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Abstract 
Patron, Emelie (2022). Exploring the role that visual representations play when 
teaching and learning chemical bonding: An approach built on social semiotics and 
phenomenography, Linnaeus University Dissertations No 433/2022, ISBN: 978-
91-89460-46-1 (print), 978-91-89460-47-8 (pdf). 
In this thesis, I explore the role that visual representations play in the teaching and 
learning of chemistry, using chemical bonding as a particular case. I do this in a 
novel way by drawing on a combination of social semiotics and phenomenography. 
This combination allowed me to explore both the “what” and the “how” of teaching 
and learning with regards to the visual representations used. And, by exploring the 
three interconnected dimensions that constitute the phenomenographic concept of 
the object of learning – the intended, enacted and lived object of learning, I am able 
to provide a more extensive understanding of the role visual representations play in 
chemistry education. 

The empirical context is the Swedish upper secondary school chemistry 
classroom. I conducted interviews with teachers and students to explore their views 
of the role visual representations play in the teaching and learning of chemistry. 
When observing and recording teachers’ lessons of intermolecular forces I also 
explored their unpacking of visual representations.  

I found that chemistry teachers do not always explicitly reflect on their use and 
selection of visual representations. The teachers’ limited reasoning in this regard 
presents a strong case for increasing the focus on visual communication in chemistry 
teacher education and in teacher development programmes in order to improve 
teachers’ visual representational practices. Furthermore, I found that visual 
representations can be unpacked in five qualitatively different ways when teaching 
intermolecular forces. These ways of unpacking can be arranged hierarchically, 
based on their perceived complexity from a student perspective. Two of these ways 
of unpacking are teacher-centered, whilst the other three are student-centered. The 
hierarchy suggest that teachers should reason not only about what visual 
representations they should use, but also how they should unpack them in order to 
maximise the possibilities for their students’ meaning-making. The analysis of the 
students’ interviews confirmed that if teachers are going to open up learning 
possibilities, then they need to unpack visual representations in student-centered 
ways. However, a key issue from a student perspective is that the teacher should also 
reflect on how to verbally guide the students through this process of unpacking. 

Keywords: chemistry education research, chemical bonding, visual representations, 
unpacking, meaning-making, social semiotics, phenomenography 

  



Populärvetenskaplig sammanfattning 
Kemi upplevs som ett svårt ämne, både för elever att förstå och för lärare att 
undervisa i. En av anledningarna till detta är att kemi till stor del handlar om 
saker som inte kan ses med blotta ögat. För att synliggöra kemiska fenomen 
används olika sorters visuella representationer, både inom kemiundervisning 
och kemister emellan. 

Syftet med denna avhandling är att undersöka visuella representationers roll i 
kemiundervisningen i stort och mer specifikt inom området kemisk bindning. 
Genom att kombinera de teoretiska ramverken fenomenografi och socialsemiotik 
på ett nytt sätt har jag kunnat utforska både vilka slags visuella representationer som 
används i undervisningen och hur de används. Jag kan även presentera en mer 
ingående beskrivning av visuella representationers roll i kemiundervisningen genom 
att jag har studerat de tre dimensioner som tillsammans utgör lärandeobjektet − det 
planerade, det iscensatta och det erfarna lärandeobjektet – med avseende på de 
visuella representationer som används. 

Utgångspunkten för denna studie var kemiundervisningen i den svenska 
gymnasieskolan. Empiri erhölls genom intervjuer med lärare och elever, samt 
observationer av lärares lektioner kring kemisk bindning. 

Resultaten från dessa studier visar att lärare inte alltid reflekterar över vilka 
visuella representationer de använder eller hur de använder dem i 
kemiundervisningen. Utifrån detta drar jag slutsatsen att visuell kommunikation bör 
ges ett större fokus i lärarutbildningen och i vidareutbildningar för lärare. Vidare 
fann jag att de visuella representationer som används i undervisningen av kemisk 
bindning kan packas upp på fem kvalitativt skilda sätt. Två av dessa sätt är 
lärarcentrerade medan tre av dem är studentcentrerade. Utifrån dessa resultat anser 
jag att det är viktigt att lärare inte bara resonerar kring vilka visuella representationer 
de använder, utan också hur de packar upp dem för att öka möjligheterna för elevers 
meningsskapande. Eleverna bekräftade att de upplever att de elevcentrerade sätten 
att packa upp visuella representationer ökar möjligheterna för lärande. En viktig 
aspekt ur ett elevperspektiv är att läraren även muntligen leder eleverna genom dessa 
uppackningsprocesser. 
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Introductory remarks 

This thesis is structured in a way that is common in Nordic countries when 
writing a Doctoral thesis in science and science education. That is, the first 
section of this thesis is made up of a “kappa” (where a comprehensive summary 
of papers makes up the thesis), followed by a second section, consisting of my 
three papers presented in the list of publications above. 

I have at times reused sentences, paragraphs, or sections from these three 
papers. Whilst on occasion this has resulted in me including verbatim extracts, 
for which I have the permission of my co-authors. More generally, I have edited 
the original text to ensure that I am able to tell the story of my research without 
constantly having to refer the reader to the papers. 

The research presented in the three papers mentioned has been undertaken as 
a collaboration with several co-authors, and in the following sections I have 
described the contributions of each author. I have decided to write from a first-
person perspective in my thesis (e.g., I did this or that), since I am the one 
writing this thesis and I have been the main contributor of the research presented 
herein. 

Authors’ contributions to Paper I 
The initial research design work was done collaboratively by all the authors. 
The data collection was done entirely by me, after which I transcribed all the 
data. Wikman and I then reviewed and discussed the transcripts. I then applied 
an open coding process, using NVivoTM (QSR International Pty Ltd, 2012). 
Wikman and I collaboratively analysed and refined each aspect, and their codes. 
In the next step I sorted the identified aspects into potential themes. The themes 
were then discussed among all authors until consensus was reached. I then wrote 
the first draft of the paper and Wikman, Linder and I participated in the 
development of the paper’s structure and co-wrote the final version of the paper. 
Finally, all five authors read, made suggestions for revisions, and approved the 
paper’s content before submission. 
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My contributions: 
• The introductory, overall plan and idea of the project 
• Construction of the project design 
• Collection of data 
• Transcription of data 
• Analysis of data 
• Construction of a draft for all parts in the manuscript 
• Co-writing of the final manuscript 
• Co-administration of the submission process 
• Correspondence with the editor during the review process 

Wikman’s contributions: 
• Mentoring the idea, the research design, and the writing process 
• Validation of the data analysis 
• Mentoring the data analysis process 
• Co-administration of the submission process 
• Co-writing of the final manuscript 

Edfors’ and Johansson-Cederblad’s contributions: 
• Mentoring the idea and the research design 
• Validation of the data analyses 
• Reviewing the manuscript  

Linder’s contributions: 
• Mentoring the idea and the research design, and the writing process 
• Validation of the data analysis 
• Co-writing of the final manuscript 

Authors’ contributions to Paper II 
The initial research design work was done collaboratively by all three authors. 
I did all of the data collection, transcribed the data and constructed working 
matrices. When the working matrices were completed, all authors reviewed and 
discussed them. Based on this review, all authors individually developed 
categories which then were discussed until consensus was reached. I wrote the 
first draft of the paper and Linder, Wikman, and I co-wrote the final version. 

My contributions: 
• The introductory, overall plan and idea of the project 
• Construction of the project design 
• Collection of data 
• Transcription of data and construction of working matrices 
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• Analysis of the working matrices 
• Construction of a draft for all parts in the manuscript 
• Co-writing of the final manuscript 
• Executing the submission process and the correspondence with the 

editor 

Linder’s and Wikman’s contributions: 
• Mentoring the idea, the research design, and the writing process 
• Participation in the data analysis process 
• Co-writing of the final manuscript 

Authors’ contributions to Paper III 
The initial research design work was discussed and defined collaboratively with 
Wikman and Linder. I did all the data collection and transcriptions. Wikman 
and I reviewed and discussed the transcripts. Based on this review I applied an 
open coding process, using NvivoTM (QSR International Pty Ltd, 2012) and 
analysed and refined each aspect and its codes. These aspects were discussed 
among all authors until consensus was reached. I wrote the first draft of the 
paper and Wikman, Clark and Linder participated in the development of the 
paper’s structure and co-wrote the final version with me. 

My contributions: 
• The introductory, overall plan and idea of the project 
• Construction of the project design 
• Collection of data 
• Transcription of data 
• Analysis of the data 
• Construction of a draft for all parts in the manuscript 
• Co-writing of the final manuscript 
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1. Introduction to the thesis 

Chemistry can be defined as the scientific study of the properties and behaviour 
of matter. Considering the contemporary events of the world we live in, the 
importance of chemistry as an informative knowledgebase has taken on new 
significance. The Coronavirus, which appeared in the beginning of 2020, has 
claimed millions of lives worldwide and has had an immense effect on the 
global economy. The scientific community has, however, been able to develop 
vaccines against this virus in record time (for example, see Kashte et al., 2021). 
This illustrates the enormous potential of scientific knowledge and research. 
Even though the development of these vaccines mainly is built on virology and 
molecular biology, these disciplines are fundamentally anchored in chemistry. 

