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[...], the things you can see, feel, smell,
that’s what’s real, what else do you

need to know, which means that the
things I could see with my own eyes

had to be the truth, yet another truth
to add to all the other truths I’d been

oblivious to before, [...]
from A Girl Called Eel by Ali Zamir
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Abstract

Chemistry in general and quantum chemistry in particular are difficult to learn due to
many domain-specific concepts such as chemical bonds or electronic energy being imper-
ceptible. Therefore, learners cannot directly connect these concepts to prior experience.
It was demonstrated that haptic feedback has the potential to be an effective facilita-
tor for learning of such scientific concepts. However, while overall, emotional results
are positive, cognitive or performance-related results remain ambiguous. Furthermore,
little is known about the underlying salient learning mechanisms which are activated
when learning from haptic feedback. That is to say, it is unclear how haptic feedback
facilitates learning.

In this thesis, we present a learning environment that consists of a graphical as well as a
haptic user interface and that exploits multiple multimodal representations for embodied
learning. We present four studies. First, bachelor students tested the environment
in a usability study. The optimized learning environment was then applied in two
learning studies, in which we investigated the effect of haptic feedback on salient learning
mechanisms and learning outcome in second- and fourth-semester students. Finally, the
results of these studies inspired a follow-up study, in the scope of which we investigated
the effect of explicit metaphorical explanation on the outcome. The learning studies all
followed a problem-solving prior to instruction design. In contrast to instruction-first
approaches, the problem-solving allowed the students to first interact with and reflect
on the target concept before receiving explicit instruction.

We find that haptic feedback is hindering if the embodied experience is not successfully
mapped to the target concept by the students. We attribute this effect to the distraction
from the available and generally well understood visual representations by the haptic
feedback. We argue that by receiving an explicit explanation of the target conceptual
metaphor Reactions are Hiking over a Mountain, the students will benefit more from
the haptic feedback. This hypothesis is reinforced by increased curiosity, positive affect
and perceived relevance observed within the group that participated in an embodied
experience coupled with such a metaphorical explanation. The difference in performance
was not statistically significant.

Finally, the aggregated qualitative data of all studies provide a summary of student
conceptions of the chemical bond concept. We find that students mostly conceptualized



the chemical bond as physical entity or related to energy. We further conclude that
the students encounter difficulties in understanding the contextual dependence of the
decision when to utilize which model.



Zusammenfassung

Chemie im Allgemeinen und Quantenchemie im Besonderen sind schwer zu erlernen, da
viele chemiespezifischen Konzepte wie chemische Bindungen oder elektronische Energie
nicht wahrnehmbar sind. Daher können die Lernenden diese Konzepte nicht direkt mit
früheren Erfahrungen in Verbindung bringen. Es wurde gezeigt, dass haptisches Feed-
back das Potenzial hat, das Erlernen solcher wissenschaftlicher Konzepte wirksam zu
unterstützten. Während jedoch die emotionalen Ergebnisse insgesamt positiv ausfallen,
bleiben die kognitiven oder leistungsbezogenen Ergebnisse ambivalent. Darüber hinaus
ist wenig über die zugrunde liegenden Lernmechanismen bekannt, welche beim Lernen
mit haptischem Feedback aktiviert werden. Das heisst, es ist unklar, wie haptisches
Feedback das Lernen erleichtert.

In dieser Dissertation stellen wir eine Lernumgebung vor, welche sowohl aus einer gra-
fischen als auch aus einer haptischen Benutzeroberfläche besteht und die mehrere mul-
timodale Repräsentationen für das verkörperte Lernen nutzt. Wir stellen vier Studien
vor. Zunächst testeten Bachelor-Studierende die Umgebung in einer Usability-Studie.
Die optimierte Lernumgebung wurde dann in zwei Lernstudien angewandt, in welchen
die Auswirkung des haptischen Feedbacks auf die wichtigsten Lernmechanismen und
den Lernerfolg von Studierenden des zweiten und vierten Semesters untersucht wur-
den. Schliesslich führten die Ergebnisse dieser Studien zu einer Folgestudie, in welcher
die Wirkung expliziter metaphorischer Erklärung auf den Lernerfolg untersucht wur-
de. Die Lernstudien folgten alle einem Problemlösen-vor-Instruktion (PS-I) Design. Im
Gegensatz zu Ansätzen, bei welchen die Unterweisung im Vordergrund steht, konnten
die Studierenden beim Problemlösen zunächst mit dem Zielkonzept interagieren und
darüber reflektieren, bevor sie explizit unterrichtet wurden.

Wir stellen fest, dass haptisches Feedback hinderlich ist, wenn das verkörperte Erlebnis
von den Studierenden nicht erfolgreich auf das Zielkonzept abgebildet wird. Wir führen
diesen Effekt auf die Ablenkung von den verfügbaren und allgemein gut verstandenen
visuellen Repräsentationen durch das haptische Feedback zurück. Wir argumentieren,
dass Studierende mehr vom haptischen Feedback profitieren würden, wenn sie die kon-
zeptionelle Zielmetapher Reaktionen sind Wanderungen über einen Berg explizit erhal-
ten würden. Diese Hypothese wird durch gesteigerte Neugierde, positiven Affekt und
wahrgenommene Relevanz gestützt, welche in der Gruppe beobachtet wurden, die eine



verkörperte Erfahrung zusammen mit einer solchen metaphorischen Erklärung erhalten
haben. Der Unterschied bezüglich des Lernerfolgs war statistisch nicht signifikant.

Schliesslich bieten die aggregierten qualitativen Daten aller Studien eine Zusammen-
fassung der die chemische Bindung betreffenden Konzeptionen von Studierenden. Wir
stellen fest, dass die Studierenden die chemische Bindung meist als physikalische Einheit
oder im Zusammenhang mit Energie betrachten. Wir kommen ferner zum Schluss, dass
Studierende Schwierigkeiten haben, die Kontextabhängigkeit der Entscheidung, wann
welches Modell verwendet werden soll, zu vestehen.



1
Introduction∗

The word ‘haptics’ originates from the Greek words haptikos, which means ‘able to
touch’ and haptesthai, which means ‘able to lay hold of’.1,2 In research, haptics encom-
passes the study of touch, which can either be through tactile interaction – temperature,
texture, weight – or through force feedback. In this work, we are interested in how force
feedback can be exploited to ground or map abstract and intangible concepts to bodily
experiences.3,4

The framework of grounded and embodied learning (GEL)3 argues that this mapping
onto a familiar domain allows the learner to make connections to prior knowledge and
experiences and therefore better integrate the new concepts in existing knowledge. In
chemistry specifically, learners are often confronted with either imperceptible or fully
symbolic concepts that they then somehow have to integrate into their prior knowledge.
Not only are these concepts themselves hard to grasp, perceivable concepts such as
colour or density emerge from these inherently abstract concepts.5,6 Colour or density
have no meaning on a molecular level; however, the molecular constitution dictates
them. We elaborate on the theoretical framework of this work in chapter 2. Specifically,
we will position the chemical knowledge structure5,7 in the framework embodied cog-
nition8 and discuss implications of this framing to grounded and embodied learning.3

Furthermore, we present relevant design principles for learning environments includ-

∗This chapter is reproduced in part with permission from C. H. Müller, M. Reiher, M. Kapur
J. Comput. Assist. Learn. In press.
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Chapter 1 Introduction

ing multiple multimodal representations as well as the design concept for the learning
studies, preparation for future learning (PFL).9

Previous empirical research on haptic learning environments supports the theoretical
argument that abstract concepts can be made accessible to the senses through haptic
feedback and that therefore, the latter has the potential to be an effective facilitator
for learning.4,10 While it is impossible to feel the actual force operating on atoms, a
meaningful metaphor can be constructed. Haptic learning environments traditionally
consist of a simulation on a computer screen which is navigated with a haptic device
that allows for haptic feedback in form of repulsion and attraction. In a systematic
review for K-12 education, Zacharia4 found ambiguous results for 12 studies comparing
virtual manipulatives with and without the provision of touch sensory (haptic) feedback.
He conjectured that haptic feedback might be beneficial for grounding concepts that
cannot be captured visually, but stresses the need for more research as the sample
sizes of the discussed studies are quite low. He concluded that “we are still missing
most of the information needed for developing a framework depicting when, what and
how touch sensory feedback should be provided to learners” (p. 135). The literature
review of interactive quantum chemistry developments, empirical evidence of learning
from haptic feedback as well as of misconceptions that university students hold around
relevant concepts such as energy, chemical bonding processes and the specific reaction
mechanism that we used as example problem, nucleophilic substitution reactions, is
presented in-depth in chapter 3.

Finally, we present the studies conducted in the scope of this project. We optimized
the interactive user interface SCINE Heron based on findings from a usability study
presented in chapter 4. For this purpose, we introduced undergraduate students to a
real-time quantum chemical simulation that updates the positions of the atoms accord-
ing to the actions of the learner on the position of a manipulated atom.11–14 Specifically,
the learner can choose one atom with a computer mouse or haptic device15 and thereby
manipulate the molecule. By virtue of continuous quantum chemical structure optimiza-
tion, a more stable molecule would follow the selected atom while an unstable molecule
would follow less resulting in the breaking of the bond between the picked atom and
the rest of the molecule. Next to technical issues found by the participants, the feed-
back focused on an improved three-dimensional aid and hiding unnecessary settings for
learners.

The effect on the learning process was then explored in two problem solving followed
by instruction9,16–19 (PS-I) studies, in which the interactive simulation was employed
in the problem-solving phase (see chapter 5 for the study with fourth-semester students
and chapter 6 for the study with second-semester students). In these studies, we intro-

2



duced a haptic learning environment to undergraduate students in a problem-solving
setting targeting potential energy, its dependence on molecular structure and on the as-
sociated forces. The students completed three tasks either with a haptic force-feedback
device or a computer mouse followed by an instructional video. Based on previous
research on PS-I, we hypothesized that exploration of chemical systems in this environ-
ment would increase the students’ knowledge gap awareness, positive affect and state
curiosity and hence would prepare them for learning from a video (chapter 5) or lecture
(chapter 6).19 In the context of higher education, we attempted to build upon previous
findings of increased learning outcome of interatomic forces for students who received
haptic feedback.20 Zohar and Levy’s study followed a similar design but targeted high
school students’ learning of distance dependence of force between two atoms rather than
the dependence of force on the electronic energy change and hence molecular structure
change. In their learning environment, the students saw two atoms, an energy plot show-
ing the Lennard-Jones potential and the force corresponding to the repulsion present
when an atom was moved too close to the other one. Zohar and Levy found a positive
effect of their environment on high-school students. In SCINE Heron, the university
students further saw an energy graph, now corresponding to the current total electronic
energy of a molecular system calculated with highly parameterized quantum chemical
methods.13,21 This results in a higher level of physical realism that becomes relevant for
students who have the required mathematical knowledge. Moreover, we extended Zohar
and Levy’s results by exploring different learning mechanisms quantitatively through
questionnaires as well as by assessing the students’ learning trajectories qualitatively
through open-ended questions. With this mixed-methods design, we explored the ex-
tent to which haptic feedback can facilitate learning in our specific setting and for whom
this might be the case.

For the fourth-semester students, we found that the haptic feedback had a small nega-
tive effect on the learning outcome. We associated this effect on the implicitness of the
target conceptual metaphor which might have prevented the students from successfully
mapping their prior bodily experiences unto the quantum chemical domain (see chap-
ter 5). Based on this conjecture, we designed a follow-up study that added an explicit
explanation of the metaphor to the instructions of the study. Specifically, we compared
students who received haptic feedback together with this explanation to students who
received the traditional visual representation of forces as arrows together with a literal
explanation of what the arrow length corresponds to. We found that perceived rele-
vance, curiosity as well as positive affect were increased in students who received haptic
feedback. Chapter 7 describes this follow-up study in more detail.

One aspect of initial quantum chemistry learning is the process of moving from classical

3



Chapter 1 Introduction

FS 2021 SS 2022 FS 2022 SS 2023

Ch. 4

Ch. 5

Ch. 6

Ch. 7

Ch. 8

Figure 1.1: Chronological overview of studies conducted in the scope of this dissertation.
Chapter 4 presents a usability study while chapters 5, 6 and 7 present PFL studies. Chapter 8
triangulates the qualitative data of the usability and learning studies to present a summary of
chemical bond conceptions.

conceptions to quantum conceptions. Many chemistry-specific concepts are introduced
highly simplified in a classical context and these simplifications are only later explained
or resolved. Student conceptions that lie at either end of this process have been re-
searched well. For instance, in the context of discussing challenges related to chemical
bonding, research centers on the different kinds of bonding, ionic, covalent or metal-
lic.22,23 From this perspective, the chemical bond is mostly conceptualized as a construct
of sharing particles between or across nuclei. They are mostly represented with a line
or two dots to indicate the location of these quasi-electrons.24 In contrast, quantum
chemistry education research focuses strongly on the conceptions around atomic and
molecular orbitals or valence bond theory and hybridization.25–27 Multiple misconcep-
tions have been identified, mainly around the connection between the physical electron
and the mathematical wavefunction, the derivation of molecular from atomic orbitals
and the role of hybridization.24,28 However, little research has been conducted on the
influence that these prior conceptions from introductory chemistry have on the learning
process in quantum chemistry.

In chapter 8, we explore how the different models were (simultaneously) activated in
the specific context of initial quantum chemistry learning. We discuss the influence of
learning about quantum chemistry on the understanding of the chemical bond. To this
end, we triangulate data from studies with first (chapter 4), second (chapter 6) and
fourth (chapter 5) semester students. While the primary target of these studies was not
to elicit different chemical bond conceptions, the students still produced data on them in
all studies. By analyzing their utterances and written statements on the chemical bond,
we could describe their reasoning around it in the specific context of software-assisted
initial quantum chemistry learning.

4



The thesis concludes with a summary of the most important findings and implications of
this work. Figure 1.1 shows the content of this dissertation in a chronological manner. In
summary, the usability study presented in chapter 4 informed the design and improved
the learning environment applied in chapters 5 and 6. The results presented in chapter 5
informed the design of chapter 7. Finally, all qualitative data were re-analyzed for an
in-depth account of chemical bond conceptions presented in chapter 8.

The study designs and analysis plans of the studies described in chapter 5 †, 6 ‡ and 7 §

were preregistered on the Open Science Framework (OSF) and the data as well as
the analysis scripts that support the findings are also openly available in the linked
OSF directories. All studies were approved by the ethics committee of ETH Zurich as
proposal EK-2021-N-41. Finally, the studies conducted in the scope of this thesis were
all done in person. However, they all took place between the years 2021 and 2023 and
were therefore situated during the Covid19 pandemic. While we were lucky to be able
to conduct studies in person, different measures were active for different studies (gloves
and masks for chapter 4, no touching of the keyboard by the researcher during the
intervention for chapters 5 and 6 and no explicit measures for chapter 7). Additionally,
this pandemic put a strain on the students as well as on the researchers and we must
assume that this potentially affected stress levels and anxiety.29

†https://osf.io/t9wne/?view_only=3c6fdb25cf6947688f56698239f6b2d4, accessed 2023-08-04
‡https://osf.io/97yrd/?view_only=4f14de8516b84def9da5aaf04fac8014, accessed 2023-08-04
§https://osf.io/c23rx/?view_only=54c73f4b83fa48ac87b35f40f9ff879d, accessed 2023-08-04
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2
Embodied Chemistry Learning∗

Throughout this work, we argue in the framework of embodied cognition8 and specif-
ically embodied learning.3 In the following, we aim to position chemical knowledge in
that framework and distinguish between conceptual knowledge and external represen-
tations of it. The latter is particularly important as many concepts in chemistry are
concerned with sub-microscopic phenomena that are not experiential and hence need
to be represented figuratively. In section 2.2, we turn to the educational context that
this research was conducted in and further elaborate on the implications of the em-
bodied understanding of cognition on learning in general and chemical understanding
specifically.

2.1 Embodied understanding of chemical concepts

We depict the theoretical framework in Figure 2.1. In the following, we begin by in-
troducing embodied cognition,8 the underlying theory – or theories as we will see –
of cognition that we are applying throughout this work. This theory allows us to in-
vestigate how humans, specifically students, make sense of abstract concepts through
conceptual metaphor, that is how a mapping between the experiential world of repre-
sentations, symbols and instruments and the imperceptible, sub-microscopic domain of
molecules and atoms is necessary in order to understand the latter. We embed the
multilevel framework of chemistry suggested by Johnstone5 into that underlying theory

∗This chapter is reproduced in part with permission from C. H. Müller, M. Reiher, M. Kapur
J. Comput. Assist. Learn. In press.
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Figure 2.1: The theoretical framework applied in this work, strongly inspired by the multilevel
framework of chemistry by Johnstone5 as well as Klein’s interpretation of the role of instruments
and pen-and-paper models in chemistry.7 We argue in the framework of embodied cognition8

and hence assume that all concepts and representations must be understood in an embodied
matter. Metaphorical mappings between experiential domains and the abstract domain are
indicated with arrows.

and further analyze what the roles of the three levels symbolic, sub-microscopic and
mesoscopic are. We adopt the term mesocosm as introduced by Vollmer30 to describe
what Johnstone called the macroscopic level.5 In that context, the mesocosm includes
the magnitudes perceivable to humans, i.e. seconds to decades, millimeter to kilometer,
0°C to 100°C. This section closes with a remark on the ambiguity of concreteness in that
context as research in the past aimed to organize chemical knowledge into a spectrum
from abstract to concrete.31 We claim that apart from the hierarchy suggested by Lin
and co-workers,31 there are at least two more interpretations of concreteness to consider
when designing interventions in chemistry education and that this should be taken into
account when comparing interventions based on concreteness.

2.1.1 Embodied cognition

Embodied cognition is a research program that challenges basic assumptions from stan-
dard cognitive science. Traditionally, computational cognition as defined in the infor-
mation processing theory32 assumes that cognition is an algorithmic process on amodal,
abstracted symbols in the brain which is influenced by but strictly separated from the
environment. Therefore, cognition itself is removed from perception and action.33 Along
this argumentation, Newell and Simon tried to create a computer program, the general

8



Embodied understanding of chemical concepts 2.1

problem solver (GPS), which solves problems as a human would do.34 GPS is successful
for problems requiring a means-end analysis, such as chess or solving an equation; how-
ever, it is also limited to them. The assumption of algorithmic cognition is challenged
by the observation that often, action is an important part of creating inputs to cogni-
tion. Examples include raising from a chair to see something blocked by an obstacle or
picking up an item to inspect it from different perspectives. If the creation of inputs
requires active exploration of the environment, the gears of cognition must not only lie
in the brain, but also in other organs and even outside of bodies.8,35 This realization
poses further questions connected to the role of (human) bodies in cognition, questions
that the research program of embodied cognition aims to answer.8

Shapiro suggested to call ‘embodied cognition’ a research program as there are mul-
tiple schools of thought that reject the notion of computational cognition to differ-
ent extents36 such as the embodied mind,37 dynamical systems theory38 or extended
cognition.35 Shapiro8 attempted to organize the different theories into what he calls
hypotheses, which we present in the following and which form the foundation of our
understanding of embodied cognition.

The three hypotheses can be summarized as follows.

• The conceptualization hypothesis suggests that “to conceive of the world as a
human being does requires having a body like a human being’s” (p. 71 of Ref. 8).
Throughout this work, we employ the plural bodies to acknowledge the diversity
of human bodies.39

• The replacement hypothesis suggests that “[...] interaction with [the organism’s]
environment replaces the need for representational processes thought to have been
at the core of cognition” (p. 4 of Ref. 8) such as mental algorithms.

• The constitution hypothesis suggests that “[...] the body is, literally, part of the
mind. More radically, [...] the mind extends even beyond the body, into the world”
(p. 159 of Ref. 8).

To go into depth of all arguments made by proponents of these hypotheses is beyond
the scope of this work. However, we elaborate on two points fundamentally important
for embodied learning as described in section 2.2.

First, the proponents of the conceptualization hypothesis, Lakoff and Johnson, argued
that how bodies of humans are shaped and function form how we can conceptualize and
categorize the world.40 Specifically, they argued that by constructing mappings between
a known and familiar domain and a more unfamiliar domain, we can create meaning and
understanding of this unfamiliar domain. For example, the concept of relationship might
be hard to understand at first, but in terms of the metaphor relationships as journey, all
kinds of concepts from the domain journey can be mapped onto the domain relationship,

9



Chapter 2 Embodied Chemistry Learning

such as travelling together, standing at a crossroad, sailing smooth or going separate
ways.8 We expand on what this means for chemistry learning in subsection 2.1.3.

Lakoff and Johnson’s conceptual metaphor theory has further implications on how we
conceptualize the chemical field. Scientific knowledge is inherently created through
human actions41 and one main question of the philosophy of chemistry is what and how
“linguistic (or theoretical) actions and actions on the laboratory scale” lead to chemical
knowledge.42 This quote was translated from German and what is interesting about this
wording is the categorization of language as an action. Not only are the results created in
the laboratory of importance to shape the chemical field, but equally as important is the
terminology that we choose to describe this research with. If we argue in the framework
of embodied cognition, meaning is created through describing chemical processes in
terms of models that map experiential representations onto the concept of interest (see
Figure 2.1). For example, one of the most fundamental concepts in chemistry, the
molecular structure, was defined metaphorically through the spring-and-ball model by
Kekulé.43,44 If we argue in favor of the conceptualization hypothesis, these metaphors
are dependent on the human bodies. It would be interesting to pursue how being aware
of this and potentially altering our bodies (such as in immersive virtual reality) might
influence chemical reasoning. A similar proposition was made in mathematics with
semantic avatars.45

Second, gestures are an excellent example of how bodies can support cognition and illus-
trate the implications of the departure from a purely computational model for thinking.
Shapiro argues that as we gesture not only in communication when the other party is
present, but also on phone calls or when we are alone, gestures must be more than scaf-
folds for communication but rather constituents of thinking.8 Consequently, they are
one of the main arguments brought forward by proponents of the constitution hypothe-
sis. This is supported by experimental evidence such as people less fluently describing
spatial situations when being prohibited from gesturing.46 This is relevant to this work
for two reasons. First, chemistry is a spatially challenging field and increased spatial
ability has been shown to have a positive effect on chemistry performance.47 Simulta-
neously, young girls tend to gesture less than boys resulting in them performing worse
in mental rotation tasks.48 While this is not directly under investigation in this work,
potential gender differences in spatial ability and hence the spatial aspects of chemistry
content was taken into account in the design process of our learning environment in
SCINE Heron49 by attempting to reduce the amount of mental rotation needed to
be able to interpret the environment (see chapter 4). Moreover, we measured spatial
ability in the interventions described in chapters 4 to 6 in order to assess the interaction
effect of condition and spatial ability on the learning outcome. Second, the learning en-

10



Embodied understanding of chemical concepts 2.1

vironment included directed action as opposed to spontaneous gestures. While guided
action can have a positive effect on learning processes,50,51 the loss of agency may also
have negative effects by limiting the opportunities for spontaneous gesturing.

2.1.2 The three levels of chemistry knowledge

It was argued that the reason, why science and chemistry specifically are supposedly
difficult to learn lies in the inherent structure of chemical knowledge.5,6,52 Johnstone
introduced the widely applied multi-level framework of chemical knowledge that argues
that chemists have to understand their craft on three levels – the mesoscopic level, the
sub-microscopic level and the symbolic level5 (see Figure 2.1). To illustrate, picture a
chemist working in the laboratory. She sees how the substance in her flask changes –
maybe the color changes, maybe a solid forms (mesoscopic level). As a trained chemist,
she has her hypotheses about what happens on a molecular scale, which reactants are
involved and how they interact with each other (sub-microscopic level). She has written
down the reaction mechanism on the white board and has calculated the expected
reaction energy and activation barrier (symbolic level). While to her, the connection
between these levels is straight forward and she can easily jump between them, a novice
has to make these connections actively. The connection between the mesoscopic and
sub-microscopic level is not trivial, as chemistry is an emergent science.44,52 This means
that while the properties on the mesoscopic scale (color, state of aggregation) depend
on the sub-microscopic scale (the molecules), they do not have meaning on the sub-
microscopic scale. A molecule does not have a color or a state of aggregation. This
has been argued to be one of the sources for many misunderstandings in students.6

For example, students might attribute an emergent property of a system to particular
components53–57 or they might view an emergent property of a system as the sum of
properties of constituent entities.56–59

Niebert and Gropengiesser generalized the argumentation of Johnstone to science educa-
tion.60 They argued that as understanding is firmly grounded in experience which has to
be on the mesoscopic scale, meaningful conceptual metaphors must be constructed that
are sourced in the mesocosm and target the abstract concept on the sub-microscopic
or macroscopic scale. Here, grounding denotes the process of mapping “novel ideas
and symbols to modality-specific [sensorimotor] experiences that are personally mean-
ingful”3 and the macroscopic scale includes scales too big for humans to perceive mean-
ingfully, such as the atmosphere or the solar system. The role of metaphors for the
understanding of chemical ideas is detailed in the next subsection.

