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Abstract: Burning candles show the solid and liquid states of wax on a macroscopic level. With
augmented reality, the submicroscopic and symbolic level of all three states of wax can be shown. The
augmented reality environment developed in this study lets students test their knowledge about the
position of the three states of wax. So far, how the design parameters of augmented reality learning
environments influence users’ eye movement and learning performance has not been researched.
Twenty-three German students between the ages of 9 and 15 form the randomized sample of this
study with three different groups. AR learning scenarios were created, varying only in one design
parameter: ‘congruence with reality’. Our analysis using audio, video, and eye-tracking data showed
that all the participants learned mostly the same and that the participants who saw the real experiment
on screen experienced the highest degree of immersion. This study indicates that the presented AR
learning environment is an opportunity to learn about what exact part of a candle is burning with
the submicroscopic level shown in comparison; before using the learning environment, the students
were uncertain about what substance burns when a candle is lit and what function the wick has. This
study suggests teachers should think about implementing learning environments such as this to help
students connect different levels of representation.

Keywords: AR; experiment; chemistry; education; eye-tracking; wax; candle; design parameters;
learning environment

1. Introduction

In recent years, augmented reality (AR)-supported teaching and learning environ-
ments have gained significance both in chemistry as a school subject and in other scientific
school subjects. In this context, AR represents an extension of physical reality by providing
digital information about a subject with the use of various techniques. This has already
been discussed in multiple publications. In the field of educational research, AR is of
interest, since it is said to have positive effects on relevant teaching parameters, such as
motivation [1–3], interest [4], self-efficacy [5], cognitive load [2,6–8], attitude [9–11], and
learning performance [6,8,12,13]. In addition, more and more software solutions for creat-
ing AR applications are now available to people without coding experience (e.g., Reality
Composer, ZapWorks Designer), and the necessary hardware for using this technology
is available in many schools. These indications and developments highlight the need for
profound research on how to design educational, effective AR learning environments, since
a lot of studies have compared AR learning environments with other non-AR learning
environments (e.g., AR apps vs. e-books or textbooks) [14]. The research focus of this study
is therefore to compare AR learning environments that differ only in various parameters
within the AR learning scenario. Designing the optimal AR learning environment is a
field of research with many variables (field of application, design parameters, and relevant
teaching parameters). This study focused on AR learning environments that digitally enrich
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real world experiments in the laboratory with relevant information [15]. This empirical
research study focused on the teaching parameters ‘learning performance’ and ‘optical
activity´ with differentiation between ‘3D registration’ and ‘photorealism’, two indicators
of the design parameter ‘Congruence with Reality’ (see Section 2). These two indicators
were used to design various similar scenarios with differing parameters. An AR learning
scenario about the states of wax was chosen as the learning environment as the states of
matter are an essential part of chemistry curriculums. The designed learning environment
is fit for applications in primary or secondary schools. The experiment is error-resistant
and should be standard in all curriculums [15].

2. Theoretical Background

Mixed reality (MR) is one of the technological changes that has characterized the
modern 21st century thus far. This technological revolution has also found its way into
chemical research. For example, MR has been recognized as one of the top ten emerging
technologies in chemistry by the IUPAC: ‘Through virtual spaces, researchers explore
interactive collaborations that enhance the possibilities of computational chemistry and
molecular dynamics. Thanks to these innovative interactions with molecules, researchers
reinforce their special reasoning, as well as improve their understanding of quantum
chemistry’ [16] (p. 11). MR ranges in Milgram’s [17] reality–virtuality continuum from
Augmented Reality (AR) to Augmented Virtuality (AV) to Virtual Reality (VR). These new
technologies have implications not only for professional research, but also for education
in chemistry: ‘The students’ understanding of macroscopic and microscopic phenomena
seems to be as well [more positive than traditional techniques], thanks to direct observation
of atoms and molecules. Therefore, reducing the split-attention can be considered [18].
Moreover, digital tools open possibilities for remote education, thus enabling teachers to
share their lessons with virtually anybody, anywhere’ [16] (p. 12)

In their review, Krug et al. [19,20] reviewed papers with AR learning scenarios, not
only technically presenting the apps but also including empirical research data about
their impact on learning parameters (such as motivation, self-regulation, self-efficacy,
and learning performance). They found that almost all AR learning scenarios fell into
three categories: AR expands reality in paper-based learning, opens so-called ´black
boxes´ by making the invisible visible (chemistry models) [1,21], and presents experiments
and their virtual execution [22]. All three possibilities can transform experiments since
learners do indeed need external representations (such as chemical symbols, models,
diagrams) to understand chemical concepts and phenomena [23]. They can open black
boxes to make ‘sense of the invisible and untouchable’ [24] (p. 949) and connect the
molecular level to the corresponding symbolic and macroscopic level [25]. Combinations of
multiple representations are used for learning and problem solving; they provide different
perspectives on the given phenomenon or interpretations of the material and help to build
students’ deeper understanding [26].

