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Digitising Teaching and Learning – Additional Perspectives
for Chemistry Education
Sascha Bernholt,*[a] Karolina Broman,[b] Sara Siebert,[a] and Ilka Parchmann[a]

Abstract: Chemistry requires and combines both observable
and mental representations. Still we know that learners often
struggle in combining these perspectives successfully,
especially when experimental observations contradict the
model-based explanations, e.g. in interpreting the chemical
equilibrium as dynamic processes while observing a static
system without any visible changes. Digital media offer
potentials that might not have been accessible to this degree
until now. However, we do not know enough with regard to

the degree and effects these media tools have in supporting
learning processes but perhaps also in hindering them. This
article presents four approaches on how to potentially make
use of digital media in learning processes based on
theoretical considerations and empirical investigations. The
projects will explore applications of media as visualization,
learning and investigation tools in chemistry education,
embracing techniques from virtual realities to eye-tracking.
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1. Introduction

Chemistry requires and combines both observable and mental
representations, as described by Johnstone[1] and enlarged by
Mahaffy[2] and others with regard to the human element and
different contexts where chemistry is applied and developed.[3]

Still we know that learners often struggle in combining these
perspectives successfully, especially when experimental obser-
vations contradict the model-based explanations, like interpret-
ing the chemical equilibrium as dynamic processes while
observing a static system without any visible changes. Also
structure-property-relations and reaction mechanism cannot be
observed directly but are often necessary to interpret and
understand outcomes of interactions or chemical processes.[4]

A profound understanding of the interplay of experiments,
models, model-based simulations, and the exchange among
experts as well as between experts and potential users is
crucial for any development in chemistry, regarding research
as well as education and transfer. While each part on its own
might already be demanding, the connection between these
chemical perspectives, especially between models and phe-
nomena, has been pointed out as an important demand
especially for learners.[5,6] Visualizations of chemical represen-
tations build bridges to link phenomena and explanations, but
can also become hurdles when the often different interpreta-
tions of non-experts are not well understood or taken into
consideration.[6] Pictures in textbooks that show different
levels of models intertwined, like water molecules in the
substance water or electrons moving in a solid electrode, can
probably be presented on university level without any
difficulties, but lead to misunderstandings at school when
students are not yet used to think as chemists, as the following
question of a tenth-grader while interpreting an experiment on
the reaction of zinc and bromine points out: “I understand that

bromine molecules have reacted with zinc atoms to form zinc
bromide, but where has the brown liquid gone?”

Digital media offer potentials that might not have been
accessible to this degree until now. Today, we observe a
“digital boom” in education which has made teachers, as well
as educational researchers, interested to identify relevant
digital tools where students enhance their learning, not only
finding them fun and exciting.

With regard to support experimental work in classrooms or
laboratories, for instance, numerous digital tools have been
developed, e. g. to allow the analysis and/or visualization of
collected data, sometimes even in real-time.[7] Also, numerous
visualizations have been developed to illustrate the chemical
structure and dynamics of particles, as this has been known to
be challenging for many students. With regard to empirical
evidence, it seems beneficial when representations explicitly
address and support students to integrate the macroscopic,
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submicroscopic, and symbolic dimensions of chemical con-
cepts.[8]

While static pictures on paper do not offer switching
between representations of phenomena and the underlying
model-based explanations, computer animations offer promis-
ing additional options to this regard. Differences between
static and dynamic visualizations have been broadly re-
searched, indicating advantages for dynamic representations
with regard to fostering students’ understanding.[9] Also in
case of visualizations developed by students, going beyond
static representations (e. g. in form of drawings on paper)
seems to be beneficial for student learning.[10]

In a review on the effectiveness of computer simulations,
Smetana and Bell[11] point out that “simulations can be as
effective, and in many ways more effective, than traditional
(i. e. lecture-based, textbook-based and/or physical hands-on)
instructional practices in promoting science content knowl-
edge, developing process skills, and facilitating conceptual
change” (p. 1337). However, the authors also emphasize that
the effectiveness of computer simulations depends upon the
ways in which they are used and that this type of educational
tool is most effective when being used as a supplement, when
incorporating high-quality support structures, when encourag-
ing reflection, and when promoting cognitive dissonance.[11]

Even newer approaches make use of virtual (VR),
augmented (AR) or mixed reality (MR) systems, for instance
to complement instructional or lab work sessions.[12] Espe-
cially with regard to visualizing abstract chemical concepts,
these techniques offer more opportunities than “classical”
computer-based simulations, e. g. by allowing tactile interac-
tions.[13]