Moreover, the symbolic level in itself is highly complex with one representation bear-
ing multiple meanings.7 For example, the Berzelian notation (e.g. H2O) serves as i)
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abbreviation for names of mesoscopic chemical compounds,61 ii) referent to empirical,
stoichiometric relations62 and iii) referent to atomic weights.63 In her book,7 Klein
argues beautifully how the language of chemistry developed and what cultural impli-
cations it brings to the field. Specifically, she draws a similar picture of the chemical
knowledge structure as Johnstone by distinguishing the Berzelian sign system (on the
symbolic level) from the laboratory manipulations and instruments (on the mesoscopic
level) while simultaneously stressing the high interconnectivity of the two aspects or
levels of chemistry. She adds another important thought to our framework that is
especially important when considering how to teach chemistry to novices that might
not yet be familiar with the domain-specific language and models. She argues that
“[a]lthough both kinds of tools [paper tools and physical laboratory tools] embody intel-
lectual assumptions, they are no longer epistemically relevant in themselves but serve
to investigate and represent new scientific objects.” (p. 3 of Ref. 7). Therefore, the
mesoscopic and the symbolic level can be considered representational levels that serve
the indispensable role of representing the sub-microscopic level (see Figure 2.1).

Similarly, Del Re wrote that since humans have “no direct perception of a large majority
of the objects which science has detected in the physical universe, [their] knowledge is
based on analogies with ad hoc objects”.44 In anticipation of the next subsection, this
can be rephrased to the need for metaphors that map features of both tools onto the
object under study – molecules and atoms. To further understand how we move between
the levels described here from an embodied cognition perspective, we need to introduce
the concept of conceptual metaphor which allows us to argue in terms of mapping
between imperceptible and perceivable domains.60

2.1.3 Chemical understanding via conceptual metaphor

Metaphors play a crucial role in developing, understanding and communicating chemi-
cal ideas.64 Mahootian argued that metaphors provide “a cognitive wedge that opens
space for speculation”.64 They allow to express one thing as another and hence map
specific properties from one domain onto another. If understood well, this allows for
idealized experiments in the sense that an outcome is successfully predicted based on
a metaphorical model system.44 While this language has been proven to be a pow-
erful tool for chemists, students often fall into the trap of interpreting these models,
these idealized experiments, as literal representations instead of metaphorical substi-
tutes. Therefore, they are later confused by different, seemingly contradicting models
of the same concept.65 Here, we are focusing on the educational perspective of this as-
pect but we acknowledge that there exists a rich literature on the historical and cultural
role of metaphors in chemistry research and practice.44,64–66 While research concerned
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with teaching and learning focuses on how the correct mapping is constructed based on
a defined target concept, these mappings also contribute to the meanings that we assign
to it by enabling specific ways of usage, description and understanding of a concept.8

The language that chemists employ and the metaphors they historically constructed
were developed by human minds in a social and cultural context and are consequently
limited by these factors. Again, this has implications for research that are, however,
beyond the scope for this work. Critically, as the aim of teachers and lecturers is to
pass this language on, it is of interest to be aware of its peculiarities and challenges
to novices. Moreover, this language was created to a large part by a specific group of
people with a certain kind of body. The consequences this has on the learning process
of chemical content for example of disabled people remains to be investigated. While
Lakoff and Johnson would argue that the impact will be significant,67 Shapiro disagrees
and argues that the same meaning can be generated through different means and hence,
one does not necessarily need an identical body to understand meaning assigned to a
certain concept by this body.8 In any case, it is crucial to ensure that the taught con-
ceptual metaphor is mapped correctly by the students. Niebert and Gropengiesser have
argued that in science teaching specifically, a mismapping is one of the major sources
for misconceptions.68 Specifically, we focus on the constructionist understanding that
misconceptions develop due to metaphorical mismappings between a familiar – or po-
tentially falsely assumed to be familiar by the teacher or lecturer – domains and new
chemical ideas.68

For this purpose, we apply the definition by Lakoff and Núñez of conceptual metaphor
as a cognitive mechanism, a mapping from a familiar (that might imply physical) source
domain onto a potentially imperceptible target domain.69 Knowledge can therefore be
interpreted as layers of conceptual metaphors at the core of which the basic concepts8

or “direct physical experience[s]” (p. 57 of Ref. 67) are located. This is aligned with the
conceptualization hypothesis of embodied cognition (see subsection 2.1.1); only what
we can experience or what can be mapped metaphorically from what can be experi-
enced can be understood. Some of these basic physical experiences include pushing and
pulling. We exploit these experiences to potentially help the students construct con-
ceptual metaphors that map their experiences of pushing and pulling to the unfamiliar
domain of quantum chemical forces and potential energy hypersurfaces.

In the following, we briefly diverge to clarify how we conceptualize misconceptions. We
are applying the definition by Gilbert and Watts,70 who state that “‘conceptions’ be
used to focus on the personalized theorising and hypothesising of individuals”. They can
be accessed through actions of people, including speech, writing, but also non-verbal ac-
tions such as gestures. Naturally, not all conceptions are correct or accurate in the sense
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that they are not in agreement with current scientific thought (in the case of scientific
conceptions). These incomplete or inaccurate conceptions have been termed alterna-
tive conceptions71 or misconceptions.72 Often, they are accurate in the specific context
that they were integrated in but are then wrongfully generalized to other contexts.
How learners’ conceptions evolve towards expert knowledge, that is how conceptual
change can take place is theorized in two major lines of research – theory change73 and
knowledge-in-pieces.74 Both lines assume that small knowledge structures are crucial for
conceptual change. However, theory change treats conceptual change as gradual change
of beliefs around a given concept with coherence being high for both expert and novice
theories while knowledge-in-pieces assumes that coherence increases with proficiency.75

Important for this work is the cross-domain mapping that plays a role in both lines of
reasoning. This process is characterized by the assumption that new information has
to be integrated into prior knowledge. The new information or target domain includes
the target concept that is taught. What is included in the source domain depends on
the theoretical framework that is applied. However, all mentioned accounts involve
minimal knowledge structures that must be – in the framework of embodied cognition –
(grounded in) experiential and embodied experiences. Misconceptions arise when these
minimal knowledge structures i) are mapped inaccurately to the source domain or ii)
are not actually accessible to the learner.68 For example, Venville and Treagust76 de-
signed a study that introduced DNA metaphorically as a code, a metaphor that is very
commonly applied in textbooks, such as for example in Alberts and co-workers:77 “cells
replicate their DNA [... and] decode the instructions represented in the DNA” (p. 25).
They found that whether this metaphor is productive for learning depends strongly on
the learner’s conception of code. For example, one of their students potentially con-
ceptualized code as a series of numbers and consequently did not conceptualize DNA
as a code, but rather as having a code, which results in different, potentially incorrect
consequences.68

For chemistry specifically, Talanquer78 has suggested a model to classify and under-
stand students’ misconceptions based on what he calls commonsense chemistry. We
argue that his argumentation aligns very well with the conceptual change framework
described in this section. Students start their academic journey typically with most ex-
perience in everyday activities and commonsense reasoning and much less experience in
the chemical domain, especially due to the emergent nature of chemical knowledge (see
subsection 2.1.2), which can result in misconceptions.6 Therefore, these commonsense
conceptions should be taken into account when introducing new concepts. Students are
not presented with new information in a vacuum, but they ground this information in
prior experience or knowledge. The lecturer must then provide grounding opportuni-
ties to guide this grounding process in a productive direction. Grounding was earlier
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described as the mapping of new, potential inexperiential information to meaningful
sensorimotor experiences. In that sense, it describes precisely the construction of con-
ceptual metaphors. We discuss the impact of an embodied perspective onto education
specifically in section 2.2.

2.1.4 Concreteness in quantum chemistry

Concreteness fading is an instructional approach that gained momentum in mathemat-
ics education and has recently found applications in science teaching.79 Following this
approach, instruction initially introduces a concept with concrete representations that
are then stripped sequentially of their contextual details until an idealized representa-
tion of the concept is obtained. It was found that concreteness fading facilitates learning
and transfer.79 However, the generalizability of this approach was recently questioned
by Kokkonen and Schalk80 due to the dissimilarity of the external representations of the
target concept in the different domains and hence the triggered learning processes. In
the context of chemistry education, it was suggested that chemical representations could
be organized along this spectrum from abstract to concrete.31 Due to the popularity
of the concreteness fading approach together with the somewhat conflicting nature of
the presented theoretical framework in this work and the linear framework of Lin and
co-workers,31 we address in the following the verbal dispute81 that we suspect around
what concrete factually means in a chemical context.

In the context of mathematics education, it was suggested that concreteness can be
defined along multiple dimensions, specifically sensory accessibility, specificity or famil-
iarity.82 Here, we are applying this reasoning onto the domain of chemistry to argue why
a similar discussion on the multidimensional aspect of concreteness should be had in the
chemical domain and what this means for the instructional approach of concreteness
fading.

Lin and co-workers31 defined concreteness as a continuum from mesoscopic, over sub-
microscopic to symbolic representations. Specifically, they defined the concreteness of a
representation as “the similarity to the referent or intended meaning of the representa-
tion”. With similarity meaning resemblance or correspondence, this definition relies on
the underlying assumption that the referent itself is experiential in some form. While
this applies in experimental chemistry, where reactions can be observed in the labora-
tory, this definition is limited in the case of quantum chemistry. For example, it would
be hard to concretely represent an electron as a wave-particle since this is inherently
intangible and invisible.

Furthermore, we are building on Chatain and co-workers’s work by arguing that one
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representation can be concrete and abstract at the same time.82 What matters – in
particular in the context of concreteness fading – is the dimension that we are interested
in. For example, the potential energy is a multidimensional function that depends on
the degrees of freedom of a molecule and is therefore mathematical, symbolic and hence
abstract by the definition given above, especially to learners. However, the energy
is often visualized as a hypersurface and metaphorically described as a geographical
landscape.83,84 This representation is concrete in the sense that it can be grounded
in familiar concepts but it is still general and therefore abstract. Moreover, it does
not fulfill the definition by Lin and co-workers31 as it is not similar to the concept of
energy, as energy is not a perceptual concept. For another example, the derivative of
the abstract referent energy along one reaction coordinate is proportional to the force.
This concept has been introduced as haptic feedback and therefore allowed the learners
to construct meaningful metaphors that are highly concrete since they allow grounding
in sensory experience.15 However, again, the derivative of energy is not similar to the
representation and therefore not concrete in the sense intended by Lin and co-workers.

Importantly for the educational context, different kinds of concreteness can invoke dif-
ferent learning mechanisms.82 It was found that manipulation concreteness – concretiz-
ing through manipulation – evokes the cognitive mechanism of sensorimotor simulation
while embodied concreteness – concretizing through grounding in embodied experience
– additionally activates the mechanisms direct induction and modal priming.82,85 The
latter improves perceived relevance as found by Chatain and co-workers82 as well as
in this work (see chapter 7) while the former does not necessarily. Therefore, two con-
creteness fading interventions might activate different learning mechanisms depending
on the definition of concrete that is applied.

In conclusion, we suggest that there is a verbal dispute around the concept of con-
creteness beyond the chemistry triplet that might be an additional obstacle for the
comparability of instructional approaches such as concreteness fading.81 While Lin and
co-workers’s31 definition works well for experimental chemistry, we argue that there is
a need for expansion of the definition to multiple dimensions if we want to be able to
discuss all domain-specific concepts of chemistry, in particular quantum chemistry. In
this section, we have presented a framework that allows the separation of the physical
sub-microscopic level of chemistry and the levels that serve representational purposes,
the mesoscopic and symbolic level. The levels are interconnected through conceptual
metaphors that map perceivable concepts to abstract domains. For concreteness fading
interventions, it might be beneficial to argue in terms of these metaphors and to move
from a more concrete source domain – where concrete needs to be defined – to a more
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abstract source domain. This might be more precise and more customizable to what is
concrete to the learner.

2.2 Embodied learning from haptic feedback: Design principles

In the previous section, we presented a framework of cognition in which we situated the
chemical knowledge domain. We argued that as the main phenomena of interest in chem-
istry, molecules and atoms and their properties, are not tangible, visible or otherwise
perceivable, conceptual mappings need to be constructed from experiential levels, that
is the symbolic level and the mesoscopic level to the concept of interest. In this section,
we aim to present the implications that this framework has on how we design for and an-
alyze the learning process of chemical concepts. To this end, we introduce three relevant
lines of work that are pivotal for the design of the learning environment (see chapter 4)
and the learning studies (see chapters 5 to 7). First, Nathan has developed the grounded
and embodied learning (GEL) framework3 which presents principles and mechanisms
crucial for the learning process from an embodied cognition perspective. Second, in
chemistry education generally and in our specific learning environment, we are working
with multiple and here additionally multimodal external representations. As working
memory capacity is highly limited, it is critical to carefully design for these representa-
tions and we present the principles that we applied in subsection 2.2.2. Finally, all our
learning studies are following the identical instructional design, preparation for future
learning (PFL9). We are presenting the main design principles and the defense as to
why this design was suitable for this work in subsection 2.2.3.

2.2.1 Grounded and embodied learning

The grounded and embodied learning (GEL) framework adopts several of the underly-
ing assumptions of embodied cognition.3 First, the framework assumes that the mind
controls a predictive architecture in the sense that multiple possible outputs are simulta-
neously activated and updated based on the probability of their correctness. Second, the
reality of a person is distorted by sensory experiences, which themselves are a product
of the person’s environment. Third, memories and hence knowledge is constructed and
alterable. One consequence of the last assumption was evident in subsection 2.1.3, in
which we mentioned that misconceptions can be conceptualized simply as mismappings
between prior knowledge and new minimal knowledge structures that were unsuccess-
fully attempted to be integrated into the former.

Under these assumptions, GEL is concerned with the limited capacity of working mem-
ory and how to support the relevant cognitive processes for learning. Working memory
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denotes the part of information that is readily available to us and that can therefore be
actively used for cognitive tasks such as learning.86 Specifically, GEL incorporates the
dual-process theory which suggests that there are two main ways of thinking, the intu-
itive, automatic, implicit, parallel and low capacity, type 1 processing and the deliberate,
slower, rule-based, serial and capacity-dependent type 2 processing.87 As learning is con-
sidered type 2 processing, GEL is mainly concerned with optimizing and supporting type
2 processing. GEL introduces principles for designing for an embodied understanding
of learning. Learning in this context is defined as “lasting change in behavior”.3

Table 2.1: Different types of embodiment as defined by Nathan3 and how cognitive
mechanisms associated with learning might be activated for each in the context of our
work.

Type of embodiment Grounding Offloading

Movement & perception Metaphor for energy change in
terms of perception of force

Move visual information
of force to haptic channel

Simulation Instantiations of metaphor
when recalling concept

-

There are many ways how to involve bodies in the learning process. GEL differenti-
ates between four kinds of embodiment, movement and perception, gesture, embodied
simulation and materialist epistemology3 (see Table 2.1 for the relevant connections to
this work). In the context of this work, we are targeting embodied simulations and
perception. The former describes how human minds have the ability to re-experience
sensorimotor processes. Under this assumption, perceiving the force that represents an
activation barrier in a chemical reaction should have the potential to be re-experienced
in a later situation such as a formal learning setting. Similarly, movement and per-
ception ground the meaning of concepts through embodied, conceptual metaphors.60,68

Since we understand new concepts through integration into existing prior knowledge or
experiences, imperceptible concepts such as energy, molecules or the atmosphere have
to be understood metaphorically. Metaphors allow to map familiar embodied experi-
ences such as pushing a door open or handling a container onto abstract concepts such
as forces in chemical reactions or understanding climate change68 (see subsection 2.1.3
for a more detailed account of conceptual metaphors).

Furthermore, Nathan specifies four cognitive mechanisms associated with embodied
learning, grounding, offloading, cognitive-sensorimotor transduction and participation.3

In this work, we focus on grounding and offloading. The former is defined as the
process of mapping novel ideas and symbols to modality-specific, personally meaningful
experiences and hence allowing the students to ground the abstract concepts of potential
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energy in a chemical context in prior bodily experiences of attraction or repulsion (see
Table 2.1). The latter refers to ways of how bodies and the environment can reduce
the demand on the highly limited cognitive resources. Again, metaphors can deliver
means for offloading cognitive operations needed for a new domain – such as chemical
reactivity – onto a previously grounded domain – such as overcoming a mountain or
pushing a door open.

From this follows that experiencing the concept of force instead of solely studying the
equations associated with it will allow the students to ground novel concepts in prior
experience. In other words, the students may construct a conceptual metaphor be-
tween their sensory experiences and the chemical concepts. This is in contrast with the
traditional formalism-first approach to teaching abstract concepts.88 Rather than in-
troducing the symbols and algorithms associated with a concept first and subsequently
establishing understanding, the understanding comes first without presuming the needed
domain-specific terminology to describe the concept. In our specific case, the students
feel the activation barrier of a reaction as repulsive force and notice that they have to
push to overcome this barrier, similarly to having to push a door open in order to enter
a room. Only later, they receive the instruction that the force is minus the derivative
of the energy, F = −∇E.

In empirical education research, studies have focused on gestures,50 larger motor ac-
tions51,89,90 or full-body movement91 and finally, haptic feedback.20,92–95 One particu-
larity of the latter is the novelty of haptic devices to learners. While the haptic feedback
offers potential grounding opportunities, the extraneous load such an unfamiliar device
brings should be considered when designing for haptic feedback. The empirical evidence
is discussed in more detail in chapter 3. In the following subsection, concrete design
principles for multimodal representations are presented.

2.2.2 Learning from interactive multiple and multimodal repre-
sentations

Representations in the context of cognitive psychology have two separate meanings.
First, representations denote the way in which we store and represent knowledge men-
tally, the mental representations; second, representations denote the way in which
knowledge is represented to others, the external representations. Here, we are inter-
ested in how to design external representations. They are defined as “the knowledge
and structure in the environment, as physical symbols, objects or dimensions (e.g. writ-
ten symbols, beads of abacuses, dimensions of a graph, etc.) and as external rules,
constraints or relations embedded in physical configurations (e.g., spatial relations of
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written digits, visual and spatial layouts of diagrams, physical constraints in abacuses,
etc.).”96

Davis and co-workers organized haptic external representations specifically in their hap-
tic bridge framework.97 They divided these haptic representations into four major cate-
gories that can be visualized as the four squares in a spectrum from isolated to connected
on the one axis and iconic to symbolic on the other. The isolated and iconic represen-
tations are called haptic mirrors as they aim to mimic the physical experience. They
do not represent conceptual metaphors but introduce the actual concept virtually. For
example, a surgical simulator that mimics resistance of skin would be considered a hap-
tic mirror. In contrast, when the representation is symbolic and connects two or more
dynamic visualizations, Davis and co-workers call it a haptic bridge. This representa-
tion has the potential to scaffold the construction of a conceptual metaphor; however,
it is not necessary in order for it to be considered to be a haptic bridge in the sense in-
tended by the framework. The haptic feedback itself can simply amplify the connection
between the visualizations without adding any further meaning to the experience. For
example, Davis and co-workers presented students with the graph as well as the unit
circle representation of the sine function which were connected by a haptic feedback
that corresponded to the amplitude of the curve.97 In that case, the haptic feedback’s
sole role is to scaffold the connection between the two visualizations. While we aim to
scaffold the construction of a meaningful conceptual metaphor, we take into account
the role that the haptic feedback plays in the learning environment as a whole, that
is in relation to all the given visualizations. Hence, we introduce in the following two
lines of research that target not necessarily haptic feedback in learning but multiple98

or multimodal99 representations in learning.

In chemistry, learners are confronted with a number of different representations such as
energy graphs, molecular structure, symbolic equations and reaction mechanisms.100 In
SCINE Heron,49 the students are presented with a molecular structure represented
with balls and sticks, an energy graph and haptic feedback. Therefore, the environment
consists of three representations, two visual and one haptic. Consequently, we need to
consider design choices for both multiple and multimodal representations. According to
the modality principle of instructional design, learning environments that combine ver-
bal and non-verbal representations are most effective if implemented correctly.101 This
includes following the design principles for (interactive) multimodal learning environ-
ments. An overview of the principles together with the corresponding implementations
in SCINE Heron are presented in Table 2.2. The design choices are heavily based on
the assumption that working memory capacity is highly limited and that new informa-
tion necessarily has to be integrated and organized in the context of prior experiences
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and knowledge. We adopt these principles by guiding the students through the activity
with detailed instructions, inviting them to reflect on the activity through open-ended
questions, letting them do the tasks in their own pace and introducing pretraining with
the haptic device before the actual intervention.

Table 2.2: Design principles and corresponding theoretical rationale as defined by
Moreno and Mayer101 with the implementation in SCINE Heron (see chapter 4).

Principle Rationale Implementation

Guided activity Prompts selection, organization,
and integration of information

The students received detailed instructions
incl. screen shots of the suggested action.

Reflection Encourages more active organization
and integration of information

Instructions included open-ended questions
and space for reflection in writing.

Feedback Reduces extraneous processing
by providing correct schemas

No feedback was implemented to be
able to understand what the students
took away from the environment alone.

Pacing Allows processing of smaller chunks
of information in working memory

The students moved through
the tasks in their own pace.

Pretraining Highlights aspects of prior knowledge to
be integrated with new information

The students received pretraining with the
haptic device and a simple molecule.

In her review of research on multiple representations, Rau explored the conditions under
which multiple representations are beneficial compared to a single representation.98 In
particular, she states that not only is it important to understand how students learn from
multiple representations, but also how students learn about multiple representations,
that is how students gain representational competencies. She further concludes that
visual99,102 as well as connectional102 understanding is necessary in order to learn from
multiple representations. Specifically, if the students do not understand and do not get
instructional support for the visual representations and the connections among them,
multiple representations will not be more effective than a single representation.98 This
may cause what she terms a representation dilemma: “How can students learn new
content from visual representations they do not yet fully understand, and — at the same
time — learn how visual representations show content they have not yet learned?” (p.
719 of Ref. 98). As a design choice, Rau recommends that each representation needs to
provide relevant information that overlaps with other representations but not fully.98 In
our case, we fulfilled this recommendation through the underlying continuous electronic
structure calculations. The movement of the atoms, the update of the electronic energy
graph and the perceived haptic feedback all showed the same information on force if
interpreted correctly. Faster movement, steeper ascend or descend of the energy and
stronger haptic feedback all corresponded to a larger force. The representation dilemma
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can further be avoided by first allowing intuitive understanding through conceptual
metaphor and learning the formal representation after.

The presented literature in this subsection focuses heavily on textual and pictorial rep-
resentation or textual and auditorial representations. However, we argue that their
principles translate to contexts that involve visual and haptic information.

2.2.3 Preparation for future learning

The covered design principles were applied in the development process of the learning
environment in SCINE Heron (see chapter 4). This learning environment was ap-
plied in learning studies situated in authentic higher education learning settings (see
chapters 5 to 7). In these studies, we followed a preparation for future learning (PFL9)
design. This design paradigm suggests to introduce a preparatory activity prior to direct
instruction. The paradigm has been founded under the assumption that often, students
do not bring the relevant prior knowledge into the classroom or if they do, that it might
not be sufficiently activated for the instruction. The students at the universities of
Switzerland have a highly heterogeneous background. Some come directly from high
school (75.7% between 2005 and 2020) where they already received specialized educa-
tion in STEM subjects (19.8%), others might have focused on languages (16.9%) or arts
(5.8%). Other students might have decided to obtain a university degree after already
completing and working in another profession (3.0%).103

Schwartz and Bransford suggested to implement contrasting cases prior to learning from
instruction in order to facilitate the generation of differentiated knowledge structures
that enable to deeply understand the content of the instruction.9 The preparatory ac-
tivity can be designed in many ways, such as reading, worked examples, explanation
generation or problem-solving. In this work, we are focusing on problem solving fol-
lowed by instruction16,18,104,105 (PS-I). In their review, Loibl and co-workers defined
three main cognitive mechanisms that are activated in a PS-I setting, prior knowledge
activation, awareness of knowledge gaps and deep feature recognition.17 They suggest
that knowledge acquisition starts with a learner arriving at a problem that requires the
target knowledge which is not fully covered by the students’ existing prior knowledge.
The learner then attempts to solve the problem by activating their prior knowledge that
will probably not suffice to solve the problem. Through interaction with the problem,
that is through contrasting or solution generation, the students realize the deep features
of the problem that they need to consider in their solution, as well as their knowledge
gaps. When the learner finally arrives at instruction, they should be aware of what
input they need in order to be able to solve the problem. Figure 2.2 depicts how the
design was implemented in this work. The instruction differed for the three learning

22



Research questions and hypotheses 2.3

Video (Ch. 5), Lecture (Ch. 6) or Project (Ch. 7)

Posttest

Haptic Feedback Computer MouseNo Haptic 
FeedbackLearning Treatment

Common Learning Resource

Target Transfer Problem

Figure 2.2: The double transfer paradigm as introduced by Schwartz and Martin104 and as
implemented in this work.

studies, but the problem-solving was highly similar with the study of chapter 7 building
on the results from chapter 5.

