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We conducted an immersive virtual reality (IVR) intervention in an analytical biotechnology course to evaluate its effectiveness in promoting student learning and engagement. The objective was to assess the impact of an IVR tool on learning infrared (IR) spectroscopy and academic engagement. The IVR experience was integrated into the course sessions, which included theoretical framework, IR spectra exercises, an individual quiz, and competition games. Students were immersed in a first-person IVR experience simulating an analytical room, where they performed sample analysis and operated a virtual IR spectrometer. The quiz and survey assessed their understanding and perception of the IVR experience. When compared to control groups, IVR intervention group achieved higher scores on midterm exam questions related to IR spectroscopy and reported greater academic engagement according to the satisfaction survey. The findings highlighted the effectiveness of IVR in enhancing learning outcomes, curiosity, motivation, and engagement among students. Moreover, our research provides empirical evidence of IVR’s positive impact on student learning and engagement in the context of biotechnology engineering. Based on the study’s implications, educators in engineering fields should consider integrating IVR as an instructional tool, particularly for laboratory-related topics with limited equipment accessibility and overcrowded courses. Future research should explore the generalizability of these findings across different subjects and educational levels. Additionally, investigating the underlying factors influencing the effectiveness of IVR in promoting academic engagement would further enhance the understanding and implementation of this technology in educational settings.
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1 Introduction

Nowadays, the context of higher education demands educational strategies based on technological tools that facilitate the understanding of complex concepts, developing problem-solving skills and at the same time increasing the interest and motivation of students. Immersive learning is an emerging technology in the field of education, which allows the student to participate in the learning process by achieving meaningful and engaging interactions.

Virtual reality (VR) is implemented through two modalities based on the user experience. From one side, there is the modality based on the use of a desktop computer, in which the user has access to the content through a screen and interacts with it through the keyboard and mouse (Lee, 2014). The second modality, as described by Freina and Ott (2015), utilizes virtual reality headsets (VRH) as a form of immersive virtual reality (IVR) experience. This mode is characterized using a device that shows the user different views of a visual content as he turns his head. In addition, the user can complement his experience with handheld hearing aids and control devices.

Commonly, it is recognized that the use of VR in education has the advantages that it stimulates motivation to learn, improves attention to the object of study and allows experiential learning (Lei et al., 2018). In the case of education in the engineering field, the use of VR has allowed to simulate in real time the use of laboratory equipment that is difficult to access, it prevents students from causing damage to laboratory equipment, it solves the problem of lack of direct contact with laboratory equipment in overcrowded courses, reduces occupational risks and allows students to interact with complete processes (Vergara et al., 2017).

Structural chemistry is an important branch of chemistry focused on the study of the spatial arrangements of atoms and molecules, as well as the relationship between structure and properties (Zhou, 1993). Various IVR tools have been developed for learning chemistry, ranging from the visualization and manipulation of molecules in an immersive virtual environment to the simulation of practical experiences laboratories, either as organic chemistry lab (Tee et al., 2018; Camel et al., 2020; Williams et al., 2022), lab safety (Smith, 2016; Zhu et al., 2018; Unimersiv, 2019), molecular dynamics in enzyme catalysis (Bennie et al., 2019), and analytical instrumentation design (Naese et al., 2019). Regarding structural chemistry teaching, reports stand out because they test the visualization and manipulation of molecules in the immersive virtual environment, such as the construction of hydrocarbon molecules (Edwards et al., 2019), drug design (Norrby et al., 2015), the movement of molecules through carbon nanotubes (Ferrell et al., 2019), and the obtaining and interpretation of IR spectra to elucidate molecular structure (Dunnagan et al., 2020). In these studies, evidence is reported that the use of IVR generates interest, motivation, engagement, and greater learning.

Particularly, Dunnagan et al. (2020) developed and evaluated how an IVR tool could replace the use of equipment in an organic chemistry laboratory course. The authors designed a virtual immersive experience with a first-person perspective, comprised by the following stages:

1. An instructor greets the student, provides safety instructions, and offers an overview of the laboratory.

2. The student is taken to an analytical room where the IR spectrometer, a computer screen, four samples of unknown compounds and cleaning material are located. Here, the student receives the necessary explanations for obtaining the IR spectrum of one of the samples. Finally, the student carries out the routine of analyzing the sample and cleaning the virtual machine.

