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Design and development of MemoryTrail virtual reality game to study brain and memory 
processes in a fun and interactive manner
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We designed and developed a virtual reality game, MemoryTrail VR, 
to learn about brain anatomy and the nervous system using a serious 
games design and assessment framework with a focus on purpose that 
was reflected in five elements: content, fiction and narrative, mechanics, 
aesthetics and graphics, and framing. We added a sixth element, 
motivation and memory, with the aim to bridge the gap between student 
engagement and the content being taught and, in doing so, aid in the 
retention of knowledge. This was executed through the introduction 
of knowledge interweaved in a storyline that was relatable to our 
undergraduate students from a local university in Singapore. The 21-item 
questionnaire data validated that MemoryTrail VR was a serious game 
designed with components which were mainly coherent and cohesive 
with its purpose. We found that using a structured framework to design 
and evaluate the game enabled us to collate meaningful feedback and 
identify specific areas for improvement for the next version of the game 
with the goal of eventually developing a serious game that is theory- and 
evidence-driven. There was a significant increase in the percentage of 
students who answered conceptual questions correctly when comparing 
the pre- and in-game quizzes, providing evidence of learning achieved 
by the students because of the gameplay. 
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Introduction 

Current pedagogical approaches to teaching undergraduate 
students about the fundamental concepts surrounding brain 
structure and function are limited to the use of textbooks, 
videos, and lectures. In biology, lecturing has been reported 
to promote memorization of facts rather than fostering deep 
understanding in most students, and even high academic 
achievers sometimes gain little understanding of basic 
biology concepts via traditional lectures (Sundberg, 2002). 
To overcome these limitations, studies have emerged that 
investigate the efficacy of using digital teaching tools such 
as virtual reality (VR) for the visual appreciation of anatomy 
(Abdullah et al., 2021; Codd & Choudhury, 2011; Latini & 
Ryttlefors, 2020; Singh et al., 2019). VR enables interactions 
in a 3D environment that makes the learning experience 
immersive and relatable as compared to 2D alternatives 
(Dick, 2021), allows students to be more engaged with 
the content (Bonasio, 2019), and enhances retention of 
knowledge (Ekstrand et al., 2018). 

We found several applications of VR for medical education 
in Singapore, including a dental anaesthesia simulation 
designed by the Keio-NUS CUTE Center (Yen et al., 2018), a 
VR in agitation management game developed by the NUS 
YLL School of Medicine (Bharade, 2022), AI virtual humans 
created by MediVR (InteractAI Virtual Human), and Project 
Polaris (to practice clinical procedural skills) developed 
by the NUS YLL School of Medicine in collaboration with 
Microsoft (Microsoft, 2022). Their motivation for adopting VR 
was so that experiential learning would be more accessible 
to their students, to train students in clinical soft skills 
such as ethics and communication and clinical anatomy, to 
introduce realistic clinical scenarios and in a low-risk setting. 
Specifically for learning brain anatomy, there is a VR Brain 
Exploration application developed by Sidequest. This game 
allows students to navigate within the brain and examine 
its subcomponents, which helps them to gain a deeper 
understanding of the structures and their positions in the 
brain (VR Brain Exploration, 2021). 

Despite the efforts to create meaningful immersive 
experiences, sometimes  VR games fail to sustainably 
engage students and/or result in knowledge retention 
(Rai et al., 2019). Serious games are digital games and 
simulation tools that are created for non-entertainment 
use but with the primary purpose of improving the skills 
and performance of play-learners through training and 
instruction (Loh et al., 2015). There are two considerations 
that are often overlooked when designing a serious game 
for education. The first is motivation – why do people play? 
There are several motivational theories; a notable one is the 
Self-Determination Theory (SDT), which explains the human 
motivation to perform an activity as being internally driven 
(Ryan & Deci, 2000). Crafting a motivational game using SDT 
and its subcomponents requires that players feel they are 
autonomous and in control of their own actions, that they 
experience competence in achieving the tasks within the 
game space, and that they feel somehow related to others 
who are either playing the game with them at that moment 
or who have played before. 

The second often neglected consideration is episodic 
memory, which is information stored in a person’s long-
term memory that receives and stores information about 
temporally dated episodes or events and temporal-spatial 
relations among those events (Deci et al., 1999). Episodic 
memories are stored in such a way that each memory is 
identified by a personal “tag.” Typically, such memories are 
recalled through association with a particular time or place 
and tend to be vivid as they are recalled (Malone, 1981). 
Often it is difficult to remember what was discussed or 
reviewed in class, but it is far easier to recall the look of 
the classroom, the position of the instructor’s desk, and 
the location of the door. In a well-designed serious game, 
episodic memory provides the learner with the ability to 
recall the elements of the game or the game environment. 
With games, the visual cues are established in the mind of 
the learner, and if the experiences are geared toward real-
life applications, then the memories of the learner will be 
strong and associated with what he or she needs to do in a 
particular location (Kapp, 2012).