Another phenomenon that has become more obvious in recent years is 
climate change1. The discipline necessary for understanding and counteracting 
climate change, climatology, is also highly dependent on chemical knowledge. 
Thus, one could argue that knowledge of chemistry is invaluable in order for us 
to manage the myriad of challenges that we face today. 

The scientific community is comprised of a minority of the global population, 
which in turn suggests that some of us need to possess expert knowledge of 
chemistry. However, in order to be able to make informed decisions regarding 
important aspects of our lives and the world we live in, all of us need a certain 
amount of basic understanding of chemistry, which is why chemistry education 
is so important in our schooling today. 

Unfortunately, chemistry is experienced as a difficult subject, both to teach 
and to learn (for example, see Gabel, 1999; Sibanda & Hobden, 2015). One 
reason for this is that many chemical processes cannot be observed with the 
naked eye. Consequently, chemistry knowledge is communicated with various 
representational systems – social semiotic systems2 (for example, see Airey & 
Linder, 2009; Airey & Linder, 2017; Kress et al., 2001; Lemke, 1998a) – that 

 
1 For example, see IPCC’s report “Climate Change 2021: The Physical Science Basis” at 
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf 
2 See Section 3.2.3 for details on semiotic systems (i.e., modes). 
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are designed to mediate between something that cannot be seen and something 
that can. In order to acquire the knowledge of a discipline such as chemistry, 
students need to grasp the ways knowledge can be shared using its specialized 
scientific representational systems, for example verbal and written language, 
mathematics, graphs, diagrams, and animations (Airey & Linder, 2009, 2017; 
Doran, 2021; Kress et al., 2001; Lemke, 1998a). 

An essential part of communication, both in chemistry education and in the 
chemistry discipline, is the use of visual representations (for example, see 
Eilam & Gilbert, 2014a; Gilbert & Treagust, 2009). 

I have, in this thesis, explored the role visual representations play in 
chemistry education, from the perspectives of both teachers and students. Visual 
representations are, for the purpose of this thesis, referred to as the semiotic 
resources3 (Van Leeuwen, 2005) that are directly visible to the naked eye, 
excluding written language that is not part of the visual representation. 
Examples of the range of visual representations used in chemistry education 
include structural formulae, ball and stick models, Lewis structures, and space-
filling molecular models. 

In chemistry education, visual representations have become more and more 
prominent as “carriers” of meaning, both in textbooks and in digital media (for 
example, see Bezemer & Kress, 2008). In the science education research 
literature, a great deal of attention has been given to how different types of 
visual representations affect students’ learning outcomes, while little 
consideration has been given to how teachers use visual representations in their 
practice (Ainsworth & Newton, 2014; Cook, 2011). Since introducing students 
into the world of chemistry requires that teachers help students to make the 
intended meanings with the visual representations, I argue, in line with 
Ainsworth and Newton (2014), Cook (2011), Eilam and Gilbert (2014b), and 
Olander et al. (2018) that there is a need for further insights into teachers’ 
knowledge of representing and representations. More specifically, I believe that 
there is a pressing need to explore teachers’ reasoning and use of visual 
representations in the chemistry classroom. This is the primary focus of the 
research project I report on in my thesis. In addition, I investigated the students’ 
perspective on their teachers’ use of visual representations. I believe that the 
additional focus on students’ experiences is appropriate because they are, as 
Clark and Linder (2006), Hattie (2012), and Trigwell and Shale (2004) have 
pointed out, the most salient and powerful context of teaching. Taken together 
my research has, I argue, the potential to usefully inform and improve both 
teaching and learning in the chemistry (or more generally, science) classroom. 

In summary, my thesis is directed at contributing to establishing a more 
extensive understanding of the role that visual representations play in the 
teaching and learning of chemistry. To present a novel way of exploring the role 

 
3 Semiotic resources refers to the means for making meaning in a particular community, see 
Section 3.2.2 for details on semiotic resources. 
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that visual representations play in chemistry education, I draw on a social 
semiotic perspective (for example, see Airey & Linder, 2009, 2017; Bezemer & 
Kress, 2008; Gualberto & Kress, 2019; Kress et al., 2001; Kress, 2010; Van 
Leeuwen, 2005) in combination with a phenomenographic approach, which is 
ideal for exploring educational experience (for example, see Lo, 2012; Marton, 
1981; Marton, 2014; Marton & Booth, 1997; Marton & Tsui, 2004). The parts 
of social semiotics and phenomenography relevant for my thesis will be 
elucidated further in Chapter 3. As a starting point, in the next section I will 
present the overall research aim and the research questions related to that aim 
in more detail. 

1.1 Aim and research questions 
The overall aim in my thesis is to provide a more extensive understanding of 
the role that visual representations play in the teaching and learning of 
chemistry, using chemical bonding as a particular case. As stated in the section 
above, I draw on a combination of social semiotics and phenomenography to 
achieve this aim. 

In my thesis, a key concept for developing a more extensive understanding 
of the role visual representations play in chemistry education is the 
phenomenographic notion of the object of learning4. The three interconnected 
dimensions that constitute the object of learning are: the intended, the enacted, 
and the lived object of learning (see Marton, 2014; Marton & Booth, 1997; 
Marton & Tsui, 2004). The way in which my thesis is structured around these 
three dimensions of the object of learning are described next and presented 
diagrammatically in Figure 1. 

The intended object of learning includes teachers’ lesson preparation 
(Marton & Tsui, 2004), an important aspect of which involves teachers’ 
decisions around which visual representations to use, and how to use them. This 
is explored in Part I. 

The enacted object of learning is concerned with the way that teaching plays 
out in the classroom (Marton & Tsui, 2004). My specific focus here gave 
consideration to how teachers unpack the visual representations employed in 
the teaching of intermolecular forces. This is presented in Part II. 

The lived object of learning considers the students’ experience of the 
enactment in the classroom (Marton & Tsui, 2004). Part III explores how 
students experience teachers’ unpacking of visual representations when 
teaching chemistry in general and intermolecular forces in particular. 

4 For more details regarding the phenomenographic concept of the object of learning, see 
Section 3.1.1. 



8 

Figure 1. An overview of the overall aim in this thesis and the parts that together answer this 
aim. 

My overarching research question is: What role do visual representations play 
in the teaching and learning of chemical bonding? 

The research for my thesis is reported on in three papers, which provide the 
basis for answering the following specific questions: 

• Paper I: How do upper secondary teachers reason regarding their use
of visual representations when teaching chemical bonding?

• Paper II: What are the qualitatively different ways visual
representations may be unpacked when teaching intermolecular forces?

• Paper III: How do students experience teachers’ unpacking of visual
representations in upper secondary level chemistry education?

1.2 Overview of the thesis 
So far in this chapter, I have provided a short introduction to the research 
presented in my thesis, and I have described the aim and research questions. 

In Chapter 2, I provide a brief summary of chemical bonding (as taught at an 
upper secondary school-level), followed by an account of the three specific 
research areas that are relevant for this thesis, namely: students’ understanding 
of chemical bonding, representations in chemistry and chemistry education, and 
visual representations in chemistry and chemistry education. 
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In Chapter 3, I will present the conceptual framework, in which I draw on a 
combination of phenomenography and social semiotics. Seeing as some of the 
terms that I use may be new to readers unfamiliar with these approaches, I have 
made a list of the important terms together with descriptions of the ways I use 
them. The list can be found in Section 1.3. 

In Chapter 4, I discuss the methods used and the trustworthiness and 
limitations of my research. 

In Chapter 5, I provide a summary of the main points of findings and 
discussions from each paper. 

In Chapter 6, the outcomes of my thesis are discussed and reflected upon, 
together with implications for teaching and learning. 

In Chapter 7, I summarise the contributions that I see my thesis making to 
the broader field of chemistry education research, and present topics for future 
research. 

Finally, in Appendices 1 and 2, the interview guides that I used for Papers I 
and III can be found. 

1.3 Descriptions of terms used in this thesis 
This section contains a list of important terms used in the thesis with 
descriptions of the way they are used. The terms in bold italics were coined or 
redefined by me for the purposes of my research. 
 
Affordance – refers to the idea that different modes “offer different potentials 
for making meaning” (Kress, 2016, p. 54): “Modal affordances are connected 
to both a mode’s material and its social histories, that is, the social purposes that 
it has been used for in a specific context” (Jewitt et al., 2016, p. 155). In the 
context of chemistry education for example, an animation of water molecules 
can make it possible to show the movement of the molecules and how hydrogen 
bonds can be formed and broken, which is hard to do with a two-dimensional 
diagram of water molecules. 
 
Appresent – a term used in phenomenography to refer to something which is 
not directly visible but which one is still aware of (Marton & Booth, 1997). Here 
the term is used for critical aspects that are not explicitly visible in the visual 
representations of chemical phenomena, but that experts in the field are able to 
experience. For example, in a chemical formula, e.g., HCl, the polar covalent 
bond between the hydrogen atom and the chlorine atom is not directly visible – 
it is appresent for an expert – and needs to become appresent for the students in 
order for them to make the intended meaning with the representation. 
 
