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Abstract

Background: Augmented Reality (AR) as an interactive communication tool has matured to the point that it can be used in the
classroom to engage medical students.

Objective: We assess a state-of-the-art AR game published together with a modern cell atlas on cells of the oral cavity to
investigate the trade-offs of the new technology to convey medical knowledge.

Methods: A serious game is designed and created to represent state-of-the-art knowledge on osteoclasts for the classroom. The
game is evaluated for its usability and a vignette experiment is conducted comparing the topic of Osteoclasts in the AR game and
a textbook option conveying the same information. Participants are randomly assigned and their learning success is measured
after the treatment, one week later and one month later. We also assess the use of the game in the app store to gain general
insights.

Results: A serious game elicits strong interest in the topic and motivates students. The learning outcomes are comparable to text-
based self-learning but with higher engagement. Furthermore, curious students benefit more from interactive learning methods
compared to text-only methods and have higher learning success.

Conclusions: Introducing new technology like AR into teaching curricula requires technological investment, updated curricula
and careful application of learning paradigms. AR-based learning may serve especially curious students that usually learn less in
text-heavy teaching. In addition, a new generation of students is soon entering the classroom that is very used to short and
entertaining information exchanges and our methods repertoire needs to adapt to these new realities.
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Applying  Augmented  Reality  to  Convey  Medical  Knowledge  on
Osteoclasts:  A  User  Study

Figure 1: The AR Osteoclast serious game being played in a lecture hall.

Abstract

Background:  Augmented Reality (AR) as an interactive communication tool has matured to the
point that it can be used in the classroom to engage medical students. 

Objective: We assess a state-of-the-art AR game published together with a modern cell atlas on cells
of the oral cavity to investigate the trade-offs of the new technology to convey medical knowledge.

Methods: A serious  game  is  designed  and  created  to  represent  state-of-the-art  knowledge  on
osteoclasts for the classroom. The game is evaluated for its usability and a vignette experiment is
conducted comparing the topic of Osteoclasts in the AR game and a textbook option conveying the
same information. Participants are randomly assigned, and their learning success is measured after
the treatment, one week later and one month later. We also assess the use of the game in the app store
to gain general insights.

Results: A serious game elicits  strong interest  in the topic and motivates students.  The learning
outcomes  are  comparable  to  text-based  self-learning  but  with  higher  engagement.  Furthermore,
curious students benefit more from interactive learning methods compared to text-only methods and
have higher learning success.

Conclusions:  Introducing new technology like AR into teaching curricula  requires technological
investment, updated curricula and careful application of learning paradigms. AR-based learning may
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serve especially curious students that usually learn less in text-heavy teaching. In addition, a new
generation of students is soon entering the classroom that is very used to short  and entertaining
information exchanges and our methods repertoire needs to adapt to these new realities.

Keywords: Tablet-based Augmented Reality; Osteoclasts; Educational Game; User Study; Vignette
Experiment

Introduction

Active learning strategies focus on the students’ autonomy and agency over their learning process
[1]. The maturity of visualization technology opens new doors for interactive learning paradigms [2].
The application of immersive media  [3] with Augmented Reality (AR) is an interesting option to
enrich medical  teaching (Figure 1).  However,  the study of  the educational  benefit  of interactive
content is still in its infancy. One potential pathway for improving the learning experience could be a
reduced cognitive load through the visualizations  [4].  It  is  important  to  both match content  and
medium to produce a coherent learning experience for the students [2]. In this study, we explore both
the content generation for immersive learning and the impact it has on student performance.

Knowledge of physiology is essential for teaching health sciences, including medicine and dentistry.
For surgical subjects  such as orthopedics or oral  & maxillofacial  surgery,  bone physiology is of
special interest [5]. Many therapies including dental implant placement are based on the success of
bone remodeling [6]. Therefore, the understanding of bone biology in general and bone remodeling
is important. In medical school, this is currently taught mainly in histology, where these tissues are
visualized and discussed at the microscopic level  [7]. Nowadays histology classes include lectures
and some microscopy lab components. The spatial understanding of two-dimensional (2D) sections
is intrinsically challenging for the students [8].

In the past decades, active learning strategies and tools have been developed to improve teaching
(i.e.,  flipped  classroom,  problem-based learning,  productive  failure).  Many  studies  have  already
shown  that  such  methods  can  improve  understanding,  long-term  learning,  transfer,  and  the
development of self-directed learning skills  [9–12]. In this context, serious gaming for teaching is
interesting.  A study performed by Felszeghy  et  al. [13] showed that  the  use  of  gamification  in
histology teaching can enhance student learning.

Augmented  reality  (AR)  is  a  relatively  new  technology  that  enables  the  integration  of  real
environmental stimuli into a digitally generated three-dimensional (3d) representation [3,14]. It is a
type of technology in which computer-generated virtual content is superimposed over real structure,
enhancing the sensory perception of reality  [15]. From a learning stand-point,  AR is particularly
interesting as it enables active forms of learning  [16], and co-locates information and its referent,
thus reducing split-attention effects [17], while also supporting collaboration and social incentives to
learning  [18]. This raises the question, whether a hands-on immersive AR experience may help to
understand complex physiological processes.

In the early 1990s first basic computer-assisted anatomy programs appeared  [14]. The continuing
development  of  hard-  and  software  technologies  and  the  availability  of  modern  head-mounted
displays (e.g. Microsoft HoloLens) have opened new possibilities for teaching and learning tools
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[19]. AR has also benefited from the continuous improvement of smartphones and tablet devices
[20]. Examples for the use of AR are the Augmented Creativity Coloring Book app  [21], which
brings colored drawings to life in AR,  and the Viseum app [22], which “augments” an artwork in an
art  exhibition  with  contextualized  information  fostering  art  education.  Both  apps  were  designed
under  the auspices  of the Game Technology Center,  ETH Zurich,  Switzerland.  They present  3D
objects, images, videos, or audio superimposed over the real world and enable an interaction in a
mixed reality  space.  In  general,  AR starts  to  influence  everyday life;  to  name a  few examples:
Snapchat filters, Pokémon Go, IKEA Place [23]. But medical education has also seen applications,
e.g. in nursing education [24] and has been generally considered useful [25].