In their review, Krug et al. [20] identified seven design parameters for constructing AR
learning environments. Three of these parameters can be divided into different levels (adap-
tivity: level 1–4, interactivity: level 1–6, complexity: level 1–5) [20]. Adaptivity describes a
reaction, such as the dynamic adjustment of software elements or services, to the activities
of a user or the program itself, adapting the application to different situations [19,20].
According to Krug et al. [19,20], interactivity is defined as an intended interaction with
a device, object, or the content of a digital media component. Complexity describes the
level of content-related and cognitive structures [19,20]. The other four design parameters
(immersion, game elements, content proximity to reality, congruence with reality) are
differentiated using various indicators and the resulting sum [20]. Indicator immersion
describes how many of a user’s senses (visual, auditory, haptic, olfactory, gustatory) a digi-
tal medium can influence, specifically how it creates an ‘encompassing, surrounding and
living illusion’ for the user [20]. Eight indicators (rules/goals, conflict/challenge, control,
assessment, action language, human interaction, environment, and gamification) describe
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the parameter game elements [20]. AR’s proximity to reality regards causal, local, and
temporal factors, as well as the plausible use and depiction of the tracking method [19,20].
The definition of the indicator ‘Congruence with Reality’ is divided into social realism,
plausibility, proximity to life and social interactions, light and shadow effects, 3D registra-
tion, proportions, and photorealism [20]. This study focused on the two indicators of 3D
registration and photorealism because of their impact on perceptual realism, as this can
impact optical activity.

Eye-tracking is a promising method to explore where participants set their optical
focus and what their actions are. One area of eye-tracking research is assessments in which
participants take tests or solve problems [27–30]. The results of such studies can create
better tasks or help to analyze problem solving strategies [31]. To create better learning
environments, eye-tracking can also provide helpful recommendations [30,32–34]. The
third research area is laboratory work [29,30]. The results of video experiments have given
us the first indications that eye movement can explain the results of paper/pencil tests and
help teachers create demonstration experiments [30,35]. This study combines two research
areas of eye-tracking: creating better learning environments and investigating learning
environments with AR and experiments.

3. Research Questions and Hypothesis

Research suggests AR can be used successfully in chemistry classes [21]. AR learning
environments can be constructed according to different design parameters and reduce
split attention [19,20]. No studies have yet been conducted that compare AR learning
environments for science experiments with different AR design parameters based on eye-
tracking data. In this preliminary exploratory study, an AR learning environment was
created with different design parameters in an AR learning scenario to answer the following
research questions (RQ):

1. What hypotheses do students formulate about what substance burns when a candle
is lit?

2. How are the transmission comprehension tasks in the burning candle experiment
affected when using a learning environment with different augmented reality learn-
ing scenarios?

3. How do the participants’ eyes move when using different augmented reality learning
scenarios of the burning candle?

Regarding RQ1 and RQ2, the following assumptions were made. All the students
could propose hypotheses and complete the transmission comprehension tasks.

The assumption regarding RQ2 that there was no change in cognitive load (divided
attention) was supported by the fact that the same theoretical learning environment was
taught, the model animations were the same for all the scenarios, and only the design
parameter ‘Congruence with reality’ was changed with the indicators ‘3D registration and
photorealism’. The assumption for the third research question was that the eye movement
would vary between the different augmented reality learning scenarios related to the candle
but would stay the same for those related to the models. The basis for this assumption was
due to the difference in the visibility of the real candle through the virtual one and with
the same view of the models. The obscuring of the real candle on the virtual screen by the
virtual candle affects immersion and thus users’ eye movements, leading them to focus
more on the real object. Therefore, hypothetically, nobody would look at the real object
when the real candle can be seen on screen. This study focused on the two indicators ‘3D
registration’ and ‘photorealism’ because of their impact on perceptual realism, as it can
impact optical focus.