Critical aspects – are aspects of an object of learning that students need to 
discern, but are not yet able to, and as such are critical aspects for their learning 
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(Marton, 2014). A “critical aspect refers to a dimension of variation”, such as 
number, colour, size etc. (see Lo, 2012, p. 65). 
 
Critical features – refers to particular features that are critical to discern in order 
to make sense of a specific object of learning in a disciplinary way. For instance, 
if a critical aspect of the object of learning is colour, the critical feature of that 
aspect would be a specific colour (for example, see Lo, 2012). 

 
Disciplinary affordance – refers to “the agreed meaning-making functions that 
a semiotic resource fulfil for the disciplinary community” (Airey & Linder, 
2017, p. 99). Representations used in the communication between chemists 
which have been refined over a long period of time (and thus have several 
appresent features) have high disciplinary affordance (for example, see 
Fredlund et al., 2014). 
 
Disciplinary discourse – refers to “the complex of representations, tools, and 
activities of a discipline” (Airey, 2009, p. 7, author's emphasis); in this instance, 
chemistry and chemistry education. 
 
Experience – used in the phenomenographic sense, i.e., to refer to 
understanding, perceiving, handling, articulation, etc., of various phenomena in 
and aspects of the world around us (for example, see Marton & Booth, 1997). 
 
Focal awareness – is a phenomenographic idea, where awareness is 
characterized in terms of the whole, the parts that make up that whole, and what 
is in focal awareness, or has receded into the background. Collectively what is 
in focal awareness and what is in the background make up a person’s “structure 
of awareness” at a particular time for a particular context (for example, see 
Marton & Booth, 1997). 
 
Learning – I draw on a combination of social semiotics and phenomenography, 
to refer to learning as coming to see things in new ways and/or seeing new things 
as a result of meanings being made possible with the insightful use of semiotic 
resources. 
 
Meaning-making − is seen from a social semiotic perspective as a motivated 
activity that always involves a social actor. That is, meaning-making is seen as 
the outcome of communication, where a sign is the basic (material) unit of 
meaning. Semiotic “work” is undertaken by both the initial maker of a sign and 
by the re-designer (interpreter) of that sign in making a new sign (for example, 
see Gualberto & Kress, 2019; Kress et al., 2001). 
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Mode – is defined as “a socially and culturally shaped resource for making 
meaning” (Bezemer & Kress, 2008, p. 171), such as writing, speech, gestures, 
music, and image. However, the definition of what a mode is, is rather flexible 
and depends on the specific communicative requirements in a particular context. 
Here the focus is on different visual modes used in the context of chemistry 
education such as graphs, diagrams, animations, simulations, formulae, physical 
objects and so on. 
 
Object of learning – refers to what is to be learnt in a learning situation. More 
precisely, the object of learning can be formulated in three different ways: in 
terms of content, educational objectives (i.e., what the students are expected to 
be able to do), and critical aspects (i.e., things that students’ need to be able to 
discern to meet the educational objectives). The handling of the object of 
learning has three interconnected dimensions that can be separated analytically: 
the intended, the enacted, and the lived object of learning (see Marton & Tsui, 
2004). 
 
Pedagogical affordance – is defined as being “the aptness of a semiotic resource 
for the teaching and learning of some particular educational content” (Airey & 
Linder, 2017, p. 105). In other words, pedagogical affordance is a construct that 
can reflect the usefulness of a visual representation as an unpacking tool in a 
particular educational setting. 
 
Semiosis – a term used in social semiotics for human meaning-making, where 
meaning-making is seen as a result of engagement with the world (for 
example, see Kress et al., 2001). 
 
Semiotic resource – refers to the means for making meaning in a particular 
community. The meaning of a semiotic resource is not something that is pre-
given but affected by the social situation it is used in. Thus, semiotic resources 
are developed over time in response to certain social requirements in the 
community (see Van Leeuwen, 2005). 
 
Semiotic system – another word for mode, as used, for example by Airey and 
Linder (2017). 
 
Transformation – a term used in social semiotics that refers to the movement of 
meaning between different semiotic resources within the same mode (see 
Bezemer & Kress, 2008), for example from one type of graph to another. 
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Transduction – is a term used in social semiotics that refer to the movement of 
meaning across modes (see Bezemer & Kress, 2008), for example from a graph 
to an animation. 

Unpacking – defined as the ways that visual representations are used to open 
up the possibility of having the critical aspects and features of an intended object 
of learning being brought into focal awareness, initially on their own and then 
simultaneously. 

Visual representation – defined as a semiotic resource that is directly visual to 
the naked eye, excluding written language that is not part of the 
visual representation. For example, a structural formula, an animation or a ball 
and stick model of a molecule. 

Visualization approach – is a term used in Paper I to explain the approaches 
that teachers use to present phenomena visually to their students − the act of 
visualizing a phenomenon – for instance drawing on the whiteboard, showing 
animations or using physical objects. 
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2. Background

I begin this chapter by introducing the chemistry context that is of concern for 
my thesis, that is chemical bonding at an introductory level in the Swedish 
gymnasieskola (upper secondary school). Then, in Section 2.2, I present 
research on students’ understanding of chemical bonding. This section is 
followed by an introduction to the use of representations in chemistry and 
chemistry education (Section 2.3). In the final Section 2.4, I take a closer look 
at research on the use of visual representations in chemistry and chemistry 
education. 

2.1 Chemical bonding in Swedish upper secondary 
school 
In the Swedish upper secondary school, the introductory Chemistry (Course 1) 
curriculum has the following to say about chemical bonding: 

Teaching in the course should cover… chemical bonding and its 
impact on e.g., the occurrence, properties and application areas of 
organic and inorganic substances. (Swedish National Agency for 
Education, 2011, p. 3, their translation.) 

Even though the topic is rather loosely described in the curriculum, and 
chemistry teachers have a lot of freedom when it comes to choosing what and 
how they present the phenomenon to their students, Bergqvist and Chang 
Rundgren (2017) show that the chemistry textbooks commonly in use in 
Swedish upper secondary schools strongly influence how teachers present 
chemical bonding to their students. In these textbooks, the concept of chemical 
bonding is typically divided into a consideration of two main types of bonds. 
The first are the bonds between atoms and ions – such as metallic bonds, ionic 
bonds, and (nonpolar and polar) covalent bonds. The second are the bonds 
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between molecules (i.e., intermolecular forces) – such as dispersion forces, 
dipole-dipole interactions, and hydrogen bonds (see Figure 2). 

Figure 2. The different types of bonds typically presented in a chemistry textbook for 
Swedish upper secondary school. 

2.1.1 Bonds between atoms and ions 
In the world around us, almost everything we see is composed of different kinds 
of compounds, or mixtures of compounds. There are 94 naturally occurring 
elements on Earth, which in various combinations create everything around us, 
from ourselves to the soil beneath our feet to the clouds above our heads. The 
attractive forces that hold atoms and/or ions together in chemical compounds 
are referred to as chemical bonds. 

A bond will form if a system can lower its total energy in the process, i.e., if 
the compound formed is more stable than its individual constituent components. 
Generally speaking, there are three main types of bonds that can be formed 
between elements, depending on whether the elements participating in the bond 
are non-metals or metals. 

Non-metals typically form bonds by sharing one or more pairs of electrons, 
creating covalent bonds. A compound of a collection of atoms that bind to each 
other through covalent bonds is called a molecule. For example, a water 
molecule (H2O) is made up of two hydrogen atoms and one oxygen atom. Each 
of the hydrogen atoms are bound to the oxygen atom through the sharing of one 
electron pair (see Figure 3). 

Figure 3. Structural formula of a water molecule. The “lines” represent the two covalent 
bonds formed by the sharing of electron pairs. The letter “H” symbolically refers to a 
hydrogen atom, and the letter “O” symbolically refers to an oxygen atom. 
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In a diatomic molecule, where the atoms are identical, the electrons in the 
covalent bond are shared equally between the two atoms forming the bond. An 
example of this type of bond, called a nonpolar covalent bond, is present in a 
hydrogen molecule (H2), which is formed when two hydrogen atoms (H) are 
bound together. However, when the diatomic molecule consists of different 
atoms, the sharing of the electrons in the covalent bond(s) is unequal. This type 
of covalent bond is called a polar covalent bond and results in the formation of 
partial charges on atoms in the molecule. For example, in hydrogen chloride 
molecules, HCl, where the shared electrons are attracted more strongly to the 
chlorine atom, that side of the molecule will have a slightly negative charge and 
the other side, where the hydrogen atom is, will have a slightly positive charge 
(see Figure 4). 

Figure 4. Structural formula of a hydrogen chloride molecule. The delta symbol (d) with a 
minus (δ-) above the chloride (Cl) atom represents a partial negative charge, and the delta 
symbol with a plus (δ+) above the hydrogen atom (H) represents a partial positive charge. 
The “line” between hydrogen (H) and chloride (Cl) represents the shared electrons (i.e., the 
polar covalent bond). 