The aim of this project was to “augment” a medical textbook / cell atlas with a strong focus on
photorealistic imaging (Visual Biology in Oral Medicine, Quintessence Publishing [5]) by means of
an AR-based App. The text book itself was partially inspired by six computer-animated scientific
videos on cell communication processes in a clinical context and state of the art reviews  [24–27].
The App AR Osteoclasts was designed to enable an enhanced visual experience of bone physiology,
see Figure 1. The process of bone resorption and new bone formation is described in the underlying
book chapter on osteoclasts (p. 145. The AR-App enables the user to experience these processes of
bone  remodeling  actively  by  interaction  with  an  AR-world.  With  the  present  study  we  analyze
whether dental students show an improved understanding in bone physiology, after having played
this App. Further, the level of motivation was assessed. 

We  formulate  the  following  hypotheses  based  on  previous  learning  literature  and  the  topic  of
osteoclasts:

H1a: Learning about Osteoclasts with a serious AR game is as least as effective as learning
from text.

H1b: The AR experience results in better learning outcomes on visual questions.

H2: Learning in AR is beneficial for curious learners, who benefit more from active learning
as they tend to explore more.

H3: Topics around the visual components of the game are more easily learned from the AR
experience.

H4: Long-term learning is improved through experiential learning in the AR game.

Methods

This paper relies on two kinds of methodology to assess Augmented Reality Serious Gaming for
Learning. First, we present our approach for the usability study focused on gaining insights into the
effectiveness of the present game. Second, we present a learning experiment, where we explore how
AR learning compares to classical text learning. We use a difference-in-differences design to assess
learning outcomes quantitatively and automated text-analysis to assess the outcomes qualitatively. In
the Appendix D, we present how the game was designed to support the mechanisms for learning with
AR.
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Usability study

The usability study has two goals, first to validate that users can experience the full content of the
game. Second, to understand their subjective experience of the game mechanisms. For an optimal
learning experience, we want to ensure that users understand the game mechanisms so that we do not
test their skills in operating the game instead of learning outcomes [28].

Recruitment

We investigate the usability of AR osteoclasts  from two sources. First,  the game has been made
available with a QR code in the book. This brings in expert users and students to play the game as
they use the book. The engagement with the game is optional. We engage these with a voluntary
survey  after  playing  the  game that  resembles  the  survey  from the  student  learning  experiment.
Participants  gave  informed  consent  before  starting  the  survey.  Second,  we  use  our  learning
experiment to also evaluate the usability in a controlled context (Appendix 1A.1 Figure S1). The
recruitment for in-person participants is detailed in the section on the student learning experiment.

Methods

The survey after the AR experience evaluates the design of our game in terms of user experience. For
the course students,  we  employ the 1short  version of the User Experience Questionnaire (UEQ)
[29,30], that is the UEQ-S [31], to increase retention [32]. These questionnaires allow a distinction
between objective (pragmatic) and subjective (hedonic) qualities of the experience.  To understand
the role of AR in the resulting experience, engagement, and learning outcomes, we investigate the
immersion  using  the  Augmented  Reality  Immersion  (ARI)  questionnaire  [33].  This  is  crucial  to
understand whether students were indeed immersed in the activity and could benefit fully from the
AR capabilities. 

Finally, we investigate how well participants were able to use the game by looking at several key
indicators. First, playtime is gathered by stages to assess how long people engaged with the mini
games as well as with the encyclopedia. Second, activation of the AR scene is counted to check how
well people could operate and interact with the AR scene. As we use marker-based AR, the scene is
activated when the picture presented in the book is sufficiently in the tablet's field of view and lost
otherwise. Lastly, we assess the user actions in the AR game as either being a “success”, a “miss”, or
a “fail”. A success is an interaction that was performed according to the game design. A miss is an
interaction that is close to the game design but does not trigger the desired outcome. For example, in
the first part of Mini-Game 1, a circle is drawn not on the bone surface but the blood vessel. Lastly, a
“fail” is an interaction that was not planned in the game design. It is noteworthy that explorative
behavior may be considered a failure in this setup.

Student Learning Experiment

Recruitment

The dental students of the last year of dental school attending a course at the end of their studies,
being adequate to the topic and content level were selected. All students were informed in advance
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about the study taking place during class. The study was explained to the students before the start.
Participation  was  optional.  Students  gave  informed  consent  before  participating.  The  study was
approved by the ethics commission of the University of Zürich (2024-258707).

Methods

As opposed to linear expository texts, our serious game leverages students' curiosity and exploration
affinity, which, in turn, may impact learning outcomes. To account for this, we employ the curiosity
and exploratory inventory II (CEI-II) [34], focusing on curiosity trait (general curiosity), as we are
interested in how students’ curiosity trait impacts their experience, as opposed to how the experience
impacts students’ curiosity state (curiosity at the time of playing).

We used three types of learning constructs to evaluate the students'  learning outcomes. First, we
implemented questions that require recall of knowledge attained in the game. This is the simplest
form of knowledge retention. Second, we implemented questions that require transfer of knowledge
to apply what they learned in the game to new problems or contexts  [35]. Lastly, we augmented
knowledge transfer with visual knowledge transfer where students are presented with a visualization
of a process and are asked to transfer knowledge from their game experience. This is important as
transferring  to  other  representations  requires  both  an  understanding  of  the  content  and  of  the
representation  (representation  dilemma),  making  it  a  more  difficult  transfer  task  [36].  The
visualizations are not produced in-game and are unrelated scientific visualizations. 