To address the above challenges, our team sought to design 
and develop a VR simulation to learn about the brain 
and nervous system using a Serious Games Design and 
Assessment (SGDA) framework with a focus on purpose that 
is reflected in five elements: content, fiction and narrative, 
mechanics, aesthetics and graphics, and framing (Mitgutsch 
& Alvarado, 2012). We added a sixth element, motivation and 
memory, with the aim to bridge the gap between student 
engagement and the content being taught and, in doing so, 
aid in the retention of knowledge. This was executed through 
the introduction of knowledge interweaved in a storyline 
that is relatable to our undergraduate students living in 
Singapore. Concepts were tagged to different junctures of 
the story. We hypothesise that through the inclusion of a 
story in the game design, the narrative would be able to 
provide a sensory experience that helps with students’ 
engagement, thus improving their ability to understand 
and relate to the content. The simulation ends with a series 
of conceptual questions as the player cycles back to the 
starting point. A playtest was conducted on undergraduate 
students from a local university who completed a pre- and 
in-game quiz to determine the extent of learning and a 
design validation questionnaire with items relating to the six 
elements mentioned above. 

Methodology

Game design

We adopted a step-by-step approach to designing the 
serious game, MemoryTrail VR, taking into consideration 
six game components that were carefully aligned with the 
purpose. (Mitgutsch & Alvarado, 2012).
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Table 1: The purpose and six game components of 
MemoryTrail VR.

Game development

MemoryTrail VR was built using Unreal Engine 4 software, a 
powerful, feature-rich, open-source game engine with high 
levels of customizability. Blueprints (Unreal Engine’s visual 
scripting system), C++ and Python were used to build the 
VR interaction systems along with the backend that collects 
and consolidates the data from the playtest. Microsoft 
Azure’s text-to-speech feature was utilised to generate the 
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voiceovers and dialogues used in the game. The building 
of the game occurred in stages. Firstly, the background 
environment of the game was designed and created. This 
included the building of different structures, characters, and 
objects. We then proceeded to design the individual scenes 
of the game. Finally, the dialogue for each scene was added 
in, and all components were packaged together. 

Playtest

A playtest was conducted on 53 undergraduate students 
from a local university in Singapore. The game setup included 
a VR-ready laptop and an HP Reverb G2 VR Headset and 
controller (Figure 1). Each gameplay lasted for about 15 
minutes. After the completion of the game, the students 
were asked to fill up a design validation questionnaire via 
google forms. It contains 21 items, as detailed in Appendix 
A. These items covered the six components of the SGDA 
framework and motivation and memory. Students rated 
their experiences based on a Likert Scale ranging from 1 - 5 
and an open-ended question to allow for detailed feedback. 
Before the start of the game, the students were asked to 
complete a quiz on brain anatomy and function deployed 
with Kahoot (Appendix B). It consisted of 11 conceptual 
questions and was used to determine the baseline of the 
students’ knowledge of the concepts to be covered. After 
completing the scenarios, students attempted ten MCQs 
within the game and will have to answer all questions 
correctly to cycle back to the final destination. If the student 
had selected the wrong answer, they were prompted to 
try the question again. This was repeated until the student 
selected the correct answer. If a wrong answer was selected, 
students were also given the option to re-visit the concepts in 
the BrainSpace before trying the question again. MCQs were 
assigned randomly from a pool of 34 questions (Appendix 
C). The in-game quiz scores were compared against the 
pre-game data to determine if the students acquired new 
knowledge. 

Figure 1: Photographs of students during the playtest of 
MemoryTrail VR.

Statistical analyses

Group mean values were analysed by either Student’s 
unpaired test or one-way ANOVA with post hoc analysis 
using Tukey’s test as appropriate using Graphpad Prism 
6 software (GraphPad, San Diego, CA, USA). All data were 
presented as mean ± standard deviation (SD). Statistical 
significance was considered when the p-value was <0.05. 

Results and discussion

Design validation questionnaire 

After playtesting the game, the students completed the 
design validation questionnaire, consisting of 21 items 
(including three open-ended questions). The overall survey 
data revealed a total score of 69.3/90, demonstrating that 
the students tended to agree (neutral to agree range; 54-
72) that the game elements were aligned with its purpose 
(Figure 2). Next, the questions relating to the different 
components of the adapted SGDA framework were critically 
analysed.

Figure 2: Pie chart illustrating the overall respective scores 
for each design validation component in the parenthesis. 