Another kind of chemical bond is the ionic bond, which is due to the 
electrostatic attraction between ions. An ion is a particle that has a net positive 
or negative charge and is formed by an atom losing or gaining one or more 
electrons. For instance, if a sodium atom (Na) and a chlorine atom (Cl) react, 
the electron in the sodium atom’s outermost (valence) “shell” is transferred to 
the chlorine atom. By forming a positively charged sodium ion (Na+) and a 
negatively charged chloride ion (Cl–) both ions can achieve a noble gas 
configuration (see Figure 5) and consequently are chemically more stable. 

Figure 5. The formation of a positively charged ion, Na+, and a negatively charged chloride 
anion, Cl– (on the right side of the arrow) from their corresponding atoms (on the left side of 
the arrow) through electron transfer. The dots symbolise the valence electrons (i.e., the 
electrons in the outer “shells” of the atoms or ions) and the fish-hook arrow represents the 
transfer of one electron. 

Because the sodium ion and the chloride ion have opposite charges, they will 
attract each other, and it is this force of attraction between oppositely charged 
ions that is called an ionic bond. When a large number of sodium and chloride 

Na + Cl Na + Cl
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ions bind to each other, the crystalline compound sodium chloride (NaCl) is 
formed (see Figure 6). 

Figure 6. A visual representation of the structure of sodium chloride, NaCl, a typical ionic 
compound. The purple spheres represent positively charged sodium ions, Na+, and the green 
spheres represent the negatively charged chloride ions, Cl–. (From 
https://en.wikipedia.org/wiki/Sodium_chloride#/media/File:Sodium-chloride-3D-ionic.png) 

Ionic bonding typically occurs between ions formed from metals and nonmetals, 
respectively. A metal atom loses electron(s) relatively easily, while a non-metal 
atom generally has a high affinity for the electron(s). 

The third kind of chemical bond is metallic bonding, which occurs between 
metal atoms. This type of bonding contributes to the typical physical properties 
of metals, that is, malleability and conductivity of heat and electricity. Metals 
are also durable and have high melting points which indicates that the bonds in 
metals are strong and difficult to separate, yet they can relocate relatively easily. 
One of the simplest explanations for the formation of the metallic bond, which 
generally is used in upper secondary school, is the electron sea model (see 
Figure 7). In this model, positively charged metal ions are visualised as being 
surrounded by a “sea” of shared electrons, where the shared electrons are mobile 
and therefore able to conduct heat and energy, and make metals malleable. 

Figure 7. A representation of the electron sea model. The blue circles symbolise the 
positively charged metal ions and the red circles represent electrons that are shared by the 
ions. 
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2.1.2 Intermolecular forces 
Substances we can see with the naked eye consist of a very large number of 
molecules. For example, a glass of water with a volume of 200 ml contains 
approximately 7 x 1024 water molecules. The molecules in the glass of water 
attract each other, which is true for all molecules. Since this attraction is 
between molecules, it is called an intermolecular force. There are three main 
types of intermolecular forces: dipole-dipole interactions, dispersion forces, 
and hydrogen bonds. Relative to the bonds between atoms or ions, all 
intermolecular forces are weak (e.g., it takes more energy to break the polar 
covalent bonds between the atoms in a water molecule than it takes to break the 
attraction between water molecules). 

Dipole-dipole interactions occur between molecules that are dipoles. A 
molecule is a dipole when 1) it has polar covalent bonds between the atoms in 
the molecule, and 2) when the distribution of charges is asymmetric (i.e., one 
side of the molecule has a partially negative charge, and the other side of the 
molecule has a partially positive charge). The partially positive side in one 
dipole can attract the partially negative side in another dipole, forming a dipole-
dipole interaction (see Figure 8). 

Figure 8. Structural formulae of two hydrogen chloride molecules. The “line” between the 
hydrogen atom (H) and the chlorine atom (Cl) represent the shared electrons (i.e., the polar 
covalent bond). The delta symbol with a minus (δ–) above the chloride (Cl) atom represents 
a partial negative charge, and the delta symbol with a plus (δ+) above the hydrogen atom (H) 
represents a partial positive charge. The dashed “line” between the slightly negative chlorine 
atom in one molecule and the slightly positive hydrogen atom in the other molecule 
represents the dipole-dipole interaction between the molecules.

Particularly strong dipole-dipole interactions occur between molecules that are 
dipoles and contain hydrogen atom(s) that are directly bound to atoms with a 
very high affinity for electrons (i.e., fluorine, oxygen, and nitrogen). These 
exceptionally strong dipole-dipole interactions are termed hydrogen bonds. 
Hydrogen bonding is the strongest of the intermolecular forces, with a key 
influence on the physical properties of substances that form these bonds. For 
instance, the boiling point of substances that are able to form hydrogen bonds 
are much higher than the boiling point for substances which cannot form 
hydrogen bonds (see Figure 9). 
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Figure 9. A diagram illustrating the “unexpected” rise in boiling point (Y-axis) in substances 
that are able to form hydrogen bonds between the molecules (in the diagram H2O, HF and 
NH3) compared to other hydrides of the elements in groups 14, 15, 16 and 17 in the periodic 
table. 

The weakest of the intermolecular forces are referred to as dispersion forces. 
While this type of force occurs between all molecules, it is the only 
intermolecular force between molecules (or atoms) without dipole moments 
(i.e., molecules that are not dipoles). Dispersion forces are formed because the 
electrons in the molecules (or atoms in the case of noble gases) are not always 
uniformly distributed around the nuclei (nucleus). A momentary asymmetrical 
electron distribution can develop, which produces a temporary dipolar 
arrangement of charges. This temporary dipolar arrangement can in turn affect 
the electron distribution of a molecule or atom next to it and thus induce another 
temporary dipole. The attraction that occurs between these temporary dipoles is 
what is called dispersion forces.  

2.2 Studies of students’ understanding5 of chemical 
bonding 
From a chemistry discipline’s point of view, the most interesting characteristic 
of an atom is its ability to combine with other atoms and form compounds, that 
is, the propensity of forming chemical bonds. However, chemical bonding is an 
area in chemistry that students find particularly challenging (for example, see 

5 In this review the term “understanding” is used as the cited authors do. 
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Tsaparlis et al., 2018; Özmen, 2004). This is of major educational concern since 
bonding plays such a central role in chemistry reasoning, and thus, it is essential 
that chemistry students gain a thorough understanding of chemical bonding in 
order to make sense of other chemical phenomena (for example, see cases made 
by Hilton & Nichols, 2011; Tsaparlis et al., 2018; Yayon et al., 2012). 

There is considerable amount of reported research on student understanding 
of chemical bonding (for example, see Coll & Taylor, 2001; Coll & Treagust, 
2001; Levy Nahum et al., 2010; Schmidt et al., 2009; Taber & Coll, 2003; Taber 
et al., 2012; Tan & Treagust, 1999; Tsaparlis et al., 2018; Yayon et al., 2012; 
Ünal et al., 2006; Özmen, 2004). Often this literature is focused on the 
alternative conceptions students might hold. For instance, Coll and Taylor 
(2001) found a large number of alternative conceptions when they explored how 
upper secondary and tertiary students understand chemical bonding. The 
students in their study often expressed an understanding built on the idea that 
intramolecular forces (i.e., the bonds between the atoms in a molecule) were 
weak, and that ionic and metallic compounds contained molecules. Schmidt et 
al. (2009) explored upper secondary students’ understanding of intermolecular 
forces and found that it was not unusual to find students who thought that 
boiling involved breaking covalent bonds; this led them to conclude that 
students’ understanding of intermolecular forces is inadequate. Özmen (2004), 
in a review of common students’ alternative conceptions in the area of chemical 
bonding, concluded that students have difficulties in understanding aspects such 
as bond polarity, molecular shape, the polarity of molecules, and the difference 
between inter- and intramolecular forces. 

Bergqvist et al. (2013) examined how chemical bonding is presented in 
Swedish chemistry school textbooks and concluded that these texts use 
representations of chemical bonding in ways that can easily lead to the 
formation of alternative conceptions. In a later study, Bergqvist and Chang 
Rundgren (2017) found that chemistry teachers are greatly influenced by the 
representations used in the chemistry textbooks and this could be one of the 
reasons for students’ developing alternative conceptions. This learning 
challenge was addressed earlier by Kronik et al. (2008) who argued that many 
of the students’ alternative conceptions emanate from the ways chemical 
bonding is presented by curricula, teachers, and textbooks.  

Because students’ understanding of concepts such as chemical bonding are 
influenced by the way in which the concept is represented, in the following 
section I will look more closely at the use of representations in chemistry and 
chemistry education. 
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2.3 The use of representations in chemistry and 
chemistry education 
The shared ways of knowing (concepts, ideas, and theories) that make up the 
discipline of chemistry have been developed to account for both observed and 
theoretical phenomena. Since many of the theoretical constructs of the 
discipline, such as atoms and molecules and their interactions, cannot be seen 
with the naked eye, chemists gain access to these phenomena by engaging with 
the wide range of disciplinary representations used in chemistry (for example, 
see Hoffmann & Laszlo, 1991). Taskin et al. (2017) make the point that some 
representations are more concrete, in the sense that they have some resemblance 
to the phenomenon they are intended to represent. Examples of these are the 
ball and stick models (see Figure 10) that are used to present molecules as 
“visible” entities. Other representations are of a more abstract nature, such as 
the symbolic letters used to represent different atoms. 

