

On the other hand, the design and effectiveness of V-Lab subject content have been other focal points, and few researchers have examined V-Lab content utilization and assessed specific learning variables (Chan et al., 2021; Reeves and Crippen, 2021). They identified critical elements related to technology and instructional design within V-Labs, comparing their effectiveness against traditional teaching methods and hands-on lab experiences. While several related literature are conducted as shown in Table 1, there is a lack of studies that explored the inclusivity of diverse populations of students including different abilities.



TABLE 1 Summary of related literature and their focus of study.
[image: Table1]

Recently, researchers have started to explore accessibility in V-Labs. For example, Deriba et al. (2023) have identified accessibility barriers within V-Labs and call for further study to explore accessibility features of the V-Labs. Thus, our study motivates us to systematically synthesize V-Lab research focusing on the inclusiveness and effectiveness of accessibility features.




3 Methodology

The authors followed a systematic literature review guideline (Page et al., 2021) and the eight basic steps of systematic reviews described by Okoli and Schabram (2015). These guidelines were used to identify the objective of the review, develop a draft protocol, establish inclusion and exclusion criteria, conduct a comprehensive search for relevant data, and assess the quality of selected articles before writing the review.

First, the authors identified the study’s objective, which was to examine the accessibility features and inclusiveness of V-Labs in addressing research questions. After defining the scope of the review, the authors collaborated regularly to develop a protocol, aimed at minimizing bias during publication selection and data processing. By meticulously planning the review strategy, as outlined by Fink (2019), the protocol ensured reproducibility and consistency. It encompassed various aspects, including information sources, literature search strategy, inclusion criteria, quality assessment of studies, data extraction, and data synthesis methods, following the guidelines established by Kitchenham et al. (2007).

The criteria for including and excluding studies [that] used were derived from the research questions (Kitchenham, 2004). To be considered for inclusion, the reviewed articles needed to address the accessibility features, and accommodate diverse learning environments in V-Labs. Table 2 shows the inclusion and exclusion criteria that were applied in the selection process.



TABLE 2 Inclusion and exclusion criteria used in the study.
[image: Table2]


3.1 Database and literature search

The authors selected three well-established databases for their search: Scopus, Web of Science (WoS), and ERIC. Both Scopus and WoS databases apply stringent inclusion criteria for journals and conferences, possess a robust meta-data system, and are widely recognized as reputable sources for literature searches (Kumpulainen and Seppänen, 2022). Additionally, ERIC is an educational database encompassing a diverse array of educational literature (Robbins, 2001).

We conducted multiple search iterations using different combinations of keywords. Initially, we searched by combining the keywords “virtual laboratory” with “accessibility,” which severely restricted our findings, causing us to miss several relevant papers. This limitation occurred because some authors did not use the word “laboratory” in their study. They were represented in various forms, such as lab, labs, or laboratories, which resulted in those papers being overlooked by the initial keyword selection. To address this issue, we decided to broaden the search and retrieve any article containing the keyword “Virtual lab*” with a wildcard. As well as “accesssib*,” for accessibility, accessible. Then, using the expertise of researchers, we qualitatively identified which of these articles were truly about virtual laboratories. So, the search formula that produced the most effective results: (“Virtual Lab*”) AND (“Accessib*”) are applied to the metadata of the papers in each database.

The chosen combination of keywords was utilized to search the fields of article titles, abstracts, and author keywords. The search was conducted over 4 days, starting from the 10th of May, 2023. In total, 392 articles were retrieved from the three databases: 277 articles from Scopus, 92 articles from WoS, and 23 articles from the ERIC database. The retrieved studies were conducted from 2000 to 2023. Subsequently, all these articles were uploaded to the Rayyan Systematic tool (Ouzzani et al., 2016) for analysis.

Initially, 64 studies were excluded because they were not peer-reviewed original articles. Afterward, duplicate articles (n = 115) were removed, resulting in 213 unique articles. The first set of researchers reviewed and assessed the abstracts, titles, and keywords of the first 100 papers. During this process, studies that were categorized as “maybe” were discussed, and the full texts were examined for assessment to resolve any uncertainties. The remaining articles were then independently reviewed and filtered by both the first and second researchers. A meeting was held afterward, where all authors discussed any ambiguous cases and solved them by consensus. Based on the predefined inclusion and exclusion criteria, the initial title and abstract scan identified 107 publications that were deemed suitable for a full-text review (see Figure 1). After the full text was included and studies identified, data extraction was performed by the first author.