Aside from representations that illustrate content aspects,
tutorial videos are often an integral part of online or blended
learning courses.[14] Especially the discretionary availability of
online video platforms, e.g. YouTube™, provides convenient
options to make self-produced videos available to targeted
audiences or the public. Hence, numerous examples can be
found on these platforms, covering, for instance, step-by-step
instructions on how to determine oxidation numbers, develop-
ing reaction mechanisms for given starting materials, or
providing examples for specific chemical concepts, e. g.
mesomeric or inductive effects. However, there is currently
neither a clear set of design criteria for producing “good”
tutorial videos nor clear evidence for the effectiveness of this
kind of learning resource.[15] Some findings even indicate that
merely watching others performing a certain task mainly
results in an illusion of skill acquisition, i. e. people believe
they could perform the task watched in the video, but their
actual abilities do not improve.[16] As in the case of computer
simulations,[11] learning does not happen merely by watching,
but watching a video (or simulation) needs to be accompanied
by instructions aiming at encouraging reflection of what has
been seen and at practicing the observed skill or content in
targeted exercises themselves.[17]

In summary, it can be stated that the development of
information and communication technologies have had an

increasing impact on science teaching and learning over the
past 40 years. Although this impact did not lead to such
radical changes like the disappearance of the ‘dinosaur
school’, as speculated by some researches,[18] technological
innovations opened up opportunities to improve teaching and
learning in manifold ways. However, advances in technical
options to visualize even complex phenomena or to combine
multiple educational resources in digital learning environ-
ments come along with higher requirements on students’
abilities. In addition to students’ understanding of the content,
animations and simulations put high demands on students’
information processing skills. Distractive features, the vivid-
ness and pace of the presentation, its internal logic and, in
some cases, the logic of instructions influence students’
engagement with the learning resource and the outcome of this
engagement.[19] Learning principles from the fields of human
information processing[20] and multimedia learning[21] have
been increasingly implemented and also researched in numer-
ous approaches in the area of chemistry teaching and
chemistry education research. However, what might be the
specific opportunities and relevance for chemistry education
remain open questions. Not only for chemistry education it
can be stated that we do not know enough with regard to the
degree and effects these media tools have in supporting
learning processes but perhaps also in hindering them, e.g.
due to an additional cognitive load.[22] The first step must
therefore be to develop thoroughly grounded conceptual
approaches and research programs before implementing media
on a large scale.

This article presents four approaches on how to potentially
make use of digital media in learning processes based on
theoretical considerations and empirical investigations. The
projects will explore applications of media as visualization,
learning and investigation tools in chemistry education,
embracing techniques from virtual realities to eye-tracking.

2. Study 1: Virtual Reality (VR) to Develop
Students’ Spatial Thinking in Organic Chemistry1

Spatial thinking or spatial ability, the move between 2D to 3D,
is of importance in organic chemistry with its stereochemistry
and reaction mechanisms. From previous research we found
that students sometimes have difficulties with this, and spatial
ability needs to be practiced.[23,24] One of the difficulties is
mental rotation of objects, found especially difficult for
females.[25,26] Therefore, students need to work with 3D
representation of molecules, for example through visualiza-
tions through a computer or virtual reality (VR). Barrett and
Hegarty[27] have indicated that VR visualizations in 3D

1 The project was carried out in close collaboration with Dan Johnels
(Umeå university), David Andersson (Umeå university), Erik Chorell
(Umeå university), Eva Mårell-Olsson (Umeå university), Jonas
Boström (EduChem VR), and Magnus Norrby (EduChem VR).
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develop students’ skills, especially for ones with a lower
competence in spatial thinking. However, they emphasise that
the relationship between students’ cognitive ability and the
roles of computer interface has to be explored further.
Therefore, we follow students’ cognitive as well as affective
responses when working on smaller and larger organic
chemistry molecules and practicing their spatial ability
through seeing the molecules in 3D using VR-glasses and then
drawing them on paper into 2D. The research questions are:
How do students develop their spatial ability when using VR
as a digital tool to study molecules in 3D and transforming it
into 2D? How do students perceive the value of working with
stereochemistry using VR? Part of the interest in VR
technology has to do with the availability when a smartphone
can be converted to a VR headset at a very low cost.

In an organic chemistry course at bachelor level at a
Swedish university, a flipped learning approach has been
applied for two years.[28] To develop students’ spatial ability, a
three hour VR workshop was added where students used a VR
website (http://educhem-vr.com) with VR-glasses. The stu-
dents were asked to rotate molecules using the VR-glasses and
draw the molecules on paper, i. e., a move from 3D to 2D. At
first, simple molecules as 2-Chlorobutane were studied (see
Figure 1), later in the workshop more complex (and more
relevant and everyday-life) molecules were explored, for
example Ibuprofen, Omeprazole and Nicotine. The reason for
starting with a small molecule with only one stereocentre was
for students to develop and practice their spatial ability in
steps. Larger molecules with several stereocentres are more
challenging to translate from 3D into 2D. During the work-
shop, students also had a possibility to use conventional ball-
and-stick plastic models to build molecules, rotate them and
draw. This analogue molecule building was due to practical
issues only possible to do with smaller molecules. Students’
perceived value was evaluated in surveys and from interviews
and was analysed using the framework of value creation in
communities and networks by Wenger et al.[29] To study value
creation, Wenger et al.[29] have described key questions
important to ask to make students elaborate on perceived
value, which were used in the surveys and the interviews. How
the students actually used the VR technology to develop their