Figure 10. A photo of a ball and stick model of methane. The white balls represent hydrogen 
atoms, and the black ball represents a carbon atom. The sticks between the balls represent 
covalent bonds between the atoms. 

Modern chemistry uses representations that have evolved over a relatively long 
period of time in order to create a distinct disciplinary discourse to work as a 
social group. Becoming “fluent” in the chemistry discourse includes being able 
to use, create and relate different disciplinary representations (see Airey & 
Linder, 2009; A. Linder et al., 2014). For instance, to be an expert in the field 
of chemistry, they are expected to spontaneously “see” what is presented as 
written text or two dimensionally in a structural formula, in an appropriate 
three-dimensional way. Similarly, experts would not experience any difficulty 
with linking representations of molecules to the macroscopic features of the 
corresponding substance (for example, see Hoffmann & Laszlo, 1991). 
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However, this is often not the case for school students who are novices in the 
discipline. 

In order to provide an explanation for students’ challenges in achieving a 
disciplinary understanding of chemistry, Johnstone (1982, 2010) proposed that 
one of the difficulties in understanding chemical phenomena lies in the fact that 
they can be conceptualized on three levels: the macroscopic, the submicroscopic 
and the symbolic. The macroscopic level is related to the part of chemical 
phenomena that we can directly see or feel, that is, the visible and/or tangible 
aspects of a phenomenon. The submicroscopic level involves the “invisible” 
aspects of the phenomenon, for example, representations of atoms and 
molecules that are used to explain an observable phenomenon. And on the 
symbolic level, observable phenomena and molecular level processes are 
presented using symbols, for example, formulae and equations (see Figure 11 
for examples of these three levels). Over the past four decades, Johnstone’s 
three levels of representation have been seminal in chemistry education research 
and have been used, discussed, and further developed by many researchers (for 
example, see Gilbert & Treagust, 2009; Gkitzia et al., 2011; Jaber & BouJaoude, 
2012; Popova & Jones, 2021; Taber, 2013; Talanquer, 2011; Treagust et al., 
2003; Wu, 2003; Xu, 2021). 

           a)                                    b)                                       c) 
Figure 11. Three different ways of presenting water, each having a different form of 
representation. The photo of a glass of water in 8a) is presented on a macroscopic level, where 
the water is directly visible. In 8b) water is presented in its submicroscopic form, which, in 
this case, is as a space filling model of water. The red “ball” represents an oxygen atom, and 
the white “balls” represent hydrogen atoms. In 8c) a symbolic representation of a water 
molecule’s molecular formula is presented. Here the letter “H” symbolically refers to the 
hydrogen atom, the number “2” refers to the number of hydrogen atoms in the molecule, and 
the letter “O” symbolically refers to the oxygen atom. 

Several researchers have pointed out that it is essential for students to be able to 
“move between” representations on different levels in order for students to 
acquire a holistic understanding of chemical phenomena (for example, see 
Gilbert et al., 2008; Kozma & Russell, 2005; Taber, 2013; Treagust et al., 2003). 
However, it has been shown that students find it challenging to move between 
representations, especially between symbolic, submicroscopic, and 
macroscopic representations (Gkitzia et al., 2020; Kozma, 2003). Treagust et al. 
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(2003) found that some students struggled to understand the role 
submicroscopic and symbolic representations play in chemical explanations, 
even though the intention behind using these representations is to help students 
understand chemical phenomena. Moreover, Johnstone (2010) argued that it can 
be difficult for students to conceptually connect a part of a phenomenon that 
they can see (macroscopic) with submicroscopic and symbolic aspects of that 
phenomenon. One reason for this could be that teachers often assume that 
students are able to move between different levels of representation with ease 
(for example, see Chandrasegaran et al., 2008; Gkitzia et al., 2020). Because of 
this, Hilton and Nichols (2011) and Wu (2003) argue that it is essential that 
teachers place explicit emphasis on the relationship between representations on 
different levels, in order to help their students to develop a disciplinary 
understanding of phenomena in chemistry. 

2.3.1 Representations and the Swedish upper secondary 
chemistry curriculum  
Even though there is an extensive range of research on the role representations 
play in chemistry education, and the teaching and learning challenges that can 
be linked to the use of representations (for example, see Eilam & Gilbert, 2014a; 
Gilbert & Treagust, 2009; Kozma & Russell, 1997), these issues are not 
addressed directly in the Swedish upper secondary school introductory 
Chemistry curriculum. This said, teaching about chemical models is mentioned, 
as well as the ability to use scientific language in communication, which can be 
seen in the following statement from the Chemistry curriculum: 

Teaching in the subject of chemistry should aim at helping 
students develop knowledge of the concepts, theories, models and 
methods of chemistry. […] Teaching should thus cover the 
development, limitations and areas of applicability of theories and 
models. It should contribute to students developing the ability to 
work theoretically and experimentally, and to communicate using 
scientific language. (Swedish National Agency for Education, 
2011, p. 1, their translation.) 

Since chemical models are communicated through the use of representations of 
different kinds, including verbal and written language, the teaching of 
representations and their development, limitations, and areas of applicability, 
by default becomes an integral part of the curriculum. 

Another section in the curriculum (presented in the following curriculum 
excerpt) states that teachers should include teaching about scientific methods 
and analyses, and how to interpret and evaluate results and information, and 
furthermore, give students opportunities to use digital media. All these aspects 
would arguably involve using different disciplinary-specific representations. 
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Teaching should cover scientific working methods such as 
formulating and searching for answers to questions, planning and 
carrying out experiments and processing, interpreting and 
critically assessing results and information. Teaching should give 
students the opportunity to discuss and present analyses and 
conclusions. They should also be given the opportunity to use 
computerised equipment for collecting, simulating, calculating, 
processing and presenting data. (Swedish National Agency for 
Education, 2011, p. 1, their translation.) 

In order to meet these demands of the Chemistry curriculum, I believe that 
visual representations must be employed in any effective chemistry education. 
In the following section, research on the use of visual representations in 
chemistry and chemistry education will be discussed. 

2.4 The use of visual representations in chemistry 
and chemistry education 
Visual representations are widely used in communication both in the chemical 
discourse and in chemistry education, and visual representations in particular 
play a critical role when making meaning in chemistry (for example, see Eilam 
& Gilbert, 2014a; Kozma et al., 2000). 

The chemistry discourse has its own visual language which is very important 
both in the communication of disciplinary knowledge and in developing new 
ideas (for example, see Hoffmann & Laszlo, 1991; Lemke, 1998b). For, as 
Lemke (1998b, p. 89) more generally points out: 

When scientists communicate […] [t]hey combine, interconnect, 
and integrate verbal text with mathematical expressions, 
quantitative graphs, information tables, abstract diagrams, maps, 
drawings, photographs, and a host of unique specialized visual 
genres seen nowhere else. 

The wide range of different disciplinary visual representations used in chemistry 
have over time been assigned particular roles to signify key aspects of 
disciplinary concepts in specific disciplinary ways (for example, see Hoffmann 
& Laszlo, 1991). The visual representations that are used in a particular situation 
depend on what aspects of the phenomenon need to be brought to the fore, which 
in turn leads to decisions about which symbols and signs are deemed appropriate 
to use − be it to make predictions, present data, generate hypotheses, and so on 
(for example, see Hoffmann & Laszlo, 1991; Wu, 2003). 
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As a result of the developmental process of disciplinary representations, 
some representations have become iconic in their perceived ability to enhance 
certain aspects of some phenomenon. At the same time some aspects of the 
phenomenon have become appresent6 in the representation for the discipline − 
there, but not immediately visible in the representation (for example, see 
Hoffmann & Laszlo, 1991; Kozma et al., 2000). In other words, whereas some 
aspects will be present in a disciplinary representation, making them directly 
visible to an observer and thereby available for discernment; there are other 
aspects that are not. Such aspects will have to be appresented in the “seeing” 
experience, that is, an observer needs to be aware of the aspects without them 
being directly visible (Linder, 2013). For example, the structural formula of the 
organic molecule of butane can be drawn in different ways, where each way of 
representing the molecule calls for the reader to experience a varying amount 
of present and appresent features (see Figure 12). 

Figure 12. Three different ways of presenting the molecule butane. Representation a) is a 
structural formula, in which both the specific atoms and the bonds between them are 
represented, but the molecule’s tree-dimensional structure is not visible in the representation. 
Representation b) is a condensed formula of butane, where the number of atoms is visible 
and the order in which they are arranged. What need to be experienced appresently are the 
bonds between them, the shape and three-dimensional structure of the molecule. In 
representation c) the skeletal formula, the molecule’s bonds and some information about its 
shape is visible, while the specific atoms in the molecule needs to be experienced appresently. 

While experts experience both the needed present and appresent features (as in 
Figure 12), this creates major learning challenge for novices (Fredlund et al., 
2014; Linder, 2013). Rau (2017, p. 719) characterises this as a “representational 
dilemma”. 