[image: Figure 1]

FIGURE 1
 Study selection process.


To acquire data from the included articles, relevant information was systematically collected using a codebook (Büchter et al., 2020) and followed the codification (Heikkinen et al., 2022), as presented in Table 3. This approach aimed to minimize individual differences between the reviewers. The first 10 studies were coded by the first author, and then a meeting was held to discuss any discrepancies with the second author and to finalize the codebook before proceeding with coding the remaining articles. Subsequently, a quality check was conducted on the retrieved papers before commencing the synthesis stage. During this phase, the authors organized all the gathered and discussed data within the framework of the review hypothesis (Webster and Watson, 2002).



TABLE 3 Codification schema used for the study.
[image: Table3]

Based on the codification schema, the extracted information consists of various categories. These includes extracting the characteristics of the study such as descriptive statistics, study design, participant details, types of V-Labs, the specific disciplines for which the V-Labs were developed, educational settings and levels, V-Labs development environment, V-Lab evaluation measure, and metrics. In addition, accessibility design features, and instructional design accessibility were extracted from the studies guided by Huang’s study (Huang and Benyoucef, 2023).




4 Results


4.1 Study characteristics

The study characteristics are presented in the following sections, encompassing descriptive statistics of reviewed studies, the participants’ educational levels, the topics covered in the V-Labs, the research designs employed, and details about the virtual learning environments developed. Subsequently, we have presented the aspect of accessibility and the evaluation methods utilized to measure the effectiveness of the V-Lab.

[image: Table4]


4.1.1 Description of included studies

A total of 36 studies were included in this review, which was conducted on four different continents and covering a total of thirteen countries. Figure 2 illustrates that the articles were published between 2000 and 2022, with notable peaks occurring in 2002, 2010, 2017, 2021, and 2022, each featuring three articles. This observation underscores the continued growth and widespread utilization of V-lab in educational sectors. Among the reviewed articles, 24 were presented at conferences, while the remaining 12 studies were publication in peer-reviewed journals.

[image: Figure 2]

FIGURE 2
 Type of studies and year distribution.




4.1.2 Education level

The reviewed studies were conducted across primary, middle school, and higher education. Among the articles examined, the majority of developed labs (69%, N = 25) were tailored for higher education students, encompassing both graduate and undergraduate levels. Within this higher education context, two labs were specifically designed for visually impaired students. Six studies (17%) studies were focused on general education levels (see Figure 3), offering labs that catered to students across all educational levels while others with a specific emphasis on chemistry majors. Furthermore, other labs were developed for researchers and computational scientists. Finally, three studies (N = 8) were conducted for K-12 students.

[image: Figure 3]

FIGURE 3
 Level of education.




4.1.3 Subject

We have looked at the particular field of study area [subject] that the reviewed studies’ V-Lab development addresses. A total of 22 disciplines in science and engineering were included in the reviewed studies. A quarter of the total studies (N = 9; 25%) were conducted for electrical Engineering-related subjects (e.g., Electrical Engineering, electrical and electronic, electrical and computer). This was followed by eight (22%) studies for other engineering subjects (e.g., for Instrumentation and Control, Civil and Structural, Control, Geomatics Engineering, Mechanical and Aerospace Engineering).

Five (14%) studies were in Medical and Biology-related subjects (e.g., Microbiology, Biomedical, cell biology, and Neuroscience), Four (11%) studies were developed for Computer Science, and three studies were for multidisciplinary subjects (e.g., STEM). Additionally, there were also two studies for Chemistry subjects. Finally, the remaining three studies were conducted on Cybernetics, Applied Technology, Defense, and Federal Civilian Agencies subjects, listed as various categorizations (see Figure 4).

[image: Figure 4]

FIGURE 4
 Studies V-Labs categories by subject.




4.1.4 Design used in the studies

Figure 5 presents the study design and evaluation method used in the reviewed study. The studies in this review included various study designs: 50% of the studies used design-based approaches (N = 18), 27.7% were experimental studies (N = 10), and three were case studies (Drigas et al., 2006; Trnka et al., 2016; Li, 2022). The remaining five studies were mixed methods, including design and prototype (Guerra et al., 2009), case study and prototype (Gómez-Chabla et al., 2017), design and pilot study (Ceccacci et al., 2022), design-based study and case study (Almaatouq et al., 2021), and experimental study and case study (Bähring et al., 2004).