Human  motivation  is  often  characterized  by  the  ARCS (Attention,  Relevance,  Confidence,  and
Satisfaction) model  [37,38] which in turn is solicited with the Instructional Materials Motivation
Survey (IMMS). Attention refers to how well the learning materials catch the attention and interest of
the learner.  Relevance relates to how relevant and connected to the real world the materials  are
perceived to be by the learners. Confidence captures how confident the learners feel regarding their
future success in the discipline when using the materials. Lastly, Satisfaction defines how satisfied
the learners are with their own progress when learning with the materials.

The students are randomly assigned into two separate treatment groups where one receives only a
text describing bone remodeling and the other receives first the same text and then is allowed to play
the game (Figure 2). The text describes the processes that take place in the game and thus both can
be  considered  to  provide  the  same  information.  To  better  assess  knowledge  retention,  the
questionnaires on the knowledge attainment are presented to the participants three times. First, they
are presented directly after the learning experience. Second, they are presented one week after the
learning experience  and lastly,  they  are  presented  one  month  after  the  learning experience.  The
usability study is conducted only with the participants of the AR game.
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Figure 2: Protocol for the student learning experiment. Students are randomly assigned into the text-
only group (blue) and the AR experience (red). General demographic information is acquired before
the experiment and user study and the outcome is measured three times to gauge long-term retention
of knowledge.

Statistical Analysis

Power

Given that we are analyzing the difference for a binary classification, we can take the difference in
recall rate (remember an answer correctly) for each treatment as our variable of interest. We aim for
an effect size of 10% difference in the recall rate with a standard deviation of 10% in recall rate. At
an alpha level of 0.05 and power of 0.8, this amounts to a total of 32 required participants (at least 16
per group). 

Data Exclusion

No data points from the 39 participants were excluded by principle. However, attrition removed 2
participants during the experiment. The first follow-up survey to recall the learned material only had
6 responses and the second follow-up survey to recall the learned material only had 15. The follow–
up studies do not allow for statistical evaluation given our power analysis.

Linear regression model

We develop linear regression models for our three learning constructs, Recall, Transfer and Visual
Transfer as well as a composed model that joins the performance across all three constructs. Each
model has the learning construct as the dependent variable and the following independent variables:

y=β0+β1⋅Treatment+β2 ⋅CEI 2+β3 ⋅ARI+ β4⋅Grade+ β5 ⋅ Age+¿

β6⋅Gender+β7⋅Experience+ β8 ⋅ Image+β9 ⋅Interaction+¿  
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β10⋅Text+β11 ⋅Treatment ⋅CEI 2+ε  

The Treatment is defined as either being AR or Text-only learning. The CEI2 is the sum across all
CEI-II items. The ARI is the sum across all ARI items. The Grade is the Swiss grade as reported by
the student, between 1 (worst) and 6 (best). The Age is a self-reported 5-year-age bracket converted
to a continuous scale. The Gender is either male, female or other. In our sample, we did not have the
latter category. The Experience refers to the expertise participants had with osteoclasts before scored
as a 5-point scale from no knowledge to regular interaction. The Image, Interaction and Text refer to
preferred  modes  of  learning  as  self-reported  by  the  student.  The  β 11 is  the  coefficient  for  the
interaction between the treatment group and the CEI-II.

As  interaction  models  are  notoriously  difficult  to  interpret  [39],  we  use  marginal  effects  to
understand  the  impact  that  the  interaction  between treatment  and  CEI-II  has.  We use  unit-level
conditional estimates of the empirical distribution to compute the marginal effects for the full range
of the CEI-II scale from 10 to 50 points with heteroskedasticity-robust standard errors at the 90%
confidence interval [40].

Text Analysis

Students were asked to answer three text-based questions about bone remodeling (Table 2). We used
encouragement designs [41] to ask for a longer answer. The text answers provided by students are
analyzed with structural topic modeling  [29] to understand the relationship between the students’
responses  and  the  treatments.  Topic  modeling  in  general  finds  themes  in  a  large  set  of  written
documents that are coherent. Structural topic modeling expands these tools with the option to add
covariates to the documents that contain meta information not included in the documents themselves.
We use structural topic modeling to annotate the treatment, which question they answered, which
texts  come from the  same person,  and how many weeks after  the  treatment  they  answered the
question.

Table 2: The questions for the text analysis.

Title Question

Q1 Formation Describe the formation of an osteoclast in 3 to 6 sentences.

Q2 Function Describe in words the function of osteoclasts and osteoblasts
in the canopy in 3 to 6 sentences.

Q3 Differentiation Describe the processes and molecules involved in osteogenic
differentiation, and the role they play in 3 to 6 sentences.

Topic  modeling  is  a  statistical  iterative  process  and  largely  depends  on  initialization  [29].
Furthermore, the number of topics is a priori unknown and needs to be determined. First, we run a
large set of models with different numbers of topics from 2 to 20 multiple times. We also investigate
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the behavior for different numbers of topics with and without covariates (see appendix A1).  We
determine  that  K=10  topics  is  optimal  for  the  text  data  we  acquired.  To  counter  issues  of
initialization, we run 100 models with K=10 topics and choose the best model for the trade-off of
exclusivity and coherence.

The  topics  are  labeled  by  three  independent  experts  and  the  intercoder  reliability  index
Krippendorff’s α  [42] is calculated to determine the quality of our labels. Krippendorff’s α ranges
from -1 to 1 with 1 indicates a perfect match, 0 indicates randomly chosen labels and -1 indicates
inverse  labeling  [43].  Typically,  ratings  of  0.8>α  indicate  high  reliability  and  0.67>α  indicate
acceptable reliability [42].

