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1  Introduction

Virtual reality (VR) has been adopted in various education-
based settings and has followed the increased integration of 
digital technology within the field of education (Zawacki-
Richter and Latchem 2018; Ray and Srivastava 2020). The 
coronavirus disease 2019 (COVID-19) pandemic led to a 
rapid implementation of online remote learning opportuni-
ties within Higher Education (HE) as educators worldwide 
quickly transformed their teaching, identifying what digi-
tal resources were available and adapting them accordingly 
(Tabatabai 2020). Innovative interventions were required 
to engage students in distance learning, so the use of novel 
technologies, such as VR in teaching, were developed 
(Toquero 2020).

Traditionally, VR has been delivered through two main 
methods, immersive VR (I-VR) using a headset, earphones 
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Virtual reality (VR) is increasingly being used as a teaching and learning tool, however scaling this technology is difficult 
due to technological and cost considerations. An alternative approach that helps to address these problems is VR-by-
proxy, where teaching takes place within a VR environment that is controlled by one lecturer and broadcast to students 
online. This allows the content to be accessed without specialist equipment while still offering an immersive and interac-
tive experience. Taking advantage of the enforced move to online learning during the COVID-19 pandemic, this study 
evaluates the implementation of a novel VR-by-proxy disease diagnostic laboratory VR simulation within an undergradu-
ate life sciences course in a higher education setting. Student participants were randomly allocated into two groups: the 
test group, who took part in a VR-by-proxy lesson; and a control group, who worked with interactive online lab manual 
material. We assessed improvement in learning and enjoyment through questionnaires before and after these tasks and 
collected qualitative data on student attitudes towards VR through focus groups. Our results indicate that although there 
is no observable difference in learning outcomes between the two groups, students in the test group reported an improved 
learning experience, confidence and enjoyment of learning. In our focus groups, confidence was understood in two ways 
by participants: firstly, as ‘understanding’ of the various steps involved in conducting a quantitative polymerase chain 
reaction experiment and secondly as a more general ‘familiarity’ with the laboratory setting. This study adds to the grow-
ing body of research into the effectiveness of VR for learning and teaching, highlighting that VR-by-proxy may provide 
many of the same benefits.
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and controller, and desktop VR (D-VR), viewed on a 
computer screen and controlled by a keyboard and mouse 
(Hamilton et al. 2021). VR-by-proxy is an approach where 
an individual controls the I-VR headset and broadcasts the 
simulation online via communication software. This method 
of teaching, and indeed teaching using VR more generally, 
is an exciting opportunity which has emerged during a time 
when innovative teaching approaches not only benefit learn-
ing (Pregowska et al. 2023), but also provided a sense of 
shared experience to increase a student’s sense of belonging 
and fulfilment (Osterman 2000) during the switch to remote 
learning.

It is well established that computer-based games and 
simulations are valuable training tools for the enhancement 
of a range of skills (Hays and Singer 1989; Faria and Wel-
lington 2004; Al-Elq 2010; Perry et al. 2015; Makransky 
et al. 2020). The integration of VR technology into educa-
tion follows the more general adoption of such technology 
within training in industry, science and engineering. This 
shift is no doubt partly explained by recent advances in the 
VR technology itself (Jensen and Konradsen 2018; Radianti 
et al. 2020), as well as the consequent drop in prices for VR 
hardware and software (Hodgson et al. 2015).

The benefits of integrating VR technology into an edu-
cational setting are easy to imagine. That is, through engag-
ing with the virtual form of reality, this technology allows 
educators to cross many important pedagogical boundaries. 
For example, students can visit locations that would other-
wise be unfeasible to reach, engage in situations that would 
be too dangerous for them to encounter (Wyk and Villiers 
2009; Markowitz et al. 2018), make mistakes that would 
be too costly (Burns and Köste 2016), and engage with 
impossible situations that they could not confront in the real 
world (Ott and Freina 2015; Jones 2018). Moreover, there 
is a vital gap that students have to cross between the theo-
retical knowledge that they acquire and the relation of that 
knowledge to real-world situations, such as practical experi-
mentation (Klingenberg et al. 2020). This is a boundary that 
VR appears likely to help students cross, as the constructiv-
ist theory of experiential learning, essentially ‘learning by 
doing’, would predict with multiple studies supporting the 
idea that immersive technology increases understanding of 
complex topics (Salzman et al. 1999; Jensen and Konradsen 
2018; Makransky et al. 2019; Zhao et al. 2020; Coban et al. 
2022; Ryan et al. 2022).

Research into the effectiveness of VR has demonstrated 
multiple benefits that can be gained from its implementa-
tion into educational contexts; including increased motiva-
tion compared to less immersive media (Makransky and 
Lilleholt 2018; Klingenberg et al. 2020) as well as increased 
engagement and skills acquisition (Loup et al. 2016; Conrad 
et al. 2024).

In considering the effectiveness of I-VR in improving the 
student learning experience, barriers to that learning also 
need to be considered to make the technology inclusive. 
One reported barrier is cybersickness (McCauley and Shar-
key 1992; Weech et al. 2019), where users feel nausea and 
motion sickness when using the technology, with several 
factors considered to contribute, including: quality of hard-
ware, time delay and flickering displays (Chang et al. 2020). 
Investigations into how VR-by-proxy affects nausea ought 
to inform the future use of the technology in education set-
tings, in order to create an inclusive curriculum.

While research into the effectiveness of VR for learn-
ing and teaching has been emerging recently in education 
and psychology literature, this area of research is still in its 
relative infancy. As the quality and affordability of available 
VR systems improves, its attractiveness as a teaching tool 
is expected to increase. This, in combination with the post-
pandemic drive observed in HE to restructure approaches to 
teaching, illustrates a need for a better understanding of how 
VR, and other similar technologies, can be adopted to have 
the greatest benefit on student learning. Hence, examining 
the effectiveness of the innovative VR-by-proxy method for 
learning is an important and timely topic that should help 
inform future practice and further the efficiency of a vital 
and evolving field of research.