[image: Figure 5]

FIGURE 5
 Study design and evaluation method used in studies.


Three different assessment types were used to evaluate their V-labs performance: (1) feedback, (2) self-assessment reports, and (3) pre-test and post-test scores. From the first type of evaluation, 14 studies (38.9%) used student feedback, three studies used student and instructor feedback with various evaluation metrics. From the evaluation of student feedback, six studies used the Likert scale, two used open-ended questions, two studies included attitudinal questions, and another two studies used both the Likert scale and open-ended questions. Notably, two studies only mentioned that their lab was evaluated based on student feedback, but did not provide specific assessment metrics. From instructors’ and students’ evaluation metrics, two studies used the Likert scale, while one did not report evaluation metrics; their study focused on the perceived effectiveness and usability of lab aspects.

The second type of reviewed evaluation assessment was self-testing or lab usage evaluation methods, including two studies (Colak et al., 2014; Almaatouq et al., 2021), that used accuracy of comparison and score rate of outcome evaluation metrics, respectively. Finally, the third evaluation method was pre-post experimental tests by only one study (Dinc et al., 2021), focusing on performance metrics such as experiment completion time and error rate metrics. However, the remaining 16 (44.4%) studies did not provide their evaluation metrics.



4.1.5 Virtual environment

The studies reviewed utilized a variety of learning environments in different areas of study. The Denver Assistance Lab (Watters et al., 2020) was developed for general science. Likewise, Amrita Lab (Achuthan et al., 2011) was designed for science and engineering. The 3D Museum Lab (Ceccacci et al., 2022) and E-Culture Lab (Drigas et al., 2006) were developed for public users and academic purposes.

In the field of computer science, there are labs such as the Virtual Robotic Lab (Gómez-Chabla et al., 2017), the Emperica Lab (Almaatouq et al., 2021), and the Intrusion Detection System Lab (Li, 2022), Electronic Circuit Lab (Tejedor et al., 2008) was developed for computer science lessons. The AR-based Lab (Dinc et al., 2021), and Microsoft Form based lab (Galang et al., 2022) for the chemistry lab. The Medical Imaging Lab (Dikshit et al., 2005) was developed for the biomedical field. The remaining labs were developed for various engineering disciplines. For example, the Microprocessor Lab (Bähring et al., 2004) and the Photorealistic 3D Lab (Adamo-Villani et al., 2006) were designed for Electrical and Computer Engineering. The Satellite Image Processing and Analysis Lab (Buddhiraju et al., 2018) is used for Geomatics Engineering. The Control System Lab (Guerra et al., 2009) used Java-based simulation for Electrical and Electronic Engineering. Similarly, the RLC Circuit Simulation Lab (Colak et al., 2014) employed for Electrical Engineering. The Photon Quantum Lab (Ghazinejad et al., 2021) and Wireless Sensor Networks Lab (Picovici et al., 2008) were developed for Mechanical and Aerospace Engineering.

In addition, the Optical Spectrometry Lab (Thoms and Girwidz, 2017) catered to Physics, while the Go Lab (de Jong et al., 2014) focused on STEM education. CALSB Lab (Yuan and Teng, 2002) was dedicated to Civil and Structural Engineering. The Noise and Machine Vibrations Lab (Redel-Macias et al., 2015) was developed for Electrical and Electronic Engineering. Lastly, the Microelectronics Lab (VijayKumar et al., 2002) was designed using visual 3D form for Electrical Engineering, and the Controller Design Lab (Sánchez et al., 2012) utilized a Java simulator for Control Engineering. The V-lab environment setting and the associated field study for the lab are shown in Figure 6.

[image: Figure 6]

FIGURE 6
 Virtual development environment.





4.2 Aspects of accessibility assessment

In this study, we investigated how the reviewed studies assessed their labs. Out of 36 studies, 15 (42%) examined the effectiveness of their labs, while four studies did not specify their evaluation results [S3, S15, S20, S22]. The effectiveness of these V-labs was evaluated using three different forms: students’ or instructors’ engagement levels, usability and interaction of the system with students/instructors, and user satisfaction and experience with the V-labs.