In a meta-analysis, Sinha and Kapur found a significant estimated true effect size
(Hedge’s g) of 0.87 in favor of PS-I (as compared to I-PS) for conceptual knowledge
and transfer after accounting for publication bias.19 Furthermore, they found instruc-
tion building on student solution (Hedge’s g = 0.56, p = 0.02) and group work as the
participation structure (Hedge’s g = 0.49, p = 0.04) to be highly important predictors of
this effect size. Furthermore, empirical results suggest that PS-I potentially positively
influences curiosity and affect.106–110

Therefore, in the quantitative analysis of the learning studies, we focus on the affective
variables curiosity and affect as well as the learning mechanism knowledge gap awareness.
Finally, we further measure extraneous load due to the technological novelty of the
haptic device.

2.3 Research questions and hypotheses

In this work, we aim to reproduce and build upon previously found positive effects
of haptic feedback on learning outcome in the context of initial quantum chemistry
learning.20,111 Therefore, the first research question asks to what extent learning with
this specific haptic learning environment facilitates learning of basic quantum chemical
concepts compared to the same environment without haptic feedback and the same
visual environment navigated with a computer mouse. Moreover, we are interested in
how learning mechanisms are influenced by the mode of navigation.

Based on the conceptual framework presented in this chapter, the following hypotheses
emerged.

1. We hypothesized posttest performance to be highest for the students receiving hap-
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tic feedback (experimental), followed by students who used the computer mouse
(control) and last by students who used the haptic device but did not receive haptic
feedback (comparison).

2. Based on PS-I literature, we hypothesized positive affect, state curiosity and knowl-
edge gap awareness to be influenced positively by the mode of the PS phase.19

These hypotheses are investigated in chapters 5 and 6. In these studies, we found that
solely offering grounding opportunities by providing haptic feedback without sufficient
support of this grounding leads to a reversed effect of students performing better when
they did not receive haptic feedback. We explained this effect with an unsuccessful map-
ping between the source domain – embodied experiences of repulsion and attraction –
and the target domain – forces in a quantum chemical context. This is in alignment
with work by Niebert and Gropengiesser, in which they review examples of experiential
learning through construction of metaphors and in which they found that unsuccess-
ful interventions could be explained with such a mismapping60 (see subsection 2.1.3).
Hence, we conducted a follow-up study in which we compared students who received hap-
tic feedback together with an explicit explanation of the metaphor to students who saw
the forces represented as arrows and an explanation of this representation without any
metaphor. Based on previous results and the review by Niebert and Gropengiesser,60

we hypothesized that

1. successfully grounding energy change in prior bodily experience will lead to better
performance in a posttest compared to having a visual indication of energy change
that is less grounded,

2. bodily grounding leads to an increase in learning mechanisms associated with
problem-solving (positive affect, state curiosity and knowledge gap awareness)19

and

3. due to the meaningful interaction, the haptic feedback group will show higher mo-
tivational attributes, specifically attention, relevance, confidence and satisfaction
(ARCS112).

Hypothesis 1 and 2 are identical to the previous study that lacked support of the
metaphorical mapping (see chapter 5). Hypothesis 3 was added based on work by
Chatain and co-workers.82 In a study that targeted the learning of graph theory, they
compared abstract, manipulation and embodied interaction and found that the em-
bodied condition scored significantly higher than the others specifically for perceived
relevance. They argued that since embodied grounding leads to a stronger connection
with the learner’s prior experience, the perceived relevance increases.

These hypotheses are investigated in chapter 7.
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3
Literature Review of Haptic and

Interactive Chemistry (Learning)∗

In this chapter, we situate our work in the relevant empirical literature. In section 3.1,
we discuss the historical and recent development in interactive quantum chemistry,
specifically applications that allow for real-time simulations of molecular systems. In
section 3.2, we focus on the educational context and review literature that substantially
inspired the software development and learning studies presented in this work. First,
an overview of previous haptic chemistry environments is given in section 3.2.1 with
targeted attention on educational applications. Second, an account of potential prior
conceptions of the students is presented in section 3.2.2. For this work specifically, con-
ceptions of the nucleophilic substitution reaction mechanism, of potential energy and of
chemical bonding are important.

3.1 Interactive quantum chemistry

Interactive simulations have a long tradition in chemistry research. In their review, Lan-
rezac and co-workers define interaction as the ability to modify simulation parameters
at run-time or as manipulation of atoms or molecules in the simulated system.113

In this work, we first summarize how chemical information is traditionally visualized

∗This chapter is reproduced in part with permission from C. H. Müller, M. Reiher, M. Kapur
J. Comput. Assist. Learn. In press.
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Figure 3.1: The visualization process as suggested by Valle114 integrated into the conceptual
framework from chapter 2. This chapter targets specifically the steps termed ‘Acquisition’ and
‘Render’.

and interacted with and subsequently concentrate more closely on salient interactive
chemical applications with emphasis on multimodal representations. For a review of
haptic environments specifically for learning, refer to section 3.2.1.

3.1.1 Visualization of chemical information

Valle defines visualization as “the use of computer-supported, interactive, visual repre-
sentations of data to amplify cognition”, where with amplifying cognition, Valle means
to ignite imagination and to provide a holistic view.114 He suggests a framework de-
scribing the interaction with (chemical) information, in which the object under study
is interacted with in a continuous loop consisting of data acquisition, visualization, per-
ception, insight and new hypothesis forming (see Figure 3.1). Therefore, the form in
which we visualize the data is a choice that directly influences the course of this inter-
action process and hence research itself. Especially calling to mind the crucial role that
representation plays in the chemical knowledge structure (see section 2.1), the develop-
ment of new ways to represent chemical concepts is not only elegant and aesthetically
pleasing but more importantly driving scientific thought.

Chemical systems can vary greatly in size and consequently properties that are i) fea-
sible and ii) desirable to visualize. While for proteins, often superficial structures such
as potential docking sites are of interest, in reaction mechanisms, the individual atoms
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are of importance. Therefore, simplified representations such as ball-and-stick, surface
or VDW representations are used depending on the needs of the operator. In the visu-
alizations that allow to distinguish between atoms, the established CPK color scheme
is applied.

While this is an obvious statement for chemists, the colors as well as the individual
representations, the representational competencies,98 have to be learned by novices.
Once learned, they will prime the viewer for different conceptions. For example, the
ball-and-stick representation visualizes the chemical bond as a metaphorical rigid stick
that can be broken. This triggers different misconceptions than the VDW representation
that does not visualize bonds at all (refer to chapter 8 for a more in-depth analysis of
the chemical bond conceptions of ETH students). In his summary comment on the
Faraday discussion, Brooks points out that while these visualization techniques are
widely applied in all areas of chemistry and chemistry-related fields, a coherent theory
for data visualization is lacking.115 Therefore, the comprehension of how visualization
techniques steer hypothesis forming and consequently doing and learning science is not
understood well.

As we discuss further in chapter 5, this assumption that the visualization will not
sustainably influence the associations made by the learner, influenced the outcome of
the referenced learning study. In this work, we decided to visualize chemical bonds as
sticks based on the distance of atoms as this is the most commonly used representation
among chemists. However, as we discuss later, the sudden appearance of bonds confused
students as they seemingly contradicted the heuristics held by the students.

3.1.2 Multimodal interactive simulations

An overview of the developments mentioned in this subsection is given in Table 3.1. The
first interactive chemical visualization was introduced by Levinthal in 1966 and allowed
the operator to manipulate the atoms of a protein.116 This inspired Brooks to his project
GROPE.117 In addition to the visual interaction, GROPE-III further allows for force
feedback. In all described applications, force or haptic feedback refers to the resistance
or attraction that a motor inside a haptic device allows for. The haptic device consists
of this motor and a connected pen for navigation, which can move in three dimensions.
This allows the operator to feel the resistance or attraction in a specific direction in
space. Brooks found that chemists were able to reproduce the accurate binding sites in
protein-ligand docking mechanisms. These chemists further reported to gain a deeper
understanding of the binding site and force field.117 This confirms a vision presented by
Atkinson and co-workers in 1977.118 They wrote

Chemists routinely draw potential energy surfaces for molecular internal ro-
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tations, vibrations and collisions. Why not feel these potential surfaces as
force fields? Why not feel the dynamics of an atom [...] colliding with another
molecule in a chemical reaction? (p. 102 of Ref. 118)

Since GROPE-III, many applications were presented that focused on making different
properties accessible to the haptic modality and to further improve algorithms to fa-
cilitate that.119–123 Specifically, the first and still best researched application of haptic
molecular simulations lies in molecular docking.117,124–129 These applications approxi-
mate the energy with a sum of electrostatic (Coulombic) and van der Waals interaction
energies using Lennard-Jones potentials.

Furthermore, interactive simulation can imply that the molecular system reacts and
adapts according to the actions of the operator. This can be achieved by continu-
ously minimizing the energy of the molecular system. The first example in this area
is Sculpt, in which small proteins are relaxed according to torsion angles, hydrogen
bonds, van der Waals and electrostatic interactions at 11 Hz.130 In later applications,
the frequency of the haptic feedback is increased to allow for smooth perception which re-
quires 1 kHz.131,132 Applications include force-based approaches133–136 or semi-empirical
approaches for fast visualization of scanning tunneling microscopy images.137,138

Another application of interaction in chemistry is the exploration of reactivity and hence
the potential energy hypersurfaces. Reiher and co-workers invented the framework of
haptic quantum chemistry.15 While originally, the interaction relied on an interpolation
scheme from sets of ab initio data points, the data flow was later improved to allow for
an automated and flexible workflow.139 Further improvements permit on-the-fly single-
point calculations,11,12,140 resulting in the real-time quantum chemistry framework.11 It
was shown that highly parameterized methods such as density functional tight binding
methods141–144 or methods which neglect diatomic differential overlap145–151 are suffi-
ciently accurate while providing the necessary speed.140,152 Still, these methods scale
with the size of the molecular system. For bigger systems, mediator atomic potentials
provide the results between electronic structure results.13,14,153 This framework is im-
plemented in the graphical user interface SCINE Heron49 that is further presented in
chapter 4. Finally, there have been advances towards training neural networks to learn
potential energy surfaces.154–157

As our application is a desktop virtual reality environment, it is beyond the scope of this
work to review the literature on immersive virtual reality (iVR) and augmented reality
(AR) applications here. Reviews on the topic were recently published by Fombona-
Pascual and co-workers158 and Mazzuco and co-workers159 for chemistry education
specifically.
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Chapter 3 Literature Review of Haptic and Interactive Chemistry

3.2 Haptic chemistry learning

For the design of our interactive learning environment, we draw from the empirical
literature of haptic chemistry learning environments and the literature on conceptions
held by university chemistry students about the target concepts. We elaborate on the
relevant findings in the following.

3.2.1 Haptic chemistry learning environments

The empirical evidence of haptic learning environments reviewed by Zacharia shows a
positive effect of the haptic feedback for affective and motivational variables.4 For ex-
ample, when comparing high school students who received no as compared to full haptic
feedback corresponding to the interaction between a virus sample and the probing tip
of an atomic force microscope, Jones and co-workers report excitement and increased
understanding in all students.175 However, the evidence for cognitive and hence learn-
ing gain is ambiguous. In a review from 2015,4 seven out of the twelve studies that
compare virtual manipulatives with and without haptic feedback find a better under-
standing of the target concept in students who received haptic feedback (gears,176,177

cell membrane transport,178 virus,179 protein-ligand docking180,181 and force fields95).
The studies who report affective results but lack cognitive results mainly argue with the
increased cognitive load.10,182,183 Furthermore, Zacharia conjectures that these mixed
results might be attributed either to the failure of physicality to offer fundamental differ-
ences to an experience without haptic feedback or to a lack of added value in the haptic
experience.4 For example, in the study by Reiner, the students could only feel a force
field. There was no other way to gain access to the information than through the hap-
tic feedback.95 When asked to draw what they felt, the students drew representations
which were highly similar to the ones usually found in textbooks.

More recently, Zohar and Levy found a positive effect of haptic feedback on the learning
of the presence of repulsive forces in the chemical binding process.20 Post hoc compar-
isons showed that while the three non-haptic conditions (watching a movie, navigating
with a computer mouse and navigating with a joy stick) performed comparable, the
haptic condition showed significantly bigger learning gain, specifically on the items
targeting “separation of atoms increases the potential energy”. Zohar and Levy fur-
ther mention that the haptic feedback makes the force-distance-energy relationships
experiential as the haptic feedback makes it difficult to move away from the energetic
minimum, highlighting that this minimum represents the most stable form of the two
atoms in their example.20 Similarly, Persson and co-workers report qualitatively that
the haptic feedback allowed the students to make connections between energetical and
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Figure 3.2: Traditionally, reaction mechanisms are presented with the electron-pushing for-
malism that suggests a goal-oriented movement of the electrons.

dynamic aspects of the simulation.182 Subsequently, similar settings were explored that
combined the haptic learning environment on the chemical bonding process with virtual
reality, so far only with affective results.184,185

Moreover, the concurrence of the change in molecular structure, force and change in
energy was a driving factor. According to students, as reported in the study of Bivall and
co-workers, to experience them at the same time was crucial for their understanding.180

While this point is only a conjecture as they were not able to confirm this quantitatively,
it is aligned with the load reducing method synchronizing of Mayer and Moreno186 and
illustrates the advantage of interactive simulations over movies and static pictures: The
possibility to perceive the force, energy change and structural change simultaneously.

3.2.2 Student conceptions

Several target concepts are of importance in the learning studies described in chapters 5
to 7. In this section, we present empirical research on the misconceptions specifically
around the concepts energy, nucleophilic substitution reactions, chemical bonding and
orbitals. All presented research was conducted outside of Switzerland and it is possible
that there remain cultural and social differences between the research contexts.

The nucleophilic substitution reaction mechanism

Traditionally, chemical structures are represented as Lewis structures with lines for
bonds and letters for atoms while reaction mechanisms are indicated with arrows indi-
cating the electron flow, the electron-pushing formalism (see Figure 3.2). This presents
the electron flow as deterministic while it neglects activation barriers and therefore re-
pulsive forces.187 In nucleophilic substitution reactions, chemists rely strongly on their
knowledge of which reactant acts as nucleophile and which as electrophile to deduce the
reaction mechanism using the electron-pushing formalism, whereas students require the
reaction mechanism to identify the nucleophile and electrophile. If the mechanism is
not available, the students rely stronger on structural components (charges, lone elec-
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tron pairs) than on function (donating or accepting electrons).188 Galloway and her
co-workers arrive at similar conclusions after analyzing interviews with first-year stu-
dents who explained reaction mechanisms by drawing arrows and predicting the product.
They find four main categories of utterances: Charges, mapping of electrons, step-wise
processes and prior chemical knowledge. While these findings are from a sample of
first-year students, misconceptions were shown to be robust as they were still found in
fourth-year students.188 In particular, students would often misapply terms, concepts
and algorithms taught in class. Furthermore, the students still struggled with mechanis-
tic thinking. Importantly for this work, the authors write that “[t]here was evidence that
the relationship between the relative energies and reactivity of molecules still remains
unclear to some students” (p. 129).

Finally, many of the general difficulties associated with the structure of chemical knowl-
edge (see chapter 2) also lead to difficulties around mechanistic reasoning. Specifically,
students might rely on individual factors or cause-effect relationships in isolation in-
stead of systematically considering all relevant concepts or they might view chemical
heuristics as exact deterministic rules.6

Energy

Much of this work is targeted towards first- and second-year undergraduate chemistry,
chemical engineering and interdisciplinary science students. At this point in their stud-
ies, the students have completed two physics courses as well as a thermodynamics course
and multiple general chemistry courses, all of which introduce energy as a salient con-
cept. It was shown that first-year students struggle to integrate and transfer from the
initial conceptions of energy they are confronted with in everyday life, physics and bi-
ology courses.189 Although they know that breaking a bond demands energy, they fail
to draw inferences from it, such as heat being required to break a bond as opposed to
being released.190 One reason for this failure of transfer between contexts may be found
in the way different domains introduce energy. Initially, we get introduced to energy
in everyday life as something being stored (for example as sunlight in plants or in food)
that then will be released at some point. Later, students encounter energy as a scien-
tific concept in physics lectures as a property of macroscopic objects. The most common
example is the gravity-induced conversion from kinetic energy to potential energy. In
chemistry, potential energy is a property of the system that depends on the relative
positions of the atoms. However, this distinction between the macroscopic, gravita-
tional understanding of potential energy and the sub-microscopic inter-particle distance
dependent understanding remains often unclear and hence results in incomplete concep-
tions.189 In semi-structured interviews, chemistry and biology undergraduate students
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conceptualized potential energy mostly as capability, stored energy or as a measure for
stability.191 Again, while these conceptions are meaningful in specific contexts, their
overgeneralization results in incorrect reasoning. Cooper and co-workers191,192 stressed
the importance of introducing energy in an interdisciplinary way and to clearly high-
light the connection, similarities and differences between the sub-microscopic and macro-
scopic conceptualization of energy to prevent potential misconceptions. In terms of the
conceptual metaphor concept introduced in chapter 2, the introduction of the concept
in many different contexts may lead to several overlapping and potentially contradict-
ing mappings between either prior bodily experiences and colloquial understandings of
energy or prior knowledge from previous lectures in physics and biology onto the new
domain quantum chemistry.

The ambiguous understanding of energy further becomes apparent in studies of the lan-
guage used in connection to the concept. Lancor suggested a set of conceptual metaphors
in biological, chemical and physical contexts that highlight and neglect different charac-
teristics of energy.193 For example, Energy as a Substance that Can be Stored highlights
the possibility for energy transfer, but neglects the need for energy conservation. While
the interdisciplinary character of energy has the potential to create difficulties for stu-
dents, it has been shown that energy in the chemical context, that is in atomic structure,
is particularly difficult compared to energy in a biological, environmental or physical
context.194

The studies presented in chapters 5 and 7 are embedded in a course during which
students learned how to calculate the potential energy of relevant molecular structures
in a reaction quantum chemically. Based on these energies, they then reasoned about
the favored reaction path and consequences in the mesoscopic realm such as the ratio
of products. In addition to the incomplete conceptions described above, the technical
aspect of computational chemistry adds another layer of complexity to the task at hand.
A quantum chemical calculation usually consists of an input file that is fed to a program
that returns an output file, from which the relevant energy values are extracted. The
calculations themselves remain a black box. One goal of this work is to elaborate on a
more intuitive approach to quantum chemical calculations that allows for grounding in
prior experience.

Chemical bonding

The misconceptions that students hold of individual bonding models have been re-
searched well with a strong focus on either the different kinds of chemical bonds23

or hybridization.25,26
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Figure 3.3: Three ways how to visualize a chemical bond. Lewis structures neglect the hy-
drogen atoms completely and display carbon atoms only as edges, points denote electrons while
lines denote electron pairs. The ball-and-stick representation displays the bond as a physical
stick that holds the atoms together. The electronic density isosurface marks the area in which
the electrons are found with a certain probability.

Many misconceptions arise from either oversimplification or overgeneralization. For ex-
ample, ionic compounds are often oversimplified by assuming that ionic bonds only exist
between alkali metals and halogen atoms195 or only between single atoms.196 Further-
more, current teaching methods tend to create the illusion that chemical principles and
rules – such as the octet rule – are exact and deterministic over the whole periodic
table rather than a heuristic.197–199 This overgeneralization of the octet rule leads to
misconceptions concerning chemical bonding.197–199

More generally, Boo found that Grade 12 students conceptualize the chemical bond
often as physical entity.200 Hence, students assumed that as constructing a physical ob-
ject requires energy, so does the forming of a chemical bond. Similar findings of bonds
as entities were also found in university students.195,201 The reason for this could be
manifold. For one, students struggle to grasp the concept of potential energy in a chem-
ical context, because they are introduced to potential energy in multiple contexts such
as biology and everyday life or physics lectures.189 Second, Niebert and Gropengiesser
have argued that imperceptible concepts such as potential energy or the chemical bond
must be understood via a conceptual metaphor.60 This means that by visualizing chem-
ical bonds as sticks, educators might inadvertently create the metaphor Chemical Bond
is Stick and map the characteristic of a stick being rigid to the chemical domain (see
Fig 3.3 for three ways how to visualize the chemical bond).

When confronted with the quantum chemical understanding of the chemical bond as
a less rigid and discrete phenomenon, the students’ conception might be challenged
without the necessary support to integrate the new information accurately. The tradi-
tional curriculum leaps from the chemical bond as a physical construct to one-electron
wavefunctions and electronic density. The quantum chemistry concept inventory devel-
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oped by Pérez García and co-workers measured the understanding of the chemical bond
concept in four items with one specifically focusing on the potential energy.202 In the
administration of the test prior to the quantum chemistry lecture which would corre-
spond quite well to the prior knowledge level of the participants of our studies, many
students showed the misconception that “[e]nergy is required to form the bond and that
energy is stored within the bond”. This answer option stayed popular even after the
quantum chemistry lecture. However, decreasing energy was successfully attributed to
higher stability by most students in two items. This could mean that the students did
not yet associate chemical bonds with stability, an association that potentially could
be attributed to the physical entity conception of the bond. Moreover, studies show
multiple misconceptions around atomic and molecular orbitals and hybridization.25,26

As a potential facilitation for this transition, it was suggested to focus on the potential
energy diagram of bonding formation.203,204 In particular, this highlights the discrep-
ancy between a physical entity that requires energy to be built and the chemical bond
that lowers the potential energy of the molecular system when being formed.
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4
Interactive Quantum Chemistry with

SCINE Heron

The Interactive module of SCINE Heron49 was designed with a strong focus on
reducing cognitive load and tailoring towards an audience with low prior knowledge.
Simultaneously, the interface was designed to be easily used by experts as well. SCINE
Heron offers the graphical interface to multiple modules of the SCINE (Software for
Chemical Interaction Networks) project. To increase readability, we will use the term
SCINE Heron in place the Interactive module of SCINE Heron. In the following,
the design and implementation of SCINE Heron is presented, followed by the results
and implications of a usability study conducted with a pilot version of the interface.

4.1 Design

We present a learning environment that allows exploratory learning of basic quantum
chemical concepts such as the potential energy hypersurface and its connection to chem-
ical reactivity. For this purpose, we designed specifically for multimodal representations
and additionally considered the students prior knowledge and potential misconceptions
(see chapter 3). The initial design was primarily a proof of concept of the real-time
quantum chemistry framework11,13,15 with a focus on the specific features needed for
learning. Specifically, this included guaranteeing a visual update of the molecular struc-
ture at 60 Hz and a force feedback at 1 kHz both based on the gradient of the potential
energy hypersurface.131,132 Concerning the visual representations, the molecular struc-
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Table 4.1: Selected load-reduction methods adapted from Mayer and Moreno.186

Load-Reducing Method Implementation in SCINE Heron
Offloading: Move some essential pro-
cessing from visual channel to haptic
channel.

Forces which are traditionally displayed
as arrows are off-loaded to haptic feed-
back.

Pretraining: Provide pretraining in
names and characteristics of compo-
nents.

The students performed a set of non-
chemical tasks with the haptic device
prior to the learning tasks.

Weeding: Eliminate interesting but ex-
traneous material to reduce processing of
extraneous material.

Only limited options were shown to the
students. This was further improved be-
tween the user and the learning study.

Aligning: Place correlating visual repre-
sentations close to each other to reduce
need for visual scanning.

The molecular structure and the energy
graph are shown close to each other.

Eliminating redundancy: Avoid pre-
senting identical streams of information.

Forces are solely represented as haptic
feedback.

Synchronizing: Present haptic feedback
and corresponding animation simultane-
ously to minimize need to hold represen-
tations in memory.

The haptic feedback and energy are dis-
played simultaneously as the learner is
manipulating the molecular system.

Notes. The content was adapted from a focus on auditory and visual channel to
haptic and visual channel. Changes are italicized.

ture visualization and the energy graph had to be designed meaningfully. By seeing the
energy graph together with the movement of the atoms on the computer screen and feel-
ing the resistance against their actions, we hypothesized that the learner may be able to
i) ground the concepts activation barrier, potential energy graph and hypersurface and
repulsive force in meaningful experiences and ii) connect the two visual representations,
molecular structure and energy graph, by creating a haptic bridge.97

Our design process was informed by the cognitive theory of multimedia learning by
Mayer and Moreno.99 In this framework, it is argued that information from multimodal
sources is processed in distinct channels of the sensory memory and that each channel
has its own cognitive load (see section 2.2.2). As this assumption is not modality
dependent, we assume that their work, which is focused on the auditory and visual
channel, is transferable to our specific case of visual and haptic representations. We
applied their suggested load-reduction methods to counteract the potential cognitive
overloading of the environment.186 The considerations are summarized in Table 4.1.
We excluded the methods segmenting as our environment was designed for self-paced
exploratory learning, signaling as in a first attempt, we were interested in the students
interpretation of the environment without further cues and individualizing as this will
only be applicable after obtaining user data. The most important design choices include
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the offloading of the chemical forces onto the haptic modality and the pretraining, as
we could assume that none of the students have ever navigated a haptic device.