1.1  Research questions

Based on previous literature, this study focussed on five 
key research questions, utilising questionnaires and focus 
groups to evaluate student groups:

(a)	 Does exposure to a simulated VR-by-proxy lab enhance 
student learning in relation to theoretical knowledge?

(b)	 Does VR-by-proxy improve students’ self-reported 
learning experience?

(c)	 Is confidence in student learning improved after expo-
sure to a VR-by-proxy lab?

(d)	 Does a VR-by-proxy lab experience enhance student 
enjoyment of learning?

(e)	 Do students that report nausea during VR-by-proxy 
experiences have a diminished learning experience?

Drawing on the extant literature on VR available, five 
hypotheses were developed linked to our research ques-
tions and overall aim of examining the effectiveness of 
VR-by-proxy:

(a)	 H1: Exposure to the simulated VR laboratory will have 
no effect on student achievement of learning outcomes

(b)	 H2: Exposure to the simulated VR laboratory will 
improve students’ self-reported learning experience
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(c)	 H3: Exposure to the simulated VR laboratory will 
improve students’ self-reported confidence in their 
learning

(d)	 H4: Exposure to the simulated VR laboratory will 
improve students’ self-reported enjoyment of learning

(e)	 H5: Students reporting a feeling of nausea will have a 
diminished learning experience

2  Material and methods

The main aim of this work was to evaluate the implementa-
tion of a bespoke VR-by-proxy simulation with pre-Honours 
Life Science students, delivered within an HE setting during 
the COVID-19 pandemic. I-VR was not possible during the 
COVID-19 pandemic due to lockdown restrictions, where 
students and staff were not able to be on campus. In addi-
tion, obtaining and distributing multiple VR headsets to each 
student was cost prohibitive. VR-by-proxy allowed students 
to have a shared experience, whereby students were in an 
online group environment and could discuss questions with 
staff and peers. As part of the VR-by-proxy experience, staff 
utilised I-VR technology to broadcast an immersive lesson 
via the communication software Zoom to students.

2.1  Materials

The materials involved in this study consisted of a virtual 
laboratory simulation (the Disease Diagnostic Laboratory) 
demonstrating appropriate quantitative polymerase chain 
reaction (qPCR) practice delivered by-proxy, the Moodle 
laboratory manual, three participant questionnaires (S1 
File) and focus groups (S2 File).

2.1.1  Virtual reality simulation

This study used the ‘Disease Diagnostic Laboratory’ VR 
app which was designed and developed by the authors in 

collaboration with immersive VR and augmented reality 
(AR) company, Edify. A voice-over walk through of the 
simulation is available (S3 File). The simulation covered 
several technical concepts, key skills and was linked to spe-
cific intended learning outcomes (ILOs) (Table 1).

The simulation was delivered to participants using VR-
by-proxy via Zoom and included input from two members 
of staff; one to virtually enter the VR laboratory wearing the 
VR headset and remotely guide students through the simu-
lation, and the second to monitor the Zoom chat function 
which students used to ask questions and receive answers 
in real time throughout the experience. The simulation took 
approximately 20 min to complete.

The Disease Diagnostic Laboratory VR app allows users 
to experience the processes involved in diagnosing a viral 
disease using qPCR within a virology laboratory environ-
ment. The aim of the experience is to quantify the concen-
tration of viral nucleic acid present in the samples using 
qPCR and compare those results to positive and negative 
control samples to diagnose each patient. The simulation 
covered each step of the experimental workflow (Fig. 1A), 
from appropriate hygiene practices upon entering the lab-
oratory and putting on a lab coat, to placing the prepared 
reactions into the qPCR machine and generating the data 
output (Fig.  1B–D). Students were unable to control the 
speed of pace of the simulation as this was dictated by the 
member of staff in the VR environment.

On completion of the simulation, students were able to 
view their results within the VR environment. This informa-
tion was also included within the online Moodle lab book 
for analysis outside of the simulation and students were pro-
vided with staff support to enable them to analyse the data 
correctly using R-studio. At the end of the VR-by-proxy ses-
sion, students were encouraged to reflect on their experience 
as a group, ask questions and then discuss this with staff.

2.1.2  Moodle laboratory manual

In the absence of the ability to be on campus during the 
2020/2021 academic session due to the COVID-19 pan-
demic, online Moodle book lab manuals were created. Two 
versions of the lab manual were required linking to the two 
different VR-Test and Control groups (Fig. 2). These online 
lab manuals contained various reading materials, including 
text and diagrams, 2D interactive simulations, quizzes and 
explanatory videos. These also contained links to the VR-
by-proxy Zoom lesson and questionnaires. Both lab books 
started by explaining the key learning outcomes and qPCR 
theory and subsequently allowed students to interact with a 
2D ‘Learning Science’ qPCR simulation (S3 File). Follow-
ing this, the VR-Test group linked to the VR-by-proxy les-
son, while the VR-Control group read a written protocol on 

Table 1  Lists of key concepts, skills and intended learning outcomes 
covered by the disease diagnostic laboratory VR app
Technical concepts Key skills Intended learning 

outcomes
Aseptic technique Working indepen-

dently within a 
laboratory

Compare and 
contrast PCR and 
qPCR

Using pipettes Familiarity with labo-
ratory environment 
and equipment

Understand the 
process of qPCR 
and its diagnostic 
use

Using a microbiologi-
cal safety cabinet

Learn how to anal-
yse qPCR results 
using R studio

Preparation of a master 
mix
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accomplished they experienced the VR-by-proxy simula-
tion. Both the test and control groups then completed their 
final questionnaire (2a and 3, respectively).