3. The student leaves the analytical room, and the IR spectrum of the unknown compound is presented on a blackboard. During the analysis, the student must select sections of the spectrum and identify the frequencies to determine the corresponding functional groups and finally identify the unknown compound.

To assess the experience, the authors divided the students into “treatment” and “control” groups. At the end of the practical activity, students from both groups completed identical questionnaires, and they took the same exam at the end of the semester. The comparison of responses indicated that, although the use of IVR is more memorable, there is no statistically significant difference between the two learning methods. However, the results also suggested that the students who had the IVR experience retained learning better than those who had the conventional experience.

In recent decades, researchers and educators have shown a growing interest in the concept of engagement as a way to avoid student boredom, improve student motivation, and participate in school-related activities (Baron and Corbin, 2012), and increase the levels of student performance (Phan and Ngu, 2014), where the intrinsic motivation for studies called “academic engagement” is an important element to take into account.

Engagement has been recognized as a complex term that encompasses various patterns of motivation, cognition, and behavior. It occurs when students invest themselves psychologically in their learning, striving to understand the materials presented to them and internalize them into their lives (Appleton et al., 2008). This characteristic has been widely recognized as an important influence on achievement and learning in higher education (Kahu, 2013) and can be employed as a significant predictor of academic performance (Upadyaya and Salmela-Aro, 2013; Lee, 2014). Furthermore, engagement has been described that it improves the participation and motivation of students in STEM courses (science, technology, engineering and mathematics) in general, and specifically in organic and structural chemistry (Rossi, 2015).

The course “Analytical Aspects in Bioprocesses” is a subject in the Biotechnology Engineering (IBT) major that provides students with a fundamental understanding of instrumental analysis. One of the topics covered in this course is infrared (IR) spectroscopy, which incorporates concepts of molecular structure, chemical bonding, functional groups, and electromagnetic radiation. Traditionally, learning content related to analytical chemistry is supported by practical activities in a laboratory. However, “Analytical Aspects in Bioprocesses” is a theoretical course that does not involve laboratory activities, making the subject more abstract for most students. To address this challenge, we proposed the use of IVR in the study of IR spectra interpretation to improve the learning experience and increase academic engagement, while solving the lack of costly instrumentation and delicate handling by students.

This study aims to evaluate the use of an IVR tool as part of an integral didactic sequence for learning IR spectra interpretation in the course “Analytical Aspects in Bioprocesses.” We assessed the students’ learning by means of an individual midterm exam and compared the scores with those obtained by students that did not use the IVR tool. Also, we evaluated students’ attitudes and opinions regarding the use of IVR to complement the learning of IR spectra interpretation.



2 Materials and methods

The didactic sequence proposed in this study was carried out in the “Analytical Aspects in Bioprocesses” course during the February–June 2020 semester (FJ20), preceding the COVID-19 pandemic quarantine. This course is typically undertaken by IBT students in the eighth semester.

The didactic sequence, as depicted in Figure 1, unfolded through various steps. The initial session focused on the theoretical framework of IR, coupled with practical exercises using IR spectra in identifying organic compounds. In a second session, the students had the IVR experience proposed by Dunnagan et al. After the IVR experience, the students took an individual quiz, and the lecturer conducted a survey to collect the students’ attitudes and opinions about the IVR experience. In the third and last session, students were asked to make randomized teams and participate in a competitive team game activity. It is noteworthy that while the IVR activity was a central component, the didactic sequence was designed to be integrative, complementing Dunnagan’s IVR tool with additional pedagogical elements.
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FIGURE 1
 The didactic sequence carried out in this study included: explanation of the theoretical foundations of IR, resolution of IR spectra exercises (session 1), IVR experience based on the work of Dunnagan et al. (2020), individual quiz, satisfaction survey (session 2), and competitive team games (session 3). Created with BioRender.


The assessment tools used during the didactic sequence are described next. The individual quiz required students to associate an IR spectrum with five compounds identified by their chemical structure. The survey, administered anonymously via Google Forms, encompassed two sections. The first one collected general demographic data, such as gender, age, semester, minor, and origin of VR lenses. The second section comprised 12 questions assessing the student’s perception of the IVR experience, measured using a Likert scale ranging from 1 (strongly disagree) to 5 (strongly agree). This scale is a widely used measurement tool in educational research and is designed to gather information about individuals’ attitudes, opinions, and behaviors by presenting a series of statements and asking respondents to indicate their level of agreement or disagreement (Kusmaryono and Wijayanti, 2022). To maintain the validity of the questionnaire, we ensured that the statements were clear, unbiased and cover the entire range of possible responses. Lastly, during the competitive team activity, students were tasked with associating 10 IR spectra with their respective compounds, identifying them by both their chemical structure and generic name.