spatial thinking was studied through observations during the
workshop. Two observers, one researcher in chemistry
education and one in digital media, made unstructured, non-
participant observations. The reason for unstructured observa-
tions was that the workshop was done for the first time both
for teachers and students, and in the next cycle of the project,
more structured observations will be done. In summary,
empirical data from the 22 (15 female, 7 male) students was
collected through two surveys (pre and post), observations
during the VR-workshop and interviews with 11 (6 female, 5
male) of the students after the workshop.

Before the VR workshop, the 22 students solved some
non-chemistry tasks on paper, similar the Purdue Visualization
of Rotations (ROT) test.[24,30] This spatial rotation test was
done to make students aware of their own possible difficulties
to rotate structures and move between 2D and 3D in the head
and was also used to compare how they perceived the rotation
of molecules during the VR-workshop. The students were
also, in the pre-survey, asked about their expectations of VR
as a learning tool, and the students’ opinions were generally
positive even though none of the students had previously used
VR for educational purposes. The survey focused mainly
students’ expectations and pre-knowledge about spatial think-
ing and digital tools. Many students expressed that they looked
forward to “see the molecules for real”, to visualize the
molecules. There was a clear correlation between students
who claim difficulties to solve the non-chemistry spatial
rotation tasks[24,30] and how difficult they perceived the VR
workshop and the transition between 3D and 2D. However, no
gender differences were found as stated by Uttal et al.,[26] this
might be explained by too few participants.

The observation and interview results during and after the
workshop in combination with the post-survey show that most
of the students worked hard on practicing their spatial ability
during the workshop, and they appreciated the use of VR,
finding it valuable to see the molecules in 3D (mean value 5,
out of maximum 6). Perceived value was elaborated on from
the both surveys during the interviews where the students
explained in which ways they found the digital tool valuable.
The students had before the workshop highlighted the
advantage of being able to “see” the molecules, and during the

Figure 1. Exemplary molecules from the VR-workshop, on the left a simple 2-chlorobutane molecule and on the right Omeprazole, a more
complex medical drug molecule. By using the VR-googles, a 3D view can be experienced.
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workshop students actually thought they saw real molecules,
not models of molecules. Other difficulties to express
themselves were apparent from the observations, students used
the same vocabulary as the lecturer/teachers, for example
students talking about the “molecules’ plane”, they wanted to
“see the plane”, that is the “mirror” often presented in figures
showing stereoisomers. When the students were asked to draw
2D models on paper of the 3D VR-molecules, it was a
challenge to draw the requested Lewis structures, they instead
tried to draw exact copies of the atoms as balls as presented in
the VR-app, cf. Figure 1. Most students had no practical
problems using the VR-glasses, however a few students
experienced slight nausea and felt dizzy.

In the following flipped learning study,[28] the same
students continued to respond about their perceived value of
using VR for practice of spatial thinking, something that
decreased over time. In the beginning, students claimed they
would use the VR-app at home since “it was a way to really
focus on the chemistry not getting disturbing visual impres-
sions from outside”. However, after the course, it was apparent
that VR was only seen as a “fun add-on thing of very little
value for the course” as stated by one of the students in the
interviews. Even though the workshop at time was perceived
valuable to practice spatial ability, the use of VR was not seen
as an important learning opportunity. In the next round of the
course, the use of VR as a way to practice spatial thinking has
to be more clearly incorporated in the course making students
use the VR modules continuously for practice, as highlighted
by Harle and Towns.[24] To conclude, the use of VR as a way
for students to practice their spatial ability and study atoms,
molecules and mechanisms in 3D can be of use for the
students to focus on the chemistry. Being a new method for
the students, the instructions and intentions have to be more
explicitly articulated to the students to avoid the expression of
being “add-on” and not as valuable as hoped and expected.