In addition to these initial considerations, we improved the environment iteratively in a
usability and multiple learning studies. In the usability study, we were mainly interested
in technical feedback and whether the students could interpret and integrate the visual
and haptic representations. In the learning studies, we were interested in the effect of
the haptic feedback on learning (see chapters 5 to 7). In this chapter, the outcome of
the usability study is presented.

4.2 Implementation

Energy and 
Derivatives

Surrogate 
Potentials

User 
Interaction

Structural 
Relaxation

60 Hz

Haptic Loop
1 kHz

Feedback

Electronic
Structure

Calculation

Molecular 
Structure

Figure 4.1: Schematic flow in real-time quantum chemistry.13 The surrogate potentials are
second order Taylor series of the electronic energy at the last molecular structure coordinates.
Redrawn with permission from A. C. Vaucher, M. P. Haag, M. Reiher, J. Comput. Chem. 2016,
37, 805-812. Copyright 2016 John Wiley & Sons.

The required update rate of 60 Hz for visual feedback and 1 kHz for haptic feedback is
guaranteed i) through parameterized quantum chemical methods21,152 and ii) through
a surrogate potential function that serves as proxy between completed calculation cy-
cles.13 The basic data flow is given in Figure 4.1. Specifically, a surrogate potential Vsur

is realized as a second-order Taylor series expansion around the atomic coordinates x0

of the last electronic structure calculation. Hence,
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Vsur(x) = V0 + aT (x− x0) +
1

2
(x− x0)

TB(x− x0) (4.1)

with x = {x1, ...,xm} the atomic positions. V0 denotes the electronic energy, a its
gradient and B the positive definite transform of Hessian H at the reference position
x0. That is, a from Equation 4.1 is defined as

ai =
∂E(x)

∂xi

∣∣∣∣
x=x0

(4.2)

To avoid unbounded potentials, potentials with negative eigenvalues of H were trans-
formed into potentials with positive eigenvalues B with the procedure described in
Equations 4.3 to 4.6.13

Hij =
∂2E(x)

∂xi∂xj

∣∣∣∣
x=x0

(4.3)

Hdiag = U−1HU with Hdiag,ij = hij =

0 i ̸= j

bi i = j
(4.4)

Bdiag,ij =

0 i ̸= j

abs(bi) i = j
(4.5)

B = UBdiagU
−1 (4.6)

To increase the efficiency of the implementation, atomic Hessians were employed to
approximate the full Hessian matrix H in Equation 4.3.13

The graphical user interface is Python3 based and builds upon bindings for Qt. Fur-
thermore, it communicates with a TouchTM haptic device by 3D Systems205 through
the open source OpenHaptics library.206 Any molecular system stored in a xyz format
can be loaded into the graphical user interface and can hence be manipulated by the
learner either with a computer mouse or a haptic device. In real time, the learner can
see the electronic energy of the resulting molecular structure in a two-dimensional graph
below the molecular structure and simultaneously feel a force feedback that corresponds
to the slope of the graph. Specifically, the force feedback is given by

Fsur(x) = −∇Vsur(x) = −a−B(x− x0), (4.7)
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where Fsur(x) is a vector of atomic forces which are linearly scaled to match what is
perceived as agreeable by humans. This scaling is customizable. A general overview of
the development process of the graphical user interface is given in Figure 4.2.
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Usability study 4.3

4.3 Usability study

To study whether the students were able to navigate through the learning environment,
we developed three familiarization tasks and three learning tasks. The familiarization
tasks focused on basic usability such as drag-and-drop, rotating and zooming. The
learning tasks consisted of i) a small molecule on which they could explore the effect that
ripping off an atom has on the energy and the force and ii) comparing two nucleophilic
substitution reactions, a reaction mechanism that is traditionally taught in the second
semester of chemistry or chemistry-related bachelor programs (see Figure 4.3). The
guidance was intentionally designed low as we wanted the students to openly explore.

Task 1 
 
The graph that you can see at the bottom of the screen shows the total potential energy of the 
system at the current point in time. Until the first calculation that runs in the background is 
finished, this will just show 0.  
 
Try to remove the hydrogen (white) and the chloride (green) from the molecule. Is there any 
difference in what haptic feedback (resistance) you experience, depending on which atom you 
choose? How does what you feel relate to what you see in the graph? What conclusions can 
you derive from your observations? Please think-aloud (in German or English). 
 
After you release the atom of your choice and stop manipulating the molecule, how does the 
energy behave (see graph at the bottom of the screen)? Can you explain what you see? Feel 
free to manipulate the system as you want. 
Please think-aloud (in German or English). 
 
  

Figure 4.3: Example of exploratory instructions for problem-solving.

4.3.1 Demographics

We recruited first (n = 9) and third (n = 4) semester students who were enrolled in the
bachelor programs chemistry, chemical engineering, biochemistry or interdisciplinary
sciences at ETH Zurich (5 females, 8 males, no non-binary people). The students were
recruited on a voluntary basis via e-mail and had the chance to win a voucher for the local
food market. The age of the students ranged from 17 to 24 (mean M = 20.23, standard
deviation SD = 2.09). All of them reported to be right-handed. The instructions were
given in English, questions were answered in German or English, depending on the
preference of the student. English proficiency was self-reported to be Conversational
(n = 2), Fluent (n = 8) or Native Speaker (n = 3). No student reported to be a beginner
in the English language. The third semester students were expected to be aware of
the reaction mechanism targeted in the learning environment, while the first semester
students were not. The participants of the third semester have received introductory
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training in quantum mechanics as part of the introductory physical chemistry course,
but not in quantum or computational chemistry.

4.3.2 Protocol

The study session took place in a one-on-one session during the students’ free time.
The intervention was designed in four parts. First, the students signed the consent form
and were evaluated on their spatial ability (mental rotation207 and visualization208).
Second, the students were presented with the familiarization tasks. Third, the students
completed the learning tasks. The students were asked to think-aloud while performing
the tasks, the screen and their voices were recorded. They were free to think-aloud in
English or German, the German transcripts were translated to English for reporting.
Finally, the students filled out a questionnaire on the usability209 and immersion210 of
the environment, as well as a learning outcome test (see Appendix A).

4.3.3 Analysis and results

Overall, the written and verbal feedback from the students was positive. The usability
was found to be between OK and Good (M = 59.0,SD = 4.74) as defined by Bangor
and co-workers.211 We attribute this score to the lack of familiarity with the device and
the intentional lack of guidance provided. As we wanted to give the students as much
freedom for exploration as possible, they might have struggled to understand the aim
of the environment. The results for the questionnaire on usability and immersion are
given in Figure 4.4 and show no alarming patterns. There was no significant effect of
the spatial ability on the usability (t(10) = −0.622, p = 0.548, d = −4.69) or immersion
score (t(10) = −0.666, p = 0.521, d = −0.924). There was no significant effect of
gender on the usability (t(11) = −0.562, p = 0.585, d = −17.3). However, there was
a significant large effect of gender on the immersion with the female students generally
giving higher scores than the male students (t(11) = −2.237, p = 0.047, d = −7.79).
In a collaborative virtual reality study, Schmidt and co-workers found the same effect
and attributed it to lesser familiarity and hence less tendency to a habituation effect of
the female participants compared to their male colleagues.212 As we did not find any
difference in gaming habits between genders (t(11) = 0.354, p = 0.730), there has to be
another explanation. We tentatively conjecture that as the instructor was female, the
female students might have identified with her and were hence inclined to give higher
scores.213

We conducted an inductive thematic analysis on the think-aloud data.214,215 We were
interested in i) extracting concrete technical feedback and ii) understanding how the
students interpreted and, more importantly, connected the three given representations
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Figure 4.4: Results for usability (five-point Likert scale “Strongly disagree”, “Somewhat dis-
agree”, “Neither agree nor disagree”, “Somewhat agree”, “Strongly agree”) and immersion (five-
point Likert scale “Not at all”, “Slightly”, “Moderately”, “Very”, “A lot”) from the usability
study with the first prototype. For visualization, the items are presented in an abbreviated
fashion. They were not changed from the published versions.209,210

molecular structure, energy graph and haptic feedback. The think-aloud data were
hence coded fine-grained first and the results were then grouped into themes. For
ii), we analyzed, whether the students only talked about individual representations or
whether they connected two or all of them. The connection had to happen in the same
line of reasoning or by building on former comments. A list of all codes from which the
following conclusions were derived is given in appendix B. We found that only six out of
the thirteen students connected all three representations at least once, indicating that
the extraneous load was too high. The following quote from N. Y., who managed to
connect all three representations, illustrates what reasoning we were aiming for.

Okay, the more repulsion there is and the more things I am doing, the bigger
the [energy] spikes get. [...] There is more energy in the system and because
I have done something, for example if I smash the chloride in there, then I
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am putting, I think, somehow energy into it. And this should then be the
energy. (N. Y.)

In this version, all settings had still to be set manually by the instructor and were
readily seen by the learner. This resulted in increased extraneous load. For example,
one student argued that he will not be able to interpret the environment since he does
not know what spin multiplicity is. Spin multiplicity is a setting that had to be set
by the instructor for the calculations to run but that did not have to be understood in
order to be able to draw inferences from the environment.

[...] So, what is meant here with spin? [instructor answers] So, what is
supposed to change when the spin is different... [...] Yes, I just feel, that it
is repelling. But I don’t know yet, what a spin is. [...] I have done this now,
but I do not understand the terminology. (J. A.)

To improve the environment, we hid the distracting settings for future studies, specifi-
cally the ones described in chapters 5, 6 and 7. Furthermore, we updated the settings
automatically if one setting is changed. For example, if the molecular charge is reset,
the spin multiplicity is automatically updated to a valid option.

The most frequent feedback concerned the navigation of the three-dimensional molecular
world on a two-dimensional screen. Molecular structures and haptic device movement
are both inherently three-dimensional. It is therefore possible to move into the screen
in addition to moving on the plane of the screen. This result was obtained by receiving
repeated explicit feedback on that matter and by identifying many prolonged pauses
where students struggled to pick an atom.

[...] Added to that, selecting certain atoms with the cursor in three-
dimensional space was hard, but I think you would get used to that
relatively quickly. (O. F. on written survey)

It is hard to interpret the depth at the moment. (N. Y.)

To facilitate this navigation, we introduced a visual aid for depth perception of the
environment. In this representation, the atoms could all be seen projected onto the
dimension perpendicular to the laptop screen. The learner would therefore see a line of
atoms as well as the pointer. If the pointer is behind the molecule, the atoms of the
molecule are shown below the pointer and vice versa. If the pointer was in the same
depth as the molecule, the pointer and atoms are shown overlapping in the visual aid
(see Figure 4.2).

With this representation, we avoided incorporating mental rotation tasks as we would
have produced, if we simply showed the system from another perspective. We further
avoided the implementation of a visual aid into the molecular structure representation
such as a grid or shadow. This would have been an acceptable solution for a small
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molecular system, but it would have not supported the interaction with large molecular
systems such as enzymes.

4.3.4 Limitations

In this chapter, we presented the design process of the interactive haptic quantum
chemistry environment SCINE Heron. Version 1.0.0 is available for download.49 In the
usability study, we focused on basic usability issues. Based on these results, we improved
the depth perception and the visual settings. The resulting design was introduced in
multiple learning studies described in chapters 5 to 7.

We explicitly told the students that they were testing an application that might be incor-
porated into the curriculum in future courses. While this was an effective motivator, it
further primed the students to focus on giving feedback and evaluating the environment
critically instead of focusing on learning. Similarly, the environment was designed ex-
plicitly unscaffolded as we were interested in the perception of the environment. While
this resulted in valuable feedback, it also decreased the authenticity of the study. In the
study presented in chapter 7, the learning environment was incorporated into a course
organically.

With SCINE Heron, we have developed an interactive quantum chemistry environment
that can be navigated with a haptic device. In this chapter, we outlined the design
process and the program’s introduction to an educational setting. Interacting with
the world governed by quantum mechanics allows for grounding of this traditionally
black box in bodily experience. Students can create meaningful metaphors and can be
optimally prepared for instruction.
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5
The Effect of Unscaffolded Haptic
Feedback on Learning Outcome∗

Based on the conceptual framework presented in chapter 2, we applied SCINE Heron
(presented in more detail in chapter 4) in a learning study aimed at fourth-semester
ETH students. In the following, the methods of this study are presented as well as
the results and implications for chemistry education. The precise hypotheses are given
in section 2.3. Based on this study, a follow-up study with another cohort of fourth-
semester students in the same course one year later was designed that is addressed in
chapter 7.

5.1 Methods

5.1.1 Participants

The study was conducted with chemistry, chemical engineering and interdisciplinary
science fourth-semester undergraduate students (n = 68, 38% female, 58% male, 1%
non-binary/third gender). The participation was part of a one-day course and thus
mandatory; however, data were only collected with informed consent. Consent was
sought from all. Only one student did not give consent. One more student was removed
due to missing data resulting in the final sample size of 68 students. Participants were

∗This chapter is reproduced in part with permission from C. H. Müller, M. Reiher, M. Kapur
J. Comput. Assist. Learn. In press.
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randomly assigned to one of three groups depending on which week of the semester
they signed up to the course. The students have learned the reaction mechanism of
a nucleophilic substitution reactions approximately one year prior to the study and
they were further familiar with simple two-dimensional energy graphs that statically
depict a reaction as traditionally found in text books. They did not yet explicitly
learn how force is related to the energy and they were not yet aware of the inherent
multidimensionality of the potential energy hypersurface according to the curricula of
their programs. Moreover, as mentioned in previous sections, they potentially activated
prior conceptions of energy in a physics context. Table 5.1 gives an overview of the
baseline statistics. The study was approved by the ETH ethics committee and the
study design, analysis plan, anonymized data as well as analysis scripts are available on
OSF †.

5.1.2 Material

The learning environment in SCINE Heron

The learning environment in SCINE Heron is an open-source graphical quantum chem-
istry environment that allows the calculation of electronic energies of and interact with
chemical systems in real-time.49 A detailed account of the design process and results to
a usability study are presented in chapter 4. Importantly to the study, the environment
can either be controlled with a TouchTM haptic device or a computer mouse (see Fig-
ure 5.1). The learner selects an atom and picks it with the haptic device. The rest of
the molecular system reacts according to these actions by continuously running energy
minimization. The design process was informed by the theory for multimodal learning,
which emphasizes that the capacity for cognitive load is limited and that there is a
chance of overloading when introducing a multimodal learning environment.186,216,217

Informed by the guidelines from Mayer and Moreno186 on how to reduce cognitive load,
we incorporated pretraining to make the students familiar with the haptic device prior
to problem-solving. Moreover, we eliminated redundancy by presenting atomic move-
ment in the simulation, energy change in the energy graph and force as repulsion and
attraction of the haptic device. The latter could be visualized by force vectors on each
atom. Here, we are offloading this representation onto the haptic modality. However, it
should be noted that the force can still be derived visually by observing how the specta-
tor atoms react to the manipulations of the learner on a selected atom. If the spectator
atoms follow the chosen atom closely so that the learner has to move the haptic pointer
quickly to break the bond, the withdrawing force is larger than if the learner can easily
remove the atom from the remaining molecule. However, this overlap in information

†https://osf.io/t9wne/?view_only=3c6fdb25cf6947688f56698239f6b2d4, accessed 2023-08-04
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Table 5.1: Baseline characteristics for the participants. N = 68 (ncontrol = 22, ncomp = 21,
nexp = 25). Participants were on average 20.9 years old (SD = 1.6) and the groups did not
differ in age. The control group completed the problem-solving tasks with a computer mouse, the
comparison group with a haptic device with deactivated haptic feedback and the experimental
group with a haptic device with activated haptic feedback. All characteristics are self-reported.

Baseline characteristic Control Comparison Experimental
n % n % n %

Gender
Female 9 40.9 6 28.6 11 44.0
Male 12 54.5 15 71.4 12 48.0
Non-binary / third gender 0 0.0 0 0.0 1 4.0
Prefer not to say 1 4.5 0 0.0 1 4.0
English proficiency
Conversational 5 22.7 4 19.0 5 20.0
Fluent 17 77.3 17 81.0 16 64.0
Native Speaker 0 0.0 0 0.0 4 16.0
Gaming
Less than once a year 7 31.8 5 23.8 16 64.0
Once a month 6 27.3 5 23.8 4 16.0
Once a week 1 4.5 6 28.6 2 8.0
More than once a week 8 36.4 5 23.8 3 12.0
Handedness
Left 2 9.1 1 4.8 2 8.0
Right 18 81.8 19 90.5 23 92.0
Both 2 9.1 1 4.8 0 0.0

can also facilitate connection between the representations.98 We discuss the extent to
which this creates potentially unnecessary redundancy. Finally, the haptic feedback
was synchronized with the movements and changes in energy as it corresponded to the
derivative of energy which itself depends on the movements of the atoms. The hap-
tic feedback can therefore alternatively be described as a haptic bridge97 between the
two visual representations, the energy graph and the molecular simulation. Specifically,
learners see that, as they move an atom, they feel a resistance or attraction and they
see that the energy graph changes.

Furthermore, we implement the grounded and embodied learning principles3 in that the
students can ground the concept of force in a chemical context to the perceptual process
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Figure 5.1: Re-enactment of the learning environment set up. The control group received the
same visual environment with a computer mouse and without the depth perception aid, as the
computer mouse can only move in two dimensions.

of experiencing repulsive force. Moreover, modal priming allows for mental simulations
of sensorimotor experiences to inform future cognition.85 Modal priming describes how
sensorimotor states can potentially activate abstract concepts. In this specific case, the
sensorimotor experience of repulsion upon steep ascend of the energy graph can inform
the students’ later reasoning about chemical reactivity and specifically activation energy.

This learning environment shows high resemblance to the software ELI Chem by Zo-
har and Levy.20 While with SCINE Heron, students could similarly move an atom
toward or away from other atom(s) and simultaneously feel the repulsion or attraction
that would operate on the selected atom, the rest of the molecular system additionally
visually adapted. Moreover, in our set-up, the movements occurred in three dimensions
as opposed to two in the case of ELI Chem. Finally, in our study, the students were
asked to perform reactions as opposed to explore solely the bonding process between
two atoms.

Problem-solving Tasks

The problem-solving phase took place in four parts. First, the students were introduced
to the learning environment through a short written tutorial of which a part can be
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seen in Figure 5.2, left. Specifically, they learned how to select and drag an atom, how
to zoom or rotate and how the force feels like for the students who received haptic
feedback. Again, the force corresponded to the gradient of the energy at the selected
atom. In other words, if the selected atom is released, the gradient indicates where the
atom would spontaneously move to. The students further trained their ability to control
the three-dimensional environment by pulling an atom around another molecule or by
guiding an atom through a carbon tube. The next two parts were then presented as open
problems aiming to prepare the students to learn about i) how energy change is related
to force and hence molecular structure change and ii) what this implies for chemical
reactions. As the instructions were equal for all groups, the force and its correlation
to the slope of the energy graph were not explicitly mentioned. The instructions solely
consisted of the task descriptions, as well as open-ended questions.

First, the students received a single molecule that they could manipulate at will. This
potentially led to the understanding of force being related to movement of atoms and
of the change in energy upon structural change. Specifically, the students were asked to
contrast and compare between removing a hydrogen atom and a chloride atom. In the
next part, the students received two reactants of a simple nucleophilic substitution (see
Figure 5.2, right). They were asked to perform the reaction in two different approaches
and to compare and differentiate between them. Furthermore, they could explore the
influence of a change in molecular charge on the outcome. Finally, in the third part, they
received again two different reactants of a nucleophilic substitution. Hence, the reaction
mechanism was the same, but the molecules were different, allowing the students to test
previous hypotheses and to abstract from their previous observations. The students
who received haptic feedback could build their hypothesis on the force that they had
to apply in order to perform the reaction while the other students had to rely on the
energy graph and the spontaneous movements of the unpicked atoms. Throughout the
two problems, the students were asked open-ended questions that they responded to in
writing (see Figure 5.2, right). For example, one question was “How does the potential
energy change? Do you notice a relation between this change and your movements?”.
The progression of these answers could indicate the learning trajectories of the students.

Instruction Phase

The instruction phase consisted of a video presentation. The visuals included a screen
recording of the learning environment that the students previously interacted with. The
instructor explained to them, how the force specifically relates to the change in energy.
Moreover, the frontier molecular orbitals were shown to give the students an idea about
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2 
 

Familiarization tasks 
 
Please perform each task until you feel comfortable and ready to move on to a harder 
one. In all of these tasks, the chemical background is not important. We just want you to 
get used to the device.  

 
0. Set up 

The device should be on whatever side of you that you prefer. Choose a position 
where you can comfortably rest your elbow on the table while using it.  
 

1. Zooming and rotating 
task familiarization 1 
Try to i) zoom and ii) 
rotate by pressing the 
darker gray button and 
either moving back and 
forth for the former or 
left and right for the latter. The one-dimensional display on the right shows the 
axis that goes into the screen. There you can see, how far in front or behind the 
molecule you are. Make sure that you understand how this works and feel free to 
ask for further explanation if you struggle to do so.  
 

2. Picking 
Pick the single atom by pressing the lighter grey button and drag it randomly 
across the screen. You can ignore the benzene molecule for now. 
 

3. Positioning 
Lead a single atom 
around the benzene 
molecule as depicted.  
 
 

4. Dragging 
We have to switch molecule for this part. Please let us know or type task 
familiarization 2.  
We are now starting the calculations for the first time. Please press the play 
button.  
Try to drag the whole water molecule. To do so, pick the oxygen atom (red) and 
very slowly move it, allowing the hydrogen atoms (white) to follow. This is the 
speed that you should use after. When you want to rip an atom off, you will have 
to increase the speed minimally. But it is important to note that the movements 
have to be quite slow to let the system adapt to the new situation. You can also 
try out what happens if you are too fast by carefully leading an atom on top of 
another one.  

 

5 
 

Task 2 
 
In the following, we use “systems” if we mean all atoms, since there will be multiple 
molecules sometimes. 
 

1. task learning 2, set molecular 
charge to -1 
After clicking play, try to guide 
the chloride ion (green) to the 
bromomethane. How does the 
potential energy change? Do you 
notice a relation between this 
change and your movements? 

________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 

 
2. Next, try to remove the bromide 

ion (red) first and then guide the 
chloride ion (green) to the CH3+. 
You might have to rearrange 
your molecules in order to do 
that. Do you notice a difference 
to the previous task? Which 
mechanism seems to be 
favorable? 

________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 

 
3. On the next page, you can see the energy plot of this reaction with the structures 

at certain points along the reaction coordinate. Can you explain the smoothness, 
or lack thereof in the graph on the screen? Can you reproduce what you see in 
the plot in the application?  
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
  

Figure 5.2: Excerpt of familiarization tasks (left) and the second problem-solving task (right)
of the problem-solving phase. The written description was accompanied by screenshots of the
environment for the students to follow.

how they can further inform reaction outcome. This was mainly needed for later points
in the class that was not part of the study. The video was four minutes long.

Quantitative Measures

The independent variable was the mode of manipulation that the students employed
during the problem-solving phase of the study. While receiving the same visual feedback,
they either controlled the learning environment on the computer screen with a computer
mouse (control), with a haptic device without receiving haptic feedback (comparison)
or with a haptic device receiving haptic feedback corresponding to the energy change
in the environment (experimental).

The dependent variable was performance which was measured through an in-house de-
veloped posttest. The questionnaire was designed in four parts, potential energy surface,
force, reactivity and SN2 as isomorphic example. In particular, we were interested in
their understanding of the role of energy extrema and saddle points, slope and their
connection to molecular structure changes such as stretching and forming of bonds.
The full questionnaire including the learning objectives is available in Appendix A. The
multiple-choice posttest was validated by two chemists and refined twice, once by online
distribution to students and once based on the results in a previous usability study for
SCINE Heron (see chapter 4). The test measures multiple interconnected concepts
such as change of potential energy related to molecular structure, change of energy re-
lated to force, energy difference related to reactivity or energy extrema as critical points
during reaction.
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Moreover, cognitive and affective mechanisms which have been shown to be associated
with problem-solving were measured through published questionnaires19 (see Table 5.2
for an overview). In the following, the references refer to the questionnaires that were
used in total or in part. Specifically, we measured positive and negative affect,218 state
curiosity219 and knowledge gap awareness.220 To study the cognitive load associated
with controlling the haptic device, we further measured the cognitive load that did not
directly contribute to learning (extraneous load220). The item “I found it hard to find
all the information necessary to solve the task” was removed as it rather measured the
task difficulty than the extraneous load and hence decreased the reliability significantly.
Finally, we measured the agency and motor control as well as the response to external
stimuli through the corresponding items from the avatar embodiment questionnaire by
Gonzalez-Franco and Peck.221 We removed the items “The movements of the pointer
were caused by my movements” and “I felt as if the pointer was moving by itself” due
to poor reliability. Moreover, as the pointer did move by itself, for the experimental
condition, the items do not seem applicable.