4. Materials and Methods
4.1. Learning Environment

The first step was to create a learning environment in which students are taught
that gaseous wax burns when a candle is lit. We started with a quiz about the multiple
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representations of the three states of matter to familiarize all 23 students with the three
states of matter, its particle model, and the use of the AR app. This quiz included the states
solid (s), liquid (l), and gas (g) as symbols and 3D AR models (Zappar app), as well as
multiple pictures with associated captions. When taking the quiz, the participants came, for
the first time, in contact with AR while learning chemistry (according to their self-reports).
The quiz also tested their content knowledge about the three states of matter. At this point,
the students were asked to identify what substance actually burns when a candle is lit.
If students said the wax is burning, they were then asked to specify which state of wax
is burning. Students who said that the wick was burning were instructed to conduct the
first experiment and burn a wick without wax. The experiment showed that a wick burns
quickly and sometimes stops burning before it is used up. After the experiment, the same
students could begin to think about the wax and which state of wax was burning. To check
that the participants were right in their hypotheses about which state of wax burns, they lit
up a candle and started the AR. The AR had four scenes per AR scenario ((a), (b), (c)).

First scene: Placing the virtual candle in front of the real candle on the table using world
tracking within the Zappar app.
Second scene: Three different versions are shown, which are the same in design parameters
‘additivity’ (level = 2), ‘interactivity’ (level = 3), complexity (level = 2), ‘immersion’ (indicator
score of 1), ‘game elements’ (indicator score of 3), and ‘proximity to reality’ (indicator score
of 2) for their AR contents but different in ‘congruence with reality’. Scenario (a) reaches an
indicator score of 5, scenario (b) reaches an indicator score of 5, and scenario (c) reaches an
indicator score of 4.

Second (a) scene: The real candle is displayed on the screen (3D registration a); on
the right next to it are solid, gas, and liquid buttons and on the right next to them is
the virtual candle.
Second (b) scene: The real candle is not displayed on the screen, but is rather concealed
by the virtual candle (3D registration b). On the right next to the virtual candle are
solid, gas, and liquid buttons.
Second (c) scene: The real candle is displayed on the screen and is overlayed by a
transparent virtual candle (3D registration b and photorealism loos). On the right next
to it are solid, gas, and liquid buttons.

Third scene: The models of a solid (i), a liquid (ii) or a gas (iii) are displayed, depending on
the three states of matter selected by pressing a button. The models of the three states of
matter are placed at the position where the two lower buttons are visible in second scene.
The button that is pressed moves to the highest position of the buttons, as in the second
scene (see Figures 1–3).
Fourth scene: If the participant pressed the right area of solid, liquid, or gas at the virtual
candle in third scene, then a positive feedback message (‘great perfect’) appears on the
screen. All scenes and their connections are shown in Figure 4.

After this initial check, the participants were given the opportunity to conduct an
experiment that collects gaseous wax then lights it up and shows first the change in the
states from gas to liquid and then from liquid to solid. To test the participants’ current state
of knowledge, they were then asked: What would happen if we had a room full of candles,
all the candles were extinguished at the same time, and at that moment someone entered
the room carrying an open flame? If they understood the experiment, they would conclude
that the gaseous wax would burn, and all candles would light up again. In the end, the
‘candle jump’ is shown and the level of understanding is checked once again. The effect of
the conducted experiment is as follows: If you blow out a candle and then hold a burning
match next to it, the gaseous wax in the air will burn down to the wick and light up the
candle again.
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4.2. Context and Participants

The research was conducted in the participants’ home environment in Germany, July
2022. The participants were recruited by being approached directly in meetings or through
their parents or acquaintances. There was no monetary compensation given as to create
the prerequisites for an independent study. A total of 26 students and their parents gave
their consent to participate in this study and to analyze, evaluate, and publish the data
collected. They were informed about their data privacy as well as their right to withdraw
from participation at any time. Participant pseudonyms were assigned, and no identifying
information was recorded or scanned. Spoken data were conducted in German and the
results have been translated into English for this publication. Three students were excluded
from the analysis due to technical problems (no recording, no gaze data recording). The
remaining 23 students were familiarized with the three states of matter, the particle model,
and the use of the AR app through the ´states of matter´ quiz mentioned above at the
beginning of the implementations; the students formed a randomized group. The gender
distribution was 8 male and 15 female participants. Students from different schools with
ages ranging from 11 to 15 and grades from 5 to 9 were chosen; further details can be seen
in Figure 5.
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4.3. Data Collection

The study followed a qualitative and quantitative approach and used audio, video,
and eye-tracking data to answer the research questions. The learning environment was
executed face-to-face with one student and the investigator at present. Communication
with students followed a protocol. Students knew that their eye movement, video, and
audio data would be tracked during the learning environment, but they did not know what
to look for. The eye-tracking data were conducted with Tobii Glasses 3, 100 Hz, for the
duration of the learning environment. This mobile eye-tracker served as a tool to capture
the participants’ audio, video, and eye movements during the learning environment, which
lasted between 20 and 42 min. The parts of audio and video data that were important
for the research questions were transcribed into Excel and the answers were categorized
deductively and inductively. Deductive category included the relationship between “wick
burns” and “wax burns” as well as the state of matter. Inductive category included all
other answers, such as ‘oxygen’, ‘wax makes burning go slower’, or ‘kind of substance.’ No
optimization of the eye-tracking data collection was performed, and the data were manually
mapped using the software Tobii Pro Lab. The first fixations in defined areas of interest
(AOIs) were used as a metric. The percentage was calculated using the baseline, number
of participants in the specific group, divided by the percentage, number of participants
who had a first fixation in the corresponding AOI. The Tobii Glasses 3 were individually
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calibrated and validated for each participant. For people wearing glasses, corrective lenses
were used.