4.2.1 Usability and interaction with the V-labs

The effectiveness of the developed labs in the reviewed study was evaluated using the usability of the V-Lab and students’ interaction with it. Seven studies [S1, S5, S17, S27, S28, S34, S35] focused on usability and interaction with the system. Each study was evaluated with a different focus on usability and interaction. For example, [S1] evaluated usability in terms of ease of use, user-friendliness, and complexity and concluded that 50% of the system is usable by the users. In addition, the student stated the system’s functionality feature of the interaction was more than 76% and very helpful. In another study [S5], students’ usability was assessed based on the V-Labs resourcefulness in resource-limited environments. In another study [S17], the authors evaluated usability and contribution to education and found that 97% of students’ grades are improved by using visual design animation and online V-Labs support. The study by [S27], showed that the V-Lab was usable with 3.6 out of 5 points in terms of user-friendness, helpfulness, and encouraged motivation and had an effective user interface and adequate content 3.4 out of 5 points. In the study [S28], the authors measured usability in terms of ease of use and access received students responded 45% of usability and 27 responses were in the understanding of the course. In [S34], the improvement in examination results after the introduction of web-based tutorials was observed. In [S35], the students found repetition opportunities, exercises, and feedback helpful. However, unclear instructions and the lack of a Back button created problems, highlighting the need for their inclusion to improve learning.



4.2.2 User experience and satisfaction

Three studies [S9, S13, S14] focused on satisfaction and measured user experience on the system. In [S9], the test results of the study experiments showed that the interactive performance on low-end devices is good, and 90% of students were satisfied with using gaming in the lab. In the study of [S13], students expressed high satisfaction (82%) with the innovative teaching method as well as the new way of teaching, understanding, and knowledge of concepts. In [S14], the students stated that they were satisfied with the acquired lab knowledge and practical skills.



4.2.3 Degree of engagement

In terms of interaction, two studies [S18, S19] assessed the degree of engagement of users’ interaction with the system. The engagement level evaluation showed that 62% of the V-Lab was more engaging compared to other virtual exercises in [S18]. In [S19], students who used V-Labs for summative engagement found them helpful and user-friendly. More than 50% engaged through easy-to-use and accessibility and support the concept of learning materials. Table 4 offers a summary of the reviewed studies’ assessment metrics, evaluation metrics, and study focus.



TABLE 4 Assessment metrics and aspects.
[image: Table5]




4.3 Accessibility categories

In this study, several accessibility features were identified and extracted from the reviewed literature. They were then organized into seven main categories based on similar themes (see Figure 7). The reviewed studies addressed accessibility either through the development of the lab environment or the design of prototypes for the V-Lab platform.

[image: Figure 7]

FIGURE 7
 Virtual lab accessibility categories.



4.3.1 Instructional design support

In terms of instructional design, eight (22.2%) studies discussed how their lab environment supports 2D or 3D objects, simulations, or interactive animations [S2, S13, S16, S24, S27, S31, S32, S33]. Followed by seven (19.44%) studies [that] indicate[d] the lab they used supports video or provides audio content descriptions [S3, S12, S17, S21, S25, S28, S32]. In the context of zoom in and out, four (11.1%) studies mentioned improved zooming and viewpoint control [S3, S8, S16, S32].



4.3.2 Interaction support

Regarding the V-lab’s technology interaction supporting platform, 13 (36.1%) studies reported that their labs support adjustable parameters and rich input options [S2, S5, S8, S10, S12, S14, S19, S20, S21, S22, S24, S26, S32], while seven (19.4%) studies were support submission and automatic grading for assessment of learner [S10, S14, S17, S20, S24, S28, S36]. Six (16.66%) studies emphasized the importance and incorporation of immediate and interactive feedback in the lab environment [S5, S15, S18, S28, S30, S31]. Additionally, four (11.1%) studies addressed media controls or playback controls [S5, S8, S12, S13]. Moreover, three (8.3%) studies indicated that their labs supported the trial-error feature [S22, S27, S28], and interestingly, only one study [S16] addressed the specifics of auto-correction, error indication, and suggestions.



4.3.3 Virtual service accessibility

While V-Labs service is expected to be accessible at all times, only a few studies have addressed the availability of virtual services. For example, six (16.7%) studies addressed the 24/7 availability of their V-Labs environment to provide various online activities, projects, exams, and assessments [S1, S3, S7, S10, S19, S31]. While, three studies (8.3%) addressed both offline and online accessibility [S16, S17, S18]. Some studies, for example [S7] reported the user needs to book the lab to use it for a specified time.