In order to assist students in developing their understanding of chemical 
phenomena, teachers and school textbooks often also draw on representations 
that present features that are not directly visible in the disciplinary ones (for 
example, see Gilbert et al., 2000; Harrison & Treagust, 2000). Examples of such 
visual representations are space-filling molecular models, Lewis structures, and 
ball and stick models (see Figure 13). However, even though these 

6A term used in phenomenography to refer to something which is not directly visible, but 
which one is still aware of. The concept of appresentation and how I use it in my theses will 
be discussed in more detail in Section 3.1.4. 
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representations may have more visible features, they still have features that need 
to be experienced appresently. For example, some information about the 
molecule’s structure and the relative atomic sizes can be seen directly from a 
space-filling molecular model (see Figure 13a), while the bond numbers or bond 
types are not directly visible (they need to be experienced appresently). Then, 
in a Lewis structure (see Figure 13b) all bonding electrons are present, but the 
relative atomic size or bond angles are not. Ball and stick models (see Figure 
13c) can be used to present the structure of a molecule in three dimensions but 
these models do (usually) not allow for a distinction between the relative atomic 
size (see Harrison & Treagust, 1996 for further discussions on what is directly 
visible and not directly visible in commonly used chemistry classroom 
representations). 
 

 
Figure 13. Different visual representations of a methane molecule: a) a space-filling 
molecular model (the different sizes of the spheres correlate to the relative atomic sizes, b) a 
Lewis structure (the dots represents binding electrons), c) a ball and stick model (the balls 
represent (different) atoms and the sticks represent the bonds between them). 
 
All of the above-mentioned types of visual representations are commonly used 
in upper secondary school chemistry textbooks and by chemistry teachers. 
However, many students find the use of multiple representations such as these 
to illustrate a particular chemical phenomenon, or aspect(s) of that phenomenon, 
a very challenging learning experience (for example, see Ainsworth, 2008; 
Harrison & Treagust, 1996). There is also a general agreement in the research 
literature that the use of multiple representations is needed to develop an 
appropriate and holistic understanding of a phenomenon (for example, see 
Ainsworth, 2006, 2008; Airey & Linder, 2009; Eilam & Gilbert, 2014a; Gilbert 
& Treagust, 2009; Hilton & Nichols, 2011; Kozma, 2003; Kozma & Russell, 
1997; Prain & Waldrip, 2006; Waldrip et al., 2010). In this thesis, I am going to 
go on to present a case that while this is necessary it is not sufficient. I do this 
in terms of how I characterise unpacking (see Paper II and III). 
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2.4.1 Teachers’ use and selection of visual representations in the 
chemistry classroom 
As Bezemer and Kress (2008) have pointed out, today teachers have an ever-
increasing access to different types of media with which representations can be 
visualized in different ways. These representations include for example 
computer animations and simulations that can be viewed on a tablet or laptop, 
displayed on an interactive smartboard or projected onto a large screen, and the 
use of virtual and augmented reality equipment (for example, see Burkholder et 
al., 2008; Höst et al., 2013; Maksimenko et al., 2021; Qin et al., 2021; Schmid 
et al., 2020; Schwedler & Kaldewey, 2020; Stieff & Wilensky, 2003; Wu et al., 
2001). The interactive simulations referred to above increasingly allow students 
to not only observe the visual representations, but also to genuinely engage with 
them in ways that potentially enhance learning outcomes (for example, see 
Levy, 2013). 

These digital media can be used in addition to the wide range of conventional 
media and apparatus used in the typical chemistry classroom and laboratory. 
Research has shown (for instance, see Jewitt, 2008; Kress, 2004; Nygård 
Larsson, 2011) that teachers’ selection and use of visual representations and 
their choice and access to different types of media affect students meaning-
making opportunities. Consequently, Danielsson and Selander (2021) point out 
that students will require different kinds of support when attempting to make 
meaning with the visual representations presented in different types of media. 
For instance, the visual representations shown in Figure 12 and Figure 13a and 
13b can all be drawn on a whiteboard, printed in a textbook, or displayed on a 
screen. Whereas a visual representation shown in a textbook or displayed on a 
screen might be more accurate and complex, drawings and sketches made on a 
whiteboard can be engaged with more directly − they can be manipulated, 
altered, and have features changed or added to, based on the trajectory of 
engagement between the teacher and her students. As such, they allow a teacher 
to insightfully co-construct knowledge with their students’ active participation 
(for example, see Lim, 2020). 

Hilton and Nichols (2011) and Jewitt (2008) highlight the importance of 
teachers needing to reflect on their selection of representations and how they 
can be utilised as effective pedagogical tools. More specifically, Hubber et al. 
(2010) argue that there is a need for science teachers to have a more 
representational focus in their teaching. The research literature in this area 
includes several proposals for how teachers can use visual representations to 
effectively enhance students’ learning opportunities in chemistry. A cross 
section of these include teachers needing to: 
 

• be aware of their own selection of representations, i.e., why a particular 
representation is more appropriate for a certain purpose, and how the 
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representation is intended to increase students’ understanding of 
chemical phenomena (for example, see Hilton & Nichols, 2011), 

 
• consider the design of the representations they use and individual 

differences between students. If this is not taken into account then some 
of the visual representations they choose to use could end up hampering 
the learning possibilities rather than enhancing them (for example, see 
Cook, 2006), 

 
• use representations that make abstract phenomena tangible, visible and 

understandable without oversimplifying them in ways that may lead to 
the formation of inappropriate conceptual understanding (for example, 
see Levy Nahum et al., 2010), 

 
• explicitly explain the representations they use in ways that help 

students make meaning with them (for example, see Davidowitz & 
Chittleborough, 2009; Gkitzia et al., 2020; Hilton & Nichols, 2011; 
Kozma & Russell, 1997), 

 
• discuss the strengths and limitations of the representations they use 

with the students and describe in what ways different representations 
are equivalent or different from each other (for example, see Cheng & 
Gilbert, 2009; Eilam & Gilbert, 2014b; Kozma & Russell, 1997), 

 
• be aware of the specific constraints and affordances of each 

representational format (mode) in order to decide when and how to 
make use of different formats (for example, see Akaygun & Jones, 
2014; Yeo et al., 2020), 

 
• use representations on multiple levels (macroscopic, sub-microscopic 

and symbolic) and make the links between them explicit in students’ 
learning experience (for example, see Adadan et al., 2009; Treagust et 
al., 2003), and 

 
• provide students with opportunities to generate their own 

representations as a way to promote learning (for example, see 
Ainsworth et al., 2011; Park et al., 2021; Tytler et al., 2013; Waldrip et 
al., 2010). 

 
In conclusion, I believe that the research discussed above provides convincing 
evidence that the form and content of the visual representations that chemistry 
teachers use, and how they use them in their pedagogic practices to facilitate 
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students’ learning, are crucial aspects of contemporary chemistry teaching 
practice. This assertion provides the underlying rationale for the research 
reported upon in my thesis. 

2.4.2 Challenges for students making meaning with visual 
representations and possible ways to address these 
A number of factors need to be taken into account when considering how 
students make meaning with the visual representations used by their teacher; 
these include the students’ previous experiences, interests and understandings 
of the situation (see discussions in Danielsson & Selander, 2021; Driver & 
Erickson, 1983). 

As argued previously, visual representations on symbolic and 
submicroscopic levels are used to make the “invisible” chemistry phenomena 
visible. However, these representations are often difficult for students to use for 
making meaning, and therefore, students do not always experience the visual 
representations in the way that the teacher intends or assumes (for example, see 
Eilam & Gilbert, 2014b; Treagust et al., 2003; Uttal & O'Doherty, 2008). 
Instead, students tend to focus on non-critical surface-level features of 
representations such as colour, shape, and size (for example, see Kozma, 2003; 
Uttal & O'Doherty, 2008). Because of this, education researchers, such as 
Kozma and Russell (1997) and diSessa (2004) have argued that students need 
to develop an overall representational competence in order for them to be able 
to communicate and make meaning with disciplinary representations. To 
clarify, Kozma and Russell (1997) and diSessa (2004) characterise 
representational competence in terms of being able to: 
 

• identify and analyse features of representations, 
 

• use representations as support in reasoning and argumentation, 
 

• transform the information in one representation into another, 
 

• design or select suitable representations, 
 

• compare the informational content in different representations, 
 

• describe the relationship between different representations, 
 

• explain the purpose and the appropriateness of a representation, and 
 

• learn to interpret new representations quickly. 
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Representational competence has been investigated and further developed by 
several researchers (for example, see Kohl & Finkelstein, 2005; A. Linder et al., 
2014; Popova & Jones, 2021; Schönborn & Anderson, 2006, 2010; Stieff et al., 
2011; Volkwyn et al., 2020). A. Linder et al. (2014) characterise the 
achievement of representational competence as learning to become competent 
in interpreting and producing disciplinary knowledge. Arguably then, for 
students to be able to participate in the communicative practices of chemistry 
they need to be able to make meaning with, and produce, disciplinary visual 
representations. 

In conclusion, in this chapter I have presented research-based evidence in 
support of my contention that there is a need for a deeper understanding of 
teachers’ reasoning regarding their selection and use of visual representations, 
how these representations are used in the classroom, and how students 
experience such teaching practice. 
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3. Theoretical framework

In the previous chapter, I provided an overview of research in the area of 
representations in chemistry and chemistry education in general and visual 
representations in particular. This was done both to situate the research 
presented in my thesis and to provide the reader with insights into the 
affordances and challenges in using visual representations when teaching and 
learning particularly about complex chemical phenomena that cannot be 
experienced directly. 