Survey Analysis

To understand how participants subjectively perceive the learning in AR, we calculate the differences
for  responses  to  the  ARCS  model  with  a  Wilcoxon  signed  rank  test  [44].  The  full  IMMS
questionnaire [38] is available in the appendix (Multimedia Appendix 2F).

Results

First, we present the results of the usability study to understand how well people take on the AR
experience and whether they were able to learn with the game. Second, we explore the effectiveness
of our difference-in-differences design for comparing text-based learning with AR-based learning.

Usability study

Surveys

We assessed the Augmented Reality Immersion (ARI) of participants and found that generally people
online were more immersed. To some degree, this may be due to the classroom setting of the student
experiment (Figure 3).
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Figure  3:  ARI  results  grouped  by  constructs  from both  the  online  participants  and  the  student
participants.

We also look at the user experience with the UEQ-S survey. As the scales are subjective in judgment,
the developers of UEQ-S have provided a benchmark that compares the usability across the average
of thousands of other usability studies. Both online and offline, the game was perceived positively
for its hedonic quality but was lacking somewhat in the pragmatic quality compared to these other
usability studies (Figure 4).

Figure 4: UEQ-S results from online respondents and in-person respondents. The online respondents
have a more positive perception of AR osteoclasts placing its hedonic quality significantly above the
mean of UEQ-S whereas in-person respondents only rate it slightly above average. The pragmatic
quality is not significantly above average.

AR experience

The UEQ is not focusing on AR experiences, so we also gauge whether participants are able to
access the AR environment continuously. We track how often they lose and find the page on which
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the AR scene is anchored (Figure 5). We opted for this feature so that people who focus on the page
get the AR experience from the first moment. In the tutorial, the scene can be seen but is not the
focus as the User Interface is explained. Only in the AR setup stage do we train participants how to
focus on the page. After the training,  we can see that for the rest of the time people effectively
refocus on the page bringing us to net zero between pages lost and found for the AR tracking.

Figure  5:  Usability  of  the  AR  features  based  on  whether  the  AR  was  able  to  be  displayed.
Disconnected  AR was  caused  when  the  camera  could  not  see  the  book  page.  Connection  was
reestablished when the book page came into focus.  During the Tutorial  and the AR setup,  most
people acquire the AR display. During the game, the average is around 0 indicating that people were
able to recover from losing the AR display.

Playtime

The completion time by stages of the game reveals three patterns of interest (Figure 6). The average
play time starts off as a normal distribution but as the stages progress it transforms into a trimodal
distribution. At the end of the game, we have three distinct peaks at t=3 minutes, t=8 minutes, and
t=16 minutes. We will refer to these as short, average and extensive playtimes, respectively. These
playtimes are indicative of playstyles [45] that either try to play the game as fast as possible, engage
with  the  content  as  presented  or  try  to  explore  every  possible  aspect  of  the  game.  The  tail
probabilities indicate that about half of the participants belong to the average playtime group (p=0.5)
whereas both other groups have a tail probability of around 10% (p=0.1).
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Figure 6: The stages of the game are shown from top to bottom. The time to complete is shown
across all participants. The height of the ridges shows how many participants completed the stage at
a specific minute. The colors are based on the empirical cumulative distribution function indicating
that 95% of participants fall in the blue to green area and only 5% fall in the yellowish tones. We can
see that the main cohort play the game in 8 minutes and that there are a few fast players completing it
in 3 minutes and slow players completing the game in 16 minutes.

User actions

We show the user interactions by game stage to investigate how easily participants were able to
engage with the content (Figure S4 Appendix A.3). We observe that most failures to interact happen
in the first game stage. There are two potential causes, either people do not yet understand what to do
or  they  are  so  curious  about  the  novel  environment  that  they  randomly  interact  with  anything.
Furthermore, half the stages exhibit “miss” rates of nearly 50%. This could indicate that people had
difficulties with the user interactions where they understood what to do but were not able to do it
correctly. Finally, two stages have success rates above 80% indicating that participants understood
the tasks and performed them correctly. 

However, we would like to understand the failures and misses better. Therefore, we investigate the
user interactions by playtime leaning on the trimodal distribution of timing (Figure 7). For short
playtime, we find very low failure rates and distinctly higher success rates than for the overall group.
For the average playtime, we find that most failures are concentrated in this group. Lastly, we find
that the average player seems to get more used to the game mechanics in the next stage where they
exhibit a high miss rate instead of a failure rate. Overall, many misses in the last stages are accrued
by the extensive playtimes.
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Figure 7: Short play times relate to higher success rates and extensive playtimes have higher miss
rates. Most failures are occurring with average playtime, especially at the beginning of the game.

Student Learning Experiment

The student learning experiment gives us crucial insight into how much the students were able to
learn from the serious game. We find support for H1a but at this point we find no indication for H1b.
However,  this  study  is  possibly  underpowered  as  some  of  the  questions  were  not  apt  at
discriminating between different levels of learning as they were too easy and might have induced a
ceiling effect. For H2, we find evidence and for H3 we find from topic modeling that topics around
cells are more prevalent in AR and topics about the process are more connected to the text. Lastly,
we cannot fully assess H4 due to participant attrition of the long-term study. In summary, we find
that  overall  students  learn  the  key concept  but  that  curious  students  benefit  the  most  from AR
experiences.

Student Statistics

39  Students  (23  female,  14  male,  2  not  registered  because  of  attrition  before  the  survey  and
preference not to answer) aged 27 (standard deviation = 3.6; measures in 5-year blocks). Students
mostly heard of osteoclasts (36 students), and a few had worked with osteoclasts before (2 students).
6 students started studying dental medicine with the master’s program (0-1 years in dental medicine),
most students started with dental medicine in their bachelor’s program (3 years of experience) and 6
students have extended experience (5 years of experience). Students also self-reported their CEI-II as
32.26 on average (standard deviation = 6.74).