5. Results and Discussion

To answer our research questions, various data analyses were used. Inductive and
deductive content analyses were used mainly for RQ1, RQ3, and the sub-questions of RQ2.
A descriptive analysis of the AOIs was used for RQ2.

5.1. RQ1 Hyphothesis—Burning Candle

The audio and video data were reviewed to find the time when the investigator asked
‘What part of the candle is burning?’ The correct answer was that the wick burns first and
when the temperature is high enough, the gaseous wax begins to burn as well.

Nineteen participants answered that it was only the wick (19 out of 23) that burns. One
participant also said that oxygen is needed for the wick to burn. Seven of the 19 participants
also noted that the wax burns in addition to the wick. One participant said that wax
makes the burning process go slower, and another referred to the technical word ‘fuel’
when talking about the wax. Two participants thought liquid wax burns, and one thought
gaseous wax burns. One participant thought wax burns in the solid state and another in
the liquid state. Another participant answered: ‘There is also some flammable substance; if
you light the candle up, there is a reaction. But what kind of substance it is, I don’t know.’
One participant explained before the hypothesis was asked that all wax states are with a
burning candle and that the ‘smoke’ burns.

Only one participant, one of the youngest, knew before the learning environment
the right answer to ‘Which part of a candle is burning?’ The oldest knew there had to be
a reaction but did not know the substance that actually burns. Only a few participants
used technical words such as ´fuel´. The participants said that the wick and smoke burn
because that is what they saw on the macroscopic level, but their knowledge about the
submicroscopic level was missing. The most common answer to the question was ‘the wick
burns.’ This is not wrong, but it is only one part of the entire process. The overall function
of a wick and the process of the wax burning was not known by 22 participants out of the
23 participants.

The function of a wick should definitely be planned in learning environments as this
is fundamental for understanding what happens with candle wax and knowing which
part of a candle burns. Based on the students’ responses during the implementation of
this learning environment, the investigator communicated this foundation using a model
experiment in which water and a paper towel were used as a model for the function of a
wick. This model could also be added as part of future AR environments.

Age did not affect the answers. According to the education plans in Germany, everyone
should have known the answers. Therefore, the question arises: Is the problem here that
they have never learned it and therefore could not understand it? Alternatively, is it that
the students cannot transfer what they have learned to everyday life and therefore learn
superficially in schools? This study cannot answer these questions.

5.2. RQ2 Using AR

The eye-tracking data were mapped and analyzed by the first fixation in the defined
areas of interest (AOIs). The AOIs were the areas of the different scenes (the virtual candle,
real candle on-screen, and models) and the real-world candle off-screen.

In the second scene, the AOIs analyzed were as follows: the real candle off-screen, real
candle on-screen, and the virtual candle (see Table 1). If, hypothetically, nobody looked at
the real world when the real candle was on the screen (scenario (a) and (c)), the finding that
50% of the participants in group scenario (c) looked at the real candle should be questioned.
The question was therefore whether there was a trigger for the participants to look at the
real candle. The answer was that two participants had no trigger for looking at the real
candle in the real world, and one looked at the real candle in the real world due to the
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intervention of the investigator. We expected no participants to look at the AOI real candle
on-screen in group scenario (b), but actually 63% of participants looked at this AOI. This
happened because the virtual candle did not overlay the whole real candle through the
screen for those participants. Hypothetically, if the virtual candle is not superimposed on
the real candle through the screen, participants should actually look at the real world more
than if they were able to see the real candle fully on-screen. The data showed that when the
real candle was on the screen, the participants looked at it and also 100% at the real candle
off-screen. If the real candle was not on the screen, 67% looked at the real candle off-screen.
The hypothesis that students would look at the real world when it is not on the screen is
refuted by these results.

Table 1. AOI results using the second AR scene for each scenario ((a), (b), (c)) with gazeplots.