4.3.4 Cognitive, visual, and auditory support

Accessibility from the perspective of different forms of (dis)ability showed that only a limited number of lab environments have been developed. Notably, two (5.5%) studies addressed the integration of assistive technologies into their environment, including keyboard equivalents, visual focus indicators, a simple interface with a smart speaker, and voice recognition tools [S3, S15].



4.3.5 Subject-specific accessibility support

In subject-based lab environments, three (8.3%) studies included specific features, including reagents and reactions, as well as user-defined parameters specified in chemistry-related domain lab environments [S9, S21, S25]. Additionally, three (8.3%) studies highlighted that their lab supported text editor, compiler, assembler, interpreter, execution, and test support for computer-related disciplines labs [S2, S16, S20].



4.3.6 Learning analytics and reporting features

Regarding reporting of lab environments, five (13.8%) studies highlighted that their labs support real-time monitoring, and performance measurement [S5, S9, S13, S21, S22]. Four (11.1%) studies reported the ability of lab environments to download and upload students’ reports and statistics [S18, S20, S33, S35].



4.3.7 Other form of accessibility support

We categorized the remaining accessibility support into other categories. Among them, nine (25%) studies discussed the support and compatibility of their lab environment with all operating systems, Internet browsers, PCs, and smartphones [S2, S4, S7, S9, S11, S14, S15, S16, S20]. Additionally, six (16.66%) studies highlighted the integration of games for learning [S9, S12, S13, S22, S26, S34], and another six (16.66%) studies highlighted online tutoring options in the lab environment for diverse learners [S13, S17, S15, S27, S32, S34]. Three (8.3%) studies confirmed the presence of multilingual support [S12, S17, S24]. Only two studies mentioned collaborative tools [S13, S30].





5 Discussion

This section aims to discuss of our main findings guided by the research questions.

(RQ1): What essential accessibility features are integrated into V-Labs to cater to diverse user needs?

To address the research question, we examined the reported studies’ accessibility features of the labs, framed them, and provided them with different perspectives.

Perspective 1: Accessibility of the lab features to users with cognitive, visual, and auditory limited abilities. While there have been studies that developed V-lab environments for students, limited attention has been given to how students with learning disabilities navigate these environments without restrictions on their abilities (Gavronskaya et al., 2021). Gavronskaya emphasized the importance of providing appropriate lab interfaces that focus on students’ abilities, enabling them to gain a sense of mastery through experimentation. However, the review revealed a scarcity of studies addressing the integration of assistive technologies. Only two studies [S3, S15] demonstrated certain features, such as keyboard equivalents, visual focus indicators, simple interfaces with smart speakers, and voice recognition tools, which contribute to the inclusion of users with diverse abilities. For example, students with motor or visual limitations can navigate and interact with V-Labs without needing a mouse, while the integration of smart speakers may facilitate experiments for users with visual impairments.

Despite the inclusion of these features, the studies did not highlight the benefits of such assistive tools on learning outcomes, task completion, or deeper understanding. In this regard, Lin et al. (2017) emphasized the importance of designing teaching activities and the flexible application of technology tools in integrated education. Further exploration is needed to determine practical teaching strategies for enhancing effectiveness using V-labs.

On the other hand, Bong and Chen (2024) raised concerns about the challenges faced by students with disabilities due to the inaccessibility of digital tools and learning materials. Our study suggests that existing V-labs are inaccessible to students with various abilities, including those with cognitive, visual, and auditory limitations. Adhering to digital technology accessibility guidelines (Chisholm et al., 2001) is essential, necessitating a focus on labs designed for different abilities. For example, students with cognitive limitations may benefit from V-labs with simplified interfaces, clear instructions, step-by-step guidance, and interactive feedback. Considering these features and incorporating multiple learning modes and customization options ensures accessibility and accommodates the needs of cognitively limited students. Additionally, addressing the challenges faced by students with limited vision requires V-labs with screen reader compatibility, text-to-speech functionality, keyboard navigation, and compatibility with assistive listening devices (Butler et al., 2017; Bell and Foiret, 2020). Further research on virtual learning tools that address the diverse needs of students with different abilities and explore their impact on the educational process is warranted.