setting up a qPCR, which aligned to the ILOs of the VR sim-
ulation (Table 1), which the VR-Test group did not receive. 
The VR-Control group then worked through the data analy-
sis followed by completing questionnaire 2b. Once this was 

Fig. 2  The online moodle lab manual 
workflow for both the VR-test group 
and the control group. Differences in 
tasks completed by the two groups are 
indicated

 

Fig. 1  The disease diagnostics laboratory 
virtual environment. The experimental 
workflow to set up a qPCR experiment 
(A) and user views of the environment 
and available equipment (B–D)
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questionnaire 2a and went on to take part in a focus group. 
Students from the VR-Control group first completed the 
tasks in the Moodle book and then questionnaire 2b. This 
was followed by the VR-by-proxy lesson, the completion of 
questionnaire 3 and the focus group.

Due to the COVID-19 restrictions, none of the partici-
pants obtained substantial lab experience prior to this study 
and would not have been in a teaching laboratory for the 
12 months leading up to the study. Therefore, the majority 
of participants would have had no prior practical laboratory 
experience of the techniques covered in this study, although 
the theory had been discussed previously in lectures. This 
information was not gathered formally as part of the study 
but has been assumed from knowledge of the curriculum.

2.2.2  Questionnaire development

Questionnaires were developed by the research team to cap-
ture the key points of the 5 research questions and used a 
variety of question formats depending on the information 
type being gathered. Factual information (e.g., “What is 
the function of SYBR green in a qPCR?”, questionnaire 1) 
was largely gathered using multiple choice and true/false 
question formats. Following recommendations in Krosnick 
and Fabrigar 1997; Krosnick 1999; and Saris and Gallhofer 
2007, evaluative assessments (e.g., “How confident would 
you feel working aseptically using a lamina flow hood?”, 
questionnaire 1) were measured using 7-point Likert-type 
bipolar items, including middle point response categories 
(Krosnick and Presser 2010, but see Johns 2006), with item-
specific rating scales (Saris et al. 2010). We also included a 
limited number of open-ended format questions (S1 File). 
The questionnaires were fielded to participants using Google 
Forms at key points in the study as reflected in Fig. 3.

2.2.3  Pre-study questionnaire

Four questions linking to demographic information were 
asked to establish the participants’ gender, degree group and 
social class. Prior experience of using VR and knowledge 
of qPCR theory were ascertained to gain an understanding 
of the students’ previous experience of immersion and what 
they were aware of at the start of the study. Ten knowledge-
based questions were posed: 4 questions to ascertain student 
confidence levels to perform qPCR experiments and 6 direct 
questions on qPCR theory.

2.2.4  Post-study questionnaires

All 10 direct knowledge-based questions were asked in both 
questionnaires 2a and 2b to determine what the students 
in the VR-Test group had learned during the VR lesson, 

2.2  Methods

2.2.1  Participants and design

The study consisted of 76 participants who were enrolled 
as Level 2 and 3 undergraduate students on 4-year Life Sci-
ence degrees at the University of Glasgow in 2020/2021. 
Participants were randomly allocated into two study groups 
which were both provided with an online laboratory manual 
within a virtual learning environment (Moodle) to work 
through at their own pace within a specified timeframe of 
3  h. One group (VR-Test group; N = 39) observed a VR-
by-proxy simulation demonstrating the specified laboratory 
technique as part of the lesson, while the second group (VR-
Control group; N = 37) completed the online lab manual 
without the VR simulation (Fig. 3). The VR-Control group 
received a traditional online written protocol embedded into 
Moodle, which the VR-Test group did not receive, in place 
of the VR-by-proxy. Participants completed questionnaires 
before and after these tasks. Following this, the Control 
group participated in the VR simulation to ensure equality 
of access to learning tools and completed a final question-
naire to describe their experiences. In advance of the study, 
each participant was provided with relevant information and 
completed an online consent form permitting the use of their 
data within the study for both the questionnaires and the 
focus groups. Students were incentivised to join the study 
with the promise of the chance of receiving one of three 
£200 (GBP) Amazon gift vouchers, randomly allocated to 
participants who completed the questionnaires and partici-
pated in the focus group.

All students were required to fill in questionnaire 1 in 
advance of the Disease Diagnostics Laboratory VR lesson. 
Students in the VR-Test group completed the tasks in the 
Moodle book and then took part in the VR-by-proxy les-
son delivered via Zoom. These students then completed 

Fig. 3  Schematic illustration of the study workflow for both groups
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3  Results

3.1  Questionnaire responses

3.1.1  Differences in learning outcomes

Our first hypothesis was that exposure to the simulated VR-
by-proxy laboratory would have no effect on student learn-
ing in relation to theoretical knowledge. To test this, students 
were asked to respond to a series of fact-based, knowledge 
assessment questions in the post-test questionnaire. These 
questions presented students with multiple choice, true/
false or ordering tasks. Responses were coded according 
to whether a student responded correctly (1) or incorrectly 
(0) to each item. We start our analysis by examining the 
bivariate relationships between the test groups (VR-Test 
or Control) to which students were assigned and each of 
the individual learning outcome measures. As both the test 
group and the learning outcome measures are dichotomous, 
non-parametric Pearson’s Chi-squared (χ2) tests were used 
to assess the underlying relationships between test group 
and learning outcomes variables. The analysis presented in 
Table 3 reveals no relationship between the group to which 
students were assigned and the learning outcome measures.1

Additionally, we created an additive learning outcomes 
index (an additive index is the sum of the component 
items into a single measure) of the six learning outcome 
items (Range 1–6; Mean = 3.13; SD = 1.23). Combining 
the six component items into a single measure, we are able 

1  We made use of Pearson’s Chi-squared tests rather than Fisher’s 
exact test as some of the cells in the 2X2 tables exceeded the recom-
mended upper count limit of 20.

supplemented by the Moodle lab book, and what those in 
the VR-Control group had learned from the online Moodle 
lab book, supplemented only by the written protocol. Spe-
cific questions relating to the two different learning scenar-
ios were asked to assess student engagement, focussing on 
understanding, presence and involvement. Three questions 
probed student enjoyment of the scenarios relating to how 
likely students were to recommend the learning method and 
overall experience evaluations. Students were asked to rate 
how nauseous, if at all, they felt to determine if the VR les-
son caused any learning barriers. The final questionnaire for 
the VR-Control group required students to consider which 
learning style they preferred and why. Five questions were 
asked around learning, immersion and nausea.