Evaluation Outcomes

We evaluate the outcome of the multiple-choice questions for recall,  transfer,  and visual transfer
tasks and the text responses of participants.
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Multiple-choice questions

We report the participant responses as the proportions of correct answers for each question. For recall
tasks (Appendix 1B, Figure S5), we report very high correct responses, indicating a ceiling effect.
Whereas  several  questions  have been answered correctly  by 100% of  the participants,  there  are
minor differences between treatment groups. However, these appear to be random. For transfer tasks
(Appendix  1B Figure S6),  we observe  that  two questions  appear  simple  with very  high  correct
response rates similar to recall tasks. The other three questions have much correct response rates
ranging from 50%-70%. Lastly, for visual transfer tasks (Appendix 1B Figure S7), we report the
lowest  correct  response  rates.  A Welch  t-test  reveals  that  the  AR treatment  is  not  significantly
different from the text treatment in terms of learning outcome (p=0.114). A comparison with the
online sample exhibits the same characteristics (Appendix 1D). All transfer tasks have nominally
higher scores for text treatments but not on a significant level.

In our regression analysis (Table 3), we report no significant results for recall and transfer learning.
These models have adjusted R2 of 0.03 and 0.12, respectively. Their f-statistics are not significant.
The  models  for  Visual  Transfer  and  Total  cumulative  score  have  a  significant  f-statistic
(fvisual_transfer=2.78  and  ftotal=2.63,  respectively).  Only  the  visual  transfer  model  reports  significant
effects for the AR treatment (pvisual_transfer= 0.04). All other models cannot make a difference between
the  treatment  conditions  for  the  outcome  variables.  Across  models,  we  also  find  that  previous
experience  with  osteoclasts  is  a  strong  predictor  of  the  result  (ptotal=0.02,  ptransfer=0.08,
pvisual_transfer=0.07).  For  the  visual  transfer  task,  we  also  find  a  significant  effect  of  the  CEI-II
(pvisual_transfer=0.02),  the  interaction  effect  (pvisual_transfer=0.06)  and  the  preference  for  text  learning
(pvisual_transfer=0.02).  Lastly,  the cumulative score also finds  a significant  effect  for the participants
being male (ptotal=0.06). 

Table 3: Student outcomes for the three learning tasks and a cumulative score.
For each variable, the top row indicates the effect size and the bottom row the standard error. 

Dependent variable:

Total Recall Transfer Visual Transfer

AR treatment -0.211 0.079 -0.091 -0.620**

(0.175) (0.208) (0.362) (0.291)

CEI-II -0.001 0.005 0.005 -0.014**

(0.003) (0.004) (0.007) (0.006)

ARI 0.004 0.005 0.009 -0.003

(0.003) (0.003) (0.006) (0.004)

Swiss grade 0.040 0.049 0.061 0.011

(0.047) (0.056) (0.098) (0.079)

Age -0.006 0.004 -0.011 -0.012

(0.005) (0.006) (0.011) (0.009)

Male 0.079* 0.084 0.074 0.080

(0.041) (0.049) (0.085) (0.069)
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Experience 0.194** 0.037 0.310* 0.236*

(0.081) (0.096) (0.167) (0.134)

Image preference -0.011 0.002 -0.034 0.001

(0.014) (0.017) (0.029) (0.023)

Interaction preference -0.004 -0.013 0.007 -0.006

(0.015) (0.018) (0.031) (0.025)

Text preference 0.016 -0.019 0.014 0.054**

(0.012) (0.015) (0.026) (0.021)

Interaction of AR treatment and CEI-
II

0.004 -0.005 -0.0002 0.018*

(0.005) (0.006) (0.011) (0.009)

Constant 0.180 0.568 -0.180 0.160

(0.440) (0.522) (0.909) (0.732)

Observations 36 36 36 36

R2 0.546 0.336 0.399 0.560
Adjusted R2 0.338 0.032 0.124 0.359
Residual Std. Error (df = 25) 0.100 0.119 0.206 0.166

F Statistic (df = 10; 25) 2.627** 1.104 1.452 2.779**

Note: *p<0.1; **p<0.05; ***p<0.01

We investigate the marginal effects of the model for visual transfer learning (Figure 8). In the range
of the CEI-II index, we detect an inflection point at 36 points. For lower CEI-II scores, text-only
learning yields the best results. However, for higher CEI-II scores, AR experiences help participants
to score higher. The results are limited by the empirical distribution not having observations for CEI-
II under 16 or over 42 making the behavior in the tails of the distribution speculative. 

Figure  8:  Our model  reveals  a  strong inverse  relationship  between reading and curiosity  in  the
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students. For students that are curious, this can be offset by experiencing the information in AR.

Due  to  attrition,  we  cannot  report  statistical  results  for  the  long-  term  study.  However,  those
participants who did complete the follow-up, show remarkable performance when playing the AR
game (Appendix 1B Figure S8). Some appear to have improved the retention over time. That being
said, with such a low number of observations, it cannot be assessed further.

Text responses

We  first  illustrate  the  data  with  word  clouds  (Appendix  1B,  Figure  S9)  to  understand  what
participants responded. Generally, we find that the words correspond broadly to topics within the
question. Describing the answers to the different questions, we see certain words can be assigned to
groups. For a) formation of osteoclasts, the most common answers can be grouped to precursors
(haemopoietic, progenitor, stem) and receptors (RANKL, RGD, bind). For b) function of osteoclasts
and osteoblasts, the answers group according to the two cell types: osteoclasts (resorb, dissolve),
osteoblast (form, build). For c) osteogenic differentiation separates into cell related words (bone cell,
mesenchyme,  osteoblast,  osteoclast,  stem)  and  signaling  /  receptor  related  words  (wnt,  bmp,
RANKL, RANK).    