3. Study 2: VR, AR and Gamification to Enhance
Students’ Learning of the Protein Synthesis2

In an ongoing student project, the role of technologies as
Virtual Reality (VR) and Augmented Reality (AR) applied in
a gamification framework is explored to study how students
learn biochemistry, both regarding affective as well as
cognitive aspects of learning. (VR is presented in the previous
section). AR technology is much more complicated and
expensive than VR; however, the multiple sensory modalities
makes it interesting to explore further.[31] While VR closes the
world out through simple cardboards and a smartphone with
apps installed and is immersive, AR provides freedom for the
user by adding something, in this case chemistry, to the real
world. In a review on AR in education, Radu[31] states six
factors present in augmented reality; (1) Content is presented
in a novel way, (2) Multiple representations appear at the
appropriate time/space, (3) The learner is physically enacting

the educational concepts, (4) Attention is directed to relevant
content, (5) The learner is interacting with a 3D simulation,
and (6) Interaction and collaboration are natural. Through AR,
the interaction between the digital and analogue aspects is in
focus. After the boom from Pokémon Go (an AR-game
popular amongst children in particular during the years 2016–
2017), AR has found its way into education and through the
use of for example HoloLens (a pair of mixed-reality
smartglasses developed and manufactured by Microsoft). In a
review paper of AR and education, a Chinese study highlights
that students understand chemical structures in a better way by
using AR compared to conventional textbooks.[31] A recently
published small case study on how 15 pre-service chemistry
teachers perceive mobile AR shows that the teacher students
can develop their competence and build a positive attitude
towards chemistry by for example doing virtual chemistry
experiment that are too dangerous to do in real life, e. g. the
reaction between sodium and chlorine.[32]

Gamification in the classroom, i. e. application of game-
design in learning processes, has recently attracted a lot of
attention.[33] The main aim with gamification is to enhance
students’ engagement and internal motivation through for
example clues and possibilities to “level-up”. By the use of
gamification as a framework for the project, students work
together and solve more open and large problems using clues,
thereby promoting collaborate skills. Gamification can also
provide instant feedback to the students on their performance
and achievement and, in the longer term, possibly change their
educational behaviour.

At a Swedish university, six engineering students (two
female, four male) taking a course in project management had
developed a gamification module for upper secondary
chemistry (grade 11, students’ age 17–18) as their student
project. The two-hour module focused the content area of
protein synthesis within the chemistry course, and it consisted
of a main problem the school students were asked to solve
using clues collected at different stations. The main problem
was how a disease as Cystic Fibrosis is connected to the
protein synthesis (Cystic Fibrosis is a monogenic disorder and
through mutations in the DNA, incorrect proteins are produced
in the protein synthesis). At the different stations, the 18 upper
secondary school students in groups of three, all from the
same class, used digital tools to collect information and clues
for the main problem. Examples of stations were: a quiz with
multiple choice questions assessing factual content knowledge
using an app (Socrative, www.socrative.com), a Pictionary
game where the school students have to use drawing to explain
chemistry concepts using an interactive whiteboard (SMART
Board), VR-glasses showing the structure of amino acids using
the app Molecule3D, and an AR-experience through HoloLens
where the students can interact with atoms and molecules, in
this case an Ibuprofen molecule, see Figure 2. A challenge
with the latter was that the original idea to follow the way

2 The project was carried out in close collaboration with Eva Mårell-
Olsson (Umeå university).
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from the DNA molecule in the core to the ribosomes where
tRNA meet mRNA in the translation process, was not
available as a pre-designed AR-app. Therefore, a simpler AR
experience was used as one station. Nevertheless, the school
students could see the potential of AR by “only” watching and
interacting with more simple structures in 3D. From the
information and clues received at the six different stations,
depending on how good the students handled the tasks at each
station, the main problem on Cystic Fibrosis was possible to
solve in the end by connecting all the different clues from the
gamification module.

For each empirical data was collected from observations
when school students worked with the module developed by
the engineering students, pre- and post-surveys with 18 the
school students, and interviews with the two school teachers.
School students’ perceived interest and value stated in the
surveys were analysed using the framework of interest by
Krapp and Prenzel[34] and the framework of value creation in
communities and networks by Wenger et al..[29] The first
results show that digital tools as interactive whiteboards, VR
and AR in a gamification framework improve students’
interest in chemistry. Both the upper secondary chemistry
students, as well as the university engineering students,
emphasise a positive situational interest when applying the
digital tools for chemistry learning. Using Likert scale 1–6
where students were asked to grade their perceived situational
interest, all mean interest values were higher in the post-

survey. The school students also stated an added value by
working together in groups to solve the main problem using
the clues from the different stations in the gamification
project; they stated value creation through motivation from the
gamification idea. In open-ended post-survey questions, the
students emphasised the aspects mentioned by Wenger
et al.;[29] “learning from each other’s experience, helping each
other with challenges, creating knowledge together” (p. 7). To
have a main problem to solve using clues received from the
different stations also made the students compete to try to
solve the problem faster and in a better way than the
classmates, also increasing their motivation. Even though the
practical aspects in the module not always were optimal, for
example the engineering students’ difficulties to find VR and
AR apps explicitly showing the desired content areas, the idea
of gamification to improve students’ motivation and interest
was evident. The two observers, one chemistry education
researcher and one digital media researcher, both interpreted
the students’ active work at the different stations as high
engagement, still they also realised the challenge to put
together relevant stations from where clues could be used to
solve the main problem. From the observations and teacher
interviews, it was also apparent from an outside perspective
(i. e., from a researcher or teacher perspective), that students
showed high engagement to solve the problem using
gamification, the collection of clues to “level up” was
perceived meaningful. One of the teachers stated that “our