The students also took a midterm individual exam including a section with IR questions. The scores from these questions were retrieved to be compared with the corresponding ones in historical results from the January–May 2017 (JM17), 2018 (JM18), and 2019 (JM19) groups. It is important to clarify that the didactic sequence for JM17, JM18, and JM19 groups included only the activities described for sessions 1 and 3.

Quantitative data from the individual quiz, survey, team game, and the midterm individual exam were drawn and analyzed. Statistical analysis employed the use of difference in proportions for survey results and analysis of variance for comparing group and team performance in the game and the midterm individual exam, respectively. A significance level of p-value < 0.05 was considered, and data processing was carried out with Minitab (v19, Minitab, Inc., United States) and RStudio (v1.3.1056, RStudio, United States). In addition to collecting quantitative data, the lecturer conducted a qualitative observation of students’ mood during the IVR experience. This qualitative aspect, solely for descriptive purposes, was not quantified or subjected to formal analysis.



3 Results

The FJ20 group, in which the IVR experience was implemented, consisted of 39 students, with 21 women (55.3%) and 17 men (44.7%) (Figure 2A). The students had a mean age of 22 years old (±0.9 years). In terms of minors (specialization area), 31 students (79.5%) were from Bioprocesses (BPR), and 8 students (20.5%) were from Molecular Biology (MOL). As depicted in Figure 2B, for the IVR experience, approximately half of the students borrowed VR headsets (54%), one-third of the group purchased them (31%), some students had prior experience with VR (10%), and a few students had the creativity to make their own headsets (5%).
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FIGURE 2
 (A) IBT students’ characteristics. (B) VR headset source. DIY, Do it yourself.


The IVR experience took place in the classroom and lasted approximately 30 min. The students were relaxed and actively engaged during the session. At the end of the IVR experience, the students answered an individual quiz, obtaining an average score of 98.4% (±5.5%). This suggests a consistent understanding of the theoretical aspects covered both in class and with the IVR experience. Following the quiz, the students were asked to participate in a survey, and all students responded.

The students had a highly positive perception of the IVR experience, as indicated by the percentage of students who agreed or strongly agreed on the Likert scale (4 and 5, respectively). As shown in Figure 3, the students considered the experience to be immersive (84.6%), with learning activities that related to real-life situations (92.3%). They also reported enjoying the activities (89.7%) and expressed interest in repeating the experience to learn other analytical techniques (84.6%). The IVR experience was deemed helpful in understanding the theory effectively (79.5%), facilitating the completion of the individual quiz (76.9%), and most students (92.3%) would recommend IVR technology as a learning tool. Notably, in response to the question regarding recommendation of IVR technology, a higher proportion of women indicated agreement compared to men (p = 0.045). These results suggest that the IVR experience was very appealing and satisfying to the students, in addition to facilitating the understanding of the content.

[image: Figure 3]

FIGURE 3
 Survey results after IVR experience.


The students of FJ20 and historic groups JM17, JM18, and JM19 played in teams in the association game of 10 IR spectra with 10 molecules. This occurred in their respective courses. As shown in Figure 4A, a significant difference was not found between the score of the group that experienced IVR (FJ20) and the results from previous academic periods. Regarding the FJ20 game performance, there was also no significant difference between the teams, and only 2 teams had less than 6 points (teams D4 and D9, Figure 4B). When comparing the IR questions score included in the midterm exam of the FJ20 group, by the teams organized during the game, we did not find any difference either.
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FIGURE 4
 (A) Score obtained in IR game of groups JM17, JM18, JM19, and FJ20. (B) Performance comparative by teams in IR game (blue bars) and questions scores (boxplots) included in midterm exam of group FJ20.


It is important to mention that teams with the highest scores in the game also demonstrated the highest scores in the IR questions of the midterm exam (teams D3 and D5, Figure 4B). Out of the 39 students, only 2 displayed poor performance in the IR questions of the midterm exam. Similar data could not be retrieved from previous periods. In this sense, our findings align with those reported by the developers of the IVR tool used (Dunnagan et al., 2020), who found no statistically significant difference between the use of IVR and conventional learning. However, we believe that by complementing the theoretical contents with the IVR experience, an otherwise arid topic became interesting and attractive to students. 4,175.