Scenario Second Scene Real Candle off Screen Real Candle on Screen Virtual Candle

(a) (n = 9)
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This happened because the virtual candle did not overlay the whole real candle through 
the screen for those participants. Hypothetically, if the virtual candle is not superimposed 
on the real candle through the screen, participants should actually look at the real world 
more than if they were able to see the real candle fully on-screen. The data showed that 
when the real candle was on the screen, the participants looked at it and also 100% at the 
real candle off-screen. If the real candle was not on the screen, 67% looked at the real can-
dle off-screen. The hypothesis that students would look at the real world when it is not on 
the screen is refuted by these results. 

Table 1. AOI results using the second AR scene for each scenario ((a), (b), (c)) with gazeplots. 

Scenario Second Scene  Real Candle off Screen Real Candle 
on Screen 

Virtual 
Candle 

(a) (n = 9) 

 

22% 100% 89% 

(b) (n = 8) 

 

88% 63% 100% 

(c) (n = 6) 

 

50% 100% 100% 

88% 63% 100%

(c) (n = 6)
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To go to the third scene, one of the buttons named with the three states of matter (solid
(i), liquid (ii), or gas (iii)) must be pressed. Therefore, there were three possible scenes (solid,
liquid, or gas) for the three different scenarios ((a), (b), or (c)). Most of the participants
(18/23) pressed the solid button at first and then proceeded with liquid (9/18) or gas (9/18).
Four participants started with gas (4/23) and one started with liquid (1/23). In the third
scenes, the AOIs were analyzed: real candle off-screen, real candle on-screen, and virtual
candle and models (solid, liquid, and gas) (see Table 2). The participants looked at the real
candle off-screen much less than they did in the second scene. In the four different third
scenes (ai, aii, ci, ciii), no one looked at the real candle off-screen. As in the second scene,
most of the views into the real world started from scenario (b). Not all participants looked
at the models.
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Table 2. AOI results using AR scene 3 for each scenario ((a), (b), (c)).

AOIs
Scenario

Solid (i) Liquid (ii) Gas (iii)

Real
Candle

off Screen

Real
Candle

on
Screen

Virtual
Candle Model

Real
Candle

off Screen

Real
Candle

on
Screen

Virtual
Candle Model

Real
Candle

off Screen

Real
Candle

on
Screen

Virtual
Candle Model

(a) (n = 9) 0% 22% 100% 100% 0% 11% 100% 44% 11% 22% 100% 56%

(b) (n = 8) 13% 25% 100% 100% 38% 50% 100% 50% 13% 38% 100% 100%

(c) (n = 6) 0% 100% 100% 50% 17% 100% 100% 33% 0% 67% 83% 50%

In the second scene, all participants looked at the real candle off- or on-screen. This
did not happen in the third scene. These phenomena can be explained by the fact that
this area was no longer interesting and useful enough to continue interacting with the AR
learning environment. The participants with the AR scenario (a) looked at the real candle
off-screen much less than in scenario (b) or (c). The most views of the real candle off-screen
occurred in the group with AR scenario (c). This result shows that AR scenario (a) had
the highest immersion of these three AR scenarios and AR scenario (c) had the lowest. No
systematic difference could be found on the focus of the participants on the models. Further
research should look at the button arrangement (solid, liquid, and gas). Most participants
chose solid first, but why? Was it just because solid is the most familiar state or was it the
arrangement of the buttons that influenced their choice?

5.3. RQ3 Transfer Question

Audio and video were reviewed to find the time when the investigator asked, ‘what
happens if we have a room full of candles and, hypothetically, we exstinguished all flames
same time, and at this exact moment someone came in with an open flame?’ as well as
‘what happens or why is the ‘leap of the fire’ possible?’ The ‘leap of the flame’ was shown as
a real-life experiment beforehand. The correct answers to question 1 include the following
arguments: one big flame appears, all the candles light up again, or the fire of the burning
object will be bigger because of the gaseous wax in the air. The correct answer to question
2 is that gaseous wax is burning.

Seventeen participants answered the investigator’s question. Without explanation,
14 participants answered question 1 directly and correctly. That means three participants
did not respond immediately and correctly. Two of these three participants could answer
correctly and directly after the ‘leap of fire’ experiment. One participant said that wax
would be everywhere and become liquid with time. None of the participants answered
that it was a combination of the open flame and the gaseous wax. Ten participants correctly
explained why the phenomenon occurs. One thought the liquid wax would burn; another
thought that nothing would burn and the gaseous wax would simply change back into
the liquid and solid states. The other two gave no explanation at all. Thirteen participants
were able to explain the ‘leap of fire’ correctly. Of the remaining participants, one said, ‘I
don’t know,’ another said, ‘the flame is transported by the liquid gas,’ and the last said, ‘the
high temperature is enough.’ Seven participants did not see the ‘leap of fire’ during the
execution of the learning environment.