In this chapter I will introduce the reader to the theoretical perspectives that 
underpin my thesis − namely, social semiotics and the theoretical parts of 
phenomenography. I will also explain why I came to choose these perspectives 
in my study and briefly discuss the other theoretical perspectives that I 
considered employing and my reasons for not making use of them. 

3.1 Phenomenography 
Phenomenography is a research approach that was developed during the 1970s 
by Ference Marton and his colleagues at Gothenburg University in Sweden. 
Ontologically, phenomenography is non-dualistic (Marton & Booth, 1997). 
From a learning perspective, the term “non-dualistic” is used to signify that a 
person’s thinking and phenomena experienced (meaning, to conceptualise, 
understand, see, apprehend, handle, etc., a phenomenon − see Marton & Booth, 
1997, p. 116) are not seen as separate entities. Put another way, reality, ways of 
knowing this reality, and the communicative representations of how this reality 
is known, are relational. Hence, phenomenography can be seen to have an 
ontology that rests on the idea that people communicate about a phenomenon in 
terms of how it is experienced. 

As a research approach, phenomenography includes elements of both method 
and theory. The theoretical aspects of phenomenography that I used in my thesis 
work are presented in this section, while I in the Methods chapter (see Section 
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4.3.2) describe how I used phenomenography as an analytical tool in Part II of 
my thesis. 

3.1.1 The object of learning 
According to Marton (2014), the phenomenographic concept of the object of 
learning provides answers to the educational question “What is to be learned?” 
To augment what Marton refers to as the “precision” of an answer for a 
particular context, he and his colleagues characterize an object of learning in 
three different, interacting ways. These are 1) the curriculum content that needs 
to be learnt – “there cannot be any learning without something being learned”, 
2) the associated educational objectives, i.e., those things that “relate to what 
the students are expected [to] be able to do” at the end of a course, class, term 
or year, and 3) the educationally critical aspects that underpin the curriculum 
content in question – “[t]o the extent that the learner has not already made a 
specific necessary aspect her own, it is a critical aspect for her.” This idea of 
educationally critical aspects is discussed in more detail later in this chapter (all 
quoted sections from Marton, 2014, pp. 22-24).

In terms of my thesis, the three interactive ways of formulating the object of 
learning are as follows: firstly, the curriculum content part of the object of 
learning can be found in the introductory level chemistry course. In my case, 
the specific topic is chemical bonding. 

Secondly, the associated educational objectives can be found in the 
knowledge requirements of the official Swedish chemistry curriculum for 
Chemistry 1, where it is stated − in quite general terms − that the student for 
grade E, the lowest passing grade, should − for instance − be able to: 

…give an account in basic terms of the meaning of concepts, 
models, theories and working methods from each of the course's 
different areas [e.g., chemical bonding]. Students use these with 
some certainty to look for answers to issues, and also to describe 
and exemplify chemical processes and phenomena. (Swedish 
National Agency for Education, 2011, p. 3, bold emphasis theirs)7 

Thirdly, critical aspects refer to those aspects of the object of learning that are 
critical for the students to discern in order to achieve a specific learning 
outcome, i.e., aspects which they have not yet discerned or that need to be 
discerned in a different way (Marton, 2014, pp. 23-24). Critical aspects in the 
topic of chemical bonding could be polarity, molecular symmetry, 
electronegativity etc. 

In the phenomenographic perspective, the way that the object of learning is 
handled determines the possibility of learning. This handling of the object of 

7 Please note that the words in bold in the citation are qualifiers that change depending on 
the grade level. 
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learning has three interconnected dimensions that can be analytically separated: 
the intended, the enacted and the lived object of learning. 

The intended object of learning is the object of learning as seen from the 
teacher’s perspective. It is characterized in terms of those aspects of the 
curriculum content that a teacher considers to be critical for students to discern 
(initially each aspect on their own and later simultaneously) in order for them 
to learn that content appropriately (Marton & Morris, 2002; Marton & Tsui, 
2004). 

The enacted object of learning is characterized in terms of how the teaching 
of the critical aspects and their features is played out in the classroom by both 
the teacher and the students. That is, the enacted object of learning corresponds 
to “how the teacher structures the conditions of learning so that it is possible for 
the object of learning to come to the fore of the learner’s awareness” (Marton 
& Tsui, 2004, p. 4). 

The lived object of learning is the object of learning that is characterized in 
terms of the student’s point of view, that is, what gets constituted as meaning 
by the students as a function of what they experience and what aspects that come 
to the fore for their attention (Marton & Morris, 2002; Marton & Tsui, 2004). 

In my thesis, I explore these three interconnected dimensions of the object of 
learning vis-a-vis the visual representations used in the area of chemical 
bonding. 

3.1.2 Critical aspects and their features 
Aspects of the object of learning can be seen to have different “values”, which 
are referred to as features (Lo, 2012; Marton, 2014). Following Lo, I have taken 
aspects and features to be distinctly different analytically, yet inseparable 
experientially: 
 

When children can discern ‘redness’ (the critical feature), they 
must also have discerned ‘colour’ (the relevant critical aspect). It 
is impossible for someone to discern a critical feature without 
knowing which critical aspects that feature belongs to. Critical 
features and critical aspects are inseparable. (Lo, 2012, p. 30) 

 
In order to achieve a learning outcome there are always aspects and features of 
an object of learning that are critical to discern and take into simultaneous 
consideration. For example, in the chemistry curriculum topic acids and bases, 
one of the associated educational objectives is that students should be able to 
plan, conduct and evaluate experiments. Within the topic of acids and bases, 
such an experiment could be a titration in which a strong acid is neutralised by 
a strong base, using the indicator bromothymol blue. At the start of the titration 
a few drops of bromothymol blue are added to a colourless acidic solution which 
then turns yellow. A basic solution is added until the acid is neutralised, and as 
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a result the solution turns green; adding more base will result in the solution 
turning blue − indicating that the solution now has become basic (alkaline). 
Thus, a critical aspect that the students have to discern when preforming such 
acid-base titrations is colour, and the critical features are the specific colours 
(either yellow, green, or blue) of the solution depending upon its pH. 

The point I am trying to emphasize here is, as Marton (2014, p. 26) puts it, 
“all the ways of doing and seeing something have certain necessary aspects and 
certain necessary features that vary from situation to situation and must be 
discerned”. 

What aspects and features a person focuses on at a certain time and in a 
particular context determines how that individual experiences that particular 
situation (phenomenon). Thus, if a teacher wants their students to experience a 
phenomenon in a particular way – the same way as the curriculum expects – 
they need to enable the students to discern certain critical aspects and features 
of the intended object of learning. However, as Lo (2012) has pointed out, it 
may be difficult for teachers to know which aspects that are critical for students 
because the teachers have already learnt to “notice” (discern) the critical aspects 
and features of the phenomenon and thus have no difficulty in appropriately 
constituting the relationship amongst them as a whole. In other words, teachers 
often experience the critical aspects and features of the intended object of 
learning as an undivided whole, thus the individual aspects and features may no 
longer be required for their meaning-making and disciplinary working 
practices. In consequence, it can be difficult for the teachers to appreciate all 
the aspects and features that are critical for their students’ learning. As 
Northedge (2002, p. 256) so aptly puts it, “their thoughts are so deeply rooted 
in specialist discourse that they are unaware that meanings they take for granted 
are simply not construable from outside the discourse”. 

In the light of this, it is crucial that teachers are able to identify the aspects 
and features that are critical for students’ learning and in turn, through their 
teaching, enable students to discern them and bring these into focal awareness 
(this will be discussed further in the next section). If, however, the teacher does 
not create the conditions necessary for students to discern the critical features 
of a particular object of learning, then the students will not be able to learn what 
is intended from the lesson (Lo, 2012, pp. 62-63). 

In my research I have explored the critical aspects and the features of these 
aspects from both the students’ and the teachers’ perspectives. Thus, in the 
following I will use the terms critical aspects and critical features. Sometimes 
this is from the teachers’ perspective and sometimes from the students’ 
perspective. It is, however, important to note that different aspects can be 
critical for different learners and therefore, “criticalness” always needs to be 
empirically known, that is “[c]ritical aspects and features have to be searched 
for and found” (Marton, 2014, p. 26). However, some critical aspects can also 
be identified by the teacher through analysing the content of the intended object 
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of learning, since critical aspects are often the defining aspects of the 
phenomenon being studied (Fredlund et al., 2015; Lo, 2012). 

The critical aspects I am taking to be of relevance are related to introductory 
level learning of chemical bonding. An example of one such critical aspect 
could be polarity because the degree of polarity in a molecule provides 
important information about the strength of the intermolecular forces between 
the molecules, which in turn, manifests itself in certain physical properties 
such as a substance’s boiling point. A critical feature of the critical aspect 
of polarity is the actual distribution of charges in a specific molecule. This can 
be represented visually using “δ+” and “δ–” signs (for details about polarity 
and how it can be visualized, see Section 2.1.1, and the following section). 