4 Discussion

There are still a limited number of IVR resources available for teaching topics such as instrumental analysis. Particularly, Naese et al. (2019) used augmented reality technology to teach the design and operation of four analytical instruments: flame atomic absorption spectrometer, gas chromatograph−mass spectrometer, liquid chromatograph, and double-beam UV–vis spectrophotometer. It was noted that, although the participating students liked using augmented reality to learn more about the instruments used in class, they had mixed views when prompted to further comment on the activity. This was mainly because of difficulties with the app when accessing the displayed information when not in front of the instrument. Moreover, the main limitation of this specific augmented reality (AR) tool is that it cannot be deployed in other universities unless the exact equipment is available. However, it is possible that the same or a similar AR platform could be used to visualize the components and operation of other types of equipment, but this would likely require the creation of new content specific to the equipment in question.

Conversely, Dunnagan et al. tool was based on recorded sessions. The VR experience was designed to be an immersive experience that would be as effective as the being in the lab. It comprised both teaching students how to operate an IR spectrometer, and how to elucidate simple features of an IR spectrum. This was the experience we needed for the infrared spectroscopy lecture, particularly because the course was a theoretical one, and the lack of this equipment in our labs.

In a second study, Dunnagan reported that the undergraduate students who tried the IVR experience during the pandemic reported a high degree of satisfaction with the tool and no significant usability barrier (Dunnagan and Gallardo-Williams, 2020). Nonetheless, some of the students were not comfortable with the experience, given that they found their plans for a face-to-face lab experience disrupted by the unexpected quarantine situation. In contrast, we deployed the IVR tool weeks before the quarantine, and our results shows a highly appreciated learning experience, related to real-life situations. Also, our students showed a keen interest in repeating the experience to learn other analytical techniques, and most of them would recommend IVR technology as a learning tool. It is noteworthy that the students found creative ways to overcome the lack of VR headsets, which demonstrates their keen interest in participating in the IVR experience. The student’s positive perception to augmented and/or immersive virtual reality tools have been reported in numerous other topics. Students have benefited from the VR technology to aid the learning experience. Bennie et al. (2019) found that while learning about molecular dynamics in enzyme catalysis, undergraduate students found the VR platform enjoyable and easy to use. The authors did not attempt to quantify the direct learning gains of the participants, but students that experienced VR tool in enzyme catalysis obtained a higher median score than the ones who did not used it.

In light of our objectives, this study demonstrated significant positive outcomes. We evaluated the effectiveness of using an IVR experience as a support tool for learning an analytical technique. Although we did not observe a significant improvement in student learning compared to other courses, the results of the satisfaction survey indicated that the IVR experience was highly valued by the students, and it successfully enhanced their engagement. The findings also underscore the broader potential of IVR in reducing difficulties related to abstract course content, limited access to specialized equipment, and large class sizes.



5 Limitations and future research

While this study’s results highlight how IVR might improve student learning and engagement, certain limitations merit consideration. First off, the study’s applicability was restricted to a particular course, a specific analytical technique, and a particular instrument, so it’s unclear whether the findings can be applied in other educational settings or to another analytical methods. Second, the evaluation focused on the short term results of the IVR intervention, mostly by means of a satisfaction survey and midterm exam that were conducted soon after the IVR experience. Third, it would be interesting how individual learning styles, backgrounds, or past experiences with virtual reality technology can affect students’ reactions and affect how successful is the IVR tool.

Addressing the identified limitations opens possibilities for future research to enrich our understanding of IVR tools in educational settings. For example, exploring the tool’s efficacy in a variety of academic fields and classes would offer a more comprehensive view of its versatility and impact. Also, a few weeks or months following the IVR intervention follow-up evaluations may be carried out to see how long the advantages last and to provide guidance on how to incorporate IVR into curriculum. A study comprising more students in remote and in-person courses, from different campus, different majors, and institutions, would shed light on this matter. Also, the transferability of IVR strategy to the use of real equipment will solve training concerns for costly equipment.

In conclusion, the use of IVR proved to be an exceptional supportive feature for a course that lacked hands-on lab activities. The high level of engagement generated through the IVR experience suggests that this tool has the potential to be considered not only in traditional classroom settings but also in remote learning environments.
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