2.2.5  Focus group

Students in both groups who had completed all question-
naires issued to them were invited to participate in a focus 
group that took place following completion of the Disease 
Diagnostics Laboratory VR lesson. Focus groups were 
conducted to examine patterns of social meaning that par-
ticipants attach to their experience of taking part in the 
VR-by-proxy laboratory. They are used to aid the interpre-
tation of the quantitative results in the subsequent discus-
sion section of this paper rather than as a means of testing 
hypotheses.

There were 6 focus groups in total, with 5–8 students 
randomly assigned to one of three focus groups for each of 
the two learning scenarios. One staff member was assigned 
to each focus group (one VR-Test and one VR-Control 
group) to facilitate discussion around a series of prompt-
ing questions on: (1) prior experience using VR; (2) support 
for learning key qPCR concepts using VR and the online 
Moodle lab manual; (3) confidence in using PCR in a real 
lab environment; and (4) enjoyability. All focus groups 
took place via Zoom and were recorded. Audio recordings 
and the text chat were transcribed, with comments raised 
by participants through both methods treated as equivalent. 
The resulting transcripts were fully anonymised and stan-
dardised durations calculated after the removal of non-sub-
stantive sections of the transcripts (Table 2).

Table 2  Focus group information
Group Treatment or 

control
Participants Facilitator Stan-

dardised 
duration

1A VR-Test 6 A 31:26
1B VR-Test 5 B 26:18
1C VR-Test 8 C 34:33
2A VR-Control 6 A 31:35
2B VR-Control 8 B 36:01
2C VR-Control 7 C 37:07

Table 3  Learning outcome measures by test group
VR-Test group VR-Control group
Mean (SD) Range Mean (SD) Range χ2 (p)

Pipette 0.34 (0.48) 0, 1 0.24 (0.43) 0, 1 1.02 
(0.31)

Sybr 0.34 (0.48) 0, 1 0.24 (0.43) 0, 1 1.02 
(0.31)

Master mix 0.84 (0.37) 0, 1 0.76 (0.43) 0, 1 0.75 
(0.39)

Contamination 0.84 (0.37) 0, 1 0.95 (0.23) 0, 1 2.24 
(0.14)

Advantages 0.16 (0.36) 0, 1 0.13 (0.34) 0, 1 0.11 
(0.74)

Cycle threshold 0.68 (0.47) 0, 1 0.74 (0.45) 0, 1 0.26 
(0.61)

VR-Test group VR-Control group Mean 
Dif 
(t)

Mean (SD) Range Mean (SD) Range

Learning out-
comes index

3.21 (1.3) 0–6 3.05 (1.2) 0–6 0.16 
(0.56)

All p values are >0.05 and therefore not significant
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to visualise the overall cumulative differences in learn-
ing outcomes between the VR-Test group and the Control 
group, which we present in Fig. 4. A difference of means 
test further confirmed that there is no observable differ-
ence in learning outcome between the two groups (Mean 
Diff = 0.16; t = 0.56).

3.1.2  Differences in learning experience

Our second hypothesis was that exposure to the simulated 
VR-by-proxy laboratory would improve students’ self-
reported learning experience. Table 4 presents the summary 
statistics for the six questionnaire items designed to assess 
student learning experience, each measured on a 7-point 
Likert scale. Students in the VR-Test group were asked to 
respond based on their experience with the simulated VR 
experience while students in the VR-Control group were 
asked to assess their experience with the online Moodle lab 
manual. Difference of means tests across the six individual 
items demonstrate that students in the VR-Test group con-
sistently rated their learning experience more favourably 
(i.e., gave consistently higher mean ratings) than students in 
the VR-Control group did. All differences are significant at 
a minimum of the p < 0.05 level.

Table 4 also provides details of the additive Experience 
Index created using the six learning experience measures 
(Cronbach’s alpha = 0.89), with a theoretical range of 0–36. 
(Cronbach’s alpha is a reliability coefficient, often referred 
to as an indicator of internal consistency, that is conceptual-
ised as the average inter-item covariance of the component 
measures). Figure 5 displays the distribution of the learning 
experience index by test group. The mean difference of 8.55 
between the two groups is significant, well below p < 0.01. 
As hypothesised, there is a clear difference between the VR-
Test and VR-Control groups, with those students exposed to 
the simulated VR laboratory reporting an improved learning 
experience.