When the transfer question ‘what happens if we have a room full of candles and,
hypothetically, we extinguished all flames the same time, and at this exact moment someone
came in with an open flame?’ was asked, most participants could answer it correctly or
answered it correctly after they saw the ‘leap of fire’. Only one participant did not identify
the gaseous wax as the burning object leading to these phenomena. It was not clear why,
because the investigator gave the correct explanation. The participant who said that the
liquid gas burned was asked about the previous experiment for them to infer it was the
gaseous wax.
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6. Conclusions and Limitations

This study indicates that the presented AR learning environment is one possibility to
learn about which part of a candle burns. Only two participants could not give the correct
answer to the transfer question. Different AR learning scenarios (with the difference lying
in the design parameter ‘congruence with reality’) did not affect the learning outcome
but did affect the immersion experienced by the participants. At the beginning of this
learning environment, the participants were unsure about what substance burns when
a candle is lit and what function a wick has. Only one participant knew this before the
learning environment. Teachers could implement learning environments such as this to
help students learn about which part is burning. Another conclusion of this study is that
teachers could use any one of the presented AR learning scenarios because the learning
effect is the same. If teachers want the highest degree of immersion for their students,
they should use scenario (a). This study shows the first results of comparing different AR
learning environments, which digitally enrich the same real-world experiment.

However, the results of this descriptive pilot study are subject to limitations, so a gener-
alized conclusion cannot be derived. First of all, the results only provide indications of the
effect of the scenarios investigated and cannot be generally applied to all AR enrichments
of real-world experiments. Likewise, only a small sample of different ages was examined,
so that, e.g., age or gender differences could not be taken into account here. Second, the
pilot study measured the effects on latent constructs, such as motivation or self-efficacy.
Again, the observed altered immersion experience could impact these latent constructs.

Here, further studies are needed to investigate different AR learning environments for
real-world experiments. Further questions could be answered using eye-tracking with this
AR learning environment by focusing on different AOIs: How did participants use the 3D
models? What happened in the learning scenario when participants used the correct area,
and nothing happened, or they chose to use an incorrect area? It would also be interesting
to look at new AR learning environments in which the introduction of the wick is more
clearly planned and a model of it is shown.

Author Contributions: Conceptualization, S.S. and J.H.; methodology, S.S.; software, S.S.; validation,
S.S. and J.H.; formal analysis, S.S.; investigation, S.S.; data curation, S.S.; writing—original draft
preparation, S.S.; writing—review and editing, J.H.; visualization, S.S.; supervision, J.H.; project
administration, S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All participants were students at German schools but took
part in the study as private individuals in their free time. They took part voluntarily and signed as
their parents an informed consent form. Pseudonymization of participants was guaranteed during the
study. Due to all these measures in the implementation of the study, an audit by an ethics committee
was waived.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical restictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Probst, C.; Fetzer, D.; Lukas, S.; Huwer, J. Effects of using augmented reality (AR) in visualizing a dynamic particle model.

Chemkon 2022, 29, 164–170. [CrossRef]
2. Altmeyer, K.; Kapp, S.; Thees, M.; Malone, S.; Kuhn, J.; Bruenken, R. The use of augmented reality to foster conceptual knowledge

acquisition in STEM laboratory courses—Theoretical background and empirical results. Br. J. Educ. Technol. 2020, 51, 611–628.
[CrossRef]

3. Kuhn, J.; Müller, A. Context-based science education by newspaper story problems: A study on motivation and learning effects.
Perspect. Sci. 2014, 2, 5–21. [CrossRef]

http://doi.org/10.1002/ckon.202000046
http://doi.org/10.1111/bjet.12900
http://doi.org/10.1016/j.pisc.2014.06.001


Educ. Sci. 2023, 13, 177 12 of 13

4. Ovens, M.; Ellyard, M.; Hawkins, J.; Spagnoli, D. Developing an Augmented Reality Application in an Undergraduate DNA
Precipitation Experiment to Link Macroscopic and Submicroscopic Levels of Chemistry. J. Chem. Educ. 2020, 97, 3882–3886.
[CrossRef]

5. Cai, S.; Liu, C.; Wang, T.; Liu, E.; Liang, J. Effects of learning physics using Augmented Reality on students’ self-efficacy and
conceptions of learning. Br. J. Educ. Technol. 2021, 52, 235–251. [CrossRef]

6. Qingtang, L.; Shufan, Y.; Chen, W.; Wang, Q.; Suxiao, X. The effects of an augmented reality based magnetic experimental tool on
students’ knowledge improvement and cognitive load. J. Comput. Assist. Learn. 2021, 37, 645–656.