Perspective 2: Accessibility of the lab features for users with diverse cultural and linguistic backgrounds. Considering diversity and equity in education, and exploring multiple approaches to teaching learners while fostering motivation in both practical and laboratory work, are essential requirements for effectively preparing students and facilitating their mastery of practical skills. Hunter et al. (2010) stated that thoughtful design of laboratory activities can positively impact students with diverse educational, social, and cultural backgrounds. However, less attention has been given to how laboratory experiments can promote diversity and inclusion (Nonnemacher and Sokhey, 2022). To promote the equity and inclusion of V-lab to students from different backgrounds, limited studies highlight accessibility features that are beneficial to users from different backgrounds. For example, in the reviewed study, only three studies [S12, S17, S24] indicate the integration of multilingual support in V-Labs. While this feature addresses the language barrier during experiments, promoting linguistic diversity in instructional approaches by offering multilingual support needs further attention. To solve this issue, Hackl and Ermolina (2019) suggest establishing an inclusive cultural feature within laboratories.

Studies explored integrating online tutoring as another feature of V-Lab that engages students in learning through active participation rather than passive observation. While integrating online tutoring into V-Labs, the diverse student is assisted by several means, e.g., either error messages warning students about wrong actions or hints related to the next action of the practice (Paladines et al., 2023). In the context of tutoring, only 16.7% of studies were included, demonstrating the integration of the feature into developed lab environments. The included studies did not explore how tutoring contributes to real-time support for a student who experiences challenges or difficulties during lab sessions.

In addition, the integration of collaborative tools as a feature into V-lab is another feature that supports diverse cultural students. The included studies [S13, S30] highlighted a collaborative tool that promotes teamwork. According to De La Torre et al. (2013), an extension of collaborative tools to V-labs fosters students’ practical skills through working in groups of two or more, mutually searching for understanding and exchanging ideas on difficult concepts. Regarding collaborative tools, several open areas need to be further investigated from this perspective, e.g., Which modalities of online tutoring (e.g., chat, video, audio) are most effective in the context of V-Labs and what contribution does online tutoring make to peer-to-peer learning in the V-Lab environment? How can cultural nuances and language-specific pedagogical approaches be taken into account when implementing multilingual support in V-Labs? These need to be addressed to encourage strong linguistic backgrounds and the inclusion of different cultures to use the V-Labs in academia.

Perspective 3: Accessibility of the lab features in terms of instructional design and content availability. Augmenting instructional design with V-Labs has several effects on student engagement in critiquing experiments, enhancing students’ critical judgment of inquiry processes and their scientific literacy (Liu et al., 2022). This shows various instructional design accessibility features improve educational outcomes using lab experiments. Interestingly, many function-related aspects are addressed in the reviewed studies. For example, educational games (16.7%), immediate and interactive feedback (16.7%), 2D or 3D simulations (22.2%), zooming and viewing angle control (11.1%), and Video or audio content descriptions (19.44%) in V-Labs. Our study extends the idea of instructional design features mentioned in Chan et al. (2021), by identifying further the elements of design features. This customized feature enables the achievement of educational goals by entertaining the educator by integrating the gameplay into the virtual learning environment. The inclusion of 2D or 3D simulations or animations promotes student engagement and adds to the educational experience. On the other hand, improved zooming and viewing angle control are used for different lab forms such as labs designed for students with different (dis) abilities. Adamo-Villani et al. (2006) demonstrated that the ability to zoom in or out feature allows students with limited vision to connect better with small devices.

The availability of V-lab content at any time, place, and on any device is crucial. Several reviewed studies have discussed this issue. For example, 6 out of 36 studies stated that their developed V-Labs are fully accessible to students in both offline and online forms, while one [S7] study required booking lab sessions to access V-Lab services, including exams, projects, and other online experiments. We believe that offering 24/7 services, both online and offline, to accommodate students with varying schedules, time constraints, or residing in different time zones, can significantly contribute to providing equitable access to educational resources for students worldwide. Boukil and Ibriz (2015) support this notion, asserting that cloud-based lab environments offer restricted access to either time or location. In such circumstances, instructors and learners can access lab documentation and resources at their convenience, facilitating individual or collaborative engagement from any location. However, it prompts us to rethink the vulnerabilities, privacy, and security of labs. These labs may present risks of degrading essential and optional educational characteristics and technical difficulties. Another aspect to explore is how the offline accessibility of virtual labs caters to the needs of students who may opt for offline study or face limitations in accessing a stable internet connection. Therefore, further investigation is required.