Figure 2. Collaboration between students in the gamification project when solving parts of the problem on how the protein synthesis relates to
the disease Cystic Fibrosis. In the first picture, an on-line quiz is solved to get factual knowledge hints. In the second picture, HoloLens is
used to get a 3D picture of molecules in the process. In the third picture, an interactive whiteboard is used to play Pictionary, here a student
drawing a picture of codons. Below an Ibuprofen molecule seen through HoloLens (AR-glasses).
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students are quite often engaged in their own learning process,
but in this task, they were even more eager and motivated to
solve the problem”. When evaluating the module together with
the engineering students after the school students had tested it,
the students stated in focus-discussions that it was a challenge
to develop a coherent module with different stations using
different digital tools, that all was combined into the
gamification framework.

In conclusion, this small study has given new insights into
how digital tools can be used in the chemistry classroom to
engage and motivate students to solve problems through
gamification. Swedish school curricula have, from the autumn
of 2018, been adapted to the use of digital tools. Therefore,
teachers in all subjects have to find ways to use digital media
in a meaningful way. This study shows that school students
can be motivated by the idea of gamification, and the use of
clues to “level up” and solve larger open problems makes
students interested and they also claim an improved perceived
learning. In the next step of the project, the different digital
tools and the gamification framework will be explicitly studied
to explore which factor (i. e., digital tools as VR/AR,
gamification, or problem solving in groups) correlates with
interest and motivation. To be able to draw conclusions about
this, a larger study is planned for.

4. Study 3: Immersive Media to Learn about
Structure-Property-Relations?3

Immersive media are increasingly being used to convey
content as visible in Fulldome show programs of planetariums
over the last couple of years. “Natural Selection – Darwin’s
Mystery of Mysteries” by Robin Sip in 2010, a 3608 learning
experience about Charles Darwin and his evolution theory, or
“The secrets of Gravity – in the footsteps of Albert Einstein”
by Dr. Peter Popp in 2016 are two great examples for
immersive shows. As again a step forward, cross-media
formats for Fulldome and for Virtual Reality Headsets are
being developed, like “Clockwork Ocean – The Eddy Hunt”[35]

or “The Superheroes of the Deep Sea”,[36] two science outreach
productions of research institutes produced in cooperation
with the Mediendom at the University of Applied Sciences in
Kiel.

Immersive media surround the recipient with a 3608 virtual
reality environment, including fulldomes and virtual reality
glasses. This allows almost perfect immersions in the design,
since the presentation is not compressed to a screen, but can
unfold freely in the room.[37] This enables visitors to see things
they cannot see with the naked eye, and to make use of
perspectives that could otherwise hardly be taken. Immersive
media can also support learning by offering the emotional
impression of being part of the scenario – the medium allows
to immerse oneself in the virtual reality getting into a “flow
state” of motivation.[38] This perception of being “inside” is
called immersive presence.[39]

While most productions aim to raise awareness among the
public and school students, the use of immersive media has
hardly been studied in learning processes on higher level. Here
the integration of immersive media does not only have a
potential for enhancing students curiosity and interest into
learning more about the shown phenomena but also for
visualizing structure-property-relations in 3D formats. The
latter can help students who struggle to create 3D mental
models from 2D pictures, as often requested in chemistry
when dealing with molecules or complex structures.

The focus of an ongoing research project of the Kiel
Science Outreach Campus (KiSOC) is the development of a
3608 learning unit on nano and surface science for students.
An interdisciplinary team develops the 3608 format based on
the model of educational reconstruction.[40] Researchers of
material science and chemistry education choose and construct
the content with media producers right from the beginning to
form scientifically adequate, feasible, and effective representa-
tions. The accompanying research questions will investigate
effects of immersive media (Fulldome and VR headsets, 3608-
sphere) in comparison to classic films on computer screens
(16 : 9 screen clipping from the 3608 production) with regard
to emotions, motivation, interest, and conceptual understand-
ing. Considering the three formats already in the production
process is crucial in order to keep the design of the sequences
both effective and feasible and thus to fairly compare effects
of different 3608 sequences to the classical 16 : 9 screen.