7. Strzys, M.P.; Thees, M.; Kapp, S.; Kuhn, J. Smartglasses in STEM laboratory courses-the augmented thermal flux experiment. In
Proceedings of the Physics Education Research Conference 2018, Washington, DC, USA, 1–2 August 2018.

8. Fidan, M.; Tuncel, M. Integrating augmented reality into problem based learning: The effects on learning achievement and
attitude in physics education. Comput. Educ. 2019, 142, 103635. [CrossRef]

9. Qingtang, L.; Suxiao, X.; Shufan, Y.; Yuanyuan, Y.; Linjing, W.; Shen, B. Design and Implementation of an AR-Based Inquiry
Courseware-Magnetic Field. In Proceedings of the 2019 International Symposium on Educational Technology (ISET), Hradec
Kralove, Czech Republic, 2–4 July 2019.

10. Akcayir, M.; Akcayir, G.; Pektas, H.M.; Ocak, M.A. Augmented reality in science laboratories: The effects of augmented reality on
university students’ laboratory skills and attitudes toward science laboratories. Comput. Hum. Behav. 2016, 57, 334–342. [CrossRef]

11. Jiwoo, A.; Poly, L.-P.; Holme, T.A. Usability Testing and the Development of an Augmented Reality Application for Laboratory
Learning. J. Chem. Educ. 2020, 97, 97–105.

12. Shufan, Y.; Qingtang, L.; Ma, J.; Le, H.; Shen, B. Applying Augmented reality to enhance physics laboratory experience: Does
learning anxiety matter? Interact. Learn. Environ. 2022, 1–16. [CrossRef]

13. Albuquerque, G.; Sonntag, D.; Bodensiek, O.; Behlen, M.; Wendorff, N.; Magnor, M. A Framework for Data-Driven Augmented
Reality. In Proceedings of the 6th International Conference, AVR 2019, Santa Maria al Bagno, Italy, 24–27 June 2019; pp. 71–83.

14. Buchner, J.; Kerres, M. Media comparison studies dominate comparative research on augmented reality in education. Comput.
Educ. 2023, 195, 104711. [CrossRef]

15. Mazzuco, A.; Krassmann, A.L.; Reategui, E.; Gomes, R.S. A systematic review of augmented reality in chemistry education. Rev.
Educ. 2022, 10, e3325. [CrossRef]

16. Gomollón-Bel, F. IUPAC Top Ten Emerging Technologies in Chemistry 2022. Chem. Int. 2022, 44, 4–13. [CrossRef]
17. Milgram, P.; Takemura, H.; Utsumi, A.; Kishino, F. Augmented Reality: A Class of Displays on the Reality-Virtuality Continuum; SPIE:

Bellingham, WA, USA, 1995.
18. Ayres, P.; Sweller, J. The Split-Attention Principle in Multimedia Learning; Cambridge University Press: Cambridge, UK, 2014.
19. Krug, M.; Czok, V.; Weitzel, H.; Müller; Wolfgang; Huwer, J. Design parameters for teaching-learning scenarios with augmented

reality applications in science education–A review [Gestaltungsparameter für Lehr-Lernszenarien mit Augmented-Reality-
Anwendungen im naturwissenschaftlichen Unterricht—Ein Review]. In Digitalisation in Chemistry Education: Digitales Lehren und
Lernen an Hochschule und Schule im Fach Chemie; Graulich, N., Banerji, A., Huwer, J., Eds.; Waxmann Verlag GmbH: Münster, NY,
USA, 2021; pp. 51–58. ISBN 9783830944188.

20. Krug, M.; Czok, V.; Müller, S.; Weitzel, H.; Huwer, J.; Kruse, S.; Müller, W. AR in science education—An AR based teaching-
learning scenario in the field of teacher education. Chemkon 2022, 29, 312–318. [CrossRef]

21. Huwer, J.; Banerji, A.; Thyssen, C. Digitization—Perspectives for chemistry teaching [Digitalisierung—Perspektiven für den
Chemieunterricht]. Nachrichten aus der Chemie 2020, 68, 10–16. [CrossRef]

22. Huwer, J.; Lauer, L.; Seibert, J.; Thyssen, C.; Dorrenbacher-Ulrich, L.; Perels, F. Re-Experiencing Chemistry with Augmented
Reality: New Possibilities for Individual Support. World J. Chem. Educ. 2018, 6, 212. [CrossRef]

23. Nitz, S.; Ainsworth, S.E.; Nerdel, C.; Prechtl, H. Do student perceptions of teaching predict the development of representational
competence and biological knowledge? Learn. Instr. 2014, 31, 13–22. [CrossRef]

24. Kozma, R.B.; Russell, J. Multimedia and understanding: Expert and novice responses to different representations of chemical
phenomena. J. Res. Sci. Teach. 1997, 34, 949–968. [CrossRef]