The average over the students’ general chemistry grades of the first year were taken as a
proxy for prior content knowledge. These included the introductory organic chemistry,
introductory inorganic chemistry and introductory physical chemistry grade.

Learners might find it challenging to translate between a two-dimensional computer
screen and three-dimensional movements, depending on their spatial ability. We were
hoping that the familiarization tasks at the beginning of the problem-solving phase
would reduce any differences in that regard and to guarantee that no discrimination
based on spatial ability is introduced, we measured it through the measures for mental
rotation207 and visualization.208

Finally, their English proficiency (self-reported), gender, age, gaming proficiency and
handedness was measured.
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Methods 5.1

Qualitative Measures

The learning trajectory was captured through open-ended questions embedded in the
instructions. Examples of such questions are “What differences or similarities did you
notice?”, “What changed?” or “Are your conclusions coherent with what you observe?”.
They were answered in writing on paper.

5.1.3 Design

PS-I prepares the students for instruction by activating their relevant prior knowledge,
creating awareness of knowledge gaps and by guiding them to recognize deep features
of the problem.9,16,17,19 Typically, students attempt to solve a problem that requires
the application of a yet to-be-learned concept and, usually, they are not fully successful
in this respect.18 In the failing, the students realize the gaps in their knowledge by
identifying the deep features of the problem and the information that they would need
to overcome or understand them. In the instruction phase, they are then presented with
the solution. Now that the students have a better understanding of the problem, they
can better appreciate the solution and understand it more deeply.

In this study, we took an exploratory approach to invoke these learning mechanisms.
In the first problem-solving task, the students were first made aware of the connection
between the electronic energy and the molecular structure by manipulating a single
molecule. In the second and third task, the students explored two nucleophilic sub-
stitution reactions, meaning two reactions that follow the same mechanism but that
involve different reactants. In open-ended questions, they were asked to connect the
representations and to compare the different approaches with the goal of identifying
deep features of this specific reaction mechanism and of chemical reactivity in general
– mechanism elucidation as minimal energy problem, the role of molecular and partial
charge and frontier molecular orbital theory. After completion of the problem-solving
tasks, the instructional video showed a screen recording of the learning environment and
explained, how the spatial arrangement of the atoms is corresponding to the energy and
how the reaction that they observed can potentially be explained through the frontier
molecular orbitals.

5.1.4 Procedure

The experimental study followed a preparation for future learning design.9,16,19 Prior to
the course, the students filled out a demographic questionnaire. In the course, they first
filled out the spatial ability tests. Then, they started by getting to know the environment
with simple manipulation tasks such as rotating, zooming or dragging and dropping of
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Pre-
Measurements

Problem-Solving Post-
Measurement I 

Instruction Post-
Measurement 
II

Spatial ability
Demographic 
data
Exam grades

Groups No HF HF Affective & 
cognitive 
questionnaires

Video Posttest

Haptic 
device

Comparison Experimental

Computer 
mouse

Control

Figure 5.3: PS-I design. HF denotes the haptic feedback. Post-measurement I occurred
immediately after the PS phase and post-measurement II immediately after the instructional
video.

an atom around another molecule. After self-proclaimed proficiency, they moved on
to the problem-solving phase in which they were asked to interact with three chemical
systems. The first one involved one single molecule with which the students were able
to explore the energy change and potentially associated haptic feedback resulting from
the interaction with the molecule. Specifically, they were asked to remove a chloride
ion and a hydrogen atom and compare the outcomes. The other two systems were
nucleophilic substitution reactions. In addition to exploring different reaction paths,
they could compare the reaction with different molecular charges. In the last task,
they could additionally look at the electron density and molecular orbitals as well as
at the atomic charges. During the problem-solving phase, they answered open-ended
questions in writing directly onto their instructions. After finishing all the tasks, they
were asked to fill out the questionnaire measuring the cognitive and affective variables.
The instruction phase followed in the form of an instructional video. Finally, they filled
out a posttest that measured their understanding of the target concepts (reaction energy,
activation energy and reaction coordinate), as well as near transfer (potential energy
surface). The procedure took approximately 90 min. An overview is given Figure 5.3.

5.1.5 Analysis

Quantitative analysis

Hypothesis 1 was tested in an ANCOVA with dependent variable posttest performance,
independent variable group and covariate prior content knowledge. To study the novelty
effect, we conducted a planned contrast between the control group and the two groups
involving the haptic device. Finally, haptic feedback was isolated by comparing the
experimental and comparison group.
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Hypothesis 2 was tested in a parallel mediator analysis with the process macro in R
2022.12.0.222 We included learning mechanisms that are known for being salient in PS-I,
knowledge gap awareness, positive affect and state curiosity as mediators in the model
as well as prior content knowledge as covariate.

Qualitative analysis

The quantitative results resulted in the need to look at qualitative data post hoc. Hence,
the qualitative analysis is inherently exploratory for the purpose of developing tentative
explanations and descriptions of how the students engaged with the learning environ-
ment. For the analysis of the open-ended questions posed during the problem-solving
phase and answered on paper, we followed a thematic analysis approach as described in
Braun and Clarke.214,215 We adopted an experiential realist stance. This implies that
we assumed that knowledge and here specifically the students’ knowledge emerges from
their active experiences. Consequently, knowledge is constructed rather than discov-
ered.223 It should be noted though that as I was a novice to qualitative research and
have a background in chemistry, my initial postpositivist position (perspective of prob-
abilistic outcome, meaning that there is a truth to be discovered by the researcher224)
shifted towards a realist perspective only during the analysis and hence my personal
learning process. This also explains my initial development of a coding book from which
then the themes were developed.

Due to the nature of the research questions, we were interested in how students perceived
and interpreted the force, both visually and haptically. Moreover, we were interested in
what models were frequently activated during the experience generally, as well as with
regard to the calculation. Finally, we were interested in what effect the spontaneous
movement of the atoms had on the students as this may be interpreted as another
representation of force. Generally, we were looking for explanatory accounts for the
quantitative results, precisely since the latter appeared to contradict our conceptual
framework. Therefore, we were following both deductive and inductive approaches. The
analysis was limited to the two haptic device groups as we were interested in the effect of
haptic feedback specifically. Initial codes were generated fine-grained until convergence.
Second, we went through the individual codes to see, if the coding made sense for the
selected context or if more context was needed. Finally, we compared the groups with
respect to the scope and nature of activated models, programming related codes and
indication of focus.
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5.2 Results
Table 5.3: Overview of descriptive statistics of the continuous variables. The spatial ability
and prior knowledge are incoming characteristics, the others outcome variables. All values are
given in percent. x̃ denotes the median, x̄ the mean and SD the standard deviation.

Variable Group n Min Max x̃ x̄ SD

Spatial ability Control 22 19.2 85.0 53.5 57.3 16.1
Comp. 21 27.5 70.8 47.1 49.4 12.5
Exp. 25 12.5 81.2 53.8 52.2 16.9
all 68 12.5 85.0 52.5 53.0 15.5

Prior knowledge Control 21 59.7 100.0 70.8 74.8 11.0
Comp. 20 25.0 91.7 70.1 68.6 18.6
Exp. 25 63.9 98.6 77.8 78.7 10.2
all 66 25.0 100.0 73.6 74.4 13.9

Extraneous load Control 22 33.3 83.3 62.5 64.4 10.7
Comp. 21 33.3 87.5 62.5 62.3 12.9
Exp. 25 45.8 75.0 58.3 61.8 9.2
all 68 33.3 87.5 62.5 62.8 10.8

State curiosity Control 22 28.8 93.8 58.8 62.3 17.4
Comp. 21 51.2 93.8 70.0 70.2 11.4
Exp. 25 25.0 96.2 71.2 71.2 18.1
all 68 25.0 96.2 68.8 68.0 16.3

Knowledge gap awareness Control 22 20.0 93.3 36.7 42.0 18.6
Comp. 21 23.3 73.3 46.7 48.6 13.3
Exp. 25 26.7 86.7 46.7 48.1 17.2
all 68 20.0 93.3 43.3 46.3 16.6

Positive affect Control 22 24.0 78.0 43.0 48.8 17.2
Comp. 21 30.0 74.0 58.0 55.0 13.0
Exp. 25 22.0 86.0 54.0 54.8 16.6
all 68 22.0 86.0 53.0 52.9 15.8

Embodiment Control 22 31.7 79.4 48.4 50.6 14.0
Comp. 21 28.6 90.5 49.2 48.9 14.0
Exp. 25 49.2 87.3 68.3 68.3 10.5
all 68 28.6 90.5 55.6 56.6 15.5

Posttest Control 22 33.3 91.7 66.7 63.6 17.4
Comp. 21 33.3 91.7 58.3 65.5 17.3
Exp. 25 33.3 91.7 58.3 62.3 15.8
all 68 33.3 91.7 66.7 63.7 16.6

5.2.1 Performance Analysis

Prior Knowledge Proxy

The average over three first-year general chemistry grades (physical, inorganic and or-
ganic chemistry) were taken as proxy for prior content knowledge and were included
to the model as covariate. The prior content knowledge was significantly non-normally

60



Results 5.2

40

60

80

100

40 60 80 100
Prior Knowledge [%]

P
os

tte
st

 P
er

fo
rm

an
ce

 [%
]

Group

Control

Comp.

Exp.

Figure 5.4: Scatter plot comparing the covariate prior knowledge and the dependent variable
performance. Removing the three data points that visually appear to be outliers (but statistically
are not) does not change the outcome. As all groups exhibit comparable slopes, prior knowledge
is a suitable covariate.

distributed overall (W = 0.91, p < 0.001) as well as in the comparison (W = 0.89,
p = 0.022) and control group (W = 0.90, p = 0.034) which is why the findings were re-
produced in a robust ANCOVA for two groups and one covariate. The assumption of ho-
mogeneity of regression slopes for prior content knowledge (F (2, 60) = 0.32, p = 0.728),
the assumption of homogeneity of variance and the assumption of independence of prior
content knowledge and treatment effect (F (2, 63) = 3.12, p = 0.051) were met. An
overview of the descriptive statistics of the outcome variables is given in Table 5.3.
Furthermore, the data are visually presented in Figure 5.4.

Analysis of Covariance

The multiple-choice posttest items were either coded correct or incorrect. We conducted
a standard ANCOVA with the posttest performance as outcome and the groups as
predictor with the prior content knowledge as covariate. The Shapiro Wilk test was
not significant (p > 0.05), indicating normality of residuals. The Levene’s test was not
significant (p > 0.05), indicating homogeneity of the residual variances for all groups.
There were no outliers in the data, as assessed by no cases with standardized residuals
greater than 3 in absolute value.

We did find a medium effect of spatial ability on the learning outcome (F (1, 62) = 6.26,
p = 0.015, η2 = 0.091), but no interaction effect with the groups on learning outcome
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Figure 5.5: Spatial ability had a significant effect on learning outcome that was independent
of the condition.
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Figure 5.6: Distributions of posttest performance for the individual groups. The means are
indicated with dashed lines.
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(F (2, 62) = 0.25, p = 0.782, η2 = 0.0071, see Figure 5.5). Prior content knowledge
had a medium effect on the learning outcome, t(62) = 4.61, p < 0.001, d = 0.70 with
a correlation of r(64) = 0.45, p < 0.001. Furthermore, a planned contrast analysis
revealed that receiving haptic feedback had a small negative effect on learning outcome,
t(62) = −2.24, p = 0.029, d = 0.19. The differences in learning outcome per group are
visualized in Figure 5.6. There was no significant difference with respect to the tool of
manipulation (computer mouse or haptic device), t(62) = 0.09, p = 0.932, d = −0.01,
indicating that there was no significant novelty effect of the device alone. As the data
did not meet all assumptions required by a standard ANCOVA, we replicated the found
difference between the comparison and experimental group with a robust method.225

The robust ANCOVA compares trimmed means at different points along the covariate
prior knowledge at which the relationship between the covariate and the outcome are
the same. All of the five design points sampled by the method showed a significant
or marginal relationship of similar magnitude between the group and the posttest (see
Table 5.4).

Table 5.4: Robust ANCOVA results from the WRS package225 comparing the experimental
to the comparison group. · < .1, ∗ < .05. Prior content knowledge is included as covariate. ni

denote the number of subjects of group i at evaluation point. Further reported are the differences
between the trimmed means including its standard error SE and confidence interval CI.

Prior knowledge [%] ncomp nexp

Trimmed mean
diff.

SE CI p-value

66.67 14 13 -12.78 5.27 [-28.39, 2.83] 0.030∗
69.44 16 14 -14.17 5.22 [-29.22, 0.88] 0.015∗
73.61 18 15 -11.81 5.61 [-28.62, 5.01] 0.057·
77.78 18 16 -10.97 5.47 [-27.04, 5.09] 0.064·
83.33 18 13 -13.19 7.43 [-34.42, 8.03] 0.093·

Mediator Moderator Analysis

Finally, we aimed to conduct a mediator moderator analysis to gain further insight into
the salient learning mechanisms for learning from haptic feedback. The analysis was not
significant for all learning mechanisms state curiosity, knowledge gap awareness, affect
and extraneous load, neither was the interaction between the moderator spatial ability
and the group on the extraneous load for both contrasts hapic versus non-haptic and
device versus computer mouse. The only significant result is associated to the avatar
embodiment which served as a manipulation check and, as in the contrast analysis, the
direct effect of the force on the learning outcome was significant. The detailed results
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are given in Figure 5.7. This was to be expected, as the groups themselves differed only
marginally in the learning outcome. Furthermore, the study was underpowered for an
analysis including eight predictors (1− β = 0.684 with α = 0.05).

5.2.2 Thematic analysis

A summarized version of the final coding book is given in Table 5.5 and the full list of
codes is given in appendix B.

During the analysis process, we found that simply gathering and collecting codes is not
sufficient to explain the quantitative results. Therefore, we further reviewed the final
topic summaries and generated five themes that are further discussed in this section.
Three of these, energy is proportional to the force, binary understanding of chemical
bonds and energy level vs. energy well are based on codes dealing with the models that
the students employed. In them, we try to retrace the reasoning of the students to prior
conceptions and how they might have been activated by the external representations in
the learning environment. The theme atomic movement was generated from codes in the
Focus topic summary. We try to explain how the students interpreted and connected the
different external representations and the role that the atomic movement was playing in
it. Finally, the theme lack of trust examines confidence of the students in the program.
The examples are given as literal as possible including mistakes with German quotes
being translated to English.

The students generally employed two main models when talking about the electronic
energy, the energy level and the energy well, regardless of the group. The former was
found mainly in the context of describing the energy graph. For example, C. G. writes
that “[t]he energy returns to the original state, if you don’t move the atoms too far
away.” or B. B. mentions when comparing energy values that “[t]he energy levels out,
if the atom is reattached to the molecule the energy is the same as the baseline energy,
if the atom is removed it is higher”. By contrast, when students mentioned extrema of
a continuous surface, we denoted this as the energy well model, as for example in “If
the atom is let go, the bond breaks and the potential energy goes back to its minimum.”
(M. G.). These models were not activated discretely but were both explicitly mentioned
by nine students. Only six mentioned solely the energy level model and four mentioned
solely the energy well model.
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Figure 5.7: Effect of learning mechanisms on learning with or without haptic feedback (top)
or with a haptic device or with the computer mouse (bottom). Significant relationships are
indicated with bolder lines. Prior knowledge was a significant predictor for performance in both
analyses. The main effect of the haptic feedback was also again significant. Finally, avatar
embodiment was higher for students who received haptic feedback.
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Results 5.2

We further identified a mainly binary understanding of chemical bonds. The students
attributed certain characteristics or changes in energy and forces to the point of forma-
tion or breaking of the bond. For example, S. M. wrote that “[a]s soon as the bond is
formed, the energy is higher than before” or V. D. wrote that “[i]t went down again
when the chloride bound to the molecule”. M. M. even expected a change in properties
at the point of bond breaking: “E[nergy] rises the closer I move Cl to C even before +

after bonding”.

Concerning the representations, we found that students who did not receive haptic
feedback extracted similar information from the atomic movements as the other group
from the haptic feedback. Faster atomic movement was interpreted as more force and
was connected to a change in the energy graph. In addition, the students did not appear
to be able to perceive and integrate all three dynamic representations, the energy graph,
the atomic movements and the force. Students who received haptic feedback tended to
either focus on the molecular simulation or on the haptic feedback. In some cases, the
atomic movement was even explicitly not perceived. For example, A. T. writes that
“[t]he chloride ion then almost moves towards the CH+

3 on its own, what also correlates
with a decreasing energy” and H. L. does not appear to be sure when they write that
“maybe, the atoms make new bonds on their own”. M. G. writes that they “would
expect the energy of the system to stay at the same level if nothing is manipulated, as
is to be expected”, when in reality, the energy did definitely decrease once they let go
of the picked atom due to the continuous structural relaxation.

Regarding the haptic feedback, we found that it did not necessarily support the learn-
ing of the concept force as change of energy. In many cases, it simply supported the
misconception that the energy is proportional to the force or that energy and force can
be employed synonymously. For example, A. C. writes that “[...]. This means, the
stronger the resistance, the higher the energy” and J. S. concludes that “[w]hen I re-
move bromide first, the energy is much larger, I have to pull harder”. In the case of
B. B., this conception was challenged, as they found that “[t]he chloride seems to give
more resistance, but on the graph, the energy peaks for both are about the same height”.
However, in many cases, it was not clear whether force was associated to a change in
energy or energy itself, as the students would often describe that the energy rose and
they could simultaneously feel a resistance.

Finally, we found some indications of lack of trust in the environment. For example, F.
P. wrote that “the partial charge on I[odine] should be smaller, in this case the partial
charge on N is smaller than I[odine]”. Here, it was not trivial to distinguish between
inability to explain an event and distrust in the environment. The example given is the
only explicit unambiguous criticism found.
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5.3 Discussion

In the presented mixed-methods PS-I study, we tried to reproduce the positive effect on
learning outcome of haptic feedback. Hence, we compared three groups who completed
the same problem-solving tasks with different manipulation tools. The control group
employed a computer mouse, the comparison group a haptic device with deactivated
haptic feedback and the experimental group a haptic device including feedback. We
hypothesized that posttest performance will be highest for the students receiving haptic
feedback (experimental), followed by students who employed the computer mouse (con-
trol) and last by students who employed the haptic device but did not receive haptic
feedback (comparison) due to increased extraneous load.

Our findings suggest the very opposite, the haptic feedback showed hindered learning as
indicated by significantly lower posttest performance in the group who received haptic
feedback. Furthermore, we found that the haptic device alone did not have an effect
on learning, indicating that the pretraining of the device was sufficient to limit the
additional cognitive resources needed to control this unfamiliar device. This is supported
by the absence of a significant interaction effect between spatial ability and treatment
on the learning outcome.

Previous studies which showed a lack of significant results in favor of the haptic feed-
back attributed this to the increased cognitive load.10,183 However, we did not find a
difference in extraneous load. The second explanation conjectured by Zacharia suggests
that the haptic feedback needs to add significant value in order to be an effective facili-
tator.4 This is in agreement with our finding that suggests that force could be derived
visually from the spontaneous relaxation of the molecular structure. We suggest that
the main reason why the haptic feedback hindered learning lies in the spontaneous re-
laxation of the molecular structure from which the force could be derived visually. The
student could judge the extent of the repulsion based on how quickly they had to pull
away in order to break the chemical bond without the rest of the molecule following.
This appeared to be easier than interpreting the haptic feedback as indicated by the
atomic movement theme. Potentially, the novelty of the haptic feedback drew the stu-
dents’ focus away from the visual representation and without being able to successfully
interpret the force, this might have hindered learning, especially as we found close to
no students who connected all three representations in one line of reasoning. This is
aligned with the conceptual salience perspective that suggests that explicit attention to
the information is needed in order for it to be processed.226 In this case, the conceptu-
ally salient representation, meaning attention grabbing (in the case of the comparison
group, but not in the experimental group) as well as carrying meaningful information,
is the spontaneous movement of the spectator atoms as opposed to the potential haptic
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feedback. In the study by Zohar and Levy, the atoms did not move spontaneously,
which is one of the major differences between their and the present study design and
therefore supports this explanation.20 Similarly, in the study by Bivall and co-workers,
the salient information was solely represented by haptic feedback, hence leading to the
students who did not receive haptic feedback to not have access to this information.180

The study by Murayama and co-workers differed both in the study design (I-(PS) vs.
PS-I) as well as in the comparison condition (no intervention versus haptic device with-
out haptic feedback).111 We conjecture that as our comparison condition is stronger,
the effect was reversed. We do not think that the study design is comparable in this
case.

Although we could expect higher prior content knowledge from the university students
investigated here compared to the high school students investigated in Zohar and Levy
(2021),20 the ambitious task of meaningfully connecting three representations of highly
abstract concepts might need more scaffolding as we have seen over all themes a general
trend towards heterogeneous conceptions and hence difficulties. However, even with
optimized scaffolding, there still might be a remaining redundancy effect, as the force is
represented both in the movement of the atoms and in the haptic feedback.227 This effect
suggests that redundant material might interfere with rather than facilitate learning as
the coordination of multiple sources of information potentially increases cognitive load.
Further research is necessary to explore the extent of this effect.

Generally, the guidance was kept intentionally low to get authentic feedback on the
environment including the haptic feedback itself. We were interested in the way that
the students would connect the multimodal representations and what conceptions they
would activate during the experience, as well as in which would be challenged and which
supported. Especially in the case of the haptic feedback, we found that more explicit
scaffolding is needed, not only but also due to the way that we are talking about energy
in colloquial language, both in German and English (as we discuss in the theme energy
is proportional to the force). This is in line with the signaling effect as found for example
in Mautone and Mayer.228 They found that better transfer occurred when signals such
as visual cues were included. In our case, no signaling was provided. Especially as prior
conceptions of energy in a physics context might be activated, which includes energy
as a stimulus,229 the students might need a clearer distinction between the concept
energy and force in this context. Otherwise, the conceptual mapping between the new
information to the prior experiences (grounding3) will not be successful, prohibiting
construction of coherent knowledge systems.74

The same argument is valid for the binary perception of chemical bonds. By better
introducing how and why chemical bonds are displayed, the students’ misconceptions
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around chemical bonds could be better challenged and less of their resources would be
needed to understand how and when chemical bonds are formed when we would like
them to rather focus on the connection between energy and force.

Concerning the energy models activated by the students, we suggest that this rather
informs the design of the instruction phase. As long as consolidation occurs, employ-
ing both models in the problem-solving phase should not create unnecessary difficul-
ties. The instruction did not target the difference between energy levels and energy
(hyper)surfaces and when it is appropriate to treat energy as a discrete and when as
a continuous variable. This was not part of our intervention and further research is
needed to understand how these conceptions are grounded and how they interact with
each other to optimally improve instruction.

Finally, the framing of the study resulted in specific student mindsets. First, the stu-
dents were told that they were piloting a learning environment that might become a
part of the course for future generations. While this statement was an effective motiva-
tor for active participation, it potentially created suspicion of the learning environment
and potentially made the students move from a learning practice towards a practice of
critiquing and testing. Consequently, unexpected experiences could have two sources,
either inaccurate preconceptions or a technical bug in the program. Second, for ethical
reasons, the students were told that the experience will not affect their course grade
and the learned content will not be explicitly examined. Potentially, this weakened
their intent to learn and to make sense of the haptic feedback which then affected the
learning outcome.230 We increase the ecological validity in the follow-up study described
in chapter 7 by better integrating the intervention into the course content.

5.4 Conclusion

Contrary to our hypothesis, we found a small hindering effect of haptic feedback on
learning outcome. To explain this finding, we analyzed written answers to open-ended
questions from the problem-solving phase. We concluded i) that the cognitive load
might be too high in this case to connect the two visual representations and the haptic
representation, ii) that multiple potentially incomplete conceptions around energy and
its gradient were activated and that this should be considered carefully in the instruction
phase, iii) that the haptic feedback would have to be introduced more explicitly, but
that iv) even then, there might be a redundancy effect, as we found that the comparison
group could interpret the force from the spontaneous movement of the atoms. We further
discussed limitations of the study, with the major ones being the framing of the study
as a test of the learning environment for future generations of chemistry students and
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that the study content was not explicitly relevant for the grading of the course. We
argued that this resulted in a student mindset that might have moved from a learning
intention to testing or even gaming practice. In chapter 7, we investigate how scaffolding
affects the learning outcome in the case of multimodal representations including haptic
feedback. We conjecture that this further depends on the prior content knowledge
including potential misconceptions in students.
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6
Preparing for Learning Organic

Chemistry with Haptic Feedback

We applied the identical design to the PFL study described in chapter 5 on second-
semester students. The educational context was slightly different as the students had no
quantum chemical target concept but were enrolled in an introductory organic chemistry
course. The two-semester course was designed in a way that the students first built a
toolbox of heuristics and models frequently employed by organic chemists for reaction
elucidation. Only in the last quarter of the course, the students applied this toolbox
to actual reaction mechanisms. At this point, between building the toolbox and being
confronted with reaction mechanisms for the first time in their academic career, the
study took place. In the following, the results of this study are presented. Moreover, in
section 6.3, we contrast the results of the two PFL studies.