We found that for the question related to the purpose 
(question 1, Appendix A), the game scored a score of 4.28/5, 
indicating that most of the students agreed that they 
were aware of what the game was testing them (Figure 2). 
Furthermore, for questions relating to the content, narrative, 
framing and aesthetics and graphics (Figures 3A-D), the 
game had a combined score of 7.28/10, 11.1/15, 7.15/10 
and 8.06/10, respectively (Figure 2). These results suggest 
that students were neutral and tended to agree (>3.5 out of 
points on the Likert scale) that the content, narrative, framing 
and aesthetics of the game were coherent and cohesive to 
the purpose (Figure 3A-D). 

Open-ended feedback revealed that students were engaged, 
could relate, and enjoyed flipping through the brain 
factsheet. While the purpose and content of the game were 
clear to them, it was suggested that the storyline could be 
more realistic or that there could be a clearer link between 
the storyline and educational content. It was proposed that 
more leading questions could be added in immediately after 
the concepts were shared. There was a suggestion that the 
dialogue could be made more relatable by using recordings 
of actual people rather than using an AI-generated voice 
(Table 1). Another feedback was to break down the concepts 
into specific functions instead of the general functions of 
each region of the brain and nervous system.

Regarding the mechanics of the game (Figure 4A), the 
game scored 16.5/20 (Figure 2). This showed that the 
students mostly agreed that the game was easy enough to 
navigate and the instructions were clear and easy to follow. 
Moreover, students provided feedback that they liked the 
narrative of the game and the relatability of the storyline. 
There was a suggestion to add more scenes so that the 
narrative and concepts could be intertwined better. Lastly, 
for questions pertaining to motivation and memory (Figure 
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Figure 3: Likert score of the individual questions within 
the different components for design validation, including 
A) content, B) narrative, C) framing and D) aesthetics and 
graphics. All data were presented in mean±SD, n=53. 

Table 2: Examples of students’ open-ended feedback from 
the playtest questionnaire.

4B), the game had a score of 15.0/20 (Figure 2), suggesting 
that the students were neutral or tended to agree that they 
felt motivated to play the game and that it triggered their 
memory. Specifically, for questions 19 and 20, which asked if 
students felt that they were granted autonomy in the game 
or if they would play the game again, the game scored 
3.45±1.28 and 3.64±1.23, respectively. Similarly, based on 
open-ended feedback, students felt that they would have 
preferred more freedom to make choices in the game. This 
could be because the game was designed in a linear manner 
where each scene would play consecutively. The players 
were not allowed to make decisions at each juncture of the 
game whether to proceed or not, and this may have reduced 
autonomy.

In summary, the overall questionnaire data validated 
that MemoryTrail VR was a serious game designed with 
components which were mainly coherent and cohesive with 
its purpose. We found that using a structured framework 
to design and evaluate the game enabled us to collate 
meaningful feedback and identify specific areas for 
improvement for the next version of the game. Our findings 
concur with Verschueren et al. (2019), who reported that the 
establishment of a well-defined framework that represents 
the consensus views of the serious games for the health 

Figure 4: Likert score of the individual questions within the 
different components for design validation, including A) 
mechanics and B) motivation and memory. All data were 
presented in mean±SD, n=53. 

research community would help developers improve the 
efficiency of internal development processes, as well as 
the chances of success. A consensus framework would also 
enhance the credibility of such games and help provide 
quality evidence of their effectiveness. We went a step 
further to include an additional component of motivation 
and memory that proved to be important, and we received 
feedback on how to improve our learners’ motivation to play. 
For example, allowing for more autonomy for the players 
as they navigate the game. Notably, data on the perceived 
competence was encouraging and will be useful for us to 
gauge any improvements during iterative evaluation. 

Assessment of learning outcomes from gameplay

As the purpose of the MemoryTrail VR game was to facilitate 
students’ learning of brain anatomy and memory concepts, 
we needed to verify that learning was indeed achieved via 
the gameplay. A series of MCQs were used to assess the 
various concepts, as listed in Appendix C. A pre-game quiz 
administered using Kahoot was used to determine pre-
existing knowledge, and it was observed that for the majority 
of the questions, less than half of the students were able to 
answer the questions correctly. It was noted that the weakest 
concepts were the parts of the neuron and its functions, 
the limbic system, and the cerebrum and cerebellum. 
Subsequently, the students completed MemoryTrail VR and 
were assessed using randomly assigned MCQs within the 
game derived from the same MCQs pool. 