Our  topic  models  were  labeled  by  three  independent  raters.  Our  intercoder-reliability  reached
Krippendorff’s α=0.717. This indicates good intercoder-reliability. There is no full agreement but
when there was no consensus, we used the most probable words from the topic contrasts (Appendix
1E) to determine a label in the following figures. We look at the prevalence of topics across all texts
where 100% is all words written (Appendix 1B, Figure S10). We can see that the topic on osteogenic
differentiation and RANKL signaling are most talked about with each having about 15% or more of
the texts. The topics on differentiated cells, remodeling site and stem cell each garnered more than
10% of the total text. The topics of bone resorption mechanism, RANK signaling, bone remodeling
and multinucleated cells each gathered more than 5% of the total text. The smallest  topic is the
“Don’t know” topic that gathered uncertain responses by students.

We use the properties of structural topic modeling to assess whether our treatment is driving students
towards different topics (Figure 9). We find that in the AR treatment students write more about the
stem cells and differentiated cells whereas in the text treatment the focus is on the remodeling site
and the process of bone remodeling.  People in  the text-only treatment  more often respond with
“Don’t know”. All other topics do not exhibit significant differences between treatments.
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Figure 9: Topic prevalence by the treatments. Negative values indicate a leaning towards the AR
treatment, positive values indicate a leaning towards the text-only treatment. If the dashed line is
touched, there is no significant leaning towards either side detected.

Topics may also be driven by the three questions we asked (Appendix 1C.3 Figure S11). To gauge
whether  a  topic  belongs  to  a  specific  question,  we  need  to  check  the  topic  in  all  three  paired
comparisons between questions. For instance,  the topic on multinucleated cells is associated less
often with the question on osteoclast formation (Q1) but is strongly associated with both coordinated
function of osteoclasts and osteoblast in the canopy (Q2) and osteogenic differentiation (Q3). That
means participants are statistically significantly more likely to talk about multinucleated cells in Q2
and Q3. 

In the formation question (Q1), participants are less likely to talk about RANK-RANKL signaling
and  stem  cells  and  multinucleated  cells  and  more  likely  to  talk  about  bone  remodeling,  bone
resorption, the remodeling site, differentiated cells, stem cells, or osteogenic differentiation. In the
functions question (Q2), participants are less likely to talk about bone remodeling, bone resorption
mechanism, the remodeling site,  or  differentiated cells  and more likely to  talk about  osteogenic
differentiation,  RANK-RANKL  signaling  and  stem  cells  and  multinucleated  cells.  In  the
differentiation question (Q3), participants are less likely to talk about bone resorption mechanism,
stem  cells,  RANK  signaling,  or  osteogenic  differentiation  and  more  likely  to  talk  about  bone
resorption, the remodeling site, differentiated cells, multinucleated cells and RANKL signaling. 

Subjective Learning

For 8 questions, the IMMS showed significant differences between study groups (Appendix F Figure
S29). Student in the AR group experienced the content as more useful to their study (content useful:
“The content of this lesson will be useful to me.”; p<0.001), more organized (content structure: “The
good  organization  of  the  content  helped  me  be  confident  that  I  would  learn  this  material.”;
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p=0.049), and more worthy of study (appears important:  “The content and style of writing in this
lesson convey the impression that its content is worth knowing.”; p=0.032). Students also perceived
the presentation as more appealing (eye catching:  “These materials are eye-catching.”; p=0.047)
and easier to learn (impression easy: “When I first looked at this lesson, I had the impression that it
would be easy for me.”; p=0.044). They were also more interested to learn more about the topic
(piqued curiosity: “This lesson has things that stimulated my curiosity.”; P=0.038) and less turned
off by the presentation (too dry: “The pages of this lesson look dry and unappealing.”; p=0.037).
Students also felt  more accomplished completing the AR game (feel successful:  “It felt good to
successfully complete this lesson.”; p=0.008).  In the ARCS model (Figure 10), we find significant
effects for Confidence (p=0.023), Relevance (p<0.001), and Satisfaction (p<0.001). Participants do
not perform better, but they are overall more motivated. In particular, they feel more confident, they
feel like this is a relevant topic to learn, and they are satisfied with their progress. Interestingly, we
did not find significant differences in Attention (p=0.084). This is surprising as previous interactive
learning tools are known to increase attention [46,47]. However, this could be explained by our small
sample size.

Figure 10: Evaluating the IMMS responses according to the ARCS construct we find that Attention
(p=0.084) does not differ between learning scenarios, but Confidence (p=0.023) is increased, the
material  is  perceived with  more  Relevance  (p<0.001),  and student  experience  more  Satisfaction
(p<0.001) learning.

Discussion

In this study we evaluated the application of an AR medical teaching game in a classroom setting.
We study learning outcomes with a two-treatments design.  A group of students receives the AR
serious game in combination with a written text and is compared to a second group, which only
receives  the  text.  The  aim  was  to  analyze  whether  an  AR  game  can  positively  influence  the
engagement  of  students  in  a  new topic  and to  give  them an immersive  experience.  Further  we
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investigated whether  long-term knowledge retention  can be  improved via  this  AR tool.  For  this
purpose, the game was accessible worldwide. This allowed a worldwide community to try and play
the game, giving us broad feedback. We find encouraging signs for the positive effect of immersive
media in education with the limitations that curious students benefit most from interactive learning
media.