6.1 Method

The design and procedure were identical to the study with fourth-semester students de-
scribed in chapter 5. However, the social context and the sampling differed. Specifically,
the study was not set during a course, but the students were recruited on a voluntary
basis and signed up to a session in their spare time. The students were grouped into
sessions consisting of one to four students. In contrast, the fourth-semester students
took part in a study during a laboratory course that they completed in groups of eight.
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The study was approved by the ETH ethics committee and the study design, analysis
plan, anonymized data as well as analysis scripts are available on OSF ∗.

6.1.1 Participants

n = 24 second-semester students (9 female, 15 male) participated in the study. The stu-
dents were recruited via e-mail as well as in a short presentation during an introductory
organic chemistry lecture. The students were enrolled in a bachelor program strongly
related to chemistry (chemistry, biochemistry, chemical engineering or interdisciplinary
sciences). Incoming characteristics per group are presented in Table 6.1.

6.1.2 Instruction phase

The instruction phase consisted of the lecture on mechanisms of substitution reactions.
The problem-solving phase was tailored towards this instruction phase as the students
explored two nucleophilic substitutions. However, the lecture was not changed in any
way to take up the problem-solving phase material explicitly.

6.2 Results

Due to the recruitment strategy, the sample size was fairly small. Hence, the results lack
statistical significance. In order to ensure completeness, the results are still presented
in full.

The prior general chemical knowledge of the students was measured with the chemistry
concept inventory by Mulford and Robinson.231 The outcome of the latter was for no
group significantly non-normal. Of all metacognitive variables, only the extraneous
load in the experimental group was significantly non-normally distributed (W = 0.91,
p = 0.027). No outcome or metacognitive variable showed significant difference in
variance between groups. The assumption of homogeneity of the regression slopes was
met as the interaction term between posttest performance and prior chemical knowledge
was not statistically significant, F (2, 18) = 0.811, p = 0.46. Finally, an ANOVA was
performed with the group as predictor for the covariate prior knowledge to ensure that
the groups did not significantly differ in the covariate. There was no significant difference
in prior chemical knowledge between groups, F (2, 21) = 0.449, p > 0.1, indicating that
prior knowledge was a valid covariate.

Since all required assumptions were met, an ANCOVA was performed with the in-
depedent variable group, dependent variable posttest and covariate prior knowledge.

∗https://osf.io/97yrd/?view_only=4f14de8516b84def9da5aaf04fac8014, accessed 2023-08-04
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Results 6.2

Table 6.1: Baseline characteristics for the participants. N = 24 (ncontrol = 7, ncomp = 8,
nexp = 9). Participants were on average 19.8 years old (SD = 1.6) and the groups did not differ
in age. The control group completed the problem-solving tasks with a computer mouse, the
comparison group with a haptic device with deactivated haptic feedback and the experimental
group with a haptic device with activated haptic feedback. All characteristics are self-reported.

Baseline characteristic Control Comparison Experimental
n % n % n %

Gender
Female 3 42.9 1 12.5 5 55.6
Male 4 57.1 7 87.5 4 44.4
Non-binary/ third gender 0 0.0 0 0.0 0 0.0
Prefer not to say 0 0.0 0 0.0 0 0.0
English proficiency
Conversational 1 14.3 0 0.0 1 11.1
Fluent 6 85.7 6 62.5 6 66.7
Native Speaker 0 0.0 2 25 2 22.2
Gaming
Less than once a year 4 57.1 1 12.5 4 44.4
Once a month 2 28.6 6 62.5 2 22.2
Once a week 1 14.3 1 12.5 3 33.3
More than once a week 0 0.0 0 0.0 0 0.0
Handedness
Left 1 14.3 0 0.0 1 11.1
Right 6 85.7 8 100.0 8 88.9
Both 0 0.0 0 0.0 0 0.0

Neither prior knowledge (F (1, 20) = 1.182, p = 0.290, η2 = 0.064) nor the condition
(F (2, 20) = 0.136, p = 0.873, η2 = 0.013) were significant predictors for learning out-
come. This can be attributed to the small sample size. However, as prior knowledge is
expected to have a large effect on learning outcome, we conjecture that general knowl-
edge of chemistry might not be a necessary prerequisite for initial quantum chemistry
learning.
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Figure 6.1: Distributions of posttest performance for the second- and fourth-semester partici-
pants. The means are indicated with dashed lines.

6.3 The impact of the recruitment strategy on study results

As the results of the second-semester students alone did not allow for any conclusions,
these data were compared to the data collected in the study from chapter 5 in order to
investigate the impact of the proficiency of the students in connection with the differing
recruitment processes on the learning outcome.

When comparing the learning outcomes from the posttest, we found that the second-
and fourth-semester students did not significantly differ in their posttest performance
(F (1.83) = 1.735, p = 0.191, d = −0.22, see Figure 6.1).

Furthermore, the analysis of the performance on the individual posttest items with
Fisher’s exact test revealed that only in two out of the twelve items, the students of
the second-semester chose significantly different answer options than their colleagues
in the fourth-semester. When being asked, “If a random bond in a stable molecule is
being broken, how will the potential energy of the system change?”, the second-semester
students mostly chose the correct answer “It will increase”, while a significant amount
of fourth-semester students chose the option “If it decreases or increases will depend

76



The impact of the recruitment strategy on study results 6.3

on how much energy is stored in the bond” (p = 0.008). Second, when being asked
to indicate what points out of a selection on a potential energy surface corresponded
to a transition state structure, second-semester students more often chose the incorrect
option of random points on a surface not belonging to a minimum, maximum or saddle
point, while the fourth-semester students mostly chose the correct saddle points (p =

0.045). Refer to the Appendix A for the exact wording of the test items.

While these differences might indicate persisting and even developing misconceptions
about the concept of the chemical bond (In chapter 8, an in-depth qualitative analysis
on chemical bond conceptions is presented) or difficulties to integrate basic quantum
chemical models into their prior conceptions, there are many limiting factors to this
analysis. First, the second-semester students were recruited on a voluntary basis while
the fourth-semester students were enrolled in a course during which the study took place
and only had to indicate whether they gave consent for the data to be used for research.
Therefore, we could expect mainly highly motivated and ambitious second-semester stu-
dents with a tendency to be interested in computational chemistry to participate while
we worked with a more heterogeneous sample of fourth-semester students. Second, the
foci of the studies differed. While the fourth-semester students were being prepared to
conduct their first computational chemistry calculations, the second-semester students
focused on the nucleophilic substitution reaction presented to them. Therefore, prior
knowledge relevant to the posttest might have been more or less activated, depending
on the study.

Table 6.2: Fit evaluation for models with differing numbers of clusters. LL denotes the
maximum Logarithmic Likelihood,232 BIC the Bayes Information Criterion,233 AIC the Akaike
Information Criterion234 and df the residual degrees of freedom. The two-cluster model displays
the lowest value for AIC, indicating that the data are best described by two answering clusters
besides the non-informative single cluster.

LL BIC(LL) AIC(LL) df
1-Cluster -934.23 2026.72 1938.46 57
2-Cluster -881.26 2083.57 1904.52 21
3-Cluster -851.24 2186.31 1916.48 -15
4-Cluster -834.07 2314.75 1954.14 -51

Finally, as the semester did not significantly predict performance, we investigated if
there were any other distinct answering patterns and whether they belonged to certain
groups of students. To that end, we performed a latent class analysis235,236 (LCA). As
we did not theoretically expect a specific number of clusters, we conducted LCAs of one
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to four clusters (see Table 6.2). We found that answering patterns could best be divided
into two groups which corresponded to higher and lower achievers. Remarkably, these
groups had similar numbers of fourth and second-semester students as well as equal
parts of the three study conditions (see Figure 6.2).

Again, we conjecture that this finding is related to the differing recruitment strategies
and the consequently biased sample for the study targeting second-semester students.
This stresses the importance of authentic class room studies that do not rely on voluntary
participation but include the study in the regular class room activities.
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Figure 6.2: Latent class analysis resulted in two groups of students who showed distinct
answering patterns. These groups did not correspond to the semesters or to the conditions of
the studies, but to higher and lower achieving students.

79



Chapter 6 Preparing for Learning Organic Chemistry with Haptic Feedback

80



7
The Effect of Explicit Embodied
Metaphors on Learning Outcome

In this chapter, we present a follow-up study to the study discussed in chapter 5 which
resulted in lower performance for students receiving haptic feedback compared to stu-
dents who did not. We conjectured that one main limitation of the study design in
chapter 5 was the strong separation between course content and study material. While
we aimed to build intuition relevant to the course content, the students might not have
grasped this connection and might have participated in the study without intent to
learn and instead with the intent to improve the environment. Second, we argued that
the haptic feedback was not beneficial to the students since they were not able to suc-
cessfully map the sensory experience to the new domain of quantum chemistry. Here,
we intended to improve on these two points by better incorporating the study into the
course content (see subsection 7.1.2) and by making the target metaphor explicit to the
students. The precise hypotheses are given in section 2.3.

7.1 Methods

7.1.1 Participants

The study was conducted one year after the one presented in chapter 5 in the context
of the same course. Hence, again, the participants consisted of chemistry, chemical en-
gineering and interdisciplinary science fourth-semester undergraduate students (n = 48,
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Table 7.1: Baseline characteristics for the participants. N = 48 (ncomp = 24, nexp = 24).
Participants were on average 20.9 years old (SD = 1.4) and the groups did not differ in age.
The comparison group received a visual representation of the force, the experimental group a
haptic representation. All characteristics are self-reported.

Baseline characteristic Comparison Experimental
n % n %

Gender
Female 7 29.2 10 41.7
Male 16 66.7 14 58.3
Non-binary / third gender 0 0.0 0 0.0
Prefer not to say 1 4.2 0 0.0
English proficiency
Conversational 9 37.5 5 20.8
Fluent 12 50.0 14 58.3
Native Speaker 3 12.5 5 20.8
Gaming
Less than once a year 10 41.7 10 41.7
Once a month 6 25.0 7 29.2
Once a week 4 16.7 4 16.7
More than once a week 4 16.7 3 12.5
Handedness
Left 1 4.2 5 20.8
Right 23 95.8 19 79.2
Both 0 0.0 0 0.0

35% female, 63% male, 0% non-binary/third gender, 2% preferred not to say). The
participation in the course was mandatory, but data were solely collected if informed
consent was given. Consent was sought and received from all. Participants were ran-
domly assigned to one of two groups depending on which week of the semester they
signed up to the course. Some of the students have learned about reaction mechanisms
generally and the Diels-Alder reaction mechanism specifically approximately one year
prior to the course. However, it is important to note that not all students have taken
the general organic chemistry exam. We further assumed that they were familiar with
the static two-dimensional energy graph that depicts reactions as traditionally found in
text books. The students did not yet explicitly learn how force is related to the energy
and they were not yet aware of the inherent multidimensionality of the potential energy
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hypersurface according to the curricula of their programs. Moreover, as mentioned in
previous chapters, they potentially activated prior conceptions of energy in a physics
context (see subsection 3.2.2 for an overview of the empirical literature on relevant stu-
dent conceptions). Table 7.1 gives an overview of the baseline statistics. The study was
approved by the ETH ethics committee and the study design, analysis plan, anonymized
data as well as analysis scripts are available on OSF ∗.

7.1.2 Material

Set-up

The set-up was highly similar to the previous study described in chapter 5. However,
few adjustments were made based on the previous results. First, a general limitation of
the previous study was the explicit phrasing of it as a study and the clear distinction be-
tween the course content and the study content. Here, we adapted the learning material
to be better embedded in the general course content. Specifically, we changed the exam-
ple reaction to the reaction that they would subsequently investigate using traditional
electronic structure calculations employing Orca.237,238 Specifically, they conducted a
Diels-Alder reaction interactively and saved the final product to later further optimize
it with density functional theory (DFT). An excerpt form the instructions is given in
Figure 7.1. For better inclusion of the study content into the course content, the study
instructions were included in the course instructions for this iteration of the study.

∗https://osf.io/c23rx/?view_only=54c73f4b83fa48ac87b35f40f9ff879d, accessed 2023-08-04
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Methods 7.1

The change from nucleophilic substitution reactions to the Diels-Alder reaction had two
consequences. First, the students only had to perform one reaction with a clear goal
to further use the product in later calculations. Second, this task was harder since the
Diels-Alder reaction coordinate consisted of two carbon atoms simultaneously moving
towards two other carbon atoms. This simultaneous movement was possible by selecting
multiple atoms, but it was quite difficult and the students needed multiple attempts to
succeed. Together, this led to the two studies taking a similar amount of time.

There was no instruction phase in the form of a video such as in chapter 5. However, we
expected the students to prepare during the problem-solving phase for the traditional
computational studies that they conducted later on. Traditionally, the electronic struc-
ture calculations work as a black box for novices in computational chemistry and the
aim of this intervention was to provide the students with a connection to the physical
phenomenon behind this black box.

Finally, a newer version of the SCINE Heron interface was used here; however, not
much changed for the students except for the increased robustness of the software.

Measures

We investigated the effect of receiving a grounding opportunity in embodied experi-
ences relative to receiving visual information of the same concept on learning outcome,
learning mechanisms and motivational variables. Therefore, the dependent variable
was performance which was measured through an in-house developed posttest. The
multiple-choice posttest was validated by two chemists and was refined three times,
once by online distribution to students, once based on the results in a previous usability
study for SCINE Heron (see chapter 4) and once in the prior PS-I studies (see chap-
ters 5 and 6). The test measured multiple interconnected concepts such as a change of
potential energy related to molecular structure, change of energy related to force, energy
difference related to reactivity or energy extrema as critical points during reactions (see
Appendix A for detailed learning objectives and test items).

Furthermore, cognitive, affective and motivational variables were included according to
the stated hypotheses (see section 2.3). An overview of the measures and reliability is
given in Table 7.2.
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Figure 7.2: The Diels-Alder reaction of furan and 3-pyrroline that the students were asked to
perform interactively. This figure is reproduced from the course instructions.

7.1.3 Design

We followed a between-subjects preparatory problem-solving design with two groups
differing in the problem-solving mode. The experimental group received haptic feed-
back during problem-solving as well as a written explanation of the target conceptual
metaphor. The comparison group performed the same tasks but received visual indi-
cation of the force as arrows on the atoms instead of haptic feedback. They further
received written explanation of the representation, but here, this explanation was of
literal instead of metaphorical nature (see Figure 7.1 for the exact wording of the in-
structions).

7.1.4 Procedure

Again, the experimental study followed a preparation for future learning (PFL) de-
sign.9,16 Prior to the course, the students filled out a demographic questionnaire. In the
course, they started by first building the relevant structures with Avogadro.239 As in
the study described in chapter 5, they then familiarized themselves with the environ-
ment with simple navigation tasks such as rotating, zooming or dragging and dropping
of an atom around another molecule. After self-proclaimed proficiency, they moved
on to the problem-solving phase in which they were asked to perform the Diels-Alder
reaction depicted in Figure 7.2.

After successfully creating the product, they were asked to fill out the questionnaire
measuring the motivational and affective variables. They then continued the course by
optimizing the relevant structures of the Diels-Alder reaction with DFT. The procedure
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Pre-
Measurements

Problem-Solving Post-
Measurement 
I 

Instruction Post-
Measurement 
II

Demographic 
data
Exam grades

No HF HF Affective & 
cognitive 
questionnaires

Electronic
structure 
calculations

Posttest

Comparison Experimental

Figure 7.3: PFL design. HF denotes the haptic feedback. Post-measurement I occurred
immediately after the PS phase and post-measurement II was administered towards the end of
the semester to ensure similar proficiency in all students.

took approximately 90 minutes out of the total 8 hours duration of the course. An
overview is given in Figure 7.3.

The posttest that measured their understanding of the target concepts (reaction energy,
activation energy and reaction coordinate) was sent out to all via e-mail towards the
end of the semester.

7.1.5 Analysis

Quantitative analysis

Hypothesis 1 was tested in an ANCOVA with dependent variable posttest, independent
variable group and covariate prior content knowledge.

Hypothesis 2 was tested in a parallel mediator analysis with the process macro in R
2022.12.0.222 We included learning mechanisms that are known for being salient in PS-I,
knowledge gap awareness, positive affect and state curiosity as mediators in the model
as well as prior content knowledge as covariate.

Finally, the ARCS variables112 were analyzed with the robust Yuen’s test for trimmed
means as we expected the factors to be independent.240

7.2 Results

The physical chemistry grade of the first year introductory course was taken as proxy
for relevant prior content knowledge as several students did not participate in the other
general chemistry lectures (inorganic and/or organic chemistry). The prior knowledge
was non-normally distributed in the comparison group (W = 0.91, p < 0.05). Further-
more, confidence was non-normally distributed in the comparison group (W = 0.82,
p < 0.001). However, confidence and prior knowledge were not significantly correlated
(r(45) = 0.33, p > 0.5). All other variables were normally distributed. Hence, we
intended to employ robust methods to perform the quantitative analyses. The assump-
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tion of homogeneity of variance (except for relevance, F (1, 46) = 4.4, p < 0.05) and
the assumption of homogeneity of regression slopes (F (1, 8) = 0.23, p = 0.64) were met.
The assumption of independence of prior content knowledge and treatment effect was
not met as the groups significantly differed in their prior knowledge (F (1, 45) = 9.53,
p < 0.005). Due to the unmet requirements, we intended to conduct a robust ANCOVA.
Finally, the point in time when the students participated in the study and hence the
time difference between the intervention and the posttest was not a significant predictor
for posttest performance (F (1, 11) = 0.36, p = 0.56). Descriptive statistics are given in
Table 7.3.
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Table 7.3: Overview of descriptive statistics of the continuous variables. Prior knowledge is
an incoming characteristic, the others are outcome variables. All values are given in percent. x̃
denotes the median, x̄ the mean and SD the standard deviation.

Variable Group n Min Max x̃ x̄ SD

Prior knowledge Exp. 24 54.2 100.0 75.0 77.8 10.7
Comp. 23 58.3 87.5 66.7 69.2 8.1
all 47 54.2 100.0 75.0 73.6 10.4

Extraneous load Exp. 24 50.0 91.7 68.8 70.0 9.9
Comp. 24 50.0 87.5 62.5 66.0 11.4
all 48 50.0 91.7 66.7 68.0 10.7

State curiosity Exp. 24 58.8 87.5 74.4 74.4 8.4
Comp. 24 47.5 82.5 62.5 63.6 9.9
all 48 47.5 87.5 68.8 69.0 10.6

Knowledge gap awareness Exp. 24 20.0 66.7 43.3 43.3 12.4
Comp. 24 26.7 76.7 43.3 46.1 14.4
all 48 20.0 76.7 43.3 44.7 13.4

Positive affect Exp. 24 46.0 84.0 69.0 67.2 11.9
Comp. 24 28.0 74.0 56.0 54.6 12.9
all 48 28.0 84.0 59.0 60.9 13.8

Attention Exp. 24 53.3 91.7 80.8 78.0 11.4
Comp. 24 50.0 90.0 71.7 71.4 10.6
all 48 50.0 91.7 75.8 74.7 11.4

Relevance Exp. 24 46.7 95.6 74.4 74.0 14.2
Comp. 24 51.1 86.7 67.8 67.4 9.5
all 48 46.7 95.6 70.0 70.7 12.4

Confidence Exp. 24 37.8 84.4 68.9 66.3 13.0
Comp. 24 0.0 82.2 65.6 62.7 17.4
all 48 0.0 84.4 66.7 64.5 15.3

Satisfaction Exp. 24 31.1 62.2 46.7 48.3 9.9
Comp. 24 24.4 62.2 44.4 43.9 9.6
all 48 24.4 62.2 45.6 46.1 9.9

Posttest Exp. 7 41.7 83.3 58.3 61.9 14.3
Comp. 5 58.3 91.7 83.3 76.7 13.7
all 12 41.7 91.7 66.7 68.1 15.4

7.2.1 Performance

As expected, the response rate for the posttest that was administrated only towards the
end of the semester via e-mail was quite low (n = 13). Consequently, the results did
not reach statistical significance and the sample size was not sufficient to perform the
robust ANCOVA at all, as this method requires multiple observations at several values
of the covariate, here the posttest performance. The standard ANCOVA did not show
significant differences between groups (F (1, 9) = 2.31, p = 0.16, d = −1.05).
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Figure 7.4: Distributions of posttest performance for the individual groups. The means are
indicated with dashed lines.

For the same reason, a mediator and moderator analysis was also not feasible. While
there are significant differences in some of the learning variables expected in PFL designs,
specifically positive affect and state curiosity (see Table 7.4), it could not be concluded
whether these mechanisms were effective mediators of the learning process.

7.2.2 Motivational factors

An overview of all comparisons of affective, cognitive or motivational variables is given in
Table 7.4 and graphically in Figure 7.5. From the ARCS model,112 we found significant
differences between groups in the perceived relevance (t(23.13) = 2.08, p < 0.05) and
attention (t(26.33) = 2.07, p < 0.05).

Table 7.4: Overview results of robust t-tests as well as robust effect size measures ξ 225. Results
with p-values < 0.05 are indicated in bold.

Construct Test statistic df ξ
ξ

95% confidence interval p-value

Extraneous load 1.37 28.59 0.30 [0.00, 0.65] 0.181
Positive affect 3.28 29.29 0.55 [0.21, 0.83] 0.00266
Knowledge gap awareness 0.458 28.11 0.093 [0.00, 0.46] 0.650
State curiosity 3.70 29.95 0.64 [0.38, 0.92] 0.00086
Attention 2.07 26.33 0.41 [0.023, 0.79] 0.0482
Relevance 2.08 23.13 0.43 [0.051, 0.74] 0.0489
Confidence 0.822 28.01 0.15 [0.00, 0.55] 0.418
Satisfaction 1.26 26.99 0.25 [0.00, 0.60] 0.217
Content knowledge 1.71 4.36 0.63 [0.00, 0.92] 0.157
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7.3 Discussion

In this chapter, we compared receiving haptic feedback together with explicit explana-
tion of the conceptual metaphor to receiving a visualization that was less embodied. We
found increased attention, curiosity and perceived relevance in the students who received
haptic feedback. As the response rate to the posttest was quite low, we could not draw
any inferences about the performance difference between the groups. Moreover, the
responses that we did receive can be attributed to a specific subgroup of students who
were motivated to participate, eager to learn and generally interested in the learning
content.

Concerning the learning mechanisms associated with PS-I, knowledge gap awareness,
positive affect and state curiosity, we found that the experimental group showed higher
state curiosity immediately after the intervention. Moreover, we found that positive
affect was enhanced in students who received metaphorical explanation as opposed to
the technical explanation that the comparison group received (see Figure 7.1 for the
exact wording of the instructions). The metaphor was made explicit by comparison
to an experience that the students potentially could relate to, a hike to the peak of
a mountain. This authentic storyline meets the design criterion affective draw 19 for
productive failure,16,18,105 a special case of PS-I, which is associated with higher curiosity
and positive affect.

We further considered motivational factors, specifically attention, perceived relevance,
confidence and satisfaction. We found that the experimental group perceived the inter-
vention to be more relevant to their personal situation. This finding is aligned with previ-
ous results by Chatain and co-workers.82 In their study targeting the max-flow problem
of graph theory, they compared students in an abstract, pen-and-paper condition to
students who manipulated the graph on a tablet and to students who interacted with
a graph in an embodied fashion in virtual reality. They denoted the latter two as ma-
nipulated and embodied concreteness, respectively. These two aspects of concreteness
evoke different cognitive learning mechanisms. Embodied representations may activate
direct state induction, modal priming and sensorimotor simulation while manipulation-
based representations may activate sensorimotor simulation only.82,85 For our study,
mainly the mechanisms modal priming and sensorimotor simulation were of importance
as we were not aiming to activate any specific feelings (direct state induction) in the
participants through bodily actions. Modal priming describes one direction of the bidi-
rectional mechanism cognitive-sensorimotor transduction described in the grounded and
embodied learning framework (see section 2.2).3,50 That is, the embodied interaction
can activate abstract concepts, such as in our case the quantum chemical force or in the
case of Chatain and co-workers the max-flow concept of graph theory. Chatain and co-
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workers argued that precisely due to this modal priming that is exclusively activated in
embodied interaction, the perceived relevance of the target concept is increased. They
argued that the embodied experience allowed the students to reconnect the learning
content – which is not experiential for both their and our study – to prior (bodily) ex-
periences, which is a crucial part of relevance in a learning context.241 Rephrasing this
in the framework applied throughout this work, the students successfully mapped their
prior experience onto the quantum chemical domain and hence successfully constructed
a conceptual metaphor.