For a first set of studies observations and think-aloud
interviews will be carried out. Three different sequences will
be produced to investigate different potential effects of
immersive media in comparison to flat screen visualizations,
related to the following research questions:
– Does an immersive media presentation raise curiosity and

interest and stimulate emotional reactions to a higher degree
than a flat-screen visualization? [Introduction sequence]

– Does an immersive media presentation foster more differ-
entiated descriptions and explanations with regard to
structure-property-relations than a flat-screen visualization?
[Explanation sequence]

– Does an immersive media presentation raise curiosity and
interest about research related to the phenomenon to a
higher degree than a flat-screen visualization? [Outlook
sequence]
The emotional reactions can be collected through body-

measures (cooperating with the institute of human biology)
and spontaneous reactions while watching the production. The
abilities to explain structure-property relations will be
collected through think-aloud interviews while watching and a
short test before and after. Interest and curiosity will be
analyzed based on questionnaire data before and after the
presentation.

3 The project is carried out in cooperation with Rainer Adelung (Kiel
University), Eduard Thomas (Mediendom at the University of Applied
Sciences in Kiel and funded by the Leibniz-WissenschaftsCampus
KiSOC (Kiel Science Outreach Campus).
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A specific research question could be set on the compar-
ison of a dome production, made for groups of people, and
VR-presentations for individuals. This will not be addressed in
the first set of studies but is planned for a follow-up project,
after having analyzed effects of one immersive medium
(starting with the VR-glasses) in comparison to flat-screen
presentations.

The choice of a suitable content area was based on the
objective to build connections between daily-life phenomena,
basic school concepts and research. As an important concept to
learn at school and to improve by research the interaction of
hydrophilic and hydrophobic substances or surfaces has been
chosen. As a daily-life related introduction, the water strider was
taken, aiming to raise questions about what causes their ability to
swim. The 3608 learning unit thereby also introduces the basic
idea of bionics. The beginning of the sequence takes the audience
on a journey into nature, leading to an observation of a water
strider swimming. Further on, explanations and discussions on
aspects such as buoyancy, surface tension, hydrogen bonding,
surface structures, material properties, and hydrophobicity are
raised. At the end it is shown how material scientists use these
concepts to construct synthetic material (Figure 3).

The first sequence explores a lake; the second sequence
moves towards an animated water strider leg which has been
developed in real proportion to the nano structure level
(Figure 4) and further on to animations of objects interacting
with the water surface. The third sequence introduces the
working group and techniques of material scientists and ends
with the immersive presentation of 3D structures of super-
hydrophobic structures made of ZnO nano particles.

The first sequence applies a “camera flight”, so the
observer seems to fly towards a pond, around the water
surface, then diving through the surface into the water and

back, ending with the observation of a water strider landing
and swimming. By this technique the observer is drawn into
the sequence, connected to the hypothesis that emotions,
curiosity and interest and stronger stimulated than by just
watching a flat-screen movie on the same content.

The second sequence moves into model worlds, starting from
electron microscope pictures to animations of the micro structure
surface of the water strider leg and onwards to molecular
interactions between water molecules and other surface structures
or objects. In the case of the water striders, the structure is made
up of tiny hydrophobic hairs,[41] coated with wax, forming a
grooved structure. An interactive part allows the variance of
surface parameters like the number of “hairs” or the angle
between “hairs” and the surface, further connected to an
animation of the water surface tension and the underlying model
of hydrogen bonding. Questions raised to the observer by the
presenter (the PhD student) are for example: What happens when
the water strider leg touches the water? Which conditions would
make him sink? What happens to the hydrogen bonds at the
moment a sphere touches or breaks through the surface and what
are the force and counterforce at that moment?

After these sequences the animated virtual reality will be
interrupted to offer insights into the research of material
sciences: 3608 photos of material researchers in their various
laboratories are shown. In this context, the original scanning
electron micrographs of the water strider leg in nano level
(Figure 5) and own experiments with the water strider leg are
shown in a video recording. This will be linked to the design
and production of synthetic materials, in this case zinc oxide
nano-particles, aiming to form superhydrophobic properties
similar to the water strider and based on (partly) similar
structural parameters like the resulting micro and nano surface
structure (also known from the Lotus effect). With a high
image resolution, the scanning electron micrographs of
synthetic materials and their production are shown in 3608.[42]

Figure 3. 3608 visualization of the first sequence.

Figure 4. Storyboard – second sequence: Water strider leg in nano
level.
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5. Study 4: Using Eye Movement Modeling
Examples as an Instructional Tool in Organic
Chemistry4

Spatial thinking is a central requirement with regard to
reaction mechanisms in organic chemistry. Here, students are
confronted with a variety of representations in the form of
structures, symbols, or diagrams in order to display processes
at the molecular level. However, students often struggle with
these information-rich representations and are unable to
identify the relevant features or to infer the underlying
chemical concepts.[43–45] Research findings indicate that a
central reason for students’ difficulties with reaction mecha-
nisms lies in the (missing) link between the representation of a
chemical reaction and the chemical concepts that must be
inferred from the representation.[44] For instance, most students
are able to give an explanation of mesomeric stabilization, but
struggle to use this explanation as an argument for deciding
about the next step of a reaction or even to “see” the relevance
of this chemical concept for understanding a given mecha-
nism.