Principal Results

We find that presenting advanced scientific content, in our case the process of bone remodeling, in
Augmented Reality (AR) helps students to engage with material they are learning and develop a
deeper appreciation of the topic and perceive the topic as overall more important. Students in the AR
experience also achieve comparable learning outcomes (H1a). However, students that rank high in
curiosity even appear to perform better on visual transfer tasks with an AR experience than from a
textbook alone (H2). We also find that the principal mechanisms in the serious game (the cells) drive
the text responses of participants and shape how participants learn and memorize content (H3).

To disentangle the learning from the playing experience, we investigated both the user experience of
the app and the subjective learning experience of the students. We find that in-class participants rated
the user experience as less new than online participants who were overall more positive towards the
application. We explain this difference by the fact that the students took part in the experiment by
default  whereas  online  participants  approached  the  game  on  their  own  volition.  Generally,  the
hedonic quality of the game was rated higher compared to the pragmatic quality. We interpret this to
indicate that the game was visually pleasing and a positive experience. But sometimes the game
mechanics may have been too loosely related to the scientific process that they represent.

Online participants have allowed us to gain additional insights into users by increasing the number of
participants  from 19  to  a  total  of  376  before  attrition.  The  game attracted  the  most  activity  in
Germany, India,  the U.S., Chile, Switzerland and Saudi Arabia. We attribute the localities to the
distribution of the accompanying book and the prevalence of the book as a tool in education and
practice. 

We aimed for users to take about  10 minutes  to complete  the AR experience.  Most  participants
played the game for approximately 8 minutes with a trimodal distribution of playtime with minor
peaks at 3 minutes and 16 minutes indicating different playstyles for so-called speed runners (i.e.
completing the game as fast as possible) to completionists (i.e. exploring every possible aspect of a
game)  [48]. Keeping playstyles in mind may be important to improve participant engagement by
catering to their different interactions with the game. We find that people have no problems with the
AR setup of the game. However, our analysis of the user actions also indicates that average playtime
was associated with most difficulties to operate the game. One reason for this could be different prior
knowledge of AR and tech-savviness. Experienced players tend to have less trouble operating a game
[28] and can therefore explore more efficiently or more broadly.

We tested the learning outcomes for tasks ranging from recall to transfer learning and visual transfer
learning. We find no significant differences between the AR experience and text-only treatment. In
effect, the AR experience provides an equivalent opportunity to learn overall. However, we found
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two further advantages of the AR experience. First, students who are curious according to the CEI-II
seem to benefit from the AR experience when being confronted with visual transfer tasks. We find a
cutoff at  CEI-II= 35 beyond which students start  to perform better on visual transfer tasks after
playing the serious game. As dental medicine in its applied form requires interpretation of visual
tasks,  AR representations  harbor  a  great  opportunity.  Second,  the  subjective  learning experience
indicates that students who experienced the AR scene, attribute higher importance to the learned
concepts and find them relevant to learn. They also form a deeper personal connection with the topic
as they attribute it to higher personal utility. The playful experience also seems to bring students to
perceive the material as being easier to learn even if they did not improve in grading. This may allow
students to experience less pressure while learning and feel more satisfied with their performance.

We also investigate the student’s text responses to get a better understanding of the actual learning
achievements. Interestingly, the students in the serious game treatment group mention the cells more
compared to the text responses that tend to focus a bit more on processes and location. The principal
features  of  the  game in  terms of  interactivity  and game mechanics  seem to  direct  the  students'
wording in answering questions. The choice of how to represent the scientific process as a game is
crucially forming the learning experience of the students. While the long-term study has limited
generalizability, we observe that more general topics increase in topics whereas very specific topics
(RANK-RANKL signaling) decrease in prevalence.  Most topics maintained their prevalence,  and
this may point to some stable core of learned concepts that loses a bit of detail over time.

Limitations

We present four major limitations of this study that may be used as directives for future research and
guides for how to improve future research on serious gaming in AR. Serious gaming in AR for
education has to pay special attention to the (student) player characteristics, the transformation of
scientific knowledge into game mechanisms, the effectiveness of long-term measurements, and the
suitability of the tests to assess the game.

First on player characteristics. Games are not played in a vacuum by learners but by people with
diverse  backgrounds  and  gaming  skills.  Casual  gamers  [49] are  often  less  familiar  with  AR
experiences compared to other participants that prefer speedruns or completionist approaches  [48],
see Figure 18. Often, content caters to advanced players and may be lost on casual gamers. To ensure
that a serious game can achieve its goal of imparting knowledge, we need to account for play styles
in  the  game  design.  We  observe  that  most  participants  were  casual  gamers  indicating  that
performance issues in the average playtime group we found is more an issue of the user interface and
game dynamics than the actual learning content [28].

By mechanizing a scientific process into a game, we need to make choices about what to represent
and what to omit. We also decide which aspect of the process gets highlighted (visually, interactively,
and mechanically) and which aspects are only indirectly present. We find that participants in AR talk
more about the cells whereas participants with text-only focus on the location and process. The focus
of the topics indicates that the AR leads students to engage more closely with the main mechanisms
of the game, i.e. the cells, but also leads to a relative distancing of other aspects such as the overall
process.  With  the  strong  visual  guidance  of  the  game,  it  is  important  to  ensure  that  the  game
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communicates not only the knowledge by solely presenting it but also by highlighting as part of the
gaming experience. Another aspect of the text responses is the prevalence of the don’t know topic in
the text-only treatment. We cannot conclude for certain whether students remember less in the text-
only treatment or whether the students in the AR treatment decide to write something because of the
vivid impressions of the game even when they do not know what they should write. To ascertain
whether games can produce a more positive relation with the learned content it may be necessary to
design studies that focus on this particular aspect. 