Finally, we found increased attention in the experimental group. As attention integrates
arousal theory, boredom, sensation seeking and, most importantly for this finding, cu-
riosity, this was to be expected.112 Furthermore, we conjecture that as the construction
of the conceptual metaphor was more successful than in previous studies, the offload-
ing mechanism (see chapter 2.2) was activated and with the lowered cognitive load,
attention might have been increased.

While we were not able to show the hypothesized significant difference in performance
between the groups, we were able to successfully implement the affective draw criterion
for productive failure designs indicated by a significant difference in curiosity and posi-
tive affect.19 Moreover, we operationalized the embodied and manipulated concreteness
described by Chatain and co-workers82 in a quantum chemical context instead of a math
context and with haptic interaction instead of movement in immersive virtual reality
and found that similarly, perceived relevance increased for the experimental group.

The main limitation of this study was the time constraint. The students worked with
the haptic device for 60 to 120 minutes. For some of them, the new tool in addition to
the new, unfamiliar and highly abstract quantum chemical concepts, was too confusing.
Furthermore, while we decreased their awareness that this was a study and not relevant
to the course grading, they were still aware that this was part of a doctoral project
and therefore some of them still expressed distrust in the environment when it did not
respond as expected, for example if the number of bonds on a certain atom did not
correspond to the octet rule. Finally, the students participated in the study as groups
of eight and while this was anecdotally less of an issue in the prior study described in
chapter 5, we found that in this case, the group dynamics were highly heterogeneous
ranging from highly focused and motivated to chaotic and negative. However, these
factors have not been measured and are solely anecdotal evidence.
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7.4 Conclusion

Due to the low response rate to the posttest, we are not able to draw inferences about the
performance of the students and hence cannot comment on the hypothesis that success-
fully grounding energy change in prior bodily experience leads to better performance
in a posttest than having a visual indication of energy change that is less grounded.
However, we found that some of the learning mechanisms that were expected to have
an impact on performance differed significantly between the two groups. Specifically,
the state curiosity and positive affect as well as perceived relevance and attention were
higher for the experimental group immediately after the intervention. This implies that
explicit metaphors might comply with the design principle affective draw 19 and that
therefore, further exploration of the role of affective variables in the learning process
involving explicit conceptual metaphors might be of interest. Furthermore, we found
that modal priming was a crucial mechanism to increase perceived relevance of the learn-
ing content.82 While the results of the learning mechanisms showed a general trend in
favour of the conceptual metaphor condition, the statistically insignificant result of the
posttest showed a large effect in favour of the literal, visual representation. Although
this result is not reliable in itself, future research should not only reproduce this study
with higher statistical power, but also question the conceptual metaphor used. Specifi-
cally, climbing a mountain is more exhausting than climbing hill – not necessarily due
to the steeper slope but potentially also due to the higher peak. If the students focused
on the peak, this might support the misconception that the force is proportional to the
energy (as opposed to proportional to the derivative of the energy).
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8
The Multiple Student Conceptions of the

Chemical Bond

The chemical bond is described with various models ranging from two electrons being
shared between two nuclei to the energetically minimum distance between two atoms.
How we visualize these bonds further primes students to select one model over another.
Previous research has targeted misconceptions of the chemical bond, but how these
conceptions interact and evolve remains relatively underexplored. In this chapter, we
examine the diversity of conceptions in undergraduate chemistry students who have
started to learn about quantum chemistry. We present results of a thematic analysis
of data produced by students between the first and fourth-semester while interacting
with a chemical simulation. We find that the chemical bond was largely conceptualized
either as a rigid entity or in relation to energy. This is in agreement with the most
commonly employed models in the scientific community. However, we argue that the
students struggle to understand the contextual dependency and the plurality of equally
valid models.

8.1 Methods

We triangulate qualitative data from three studies with university students, that is
think-aloud data from a user study and written answers to open questions from two
preparation for future learning (PFL16,18,104,105) studies. In the following, the relevant
aspects of the three studies are described and the analysis process is specified. Study I
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denotes the user study with first and third semester students (see chapter 4) and study
II (see chapter 6) and study III (see chapter 5) denote the PFL studies with second and
fourth-semester students respectively. For a more detailed account of the studies, refer
to the respective chapters.

8.1.1 Participants

All three studies were conducted with undergraduate students from ETH Zurich who
were enrolled in a program strongly related to chemistry (biochemistry, chemistry, chem-
ical engineering or interdisciplinary sciences). An overview of the measured traits is
given in Table 8.1. The proficiency ranged from being a first semester student in a
general chemistry lecture without any prior knowledge in quantum chemistry to fourth-
semester students attending their first computational chemistry course. The partici-
pants for study I and II were recruited on a voluntary basis via e-mail. For study II, we
additionally advertised the study in a general chemistry lecture. Participants of study
III participated in the study as part of a course. For all studies, the data were only used
if the student gave informed consent. All studies were approved by the ethics committee
of ETH as proposal EK-2021-N-41.

Table 8.1: Overview of income characteristics of participants as well as obtained data for
the three studies. The descriptive count data relates to the students whose utterances
were coded at least once with a code relevant to the chemical bond concept.

Characteristic Study I Study II Study III
Semester 1 & 3 2 4
Ntotal 7 & 3 24 68
Nused 4 & 1 11 15
English fluency
(conversational, fluent, native)

0, 3, 2 1, 8, 2 2, 10, 3

Gender (f, m, x, -) 1, 4, 0, 0 4, 7, 0, 0 7, 7, 1, 0
Age 20.6 ± 3.0 19.7 ± 1.4 20.9 ± 1.2

Data Think-aloud
Written answers
to open-ended
questions

Written answers
to open-ended
questions

8.1.2 Materials

All studies employed the same learning environment, SCINE Heron. SCINE Heron
is described in more detail in chapter 4. Importantly for the presented analysis, the
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molecules are represented by sticks and the atoms by balls. Chemical bonds are dis-
played based on the distance between atoms. This choice of visualization results in i)
the breaking and forming point of the bond being somewhat arbitrary from a chemical
point of view and ii) arbitrarily many bonds per atom as opposed to as much as the
octet rule would allow for molecules made from second-period atoms.

The participants of study I interacted with a pilot version of the final interface while
the participants of study II and III both interacted with the final product. While the
visuals differed in some aspects as can be seen in Figure 8.1, the visualization of the
bond did not change.

a. b. c.
energy graph

molecular simulation

settingsEnergy Graph Settings

Molecular Simulation

a. b. c.

Figure 8.1: SCINE Heron49 at the stage of the usability study (left) and at the
preparation for future learning studies (right). In both versions, the chemical bonds are
displayed based on distances between atoms.

In all studies, the tasks were highly similar. First, the students were familiarized with
the environment by performing navigation tasks such as rotating, zooming, dragging
and dropping. After self-proclaimed proficiency, the students were presented with three
tasks. First the students broke the bonds of chloromethane. In this task, the students
were prompted to compare bond strengths and energy change. The second and third
task consisted of two nucleophilic substitutions with different reactants. The goal was
to compare different reaction mechanisms and connect them to the energetic evolution.
While the focus lied on the reactions, the chemical bond still played an important part
as specific bonds were supposed to be broken and formed. In study I, the students
were asked to think aloud while interacting with the environment. The instructor did
intervene as little as possible and spoke only to remind the students to think-aloud.
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That being said, there were some technical difficulties that the instructor had to fix as
this study was performed on a pilot version of the software.

In study II and III, the students were presented with open-ended questions on the in-
structions. The questions were supposed to elicit contrasting and comparing, as well
as reflection. Examples of these questions are “What differences or similarities did you
notice?”, “Are your conclusions coherent with what you observe?”, “What changed?”.
They were answered in writing directly onto the instructions. Here, although not ex-
plicitly named, the focus lied on the potential energy, the force that they might have
experienced and the reaction mechanisms. Still, we found many notions of the chemical
bond that are re-analyzed in this chapter.

8.1.3 Design

A summary of the study designs is given in Figure 8.2. The data analyzed stems in
all three cases from a problem-solving phase. In the case of study II and III, this was
followed by an instruction phase, a design commonly known as PS-I.9,16,17,19 Typically,
students are presented with a problem that they do not have the sufficient skills for to
solve.18 This leads the students to create inaccurate solutions and by then discovering
the inaccuracy of them, the students get to identify deep features that are salient to the
given problem.17

While in study I, the focus lied on identifying technical problems of the program and
usability issues, in study II and III, the focus lied on learning according to this design
principle. To implement this, we chose an exploratory approach. When breaking bonds
in the first task, the students became aware of the connection between the potential
energy and the molecular structure. Then, as the second and third task follow the same
reaction mechanism, the students could apply this connection to contrast, generalize and
identify deep features of chemical reactivity – mechanism elucidation as minimal energy
problem, the role of molecular and partial charge and the role of frontier molecular
orbitals. As the analyzed data stem from this part of the intervention, we refrain from
elaborating on the rest of the design.

8.1.4 Procedure

The procedure of the problem-solving phase was close to identical for all three studies.
The only difference lied in the qualitative data obtained. For study I, the students
thought aloud during the process while in studies II and III, they answered open-ended
questions in written form directly onto the instruction sheet. The quantitative data
obtained in each study differed based on the goals of each study, the details can be
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Study I Study IIIStudy II

image:Flaticon.com

Survey II

Survey I

Problem-Solving

… …
Instruction and 
posttest

Figure 8.2: Overview of the designs of the studies providing the data analyzed in this
chapter. Study I only employed one condition (purple) while study II and III compared
students who received haptic feedback (indicated by arrows) with students who used
the computer mouse or who used the haptic device without haptic feedback (blue). The
qualitative data were obtained during the problem-solving phase.

gathered from the respective chapters (chapter 4 for study I, chapter 6 for study II and
chapter 5 for study III).

Consent was sought from all students before the start of the studies. After a first phase
of quantitative measures, the students performed the problem-solving phase. First, the
students were given familiarization tasks that focused on rotation, zooming and dragging
and dropping the atoms. After self-proclaimed proficiency, the students moved on to
the learning tasks. These three tasks consisted of i) a single molecule that they could
manipulate as they pleased and ii) two nucleophilic substitutions with differing reactants.
In addition to exploring different reaction mechanisms, the students could explore the
effect of molecular charge or visualize orbitals and electronic density. After finishing the
tasks, the students again filled out questionnaires for the quantitative measures before
receiving the instruction phase (for study II and III) or being finished (for study I). All
studies took between 90 min and 120 min. During the whole process, the instructor
aimed to be as little involved as possible. Still, there were some technical issues and
the students sometimes struggled with the three dimensional navigation of the haptic
device, with which the instructor then assisted.
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8.1.5 Analysis

As we were interested in the complexity of views that students bring to and have of the
learning experience, the resulting qualitative data were analyzed using an experiential
realist, constructionist thematic analysis approach with a semantic orientation.215,223

Specifically, we assumed that the students’ knowledge of the world emerges from active
experiences in the world. “[T]ruth is not external to the human mind. Rather, truth
is the product of the human mind” (p. 230 of Ref. 223). This is in contrast with the
postpositivist view that there is one true learning trajectory or at least a set of probable
learning processes to be uncovered.224 However, it should be noted that I, who conducted
the analysis initially, entered into the analysis with a postpositivist perspective, but
found that this perspective was restrictive in the analysis and that to truly capture the
perspectives and hence realities of the students, a shift towards a constructionist stance
was needed. I conducted the analysis alone and ensured reliability through detailed
reflective notes on the process as well as feedback from peers and supervisors.215

In the following, we briefly outline the analysis process of the studies. In all studies, we
started with certain a priori codes that we expected to find in the data based on the
specific conceptual framework of the study. We then coded the data in a fine-grained
manner, developing codes as needed and allowing an unlimited number of codes per
segment in order to avoid missing any inductive meanings. This process was continued
until the full data set was coded and no further codes were identified. The codes were
then grouped into topic summaries from which themes were derived.

In study I, we focused on usability of the environment and whether or not the environ-
ment was interpreted as intended. The a priori themes of study II and III were grounded
in the theoretical framework of embodied learning3 and focused on how the haptic feed-
back was perceived and whether the visual and haptic representations were connected
and interpreted by the students as intended. In addition, we were also interested in
inductive themes around the interpretation of the learning environment.

In all three studies, we found that the students brought a wide variety of conceptions
concerning the visual representation of the molecules. In particular, we found that the
visual representation of the chemical bond as sticks that were displayed depending on
interatomic distances could confuse the students and even make them distrust the sim-
ulation. As we found this in all studies although the focus of the analysis was elsewhere,
we decided to explore further and thus combined the topic summaries around chemi-
cal bond conceptions and re-analyzed them. For this iteration, we were interested in
what conceptions of the chemical bond the students might have activated or challenged
in the learning environment and how they might have been influenced by the chosen
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visual representation. We expected known conceptions such as the different kinds of
bonds, ionic, covalent and metallic, possibly an energetic understanding that breaking
and forming bonds might be related to energy requirement and release.23 As we were
again following a thematic analysis approach, we were open for further conceptions. All
fragments previously coded with a chemical bond related code were recoded according
to the model that they activated. These codes were then organized into themes that
are presented in section 8.2.

For reporting, the answers were translated from German to English including possible
mistakes.

8.2 Results

The final codes that were organized into themes are presented in Table 8.2. We generated
three themes that capture how the students conceptualized the chemical bond, i) the
chemical bond as rigid entity, ii) the chemical bond related to energy and iii) orbitals as
indicators of the presence or stability of the bond. First semester students in particular,
but even students of other semesters, tended to emphasized the capability of an atom to
form a bond and the kind of bond that might be formed, hence perceiving the chemical
bond as rigid entity (see Figure 8.3).
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Figure 8.3: Count of codes assigned to the generated themes. This is to give an
impression of the distribution of the different utterances and written answers but should
by no means be interpreted as statistical evidence. Individual students are represented
by a point if they were only situated in one theme or as a line, if they used more than
one model throughout the intervention.

For example, J. A. of the first semester asks, whether “hydrogen actually [is] able to
form this bond”. Some of these observations were directly activated by the choice of
visualization such as “Bond extends until it breaks.” (C. X., second semester) or “I
have the feeling that I can pull both atoms equally far away before the bond breaks”
(E. E., second semester). Some students even showed confusion when nothing specific
happened or changed upon the event of formation or breaking of a chemical bond.

So, I am doing this and then, when it forms a bond here, absolutely no
difference. (N. Y., first semester)

E rises the closer I move Cl to C even before + after bonding. (M. M.,
fourth-semester; E refers to the energy graph)

We attribute this to a certain extent to the ball-and-stick representation of the molec-
ular system. As breaking a stick in the perceivable world means a sudden event, the
students might have translated this characteristic to the chemical world. In addition,
this might be supported by other binary language commonly employed in chemistry,
such as the breaking of a bond or the formation of a bond. To a chemist, it is clear
that this breaking implies a process, but in colloquial language, breaking is associated
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with a sharp, brief and quick event. The second theme ‘the chemical bond related to
energy’ captures conceptions such as connecting an increase or decline of energy to the
molecular structure or the chemical bond as a minimal-energy distance. This theme
allows chemical bonding to be a process instead of a sudden event. However, some stu-
dents articulated their views in both themes at the same time, for example when they
expected a sudden change in energy at the point of bond formation (see excerpt by N. Y.
above, the expectation is made explicit by the word even). This blending of themes is
in agreement with the work by Becker and Cooper191 who found that science students
conceptualized potential energy mainly as capability for a structure to change, stored
energy or as related to stability. Hence, if a student conceptualized potential energy as
capability (for bond formation) and the chemical bond as a rigid entity in which energy
is stored, the physical entity and energetical understanding of the chemical bond will
not necessarily contradict each other.

Examples of this theme include

As a bond appears, the energy falls again until reaching a minimum at a
specific distance. (A. T., fourth-semester)

Energy increases with distance of Br− & decreases when Cl− bonds. (C. M.,
second semester)

The bonding enthalpy is released when a bond is formed. (M. K., fourth
semester)

If I come closer it raises until it ends up bonding and stabilizing. (F. P.,
fourth semester)

Finally, a few students conceptualized the ‘chemical bond in connection to orbitals’. Al-
though only found in three students and potentially activated in a biased way as we
asked them explicitly to actively explore the orbital visualization feature of the environ-
ment, we find it worth mentioning as it illustrates the difficulties moving between an
‘electron as particle’ view and an ‘electron as described by a wavefunction’ view. These
students understood that their conception of a chemical bond is potentially incomplete
in the given context as they could not anymore rely on a localized electron. As a con-
sequence, they tried to connect the new information – the electron is described by a
wavefunction or orbital – and the known information – a bond is where two electrons
are between atoms.

Yes, because ipso to the amino group exists no LUMO [lowest unoccupied
molecular orbital], therefore there cannot be a bond formed there. (B.E.,
second-semester)

In this example, B.E. expects that there needs to be some space into which the electron
has to be able to move. Orbitals as regions in space for electrons to go into as opposed
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to mathematical models describing the electron is a known misconception.26 As the
concept ‘electron’ changes so much during chemistry education, it is of high importance
to consolidate related concepts such as the chemical bond accordingly.

In general, we found that some students only employed a single model. Others em-
ployed one model over another at different stages of the problem-solving. Finally, there
were students who employed multiple models in one single utterance, indicating poten-
tially an attempted integration of the models. This highlights the unawareness of the
distinctiveness between the models and of the context-dependence of them. Although
not representative due to the limited amount of data, there is an indication that the
students start with mainly the physical entity conception and subsequently learn about
the molecule as minimal-energy structure. First, they struggle, as they try to integrate
this new information into the chemical bond as physical entity conception – indicated
by the multiple second-semester utterances that use both models at the same time.

Both graphs show a peak in energy prior to the breaking of the band. Chlo-
ride seems to leave more easily. (S. X., second-semester)

If a bond is formed the change is insignificant. [...] The bump is because the
Br-C Bond is cleaved and the steep slope because Cl-C Bond is formed. (I.
D., second-semester)

S. X. indicates with an event (the peak) prior to the breaking of the bond that the
breaking itself is an event as well. An indication of timing is only meaningful if bond
breaking is an event as opposed to a process. However, they further mention leaving, a
verb that indicates a process. Similarly, in the second quote, bump denotes a sudden
event at which the bond is broken. However, formation of the bond is described as a
process connected to the slope in energy. Finally, in the fourth-semester, they start to
learn when to apply which model.

8.3 Discussion

Thematic analysis of the data of three studies all investigating the effect of haptic
feedback on learning quantum chemical concepts resulted in the common theme that
chemical bonding is conceptualized in various models. Here, we re-analyzed the complete
data and generated three themes that describe how students conceptualized the chemical
bond in this particular context.

We found that chemical bonding was mostly viewed as an event (‘the chemical bond as
rigid entity’) by 15/31 students and as a process (‘the chemical bond related to energy’)
by 19/31 students with 9 students using both. The third theme ‘Orbitals as indicators
of the presence or stability of the bond’ was found substantially less frequently in only
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four students (see Figure 8.3). However, these conceptions were not mutually exclusive
and could be activated at the same time. Arguing in the framework of p-prims as
introduced by diSessa,74 the former conception is grounded in intuitive physics in the
form of a metaphorical breaking of sticks. However, we cannot simply identify the
process conception as the more proficient conception. Professional chemists are known
to employ a diverse set of models when talking about the chemical bond.22 Scientific
models are introduced to explain a phenomenon and in the highly diverse field that
chemistry is, it makes sense that these models vary. From a philosophical perspective,
Hendry242 has come to a similar conclusion when analyzing the conceptions of the
chemical bond in a historical context. He identified i) the structural conception, in
which “chemical bonds are, at least for molecular substances, material parts of the
molecule that are responsible for spatially localized submolecular relationships between
individual atomic centers” (p. 917) and ii) the energetic conception, according to which
“facts about chemical bonding are just facts about energy changes between molecular or
supermolecular states” (p. 919). While the latter is more agnostic and better compatible
with quantum chemistry, it implies explanatory loss, a characteristic highly important
in experimental domains.

The third and less prominent theme that we generated related the newly learned infor-
mation about orbitals to the prior knowledge of the students. Defining the chemical
bond in terms of superposition of valence atomic orbitals is found in literature.243 How-
ever, here, we mainly found inaccurate attempts to connect these concepts, such as the
idea that an absence of a specific orbital indicates the absence of a bond or that the
presence of the highest occupied molecular orbital at a specific bond indicates an insta-
bility at this location (see Table 8.2). Again, we do not identify the model as the source
of the difficulty, but rather the inability of the students to successfully integrate it into
their prior knowledge as a model that is distinct from the others but equally important
in the correct context.

Although most of the students did experience forces, we did not find a fourth con-
ception of the bond often found in literature, namely the definition of the chemical
bond as the forces that stabilize the molecular structure.244 It was even argued that
a force-based approach might be best to describe the chemical bond in an educational
context.22,199,245,246 Here, the bonds were visualized based on interatomic distances
and hence appeared not only when the structure was stable. This conception could be
supported by not visualizing the bonds at all or only if no resulting force is present.

The plurality of models becomes only problematic when the students try to integrate
them to a single model, as we have found on multiple occasions. From initial chemistry
learning on, the students are confronted with this variety of models. With this analysis,
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we are not judging the diverse models employed by the students or the instructors, but
imply that the introduction to this diversity without limiting or confusing the students
is crucial for successful higher chemistry education.

As we discuss in more detail in chapter 2, many models are of metaphorical nature. Del
Re called models idealized experiments in the sense that they can successfully predict
measurable outcomes based on a metaphorical model system.44 Many misconceptions
that we mentioned in our conceptual framework can be explained by incorrect blending,
combining or overgeneralizing of these metaphorical model systems. For example, the
students in Boo’s study applied the metaphorical model system of physical object to the
concept of energy requirement, leading them to inaccurately assuming that as construct-
ing a physical object requires energy, so does bond formation.200 Similarly, visualiza-
tions of orbitals as physical spaces might potentially create the inaccurate metaphorical
mapping of orbitals as a space where electrons are or where electrons move into.26

8.4 Conclusion

8.4.1 Implications

Students are taught a number of different models in their higher chemical education.
While chemists focus on the models helpful to their specific field, such as hybridization
and the octet rule for organic chemists or one-electron wavefunctions and potential
energy hypersurfaces for quantum chemists, the students are confronted with them
concurrently. In that process, we suggest that it is crucial to make the students aware of
the different models of the same concept and what the different strength and applications
of each are.

One way to support the students in their learning is through experiential learning. The
real-time interaction with molecules and experience of the forces that would act on that
selected atom that was offered in the discussed studies lead the students to challenge
existing conceptions of fundamental quantum chemical concepts generally, such as the
Born-Oppenheimer potential energy hypersurface or minimal energy structures. This
experiential quantum chemistry learning warrants further investigation.

8.4.2 Limitations

The data for this analysis were limited in the sense that conceptions of the chemical
bond were not the primary focus of the data collection and hence, questions focused on
the connections between the energy graph and the simulation and the students were not
explicitly asked about their interpretation of the visual representation of the molecules.
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Accordingly, our data are limited to events where the students were confused or in
disagreement with the visual representation and mentioned this on their questionnaire
or in their think-aloud interview. Hence, it would be interesting to discuss these con-
ceptions in more depths with the students to be able to obtain a better understanding
of the variety and potential hierarchy of these conceptions. Furthermore, the studies
were framed as a testing of the learning environment for future generations of chemistry
students. We could therefore expect certain distrust in the representations including
the presence of the chemical bond. While here, the chemical bond as a construct that is
there or not is highly supported by the visualization, future research should explore how
other visualizations, such as the electron density, influence the activated conceptions or
how the students would reason about the chemical bond without visual input at all.
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Conclusions and Outlook

In this thesis, we explored the role of conceptual metaphor for quantum chemistry learn-
ing. We argued that as chemistry generally and quantum chemistry in particular employ
many in-experiential concepts, the explicit connection of these concepts to experiences
familiar to the students is of crucial importance. To that end, we designed a learning
environment in SCINE Heron49 that allowed the students to interact with molecules
in real-time. Specifically, the students saw the molecules on the computer screen, picked
an atom either with a computer mouse or with a haptic device and, pulling on it, felt
the repulsion or attraction acting on the selected atom. With the learning environment,
we created both grounding and offloading opportunities, two cognitive mechanisms the-
orized to be crucial for learning by the grounded and embodied learning framework.3

Furthermore, the design process of the learning environment was inspired by principles
from research on multiple98 and multimodal186 representations. Chapter 2 derived the
theoretical framework and elaborated on the chosen design principles for the learning
environment while chapter 3 detailed the existing empirical research on student concep-
tions as well as previous applications in interactive (quantum) chemistry. In particular,
students often overgeneralized the electron-pushing formalism resulting in neglecting
of the repulsive forces in chemical reactions.187 We showed that many misconceptions
connected to potential energy and chemical bonds might be prohibited through explicit
explanation of the advantages as well as limits of metaphors used to teach them and of
implicit metaphors in models. For example, Energy as a Substance that Can be Stored
is a useful analogy to learn about energy transfer, but neglects energy conservation.193
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Chapters 4 to 8 describe studies conducted as part of this dissertation. In chapter 4,
we described a usability study in the scope of which we tested a pilot version of the
environment on undergraduate students. An improved version was applied in three
preparation for future learning studies with second- (see chapter 6) and fourth-semester
(see chapters 5 and 7) students.