Perspective 4: Accessibility of the lab feature in terms of interaction design supporting features. Sahin and Gul (2014) raised interesting points regarding the design practices of digital technology, particularly how designers grapple with the complexity inherent in design activities. These insights emphasize the importance of integrating design-supporting features into digital educational tools, including V-Labs. Our study aimed to evaluate the alignment of interaction design support, revealing a thorough examination of numerous accessibility features. Building on this, Wray et al. (2019) emphasized the necessity for users to provide a model of their motivations, goals, and contexts to inform the development of user-centric interventions. However, the incorporation of such considerations was largely limited in the studies reviewed, with only a few addressing integration design accessibility.

Among the 36 studies analyzed, 13 identified adjustable parameters and extensive input options. This focus on customizable parameters is commendable, as it contributes to fostering an inclusive learning environment and encourages creative experimentation. Höök and Löwgren (2021) corroborated the benefits of utilizing digital tools with adjustable parameters and extensive input options to enhance learning experiences.

Furthermore, three studies delved into the utility of trial-and-error features, highlighting their role in facilitating experimentation within structured learning objectives. Horsman (2018) noted that students employing a trial-and-error approach exhibited statistically lower levels of test anxiety compared to their peers. However, the reviewed studies failed to elucidate how trial-and-error features could help destigmatize errors and achieve desired outcomes through error recognition and elimination. Another significant aspect, intelligent suggestions, as well as error display and correction, received limited attention in certain studies [S16]. Although discussed in a different context, Ai (2017) identified corrective feedback as effective in aiding learners to self-identify and rectify issues, albeit with the occasional necessity of intervention from an onsite tutor when the system falls short. Crucial questions pertaining to autosuggestion and error correction in lab experiments, such as the scope of errors autocorrection can address and how V-Labs can provide meaningful feedback on correcting and refining experimental techniques, remain unexplored by the studies included in our analysis.

A study, Ballantyne et al. (2018) examined the design accessibility of universal guidelines within selected mobile applications, thus contributing to a broader comprehension of accessibility evaluation within design contexts. Although their evaluation centered on mobile applications, our study expanded this assessment to the domain of V-Labs. Consequently, there remains untapped potential for further investigation into V-Labs, particularly in the development of virtual learning tools. The integration of features aimed at enhancing accessibility could not only improve the overall user experience but also advance the ongoing evolution of inclusive educational technologies.

RQ.2: How do existing studies assess the effectiveness of accessibility of V-Labs and which aspects do they assess?

The effectiveness of V-Labs has been examined in several ways. For example, Faias et al. (2007) stated it in two ways: either heuristic evaluation conducted by experts based on the usability guidelines or practical tests with users. While there are accessibility guidelines (e.g., WAG) to evaluate the effectiveness of digital tools such as websites, to our knowledge, there are no specified standard guidelines to evaluate the effectiveness of V-Lab. We found that the focus of the evaluation varied based on the study’s aim. For example, Manyilizu (2023) evaluated the effectiveness of the lab on the impact on student learning outcomes.

In this review, while we found the assessment of the accessibility of the V-Labs in three focuses, only less than a third (11 out of 36 studies) of the reviewed studies have evaluated and stated assessment aspects of the V-Labs. Our result aligned with the findings of Lai et al. (2022) that the evaluation of the effectiveness of V-Labs has a gap and requires further investigation. The reviewed study primarily found three viewpoints of evaluation aspects including usability and interaction of the lab with users, user experience and satisfaction of the lab, and level of engagement with the system.

Several topics by different scholars were raised related to evaluating the assessment of usability and interaction of the system. While reviewed studies such as [S1], [S27], and [S28] evaluate the focus on technical usability checklists by users, other studies like [S17] pedagogical usability such as the contribution of the lab to the improvement of their examination in their result or grade. Interestingly, our result also aligned with Kumar et al. (2018) findings regarding the usability analysis of V-Labs, where they identified 15 technical usability checklist items and 21 pedagogical usability checklist items to evaluate the usability of Labs. However, there are still unsolved problems. For example, identifying types of interactions (e.g., simulations, virtual experiments, collaborative features) are most effective for promoting active learning in V-Labs.