The small number of participants and attrition for the longitudinal study limit our ability to draw
conclusions  in  the  long-term.  However,  some  intriguing  results  could  be  observed  that  support
further investigations. Selected students improved their knowledge retention over time when being
exposed to the AR treatment. Whether these should be attributed to individual differences, or the
treatment cannot be assessed with the collected data. The interaction of curiosity and AR treatment
looks intriguing as well, but the small number of participants requires further investigation to detect
solid proof for a positive relation between curiosity and gamified educational material.

Another limitation is the choice of tests. The questions for the three testing areas of recall, transfer
and visual transfer need to be selected carefully to both match the content and be strong enough to
elicit different responses across treatments. Ultimately, the questions may not have been difficult
enough (ceiling effect) to produce a strong difference between participants at our expected effect
sizes and power analysis. Most participants scored 75% correct or more for recall and transfer and
the strongest predictor was previous knowledge of osteoclasts. The impact of AR on the ability to
learn may not have been elicited beyond the visual transfer task. 

Comparison with Prior Work

We identified 21 investigations of serious gaming for learning in a medical context that informed our
research and to whose results we add new insights with our findings. In general, there is still a mixed
view on the efficacy of (AR) serious gaming as several studies reported null findings whereas others
reported  benefits  of  gamifying  the  learning  process.  There  are  also  positive  reports  on  process
learning with  inverted  classroom approach  [50] to  prepare  students  for  their  tasks  as  well  as  a
generally higher acceptance of the content by the student and more positive experience of learning
itself  [51,52]. Another recent study from 2023  [53] showed that game-based learning is gradually
increasing in education. The authors report that these teaching formats are well-received by learners
and can create an immersive experience for students. We similarly find positive effects on intrinsic
benefits, and we may offer an explanation as to why some studies have null-finding and others have
not.

Null-findings were reported in a study in 2017 [54], a meta-review of 13 studies  [55] and another
meta-review of 27 studies [56] and a systematic review [57] of seven studies in physiotherapy with
no significant benefits in the use of Virtual Reality (VR) or AR for learning. However, they equally
suggested that VR and AR can promote intrinsic benefits such as increasing learner immersion and
engagement. We can replicate positive effects on intrinsic benefits, but we also identified a potential
moderator effect. The curiosity to engage the gaming content crucially drives visual understanding
and only if tests capture these criteria can benefits be detected.
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Studies that focus on the spatial abilities of medical students often find benefits from the embodied
experience in VR/AR [58–62]. In medical education, a study performed in 2021 [63], comparing the
teaching efficiency between virtual reality and traditional education. The results show that the pass
rate of students using VR was significantly higher than those receiving traditional medical education.
Apparently, the students developed a better understanding of different processes and procedures. In a
study Weeks at al.  [64] investigated whether AR could improve short-term anatomic knowledge in
the head and neck anatomy compared to traditional 2D screen-based learning. The results indicate
that the AR group performed significantly better. A further study [56] was able to show that VR/AR
teaching had not only beneficial  effects  on medical education,  but also showed that this type of
teaching had a positive effect on enthusiasm and enjoyment of the participants. In our study we could
show that visual transfer tasks are also positively affected by AR-based learning. This may be due to
also eliciting spatial understanding in the medical context.

Conclusions

Immersive serious gaming in Augmented Reality is an important new tool for education in medical
sciences and beyond. Scientific content is often hard to communicate and may scare off especially
new students. Immersive media offer an engaging opportunity for students to familiarize themselves
with  complex learning material.  We solidify  previous  findings  that  students  build  up a  stronger
connection with the content and perceive it more positively. For easy tasks, in line with the literature,
we do not find learning benefits when using AR to create immersive experiences but for complex
visual transfer tasks, we find that especially curious students benefit from AR-based learning. We
contribute  to  the  literature  by  identifying  a  potential  pathway  via  curiosity  when  immersive
experiences  are  especially  fruitful  for  the  student  learning.  Immersive  serious  gaming  provides
students  with new perspectives on the content  and for a  subgroup of curious students  can even
influence their learning outcomes.
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BMP: Bone Morphogenetic Proteins
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RCT: randomized controlled trial
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The AR Osteoclast serious game being played in a lecture hall.
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Protocol for the student learning experiment. Students are randomly assigned into the text-only group (blue) and the AR
experience (red). General demographic information is acquired before the experiment and user study and the outcome is
measured three times to gauge long-term retention of knowledge.
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ARI results grouped by constructs from both the online participants and the student participants.
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UEQ-S results from online respondents and in-person respondents. The online respondents have a more positive perception of
AR osteoclasts placing its hedonic quality significantly above the mean of UEQ-S whereas in-person respondents only rate it
slightly above average. The pragmatic quality is not significantly above average.
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Usability of the AR features based on whether the AR was able to be displayed. Disconnected AR was caused when the camera
could not see the book page. Connection was reestablished when the book page came into focus. During the Tutorial and the
AR setup, most people acquire the AR display. During the game, the average is around 0 indicating that people were able to
recover from losing the AR display.
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The stages of the game are shown from top to bottom. The time to complete is shown across all participants. The height of the
ridges shows how many participants completed the stage at a specific minute. The colors are based on the empirical cumulative
distribution function indicating that 95% of participants fall in the blue to green area and only 5% fall in the yellowish tones.
We can see that the main cohort play the game in 8 minutes and that there are a few fast players completing it in 3 minutes and
slow players completing the game in 16 minutes.
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Short play times relate to higher success rates and extensive playtimes have higher miss rates. Most failures are occurring with
average playtime, especially at the beginning of the game.
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Our model reveals a strong inverse relationship between reading and curiosity in the students. For students that are curious, this
can be offset by experiencing the information in AR.
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Topic prevalence by the treatments. Negative values indicate a leaning towards the AR treatment, positive values indicate a
leaning towards the text-only treatment. If the dashed line is touched, there is no significant leaning towards either side
detected.
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Statistical analysis details.
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