We found that without explicit explanation of the conceptual metaphor, the students
were not able to successfully map the embodied experience to the chemical domain.
Moreover, the students were distracted by the haptic feedback and – without successfully
being able to construct the metaphor – this lead to hindered learning compared to
students who could focus on the visual information that was easier to interpret. In
a follow-up study to the study described in chapter 5, we explored how making the
conceptual metaphor of experiencing the force that acts on a selected atom explicit
affects learning and relevant mediators. To that end, we compared students who received
haptic feedback together with an explicit explanation of the metaphor to students who
received a traditional visualization of force as arrows. We found that explicit metaphors
comply with the design principle affective draw 19 and that they increase perceived
relevance through increased modal priming.82

Finally, throughout this work we noticed confusion and to a certain extent fixation of
students on the chemical bond concept. For this reason, we triangulated the qualitative
data collected in all studies and explored the use of bonding models by the students in
an analysis described in chapter 8. We found that the students mainly conceptualized
the chemical bond as physical entity or as related to energy. Few attempts to model
bonds with orbitals resulted in incorrect conceptions. We argued that the distinction
between physical phenomena in chemistry and the models used to describe them needs
to be clearer. The role of representational tools such as models is unique in the chem-
ical domain and this representational competence needs to be learned as well.98 This
thesis highlights the importance of truly understanding the students prior conceptual
metaphors as well as the implicit metaphors present in applied models, terminology and
visualizations in order to be able to transform the former to the latter.68

We mentioned the limitations of the individual studies in the respective chapters. To
summarize, the two most prominent limitations of this work were the framing of the
studies and the recruitment process for studies conducted in the students’ spare time,
the user study (see chapter 4), the study with second-semester students (see chapter 6)
and the posttest that was administered via e-mail for the study described in chapter 7.
The studies were framed as a testing of a learning environment for future generations
of students. This lead the students to focus on giving feedback and searching for flaws
in the design as opposed to learning. Furthermore, the first two years of the bachelor
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programs are extremely competitive and the students were reluctant to participate in a
study that was not credited towards their studies. To conduct large quantitative learning
studies on the target audience, studies should either be incorporated in a course (as we
did for the studies described in chapters 5 and 7) or be rewarded with credits (as is
already done for psychology students of the University of Zurich, for example).

This work has sparked numerous intriguing questions for future research to address.
First, the learning environment has potential to be further improved. For example,
allowing the students to feel the activation barrier while only allowing movement along
the reaction coordinate might facilitate the controlling of the haptic device while still
providing the embodied experience to construct the target conceptual metaphor. This
suggestion was brought forward by a student after an intervention. Next to improve-
ments of modality, further target concepts could be explored with similar intervention
designs. For example, students often struggle with the atomic or molecular orbital
concept.26 Interactively creating molecular orbitals might facilitate learning about the
linear combination of atomic orbitals approach. Furthermore, Heron already now dis-
plays molecular orbitals as isosurfaces and offers interactive selection of active spaces as
interface to AutoCAS.247–251 The manual selection process requires high chemical in-
tuition and is thus particularly complex especially for novices. This visual feature might
therefore be further valuable for learning about more advanced methods that require
active space selection such as for example density matrix renormalization group.252–264

Moreover, the distance between the hand either holding the haptic pen or the computer
mouse and the molecule on the laptop screen was quite far. In their review, Brockmole
and co-workers describe the hand-proximity effect which suggests that the distance
between the hand and the object under study is important for visual recall as well as
for abstracting commonalities.265 This distance could be reduced by employment of
immersive virtual reality (iVR). iVR has recently gained momentum in the embodied
learning community and the higher level of possible immersion might be beneficial for
a chemical context.45,51,82,266,267

Finally, the role of conceptual metaphor in chemical learning content should be given
more attention to. While literature on metaphors in chemistry is rich, the role that this
plays in designing learning content in chemistry education is underexplored. Bhushan
and Rosenfeld65 summarized the issue in their work on metaphorical models in chem-
istry:

Our own lack of attention to the metaphorical nature of a particular model
can blind us as teachers to certain misunderstandings of students. As we
use models in teaching, it may be important to recognize that the leading
edge and perhaps the most important part of the model for students, is the
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metaphor. Indeed, we might say that where we use models in our teaching,
the metaphor is the currency of the teacher-student transaction. (p. 581 of
Ref. 65)

This implies a need for understanding what metaphors are implicitly applied in different
models, visualizations and terminology as well as a need for understanding how the
students integrate these metaphors, which ones are successfully mapped and which ones
are frequently mismapped.

114



A
Concept Inventory

The posttest was developed in-house and applied as well as continuously improved in the
usability user study (see chapter 4), the mixed-method learning studies (see chapters 5
and 6) as well as in the follow-up study (see chapter 7). In section A.2, the different
versions of the posttest are presented.

A.1 Learning objectives

1. Potential Energy Surface (PES)

1. Change in molecular structure(s) = change in potential energy

2. From 1.1 it follows that from all configurations of atomic positions (molec-
ular system in various stretched, compressed, and equilibrium situations), a
continuous potential energy (hyper)surface can be created; with every point
on this PES corresponding to a specific spatial arrangement of the atoms.

3. Local minima on this surface correspond to stable molecules.

4. To stretch a bond corresponds to a displacement on this high-dimensional
surface in a specific direction.

5. From 1.4 it follows that if the structure from which a bond is broken is
corresponding to a minimum on the PES, the (potential) energy of the system
will increase during this process of bond breaking (i.e. energy will be required
to break the bond).

6. Saddle points on this surface correspond to transition state structures.
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7. A reaction coordinate corresponds to a (minimum-energy) path on this PES
from one minimum to another passing a saddle point (transition state).

2. Force

1. The values of the force components experienced by an atomic nucleus are
determined by the components of the slope of the PES in the direction of
the coordinates of that nucleus and at the point i.e. the current spatial
arrangement.

2. From 2.1 it follows that the force operating on every atom is 0, if the structure
represents a stable molecule, i.e., if it corresponds to a minimum on the PES.

3. From 2.1 it follows that the force operating on an atom while moving along
a reaction coordinate will be opposite to the direction of reaction progress
along the reaction coordinate until the saddle point is reached (i.e., when the
activation barrier is overcome), after which it will pull one into the product
valley (negative value of a negative slope yield a push into direction of reaction
progress).

3. Reactivity

1. From 1.2 it follows that there will exist, in general, more than one way to
connect two minima on the PES or in other words more than one possible
mechanism from the reactants to the product. However, one reaction path is
favourable which is usually the one with lowest activation barrier, i.e., with
lowest-lying a saddle point.

2. From 1.2 it follows that there is usually more than one way for the structures
to change, i.e. that there is often more than one possible reaction prod-
uct. However, one reaction path is often (thermodynamically or kinetically)
favourable (the one with the energetically lower lying products for compa-
rable activation energies or the one with the lowest barrier or energy span,
respectively), the other products are so-called byproducts.

4. Application: SN2 mechanism

1. There is one specific mechanism: attack by the nucleophile under formation
of a stable intermediate, dissociation of the leaving group.

2. The nature of the nucleophile and leaving group matters because of differing
bond strength (slope of PES along the reaction coordinate that breaks the
bond).
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A.2 Questionnaire

A.2.1 Usability Study

We first present the initial questionnaire as developed for the usability study presented
in chapter 4. Second, we present changes made for the subsequent studies with expla-
nations.

Note: correct answers are marked with (∗), every item corresponds to a learning objec-
tive from the previous section.

1. What action will keep the potential energy constant?

1. A change from the reactants to the product.

2. A change of the location of the molecule in a vacuum. (∗)

3. A change of the bond angles in a molecule.

4. A change of distances between atoms or molecules.

2. What do individual points on a potential energy graph correspond to?

1. Different spatial arrangements of atoms. (∗)

2. Different levels of excitation.

3. Different vibrational frequencies.

4. Different atomic velocities.

3. Which of the following statements is true for the potential energy of a system that
has reached the thermodynamically most stable form?

1. It has reached its maximum, since the kinetic energy will be minimized.

2. It has reached its maximum, since the kinetic energy will be 0.

3. It has reached a minimum, since energy will be needed to change this optimal
conformation. (∗)

4. More information is needed to comment on the potential energy.

4. Which of the following is false?

1. Forming a bond will change the potential energy.

2. Stretching a bond requires energy.

3. Forming a bond releases kinetic energy.

4. Stretching a bond releases energy. (∗)
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5. If a random bond in a stable molecule is being broken, how will the potential
energy of the system change?

1. It will increase. (∗)

2. It will decrease.

3. If it decreases or increases will depend on how much energy is stored in the
bond.

4. It will neither increase nor decrease.

6. Which of the following points could correspond to transition state structures?

Adapted with permission from H. B. Schlegel, WIREs
Comput. Mol. Sci. 2011, 1, 790-809. Copyright 2011
John Wiley & Sons.

1. 1, 3, 6

2. 2, 7

3. 4, 5 (∗)

4. None

7. A reaction coordinate on a potential energy surface is …

(Hint: A reaction coordinate describes a reaction and therefore requires the con-
version of kinetic energy into potential energy to climb the surface.)

1. … the minimum-energy path on the potential energy surface between some
reactants and products. (∗)

2. … any path on the potential energy surface from reactants to products.

3. … always the shortest path, i.e., a straight line connecting reactants and prod-
ucts.

4. … is a single direction on the potential energy surface that corresponds to the
stretching of a bond.
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8. How does the potential energy relate to the force which acts on an atom?

1. If the potential energy increases, a force will act on an atom in the same
direction as the structural change.

2. If the potential energy increases, a force will act on an atom opposite to the
direction of structural change. (∗)

3. Energy and force are two separate concepts that do not relate.

4. There are only attractive forces present during a reaction.

9. What is the resulting force that acts on an atom in a stable molecule?

1. This depends on the mass of the atom.

2. This depends on the potential energy.

3. This depends on the kinetic energy.

4. None (∗)

10. Explain how the following image relates to forces present in the system.

Ea

En
er

gy CH3Br + Cl-

CH
3Cl + Br -

TS

Reaction coordinate

1. Since the energy of the reactants is higher than the one of the products, the
force between the educts is attractive and reaction will occur.

2. First, the force between the reactants is attractive as long as the energy goes
up, and will then become repulsive.

3. First, the force between reactants is repulsive as long as the energy goes up,
and will then become attractive. (∗)

4. No conclusion about the force can be made, since this is an energy diagram.

11. Given the following energy diagram, which reaction is thermodynamically more
likely to occur given enough time? (TS = Transition State)
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1. The reaction resulting in the endo product (blue), since the energy of the
product is higher.

2. The reaction resulting in the endo product (blue), since the activation barrier
is lower.

3. The reaction resulting in the exo product (orange), since the product is ener-
getically lower. (∗)

4. The reaction resulting in the exo product (orange), since the activation barrier
is higher.

12. In the following reaction, two products are formed. Which of the following state-
ments is wrong?

O NH+

NH

H
H

O

H
H

O

NH

exo

endo

1. If given a long time, the thermodynamic product will be formed, which is
the one with the highest negative energy difference between reactants and
product.

2. If given a short time, the kinetic product is formed, which is the one with the
lowest activation barrier.

3. The structural difference of the products is determined by how the reactants
are spatially oriented with respect to one another at the start of the reaction.

4. Only one product will be formed and we can determine which one by looking
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at the kinetic as well as the thermodynamic results (such as relative energies
of products and activation barrier). (∗)

A.2.2 Learning Studies 2022

Table A.1: Analysis of performance in the usability study per item. Items that were
changed are indicated in bold.

Item Mean SD Skew Item Difficulty Item Discrimination α if deleted
Q1 0.77 0.44 -1.45 0.77 0.51 0.80
Q2 0.38 0.51 0.54 0.38 0.33 0.81
Q3 0.69 0.48 -0.95 0.69 0.68 0.78
Q4 0.77 0.44 -1.45 0.77 0.72 0.78
Q5 0.62 0.51 -0.54 0.62 0.61 0.79
Q6 0.62 0.51 -0.54 0.62 0.31 0.81
Q7 0.31 0.48 0.95 0.31 0.61 0.79
Q8 0.92 0.28 -3.61 0.92 0.18 0.82
Q9 0.15 0.38 2.18 0.15 0.27 0.81

Q10 0.46 0.52 0.18 0.46 0.44 0.80
Q11 0.62 0.51 -0.54 0.62 0.37 0.81
Q12 0.46 0.52 0.18 0.46 0.50 0.80

Mean inter-item-correlation = 0.261, Cronbach’s α = 0.814

We analyzed the items based on their item difficulty and item discrimination index.
The item difficulty describes the proportion of participants who correctly answered the
question with a low index indicating high difficulty and high index indicating low diffi-
culty; the item discrimination index describes how well the item performance predicts
overall performance ranging between -1 and 1 with -1 indicating a negative relationship
between item performance and overall performance and 1 indicating a perfect relation-
ship between item performance and overall performance.268,269 The statistical analysis
is presented in Table A.1. Changes are indicated in italic.

Item 4 was changed as follows to increase precision of the terminology used.

Which of the following is false?

1. Forming a bond will change the potential energy.
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2. Stretching a bond requires energy.

3. Forming a bond releases vibrational energy.

4. Stretching a bond releases energy. (∗)

Item 6 was changed as the identical potential energy surface was displayed in the in-
struction material of the course.

Which of the following points could correspond to transition state structures?

Adapted with permission from G. N. Zamarbide et al., J. Mol. Struct. THEOCHEM.
2003, 666-667, 599-608. Copyright 2003 Elsevier B.V.

1. 2, 3

2. 1, 4

3. 1, 3 (∗)

4. 3, 4

Item 8 was changed as follows to introduce the misconceptions that force is proportional
to the energy instead of the change in energy and that the force is operating between
molecules only as distractors. This was supposed to increase the difficulty of the item
as it was correctly solved by a lot of students (item difficulty 0.92).

How does the potential energy relate to the force which acts on an atom?

1. If the potential energy increases, a force will act on an atom in the same direction
as the structural change.

2. If the potential energy increases, a force will act on an atom opposite to the
direction of structural change. (∗)

3. The potential energy is proportional to the force.

4. The force is related to two molecules while the potential energy is an attribute to
one only.

Item 9 was changed due to its low item difficulty (0.15) indicating that the item was
quite difficult. Hence, the phrasing of the question was adapted as follows.
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On what quantities does the resulting force that acts on an atom in a stable molecule
depend?

1. This depends on the mass of the atom.

2. This depends on the potential energy.

3. This depends on the kinetic energy.

4. None (∗)

Item 10 was changed to increase precision in terminology.

Explain how the following sketch relates to forces present in the system.

Ea

En
er

gy CH3Br + Cl-

CH
3Cl + Br -

TS

Reaction coordinate

1. Since the energy of the reactants is higher than the one of the products, the force
between the educts is attractive and reaction will occur.

2. First, the force between the reactants is attractive as long as the energy goes up,
and will then become repulsive.

3. First, the force between reactants is repulsive as long as the energy goes up, and
will then become attractive. (∗)

4. No conclusion about the force can be made, since this is an energy diagram.

Item 12 was replaced by the following item since i) the exact reaction from the usability
study item 12 was introduced in the course and ii) the wording of the task was quite
long.

Which attack point is most likely to trigger a reaction?
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1.

2.

3.

4.

1. 1.

2. 2. (∗)

3. 3.

4. 4.

For the study presented in chapter 6, two additional items were implemented. The
following item was directly taken from the lecture material and hence an isomorphic
example.

Why does the following reaction hardly ever take place?

1. Steric hindrance by chloride.

2. Bad electrophile.

3. Steric hindrance by methyl group(s). (∗)

4. Bad nucleophile.

The following item was introduced to test if the mathematical relation between force and
energy was understood. We found that the previous version of the posttest was missing
an item that tested this knowledge as removed as possible from chemical content.

In blue, an energy profile of a reaction is given which shows multiple transition states
and intermediates. Only considering thermodynamic aspects, which of the other curves
(if any) is showing the profile of the value of the force operating in the direction of the
reaction coordinate (i.e. the direction of the movement of the reaction)?
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Hint: The force can be interpreted as a vector that points toward the direction of
the reaction coordinate, if the value is positive or away from it, if the value is neg-
ative. The value then indicates the length or in our case, the strength of the force.

1. a)

2. b) (∗)

3. c)

4. Not clear from the information given.

A.2.3 Learning Study 2023

In the study of 2023 described in chapter 7, we added per item the open-ended question
“Please explain your choice briefly”. The statistical analysis is presented in Table A.2.
While the answering of the multiple-choice items was enforced, these items were not.
In the following, changes from the version applied in the learning studies of 2022 are
explained.

Item 1 was changed due to its low item difficulty (0.94) and item discrimination (0.16).
Symmetric manipulation and rotation as opposed to translation were introduced as
distractors.

What action will keep the potential energy constant?

1. A change from transition state to intermediate.

2. A rotation of the molecule around a given axis (∗)

3. A change of the bond angles in a molecule.

4. A change of all bond lengths equally.
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Table A.2: Analysis of performance in the learning study 2022 per item. Items that
were changed are indicated in bold. The items are ordered as they were posed in the
questionnaire.

Item Mean SD Skew Item Difficulty Item Discrimination α if deleted
Q2 0.63 0.49 -0.56 0.63 0.42 0.4
Q7 0.38 0.49 0.5 0.38 0.06 0.51
Q8 0.63 0.49 -0.56 0.63 0.27 0.45
Q1 0.94 0.24 -3.84 0.94 0.16 0.48
Q11 0.65 0.48 -0.63 0.65 0.38 0.41
Q4 0.63 0.49 -0.56 0.63 0.19 0.47
Q3 0.88 0.32 -2.43 0.88 0.35 0.44
Q5 0.69 0.47 -0.85 0.69 0.24 0.46
Q9 0.18 0.38 1.74 0.18 -0.04 0.53
Q10 0.72 0.45 -1.01 0.72 0.15 0.49
Q6 0.66 0.48 -0.7 0.66 -0.08 0.55
Q12 0.72 0.45 -0.98 0.72 0.26 0.46
Mean inter-item-correlation = 0.077, Cronbach’s α = 0.496

Item 6 was changed due to its negative item discrimination (-0.08) indicating that item
performance did not predict overall performance. The choice of points was improved to
more attractive options.

Which of the following points could correspond to transition state structures?

1. 2, 3

2. 1, 4

3. 1, 3 (∗)

126



Questionnaire A.2

4. 3, 4

Item 7 was shortened as follows due to its low item discrimination (0.06).

A reaction coordinate on a potential energy surface is …

(Hint: A reaction coordinate describes a reaction and therefore requires the conversion
of kinetic energy into potential energy to climb the surface.)

1. … the minimum-energy path from reactants to products. (∗)

2. … any path from reactants to products.

3. … a straight line from reactants to products.

4. … a single direction that corresponds to the stretching of a bond.

Item 9 was changed due to its high difficulty (0.18) and low item discrimination (-0.08).
The answer options were adapted in order to be more equal in length and also the
(incorrect) proportional relationship between energy and force was further highlighted.

In a stable molecule, what force acts on an atom?

1. A force proportional to the mass of the atom.

2. A force proportional to the potential energy.

3. A force proportional to the kinetic energy.

4. No force at all. (∗)
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B
Coding Books

The qualitative analyses described in chapters 4 and 5 both followed a thematic anal-
ysis approach.215 Therefore, the data were coded in a fine-grained manner in order to
describe them as detailed as possible. From the codes, themes were generated that de-
scribe the overarching meaning assigned to the codes. In this appendix, the full coding
books from both analyses are listed.

B.1 Usability study

In the usability study described in chapter 4, we focused on technical feedback from the
students as well as whether they interpreted the environment as intended. We found
that the students mainly struggled with the three-dimensional nature of the molecule
representations and that they were not often able to connect all three representations,
the molecular simulation, the energy graph and the haptic feedback. The themes were
generated from the codes presented in Table B.1.

B.2 Learning study

In the learning study described in chapter 5, the students answered open-ended questions
directly unto the instructions in writing. We analyzed the data with the intent to explain
the quantitative results that contradicted our hypotheses. The themes were generated
from codes listed in Table B.2.
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Table B.1: Final coding book of the analysis of the think-aloud data produced in the
usability study.

Name Description Cases References
focus

connect all Connect all three representations in
one line of reasoning.

6 14

connect representation to prior knowledge

That is, prior knowledge that is not
represented in any way in the learning
environment (i.e. not energy, partial
charges while on, force).

6 12

connect visual_mol haptic Connect molecules to haptic rep. 9 47
connect visual_mol visual_en Connect molecules to energy graph. 7 15
haptic Focus on haptic representation only. 3 5
haptic visual_en Connect haptic rep. to energy graph. 2 5
programming Comment on implementation. 6 21
visual_en Focus on energy graph only. 4 4

visual_mol

Focus on visual representation of the
molecule only (as opposed to visual
representation of graph or haptic
representation or the connection between
any of them).

6 23

interpretation

colors as element Correct assignment of color of ball to
chemical element.

2 2

not colors as elements Incorrect assignment of color of ball to
chemical element.

2 3

model

Inability to realize what is a model and
what is actually happening. This
includes “does this really take place” or
“are this many bonds really possible”.

9 47

sensory ability

not force
i.e. not able to either feel anything, or
being able to distinguish attraction and
repulsion.

5 13
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Table B.2: Final coding book of the analysis of the written answers to open-ended
quetsions posed in the problem-solving phase of the PS-I study.

Name Description Cases References
Focus 45 288

connect graph - atom movement
Only introduced when coding non-haptic
data; used to code connections between
the graph and atomic movement.

19 28

connect graph - haptic Connection between energy graph and
hapticfeedback.

13 23

focus graph Focus only on energy graph. 43 170
focus haptic Focus only on haptic feedback. 15 41

focus mol Focus on molecular representation. Particularly the
movement of the atoms.

16 26

Model 45 579

model bond binary

Bond is either there or not, something
happens when a bond forms or is broken
(e.g. energy spikes). Only coded when
event is at formation or breaking (not during
formation or after formation).

25 53

model charge
Collecting ideas about charge. e.g. no
charge leads to repulsion (probably not
equal to charge leads to attraction).

41 92

Model Energy 45 381

model causal chain - repulsion, E change E changes, because there is electronic
repulsion.

2 2

model E distance based As opposed to E dependent on binary
formed or broken bonds.

35 77

model energy level As opposed to e.g. potential well. 15 20
model energy well Mentioning of minimum. 13 15

model gradual E change

As opposed to code model energy level,
here the students recognize a gradual
change in energy (maybe but not
necessarily connected to a structural
change).

43 177

model likelihood based on activation energy

Argue what reaction would be more likely to
take place depending on the energy spike
in the graph or the repulsive force by the
haptic device.

11 16

model likelihood based on reaction energy
Argue that reaction would be more likely to
take place depending on reaction energy
difference.

12 16

model what determines energy

They should be aware of the Schrodinger
equation at this point. However, it might be
that they have no idea what the absolute
energy is and why it is chemically
irrelevant.

28 58
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Model Force 25 43

model force = change in energy The force is proportional to the change of
energy.

6 8

model force = energy Concerning magnitude. Height of energy indicating how
strong repulsion (instead of slope of energy).

9 12

model force as sum The force is related to a sum of interactions. 2 2

model force energy synonym

Explorative code because in cases “less
energy required” might mean “less
work/force required” due to the colloquial
“this required a lot of energy to do”.

3 4

model interaction Force as interaction different elements have
different interactions.

5 5

model likelihood based on physical effort
Argue what reaction would be more likely to
take place depending on the how
exhausting it was to perform the reaction.

10 12

model multidimensionality
Exploratory code - mentioning of multiple
reaction pathways, connection 2D plot /
surface, byproducts, etc.

4 4

model resonance structures
i.e. orto/para mentioning, expected
electronic structures based on organic
chemistry principles.

4 6

Programm(ing) 27 64

program atoms moving Were the students aware that the atoms
were moving without manipulation?!

12 29

aware 10 11
unaware 3 3

program trust
Indication that they try to explain
unexpected findings with chemical
knowledge instead of flaw of program.

16 27

program usability
Indication that person was aware that they
were testing a program - potentially a beta
version of a program.

5 8
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