In contrast, experts know where to look and focus their
attention to chemically relevant parts of molecular structures.
Students, however, tend to look everywhere in hope to find a
structural feature that looks familiar enough to make it the
starting point of an answer to the problem at hand. In
consequence, students often focus on salient features like
common functional groups or formal charges, and then take a
connect-the-dots or decorating-with-arrows approach to, for
instance, reason towards the desired product, but without
attributing the appropriate meaning to the symbols commonly
used in organic chemistry.[45,46] This tendency to prioritize
form over function[47] makes it then difficult for students to
understand and interpret reaction mechanisms as a chain of
chemical arguments that connect the reactants to the product,
and not as a sequence of arrows and changes that rather have
to be memorized than understood.[48]

When rethinking the demands for successfully under-
standing and using reaction mechanisms in organic chemistry
from the perspective of the cognitive sciences, three aspects
need to be aligned:[49,50] 1) understanding the representation, 2)
cueing upon the contextually adequate conceptual knowledge,
and 3) using this conceptual knowledge to infer an explanation

or to make a prediction about the reactivity or the next step of
the mechanism. With regard to students’ difficulties sketched
above, the question arises how teaching can better support
students both to develop a deeper conceptual knowledge and
to better understand how, when, and why a chemical concept
or an inherent convention is to be applied.[44]

Based on the cognitive theory of multimedia learning by
Mayer,[51] learning is facilitated when appropriate connections
are made between the explicit picture and the corresponding
explanation. Hence, scaffolding students while working
through organic reaction mechanisms might be a strategy to
help students reduce the search space by focusing their
attention on the relevant parts of a representation and to infer
the appropriate concepts.[44,49,52] Recent textbooks[53] make use
of colour-coding techniques to highlight relevant features or
areas of chemical structures in the course of reaction
mechanisms. However, instructional settings that also take the
dynamic nature of the represented phenomenon into account
(as in the case of reaction mechanisms) are hypothesized to be
more beneficial for the learner.[52,54]

In an ongoing study, cueing is based on so-called eye
movement modelling examples (EMME).[55] These are visual
displays of an expert’s eye gaze, recorded with an eye-tracker,
showing the expert’s step-by-step processing of the representa-
tion accompanied by the expert’s verbal explanation to convey
the chemical meaning. To a certain extent, these EMMEs are
tutorial videos, comparable to videos that can be found on
YouTube,[56] that show how an expert solves a specific problem
in organic chemistry, e. g. predicting the product given specific
starting materials. While these tutorial videos also provide a
verbal explanation and the display of a reaction mechanism,
the benefit of EMMEs lies in the feature that presenting the
expert’s gaze (in form of a transparent dot superimposed on
the reaction mechanism, representing the sequence and
position of the expert’s gaze when reasoning through the
problem) provides the learner with an explicit visual link
between explanation and representation (Figure 6). In other
words, the learner’s attention is guided to and focused on that

Figure 5. Scanning electron micrographs of a water strider leg.

4 The project is carried out in close cooperation with Nicole Graulich,
Julia Eckhardt (both University of Gießen), Marc Rodemer (IPN Kiel),
and Melissa Weinrich (University of Northern Colorado) and funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) – Grant No. 329801962.
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part of the representation that is currently addressed in the
verbal explanation.

While this cuing technique is not expected to directly
impact on students’ conceptual knowledge, EMMEs are
assumed to support the acquisition of perceptual skills. These
skills are often neglected in chemistry courses, both at school
and university level. Understanding chemical representations
are often viewed as unproblematic aids to improve science
learning and thus representations are mainly introduced as by-
products of other topics. “We expect students to learn to
navigate between the different types or levels of representa-
tions used in the various disciplines without targeted training.
Unfortunately, these assumptions and expectations are un-
founded and run counter to educational research on how
people learn”.[57] The extensive amount of empirical findings
on students’ difficulties with understanding chemical represen-
tations bears witness to the shortcoming of this expectation
(for reviews cf. 6, 44). In consequence, developing a “good
eye” needs to be a more integral part of training future
chemists. Supporting students in better discriminating (con-
textually) relevant from irrelevant features of a representation
and in developing from the relatively slow search-to find
mode of novice learners to the highly automated, implicit
holistic mode of experts will on the long run also support their
conceptual knowledge.[58]