3.1.3  Differences in confidence

Our third hypothesis was that exposure to the simulated VR-
by-proxy laboratory would improve students’ confidence in 
their learning. Student confidence was assessed with three 
items, each measured on a 7-point Likert scale. Table 5 pres-
ents the summary statistics for these items and differences 
in means between the VR-Test and VR-Control groups. Two 
of the items, those assessing student confidence in perform-
ing a qPCR experiment independently and working asepti-
cally using a lamina flow hood, are significantly different 
across the two groups. A third item, that which generally 
assesses confidence in understanding qPCR, is significantly 

Table 4  Learning experience measures by test group
VR-Test group VR-Control group
Mean 
(SD)

Range Mean (SD) Range Mean 
Dif (t)

Understanding 6.24 
(.68)

5–7 5.95 (.61) 5–7 0.29* 
(1.96)

How present did 
you feel

5.74 
(1.11)

3–7 4.92 (1.42) 2–7 0.82** 
(2.79)

Feel like in lab 5.13 
(1.28)

1–7 2.79 (1.68) 1–6 2.34** 
(6.84)

Feel demonstrated 
in lab

5.74 
(1.06)

3–7 3.13 (1.76) 1–7 2.61** 
(7.83)

Improved 
understanding

6.45 
(.72)

4–7 5.63 (.85) 3–7 0.82** 
(4.50)

Recommend 
method

6.34 
(1.10)

1–7 4.66 (1.58) 1–7 1.68** 
(5.39)

Experience index 29.63 
(4.97)

12–36 21.08 
(6.34)

7–34 8.55** 
(6.57)

*p <.05 **p <.01

Fig. 5  Distribution of the learning experience index by group

 

Fig. 4  Distribution of learning outcomes index by test group
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Methods online lab book (including the Virtual Reality 
(VR) lesson)?”

	● Students in the VR-control group were asked, “On a 
scale of 1–10, with 1 being not enjoyable and 10 being 
very enjoyable, where would you place the Molecular 
Methods online lab book?”

Students in the VR-Test group on average rated their experi-
ence as 8.37 (s.d. = 0.24) on the 1–10 scale, whilst VR-Con-
trol group students rated the experience as 6.42 (s.d. = 0.32) 
on the same scale (Fig.  7). The groups are significantly 
different in their evaluations (diff = 1.95, t = 4.90); there is 
greater self-reported enjoyment with respect to the learning 
of the students who underwent the VR-by-proxy experience 
(hypothesis 4).

3.1.5  Controlling for individual characteristics

Despite the use of random assignment that placed subjects 
in the VR-Test and VR-Control groups, it is possible that 
students’ individual characteristics and previous experience 
with technology could influence their learning experience 
and/or confidence. To test for confounding influences, we 
ran OLS (Ordinary Least Squares) regression models pre-
dicting the learning experience and confidence indices as 
dependent variables with an indicator for subject test group 
(VR-Test group = 1; VR-Control = 0). Included in the right-
hand side of the equations are control indicators for sub-
ject gender (female = 1), self-assessed social class (working 
class = 1) and whether one of the subject’s holds a univer-
sity degree (parent degree = 1). We additionally control for 
subject’s previous experience in a laboratory environment 
(experience = 1) as those who report experience in a lab may 
have higher levels of confidence. Finally, students with pre-
vious experience with video gaming (never = 1; rarely = 2; 
occasionally = 3; great deal = 4) and/or virtual reality 

different across the groups in a directional (one-tailed) test 
but falls short for a non-directional test.

An additive confidence index (theoretical range 0–24) 
was created using the three confidence items (Cronbach’s 
alpha = 0.79). Figure  6 presents the confidence index dis-
tribution by group. As hypothesised, the mean difference 
between the two groups, at 2.68 (p < 0.01), reveals a signifi-
cant difference between students in the VR-Test group and 
the VR-Control group, with the former being more confi-
dent than the latter in working in the laboratory environment 
following exposure to the VR-by-proxy lab simulation.

3.1.4  Differences in enjoyment

Our fourth hypothesis was that exposure to the simulated 
VR-by-proxy laboratory would improve students’ self-
reported enjoyment of their learning. To test this, students 
in the two groups were asked different questions.

	● Students in the VR-Test group were asked, “On a 
scale of 1–10, with 1 being not enjoyable and 10 being 
very enjoyable, where would you place the Molecular 

Table 5  Learning confidence measures by test groups
VR-test group VR-Control group
Mean (SD) Range Mean (SD) Range Mean 

Dif (t)
Understanding 5.87 (0.11) 5–7 5.61 (0.12) 4–7 0.26 

(1.66)
Perform qPCR 
independently

5.55 (0.14) 3–7 4.53 (1.33) 2–7 1.03** 
(3.99)

Working 
aseptically

5.71 (0.13) 4–7 4.32 (0.28) 1–7 1.39** 
(4.48)

Confidence 
Index

15.13 
(0.34)

11–19 12.45 
(0.54)

6–19 2.68** 
(4.39)

*p < .05 **p < .01

Fig. 7  Distribution of enjoyment by group

 

Fig. 6  Distribution of learning confidence index by group
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Within the VR-Test group the students who reported feel-
ing some sense of nausea or dizziness tended to report a 
less robust learning experience, by around 7 points on the 
learning experience index (23.4 versus 30.57 for those not 
experiencing a sense of nausea). However, interestingly, of 
the 5 students reporting a sense of nausea, 3 indicated they 
would recommend the VR learning method to other students 
(responding 6 or 7 on a 1–7 Likert scale).

3.1.7  Focus groups

Focus group transcripts were analysed using thematic 
analysis (Braun and Clarke 2021), based on a combination 
of deductive and inductive coding. Deductive codes were 
derived from the questions asked in the questionnaires and 
facilitator prompting questions to identify initial areas of 
interest that are relevant for this study. Inductive codes were 
then developed based on the ideas expressed by participants 
within the focus groups. These codes were used to identify 
broader themes and patterns within the data. Coding was 
undertaken manually by a researcher not involved in facili-
tating the focus groups in three stages.