Our review report also showed an evaluation of the lab through rating in terms of user experience and satisfaction. Estriegana et al. (2019) investigated students’ perceived satisfaction as a critical issue in better understanding learners’ behavioral intention to use online learning Environments (e.g., V-Lab). In our study, the reports [S13], and [S14] discussed the satisfaction of students with the integration of gamification in the V-Labs, satisfaction with the understanding of course topics, and the practical skills acquired. Further studies are required to examine key indicators of user satisfaction when using V-Labs. The report also showed that they looked at the level of engagement but did not specify the level of interactivity that contributes to student engagement and understanding of complex concepts.

On the other hand, we found that only 42% of studies evaluated V-Labs. In our review, the studies used different assessment methodologies, even for the same accessibility aspects, which may introduce bias in determining the true effectiveness of the developed labs. Although the objective of studies varies, either they need to develop and validate evaluation instruments or adopt developed assessment instruments such as Kumar et al. (2018) technical, and pedagogical instruments.



6 Limitations and future research

Our study acknowledges several limitations in terms of search accessibility and study inclusion. Primarily, we conduct searches and select studies exclusively from three databases, focusing on conference proceedings and journal articles. Our search criteria were limited to two terms, “Virtual Lab” and “Accessib*,” potentially overlooking relevant studies on V-Labs during our search process. We acknowledge that different fields use various terms, such as remote lab, online lab, remote experiment, online experiment; simulation in medical science. Further research could be explored by incorporating these key terms for future studies.

In the context of the study’s focus, we aimed to assess the accessibility of V-Labs. We found that achieving equitable and accessible V-Labs is still a distant goal, prompting us to consider accessibility from four different perspectives. This study also calls for investigations into the accessibility of other emerging virtual education technologies including Learning Management Systems, e-learning platforms, VR, and AR within an educational context for various learning ability students.

Several unanswered questions emerge, necessitating further research. For example, how can the increased accessibility of VR and AR technologies benefit across different education levels and various learner demographics (diverse learners)? How do adaptive learning technologies, such as AI applications, address accessibility issues and enhance the effectiveness of V-Labs or other learning environments in delivering person-centric learning experiences? Additionally, how do students understand accessibility concepts in classrooms during the development of learning environments or systems that are considered for all users? These guided questions serve as a foundation for future work stemming from our studies.



7 Conclusion

Addressing accessibility in V-Labs is pivotal to making students fully participate and promoting diversity and innovation in the field. To harness the potential of V-Labs in the education domain requires a multi-faceted approach that ensures proper functionality and accessibility while addressing existing gaps in accommodating diverse users’ needs. In this work, we reviewed the accessibility of V-Lab technologies by examining how studies address accessibility within the V-Lab environment and specific aspects under assessment. While we emphasize the significance of accessibility features for enriching V-Labs, our study highlighted a predominant focus on higher education institutions in existing V-Labs. However, a noticeable gap has been identified in studies exploring various (dis)abilities in K-12 education, indicating a pressing need for more inclusive and accessible lab development.

The study revealed that understanding the aspects of accessibility such as usability, interaction, and satisfaction of students with the V-Lab is crucial for promoting inclusive learning environments and ensuring equal opportunities for all learners, regardless of their abilities. The study uncovered a diverse array of accessibility categories encompassing instructional design, interaction support, virtual service accessibility, cognitive, visual, and auditory accessibility support, and subject-specific accessibility support. It showcases the multifaceted nature of accommodating diverse learners in V-Lab environments.

Augmenting instructional design with V-Labs positively impacts student engagement and academic literacy. Furthermore, the availability of V-lab content at any time, place, and on any device is fundamental for equitable access to educational resources. However, we found that existing V-labs limited attention has been given to how students with learning disabilities navigate these environments without restrictions on their abilities.

Our review highlights the necessity to evaluate the effectiveness of V-Labs, particularly concerning usability, user experience, satisfaction, and engagement. Further research is imperative to address the current gaps and inconsistencies in evaluating V-Labs, ultimately enhancing their impact on student learning outcomes, and ensuring widespread accessibility.

In conclusion, our review has shed light on issues related to the assessment of accessibility in V-Labs and other emerging virtual educational technologies, emphasizing the need to consider accessibility elements during the design and development of various systems. It has provided valuable insight into areas that still harbor significant gaps, paving the way for future studies to address these shortcomings and contribute to the advancement of accessible and inclusive virtual learning environments.
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