Overall, by comparing the mean percentage of students who 
answered the questions correctly between the pre-game and 
in-game quizzes, there was a significant (p= 0.0044) increase 
(25.7%) in the mean percentage of students who answered 
the questions correctly for the in-game quiz, suggesting that 
the students were able to acquire concepts related to brain 
and memory through the gameplay (Figure 5A). While there 
was a significant increase in the overall mean percentage of 
students who answered the questions correctly, we noted 
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that not all the questions were consistently improved, 
as some of the questions were answered incorrectly by 
the students even after the gameplay. From Figure 5B, 
out of the ten questions tested, there were six questions 
(questions 1, 2, 3, 7, 22 and 23) that a greater proportion of 
students answered correctly during in-game after the first 
attempt compared to students answering those questions 
during the pre-game quiz. MemoryTrail VR was designed 
to allow learners to make errors, and they were given the 
chance to revisit concepts and progress in the game after 
multiple attempts and finally answer the questions correctly. 
Interestingly, it was observed that most of the students were 
able to answer all of the questions correctly by their second 
attempt in the in-game quiz (Figure 5B).

Figure 5: A) Percentage of students who answered 
questions correctly in the pre-game and in-game quizzes. 
B) Percentage of students who answered ten questions 
correctly in pre-game and in-game quizzes during their first 
and second attempts. All data were presented in mean±SD, 
* Significantly different from pre-game, unpaired Student’s 
t-test, P<0.05, n=41-47. 

To further determine which concepts of the brain and memory 
were acquired during the gameplay, we examined the 
percentage of students who were able to get the questions 
correct during their first, second or third attempts. Based 
on Figure 6A, we noted that for the 17 questions pertaining 
to the parts of the neuron and its functions, 56.5±12.6% of 
students who attempted the questions were able to get the 
question right on their first attempt. There was a significant 
improvement in the percentage of students that were able 
to answer the questions correctly by their second attempt 
(79.8±16.6%) and third attempt (90.8±12.2%). For the set of 
five questions relating to the nervous system, 65.2±27.5%, 
89.4±10.1%, 93.3±6.5% of students were able to get the 
correct answer by their first, second, and third attempts, 
respectively. While the improvement was still observed 
after the second or third attempt, there was no statistical 
significance observed as the percentage of students who 
obtained the questions correctly was more variable at the 
first attempt (Figure 6B). 

For the set of eight questions testing the parts of the 
brain and its functions, 42.9±25.8% of students answered 
the question correctly on their first attempt (Figure 6C). 
Furthermore, 67.4±13.3% and 88.9±8.3% of the students 
answered the questions correctly after the second and third 
attempts, respectively, which was a significant improvement 
from the first attempt. Similarly, for questions on the limbic 
system, cerebrum, and cerebellum, 52.7±12.3% of students 
answered the question correctly in their first attempt, 
with significant improvements after the second and third 
attempts (Figure 6D). Taken together, it was evident that 

Figure 6:  Percentage of students who answered in-game 
quiz questions correctly at first, second or third attempts to 
concepts pertaining A) parts of the neurons and functions, 
B) the nervous system, C) parts of the brain and its functions 
and D) the limbic system, cerebrum, and cerebellum. All 
data were presented in mean±SD, * Significantly different 
from the in-game first attempt, One-way ANOVA, Tukey’s 
post-hoc test, P<0.05, n=3-17. 

the majority of the students were able to select the correct 
answer on the second attempt for the question. 

Our results verified that there was indeed evidence of 
learning achieved by the students because of the gameplay, 
specifically the significant increase in the percentage 
of students who answered questions correctly when 
comparing the pre- and in-game quizzes. We can conclude 
that MemoryTrail VR enabled students to understand, 
remember, and recall the concepts covered, as compared 
to their knowledge of the content before playing the game. 
Interestingly, results showed that students tended to do 
better for questions on the nervous system and limbic 
system. A possible explanation for this could be that the 
nervous and limbic systems were the last concepts to be 
covered before the students attempted the quiz. Another 
explanation could be that the nervous and limbic systems 
were more concise segments, thus allowing the students to 
digest the content easily, as there was less information to 
process at one time. 

Conclusions 

The result of this research demonstrated that the design 
and development of the MemoryTrail VR using an adapted 
Serious Games Design and Assessment (SGDA) framework 
was able to enhance the learning process of undergraduate 
students with respect to engagement, fun and learning 
outcomes. The various game elements enabled students to 
understand and appreciate the concepts and subsequently 
apply the knowledge gained during the quiz in an interactive 
manner. This study also highlighted the importance of 
adopting a structured approach towards the design of 
digital-based learning solutions that could help to guide the 
validation process to obtain meaningful feedback. Based on 
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the data obtained, we will reflect on the various components 
and make refinements to the current version of MemoryTrail 
VR with the goal of eventually developing a serious game 
that is theory- and evidence-driven.
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