Empirical findings on the effectiveness of EMMEs so far
stem mainly from biology (e.g., for learning to classify
zoological species) and medicine (e. g., for improving medical
diagnosis), but indicate support for the assumption that
EMMEs foster students’ learning.[55] Providing evidence in the
field of reaction mechanisms in organic chemistry is the aim
of an ongoing project. Here, a series of examples on
nucleophilic substitution reactions are selected to develop the
EMME tutorial videos, as sketched above, based on interview-
ing organic chemistry professors while also tracking their eye
movements when working through the examples. In addition,
the same example reactions will be used in a second type of
learning material where relevant areas (e. g. functional groups)
are highlighted by colour, akin to organic chemistry textbooks.
These dynamic (EMME) and static (colour highlighting) cuing
techniques are then contrasted to a baseline condition (no

highlighting) in a randomized controlled trial with chemistry
students at two German universities. The expert’s verbal
explanation incorporates an in-depth analysis of the mecha-
nistic pathway at hand and will be a common feature of all
treatment conditions to provide the necessary conceptual
knowledge for each example. The aim of the study is to
provide empirical evidence regarding the efficiency of the two
different cueing techniques on students’ ability to solve
mechanism tasks and also to investigate differential effects of
these cueing techniques based on student characteristics (e. g.
prior knowledge or spatial ability).

6. Conclusions

In sum this article aims to offer insights into four on-going
studies in chemistry education on upper secondary and
university level and the same time to foster the discussion
about the use of representations in chemistry as successful
supporting tools instead of hurdles for an understanding of
concepts like structure-property-relations. The cooperation
among chemists, chemistry teachers, and chemistry educators
as realized in all four projects lay the foundation for these
goals.

While one might expect that more differentiated visual-
isations should improve learning, research has shown that they
can also require additional demands and so cause cognitive
load.[22] This can be due to further activities like using a
program successfully, but can also be caused by chemical
requirements like spatial ability of the application of
conceptual understanding. The question of how and when 2D,
3D, and even immersive media become helpful or hindering
has to be studied and answered for different levels and content
areas in chemistry. Like for school level, it can also be
analysed if prepared combinations of phenomena and model
representations in augmented realities might be supporting or
hindering in comparison to virtual realities presented sepa-
rately from phenomena and linked by each student individu-
ally.

Switching between model-based representations also in-
corporates different models of structure-property-relations and

Figure 6. Screenshot of the reactants in a SN2-mechanism (left) superimposed with an expert’s eye gaze (in red) and the corresponding
excerpt of the expert’s verbal explanation (right; transcribed and translated to English). While stating the italic transcript fragment, the expert’s
gaze dwelled on the particular position of the molecular structure currently highlighted before moving to a different position.
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abstraction that are commonly used at university level. Even
here studies show that students have difficulties to apply and
interpret representations correctly.[59] As a correct understand-
ing of representations is a foundation for the development of
conceptual understanding, more research is necessary to
analyse and to support the successful interplay of both.

Regarding technical developments, two overall trends in
making technology increasingly useful for educational pur-
poses can be identified: “First, designers have tailored general
tools to specific disciplines, offering users features specific to
the topic or task. For example, developers target visualization
tools to molecules, crystals, earth structures, or chemical
reactions. Second, new technologies generally support user
customization, enabling individuals to personalize their model-
ing tool, Internet portal, or discussion board.”[60] Technological
advancements in designing and customizing domain-specific
learning tools made it possible to provide learning resources
that are increasingly aesthetically appealing, that are based on
advances in understanding of learning and the learner, and that
take up the complexity of the content to be learned.[60]

However, making use of these advancements increasingly
requires additional technical expertise, making it more and
more necessary to establish cooperations between content,
teaching, and technological experts. Taking all three areas into
account definitely effects the quality of the developed educa-
tional resource, but of course also its costs.

Despite all technological advancements in designing
digital media for learning purposes, it is still true that media
on their own do not yet provide success in learning. It is even
more important to embed them in a purposefully designed
learning environment. Especially for beginners, contextual
framings influence the application of different conceptual
explanations as well as students’ motivation and interest, as
expectable.[3,61] Here again, media can be applied to design
contexts and a storyline guiding a learner through a learning
environment. Such storylines can come from research,
provided by videos or livestreams, or present problems to be
solved for the groups of learners, e. g. in gamification
approaches which are incorporated in one of the projects
presented above.

As a third perspective, the choice and design of media,
representations and their application in a learning environment
also has to take the level of expertise of the learners or users
into consideration. Interviewing and observing experts’ prob-
lem-solving techniques in comparison to novices’ offers
promising insights into differences providing a foundation for
the development of stepped supporting tools.[62] Media
techniques can provide more detailed insights into problem-
solving approaches that can probably only partly be verbalized
like “reading” chemical formulae. Eye-tracking instruments
allow combined analyses of verbalized “think-aloud” explan-
ations and the underlying reading processes as eye movements
along formulae representations. The production of expert and
novice videos can further on be used as training tools to raise
discussions about the pros and cons of different approaches.
While the latter has hardly been studied up until now, eye-

tracking as an analytical tool has already been applied in
science education,[63] but the questions of how to better
improve structure-property-relation thinking for learners on
different levels is still a very promising field of research and
education.
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