First, immersion. This is a process of examining tran-
scripts to identify a list of potential codes to guide more 
systematic codes in subsequent stages (Braun and Clarke 
2021). This included noting general attitudes towards VR 
from group participants and any clear differences of opin-
ion between participants which could skew the discussion in 
notable ways that would need to be considered when coding 
responses and interpreting the results. No consistent differ-
ences or biases were identified across each of the groups 
aside from the fact that the VR-Control group had been ini-
tially taught how to set up the qPCR experiment through 
a written online protocol (which the VR-Test group did 
not receive), whereas the VR-Test group were only shown 
this via VR-by-proxy, which had the potential to shape the 

(never = 1; rarely = 2; occasionally = 3) might have felt more 
comfortable with the simulated VR experience. See S4 File 
for details of predictor variables.

Table 6 presents the results from the two regression 
models. Looking first at the model predicting confidence, 
students in the VR-Test group reported significantly higher 
levels of confidence. Further supporting hypothesis 3, hold-
ing all other variables in the model constant, those in the 
VR-Test group have an expected confidence almost four 
points higher than those in the VR-Control group (predicted 
value for VR-Test group = 19.14; No VR = 15.42).

The only other significant predictor in the model, not 
surprisingly, is previous experience with VR, with those 
students saying they rarely use VR having a predicted con-
fidence level about two points higher than those who have 
never used VR (18.69 versus 16.49) and those (very) few 
students who said they occasionally use VR being expected 
to be an additional 6 points higher (25.0).

Turning to the model predicting students’ reported learn-
ing experience, participants in the VR-Test group were 
about eight points higher on the learning experience index, 
with a predicted value of 29.44 (VR-Control group = 21.29). 
This provides substantial evidence in favour of our hypothe-
sis that the Disease Diagnostic Laboratory VR lesson would 
enhance the student learning experience.

As with the model predicting confidence, we find that 
those students with previous exposure to VR were more 
likely to rate the learning experience more highly than those 
with no experience of VR. Interestingly, we find some evi-
dence for the opposite effect with experience of video gam-
ing. The model predicts, holding all other variables constant, 
that those with no experience playing video games would 
rate their learning experience about six points higher (27.0) 
than those with a great deal of gaming experience (21.0).

3.1.6  Nausea

As discussed above, one potential limitation to the use of 
virtual reality simulations in teaching—whether I-VR, 
D-VR or VR-by-proxy—could be the link between VR and 
nausea. As such, we hypothesised that those students who 
reported experiencing nausea during the VR-by-proxy labo-
ratory would report a diminished experience. There is some 
evidence for this.

Students in both test groups were asked:

“Did you experience any feelings of nausea or dizzi-
ness during the lesson?”

Thirteen percent of students (5 students) in the VR-Test 
group reported feeling some sense of nausea/dizziness 
(compared to 3% (1 student) in the VR-Control group). 

Table 6  OLS regression of confidence and learning experience on test 
groups and control variables

Confidence Learning 
experience

b (se) b (se)
VR-Test group 3.66** (0.78) 8.41** (1.36)
Female 0.54 (1.00) 0.23 (1.75)
Working class − 0.27 (0.90) 1.69 (1.58)
Parents w/degree 1.08 (0.83) 2.60 (1.44)
Previous lab experience 0.36 (1.09) 1.73 (1.91)
Previous VR experience 2.59** (0.88) 3.44* (1.54)
Previous gaming experience − 0.32 (0.50) − 2.06* (0.88)
Constant 12.09** (1.49) 19.09** (1.36)
N 74 74
R2adj .26 .40
*p <.05 **p <.01
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ing method specifically, explicitly connecting their positive 
views of VR-by-proxy experience to their own self-identifi-
cation as ‘visual learners’.

3.1.8.2  Confidence as ‘familiarity’ with a laboratory set-
ting  Participants’ confidence in their understanding of the 
steps involved in the qPCR process did not extend to con-
fidence about every aspect of that process. In responses to 
a prompting question about whether VR-by-proxy helped 
them to feel more confident about going into a laboratory 
setting and performing a qPCR, participants were more reti-
cent. They offered fewer explicit claims about being able 
to perform every step of a qPCR experiment. Instead, par-
ticipants in both the VR-Test and VR-Control groups were 
more likely to prefer the language of ‘familiarity’ when 
discussing the laboratory. They claimed that VR-by-proxy 
helped to familiarise them with what a laboratory looks like 
and what the process of conducting a qPCR experiment in 
this setting would look like, without describing themselves 
as confident in carrying out this experiment straight away.

Discussions about familiarity slightly differed between 
groups. Participants in VR-Test-B were not confident that 
they could work independently in a lab following the VR 
lesson, while participants in VR-Test-A and VR-Control-C 
were more confident as the VR lesson allowed them to visu-
alise the steps of the experiment. VR-Control-A participants 
noted that although they would be more confident with con-
ducting the experiment, this confidence did not extend to 
other aspects of the process such as data interpretation and 
analysis. This is consistent with our questionnaire response 
analysis in which VR-by-proxy did not result in a significant 
improvement in student confidence about analysing qPCR 
results independently.

3.1.9  Enjoyment and comparisons between teaching 
methods

Most students enjoyed the use of VR-by-proxy and com-
pared it favourably to other teaching methods. Most com-
ments were positive, with most participants noting how 
‘fun’, ‘cool’, or ‘interesting’ it was to learn using VR. Indi-
vidual participants in VR-Test-C and VR-Control-C spoke 
positively about VR-by-proxy teaching being the “closest 
we’ve been to a lab this year” and that this helped them to 
stay motivated or feel less isolated during lockdown.

Discussions about the relative merits of VR-by-proxy 
over other approaches took place in all focus groups, and 
often emerged unprompted as part of discussions about 
student confidence. Such comparisons took various forms, 
ranging from direct comparisons of teaching methods used 

content of their discussions. All focus groups took place 
after both Test and Control groups had completed the full 
VR-by-proxy experience.