25. Johnstone, A.H. Why is science difficult to learn? Things are seldom what they seem. J. Comp. Assist. Learn. 1991, 7, 75–83.
[CrossRef]

26. Ainsworth, S. DeFT: A conceptual framework for considering learning with multiple representations. Learn. Instr. 2006,
16, 183–198. [CrossRef]

27. Nahlik, P.; Daubenmire, P.L. Adapting gaze-transition entropy analysis to compare participants’ problem solving approaches for
chemistry word problems. Chem. Educ. Res. Pract. 2022, 23, 714–724. [CrossRef]

28. Tóthová, M.; Rusek, M. Developing Students’ Problem-solving Skills Using Learning Tasks: An Action Research Project in
Secondary School. Acta Chim. Slov. 2021, 68, 1016–1026. [CrossRef]

29. Hahn, M. Transfer von Facetten des Pedagogical Content Knowledge im Sachunterricht; Pädagogische Hochschule Freiburg: Breisgau,
Germany, 2021.

30. Hahn, L.; Klein, P. Eye tracking in physics education research: A systematic literature review. Phys. Rev. Phys. Educ. Res. 2022,
18, 013102. [CrossRef]

31. Braun, I.; Langner, A.; Graulich, N. Let’s draw molecules: Students’ sequential drawing processes of resonance structures in
organic chemistry. Front. Educ. 2022, 7, 959. [CrossRef]

http://doi.org/10.1021/acs.jchemed.0c00481
http://doi.org/10.1111/bjet.13020
http://doi.org/10.1016/j.compedu.2019.103635
http://doi.org/10.1016/j.chb.2015.12.054
http://doi.org/10.1080/10494820.2022.2057547
http://doi.org/10.1016/j.compedu.2022.104711
http://doi.org/10.1002/rev3.3325
http://doi.org/10.1515/ci-2022-0402
http://doi.org/10.1002/ckon.202200016
http://doi.org/10.1002/nadc.20204100187
http://doi.org/10.12691/wjce-6-5-2
http://doi.org/10.1016/j.learninstruc.2013.12.003
http://doi.org/10.1002/(SICI)1098-2736(199711)34:9&lt;949::AID-TEA7&gt;3.0.CO;2-U
http://doi.org/10.1111/j.1365-2729.1991.tb00230.x
http://doi.org/10.1016/j.learninstruc.2006.03.001
http://doi.org/10.1039/D2RP00066K
http://doi.org/10.17344/acsi.2021.7082
http://doi.org/10.1103/PhysRevPhysEducRes.18.013102
http://doi.org/10.3389/feduc.2022.1055280


Educ. Sci. 2023, 13, 177 13 of 13

32. Jamil, N.; Belkacem, A.N.; Lakas, A. On enhancing students’ cognitive abilities in online learning using brain activity and eye
movements. Educ. Inf. Technol. (Dordr) 2022, 1–35. [CrossRef]

33. Khosravi, S.; Khan, A.R.; Zoha, A.; Ghannam, R. Self-Directed Learning using Eye-Tracking: A Comparison between Wearable
Head-worn and Webcam-based Technologies. In Proceedings of the 2022 IEEE Global Engineering Education Conference
(EDUCON), Tunis, Tunisia, 28–31 March 2022; pp. 640–643.

34. Ogunseiju, O.R.; Gonsalves, N.; Akanmu, A.A.; Bairaktarova, D.; Bowman, D.A.; Jazizadeh, F. Mixed reality environment for
learning sensing technology applications in Construction: A usability study. Adv. Eng. Inform. 2022, 53, 101637. [CrossRef]

35. Dzsotjan, D.; Ludwig-Petsch, K.; Mukhametov, S.; Ishimaru, S.; Kuechemann, S.; Kuhn, J. The Predictive Power of Eye-Tracking
Data in an Interactive AR Learning Environment. In Proceedings of the UbiComp ‘21: Adjunct Proceedings of the 2021
ACM International Joint Conference on Pervasive and Ubiquitous Computing and Proceedings of the 2021 ACM International
Symposium on Wearable Computers, Virtual, USA, 21–26 September 2021; ACM: New York, NY, USA, 2021; pp. 467–471,
ISBN 9781450384612.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s10639-022-11372-2
http://doi.org/10.1016/j.aei.2022.101637

	Introduction 
	Theoretical Background 
	Research Questions and Hypothesis 
	Materials and Methods 
	Learning Environment 
	Context and Participants 
	Data Collection 

	Results and Discussion 
	RQ1 Hyphothesis—Burning Candle 
	RQ2 Using AR 
	RQ3 Transfer Question 

	Conclusions and Limitations 
	References