Second, selective coding. This is a process of data reduc-
tion, to focus on items of interest for our research aims 
rather than coding all possible aspects of meaning within 
the transcript. Codes were generated in two ways. First, 
through coding individual participants’ responses to all 
facilitator questions, including follow-up questions. This 
allowed for direct comparison of participant responses to 
similar prompting questions. Second, through reviewing the 
list of potential codes from the immersion stage to identify 
relevant ideas expressed by participants. After removing 
some potential codes for not being relevant to this study, this 
list of codes was used to systematically code all transcripts.

Third, identification of key themes and patterns. This 
involved an iterative process of comparing data coded 
under each category, amongst participants in the same 
group, amongst participants in the same group classifica-
tion, and comparisons between participants in the VR-test 
and VR-Control groups. During this process, four key 
themes emerged which capture the major topics of discus-
sion within the focus groups:

	● Understanding of aspects of the qPCR process;
	● Familiarity with the laboratory;
	● Comparisons between different teaching approaches;
	● VR is fun.

3.1.8  Differences in confidence

In line with responses to the questionnaire, students in both 
the VR-Test and VR-Control groups made frequent and 
repeated claims that VR-by-proxy improved their levels of 
confidence about their learning. However, ‘confidence’ was 
understood in two different ways by participants: (1) confi-
dence as ‘understanding’ the qPCR process; and (2) confi-
dence as ‘familiarity’ with a laboratory setting.

3.1.8.1  Confidence as ‘understanding’ the qPCR pro-
cess  In all focus groups, students were asked a prompting 
question about whether they felt more confident in their 
understanding of the qPCR process following exposure to 
the simulated VR laboratory. Most responses to this ques-
tion indicated that students felt more confident. The most 
frequently stated reason was that VR-by-proxy allowed 
participants to ‘visualise’ the sequence of steps required to 
conduct the experiment. This was frequently accompanied 
by comments about how a ‘first-person’ perspective on the 
process allowed participants to feel like they were doing 
each of the steps themselves, to some degree. Some par-
ticipants concentrated more on the visuality of the teach-
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or ‘jumpiness’ of the video stream meant some participants 
thought they might experience nausea. A few participants 
experienced some nausea, but none considered this to be a 
barrier to their ability to take part in VR-by-proxy learning. 
However, participants 1A-1 and 2A-4 argued that if the les-
son had been longer than 30 min they expect that they would 
have experienced nausea more acutely.

4  Discussion

The COVID-19 pandemic resulted in a significant switch to 
online and blended learning with the student at the centre. 
Implementing a VR-by-proxy laboratory experience into 
our course allowed the students to view practical, hands-
on techniques during a time when social distancing require-
ments made in-person practical teaching impossible. While 
VR is generally not considered by educators to be a replace-
ment for traditional teaching modalities, there is a growing 
body of evidence that VR may enhance the student experi-
ence (Alhalabi 2016; Loup et al. 2016; Krokos et al. 2019; 
Klingenberg et al. 2020). VR-by-proxy is a novel method of 
using this technology, potentially enabling widespread use 
of VR technology, due to the many benefits it brings com-
pared to I-VR, such as costs, environmental impacts and 
space saving.

In line with hypothesis 1, VR-by-proxy did not signifi-
cantly enhance student learning in relation to their theo-
retical knowledge. This is in agreement with other recent 
studies that similarly showed that the direct impact on learn-
ing outcomes was limited (Coban et al. 2022; Matovu et 
al. 2023), although; findings across the field remain in dis-
agreement on this point (Concannon et al. 2019; Radianti et 
al. 2020; Tsirulnikov et al. 2023). Indeed, Clark suggested 
that changing media should make no difference to student 
outcomes if all other factors are held constant (Clark 1983). 
However, in line with our initial hypotheses 2, 3 and 4, we 
found that exposure to a VR-by-proxy laboratory had a pos-
itive effect on students’ self-reported learning experience, 
confidence, and enjoyment of learning. These results hold 
after controlling for individual characteristics.

In our focus groups, confidence was understood in two 
ways by participants: firstly, as ‘understanding’ of the vari-
ous steps involved in conducting a qPCR experiment and 
secondly as a more general ‘familiarity’ with the laboratory 
setting and equipment. While most participants enjoyed the 
experience, different views were apparent between the VR-
Test and Control groups about how ‘immersive’, ‘engaging’ 
and ‘interactive’ they perceived the VR-by-proxy expe-
rience to be and what role it should play alongside other 
teaching methods. For example, our results demonstrated 
that many participants found the VR-by-proxy experience 

in the course to more speculative discussions about the 
potential uses of VR-by-proxy in the future. Participants 
in the VR-Control groups tended to highlight the benefits 
of VR as one teaching method amongst others. They were 
more likely to give a ranked preferences order in which 
VR-by-proxy was ranked ‘higher’ than traditional teaching 
methods. Student used terms for describing VR-by-proxy 
included ‘immersive’, ‘engaging’ and ‘interactive’ although 
there was no unanimous agreement on these terms across 
the groups.

Participants in the VR-Test groups were more speculative 
about the potential uses of VR-by-proxy, noting how some 
elements of the other teaching methods (e.g. 2D simulations 
and graphs updating in real-time) could be incorporated into 
the VR demonstration to add detail. They also highlighted 
the value of using VR-by-proxy for revision. They didn’t 
tend to describe VR-by-proxy as immersive, engaging and 
interactive, and were also more forthright in saying they 
didn’t want to see VR replace physical labs.

Across all groups, the ‘complementarity’ of different 
teaching approaches was emphasised. For instance, Partici-
pant VR-Control-B-3 stated that:

I definitely think that [the] lab book and the VR com-
plement each other really well to get the full under-
standing of everything, and to have one without the 
other you’re definitely going to miss a few things.

Many participants reemphasised earlier points they had 
made about VR-by-proxy helping them to visualise the 
process as a means of demonstrating the different steps 
in conducting a qPCR experiment. This was often distin-
guished from other aspects of the process which participants 
believed were important to learn such as ‘the theory’ behind 
the process and ‘what was happening at a molecular level’. 
When these distinctions were made, participants tended to 
speculate that teaching approaches other than VR-by-proxy 
would be more appropriate for learning about these ele-
ments of the process.

However, there was no consensus on how these teaching 
methods should be used together. While some participants 
placed more emphasis on using multiple teaching methods 
to teach the same thing, other participants spoke instead 
about the benefits of using different methods in sequence to 
teach different aspects of the process.

3.1.10  Nausea

Nausea was not a major theme in the focus groups. Nausea, 
motion sickness, dizziness or other related terms were only 
mentioned in direct response to prompting questions by the 
facilitators. Most comments focused on how the ‘jerkiness’ 
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experience, confidence and enjoyment. For example, stu-
dents who purport to be visual or aural learners may benefit 
more significantly from VR-by-proxy than self-described 
kinaesthetic learners. Perhaps unsurprisingly, those stu-
dents familiar with the use of VR technology may also have 
benefited more from the experience. It is important to note, 
however, that matching instruction to students’ self-reported 
learning preferences is unlikely to result in enhanced 
knowledge attainment. There is extensive literature within 
educational and cognitive psychology which highlights 
the lack of evidence that matching instruction to learning 
styles enhances knowledge attainment (Willingham et al. 
2015). Our findings do not offer any evidence to support 
this practice.

Innovative learning technologies require an inclusive 
approach to their development and delivery. Our findings 
showed that the few students who reported experienc-
ing nausea during the VR-by-proxy laboratory reported a 
diminished learning experience. This is in line with reports 
in the current literature according to which users of VR 
technology can experience nausea similar to motion sick-
ness (Stanney et al. 2020). Sex-specific effects have been 
noted in cybersickness when using I-VR, with suggestions 
that these differences depend on the task being performed 
(Curry et al. 2020). Although the students in this study said 
the feeling of nausea did not prevent them from complet-
ing the lesson, cybersickness is an undesirable side effect of 
the technology, and should be considered when developing 
VR for teaching, particularly if this may lead to discrimina-
tion of certain cohorts. Negative health impacts, such as eye 
strain, vestibular symptoms or symptoms associated with 
poorly adjusted hardware (e.g. headaches or neck pain), 
should be monitored when evaluating immersive tools as 
a teaching resource and solutions should be adopted within 
the technology and content design to ensure equity (Heile-
mann et al. 2021; Skulmowski 2023).

4.1  Study limitations

The main limitation of the study is the sample size, as dur-
ing the COVID-19 pandemic, recruitment of students was 
online and challenging. For future studies, a greater number 
of students would be beneficial. The Disease Diagnostics 
VR-by-proxy simulation being used was fixed-pace, as the 
instructor was working through the simulation, narrating the 
lesson. This was a limitation of the approach, as students 
could not pause or replay when viewing. This was mitigated 
by offering a recorded version of the simulation following 
the synchronous lesson, however alternative approaches 
such as asking the group of students viewing the simulation 
to request for the simulation to be replayed could be used.

helped them visualise the different steps involved in set-
ting up a qPCR experiment. However, although the Dis-
ease Diagnostic Laboratory lesson does not demonstrate 
the molecular theory behind the qPCR technique, or how to 
analyse qPCR results, students suggested that it would not 
be suitable to cover this aspect. Analysis of qPCR results 
were not included in the simulation, so this finding was to 
be expected. Students felt alternative approaches would 
be more beneficial for learning about the molecular theory 
behind this technique. This finding is of interest because 
previous studies have shown that I-VR and computer simu-
lations do benefit learning of complex molecular biology 
concepts (Reen et al. 2021, 2022; Sun and Zhao 2023). 
Whether students failed to imagine the way VR may be used 
to teach molecular theory is unknown.

Students in the VR-Control group initially worked 
through the Moodle lab book, supplemented by a written 
protocol, thus they initially completed the lesson using 
only traditional methods prior to the VR-by-proxy experi-
ence. The VR-Test group experienced the VR-by-proxy as 
an alternative to receiving the written protocol. It could be 
speculated that the positive enjoyment scores of the VR-
Test group who received the VR-by-proxy experience, com-
pared to the VR-Control group who did not, are due to the 
novelty of the experience within their teaching programmes. 
This in turn may impact a student’s ability to process infor-
mation e.g. due to distractions (Hamilton et al. 2021). 
Further research would be required to examine alternative 
approaches of integrating VR-by-proxy to facilitate engage-
ment in deeper learning. This is likely to require assessment 
of VR-by-proxy as part of a suite of teaching methods, and 
investigation of different ways of combining and sequencing 
them, to establish which have a positive impact on students’ 
learning experience, confidence, and learning in relation to 
theoretical knowledge. This should be done in a way that 
supports students to build on their previous knowledge, as 
well as aligning with course learning goals.

In our study, the use of a VR simulation, delivered by-
proxy, mitigated the lack of in-person laboratory-based 
teaching by providing our students with an immersive and 
realistic experience whilst they worked remotely. Educa-
tors are acutely aware that post-COVID, many students 
are experiencing anxiety and stress when returning to cam-
pus (Rashid et al. 2022; Basheti et al. 2023). This study 
shows that VR-by-proxy improves students’ confidence and 
learning experience, and therefore offers an opportunity to 
support hybrid flexible learning strategies that are often a 
preferred method of learning post-pandemic (Guppy et al. 
2022).

Our findings indicate that some students express learn-
ing preferences. This may explain why VR-by-proxy has 
some positive effects on students’ self-reported learning 
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