3.1.3 Focal awareness 
In phenomenography, the concept of awareness is used synonymously with 
the notion of consciousness (Marton & Booth, 1997). Building on the 
work of Gurwitsch (1964), Marton and Booth (1997) present how a person’s 
awareness is structurally limited, that is, we can focus only on a limited 
number of aspects of a phenomenon at any given time. Consequently, only 
some aspects will come to the fore of our awareness, while other aspects that 
are not in our focus at that time, will have receded into the background. The 
aspects that are in focus at a certain instance are said to be in focal 
awareness. Marton (2014, p. 109) characterises such focal awareness as: 

…simply all that which is experienced as differing or being the 
same and experienced simultaneously. There is an individual 
awareness that keeps changing constantly. Some things are focal, 
others are experienced peripherally. Some things are in the 
foreground, others in the background. 

According to Marton and Booth (1997), in any given learning situation, a 
collection of critical aspects needs to be simultaneously brought into focal 
awareness in order to create a coherent whole of disciplinary meaning. What is 
in focal awareness and what has receded to the background at any particular 
time for a particular situation makes up a person’s structure of awareness. 
Seeing as an individual student’s focal awareness may (at any one time) be 
made up of different critical aspects, it is unlikely that all students in a class will 
experience an intended object of learning in the same way. Thus, there are 
qualitatively different ways of experiencing something, and these can be 
explained by the organization or structure of a student’s awareness at a 
particular moment – some aspects are foregrounded, while others are in the 
background (Marton & Booth, 1997). Thus, the critical aspects of an intended 
object of learning and “the relationships between them that are discerned and 
simultaneously present in the individual’s focal awareness define the 
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individual’s way of experiencing the phenomenon.” (Marton & Booth, 1997, p. 
101). 

According to the phenomenographic view of learning, a person has learned 
something in relation to a specific phenomenon when that person is “capable of 
being simultaneously and focally aware of other aspects or more aspects of a 
phenomenon than was previously the case” (Marton & Booth, 1997, p. 142). 
That is, what is in focal awareness for a student in a given learning situation is 
an integral part of learning new things and learning things in new ways. 

Suppose, for example, that the intended object of learning is that students are 
able to use conceptual knowledge to determine which of the two compounds, 
carbon dioxide (CO2) and water (H2O) constitute a dipole. A student’s response 
depends on what critical aspects that have become present in their focal 
awareness as a function of the task: 

1. The critical aspect of polarity. What is initially needed in the students’
focal awareness is how to work out whether the molecules contain
polar covalent bonds or not. When atoms with different
electronegativities are covalently bonded to each other, the shared
electrons will be drawn closer to the more electronegative atom. Seeing
as oxygen has a higher electronegativity than carbon and hydrogen, in
both CO2 and H2O molecules the bond pairs of electrons will be drawn
closer towards the oxygen atoms, forming polar covalent bonds.

2. The critical aspect of structure. To determine if the molecule as a whole
is a dipole or not requires a shift in focal awareness towards the
molecular structure. Since CO2 is a linear molecule, the two bond
polarity moments cancel and there is no net molecular dipole moment
– the molecule as a whole is thus not a dipole. Since H2O has an angular
structure, an imbalance in the partial charges indicates that H2O is a
dipole (see Figure 14 for an example of how the structure and polarity
can be visualized).

Figure 14. Structural formulae of carbon dioxide on the left hand and water on the right hand. 
The crossed, blue arrows symbolise the bond polarities, the arrows point towards the atom(s) 
that have the highest affinity for the shared electrons. The crossed, red arrow symbolises the 
direction of the water molecule’s dipole moment, and it points from the positively charged 
side of the molecule towards the negatively charged side. The carbon dioxide molecule does 
not have a dipole moment since the bond polarities in that molecule cancel each other out. 
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The disciplinary solution as to which one of the molecules constitutes a dipole 
calls for experiencing a simultaneity of focal awareness towards both aspects − 
polarity and molecular structure − together they constitute a unified whole of 
meaning-making; thus, as Lo (2012, p. 61) reminds us, “[t]o understand an 
object, we must discern its critical features simultaneously”. 

Another challenge of discerning critical aspects is captured in the concept of 
appresentation (Marton & Booth, 1997). The concept of what is appresent, its 
part in enabling an intended object of learning, and how I employed this concept 
in this thesis is discussed in the following section. 

3.1.4 The experience of the appresented 
In phenomenography, the term appresent is used to refer to those things that are 
not directly visible, but which one is still aware of (Marton & Booth, 1997).8  

If we look at the task discussed in the previous section, neither the sharing of 
electrons nor the structures of the molecules are directly visible in the molecular 
formulae (H2O and CO2) given in the task, this means that the students need to 
be aware of the structures of the molecules and how the atoms in each molecule 
share electrons without this being directly visible to them. That is, these critical 
aspects need to be appresent for the students in order for them to be able to 
arrive at the disciplinary solution. 

In order to explain what they mean with the term appresent in more detail, 
Marton and Booth (1997, pp. 99-100, their emphasis) use a tabletop as an 
illustrative example: 
 

If we look at a tabletop from above, for instance, we hardly 
experience it as a two-dimensional surface floating in the air, in 
spite of the fact that what we see is, strictly speaking, a two-
dimensional surface separated in some mysterious way from the 
ground. But in looking down on a tabletop we experience the legs 
that support it as well, because the experience is not of a two-
dimensional surface, but of a table. Thanks to our previous 
experiences of tables, and of the particular table we are looking at, 
we have learned to know tables in general and this particular table 
as well. We are familiar with them so that when we see a part of a 
table we are aware of the presence the table as a whole. […] That 
which is not seen, is not even visible, is appresented. 

 
 

 
8 Further, examples of how appresent aspects and features are shared to enable intended 

objects of learning are provided by Linder (2013) and Ingerman et al. (2009). 
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In their discussion of the meaning of what is appresented, Marton and Booth 
(1997, p. 100) continue by pointing out that abstract entities also have 
appresent features: 

We wish to apply the concept of appresentation to experiences of 
abstract entities as well as concrete ones. If we think of the 
gravitational constant, g [sic], for instance, then the highly abstract 
formulation made by Newton of how bodies affect one another at 
a distance is appresented, given that we have acquired sufficient 
education in and experience of classical physics. 
“Appresentation” refers to the fact that although phenomena are, 
as a rule, only partially exposed to us, we do not experience the 
parts as themselves, but we experience the wholes of which the 
parts are parts. 

The implication for my thesis is this: if a student has not had sufficient education 
and experience (in terms of not having discerned what is needed), the parts that 
are not directly visible in a representation of an abstract phenomenon might not 
be experienced by that student. If such appresentation does not get established 
during the learning experience, then there will be little realistic possibility for 
the full intended meaning to be constituted (Ingerman et al., 2009; Linder, 
2013). Relating this again to the example of molecular polarity discussed 
earlier, in order for students to draw the conclusion that the water molecule is 
non-linear, and thus a dipole, even though it is only partially exposed to them 
in the task described above, they either need to be familiar with the structure of 
the water molecule and thus “see” what is appresent or have enough chemistry 
knowledge to be able to draw that conclusion. That is, they need to be able to 
discern what is appresented − what lies behind the representations that are being 
used to share knowledge, meaning or way of doing things (Linder, 2013, p. 49). 

In this thesis, I use the term appresent to refer to those aspects and features 
that are not directly visible in a representation, but which need to be a part of 
one’s experience in order to constitute the disciplinary meaning with the visual 
representations that are used for that purpose. However, if students do not 
discern those aspects, meaning that they are not appresent to the students, then 
they will be unable to see all of the critical aspects, and will thus be unable to 
constitute the necessary meaning as a whole. 

3.1.5 The two parts of learning − the “what” and the “how” 
So far in this chapter I have discussed how the question “What is to be learned?” 
can be answered from a phenomenographic perspective. A summarised answer 
to this question is the object of learning (the whole), the critical aspects (the 
parts), and their relationship with each other and to the whole. 
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However, according to Booth (1997), to reach the overarching goal of students 
achieving quality learning outcomes, a focus both on the content of what is 
going to be learnt (the what) and the act (the how) of teaching and learning is 
required. Booth (1997, pp. 135-136) describes the “what” and “how” aspects of 
learning as follows: 

If we limit our attention to educational settings, we can say that in 
general “learning” means coming to an understanding of 
curricular content as a result of tackling various learning activities. 
As a result of the task, a new way of experiencing the content is 
reached. Thus there are two aspects to any learning situation […] 
They are referred to as the “what” of learning and the “how” of 
learning; the “what” concerns the quality of the understanding 
arrived at, or the perspective taken on, or the conception held of 
the content of the learning task, as a result of the learning activity; 
and the “how” concerns more the nature of the act of tackling the 
learning task. 

The phenomenographic view of learning, of which the critical aspects that need 
to be brought into focal awareness is an essential dynamic, falls into the what 
aspect of the intended object of learning. In order to answer questions relating 
to how these critical aspects can be brought into focal awareness, for this 
thesis I will introduce another perspective, one derived from social semiotics, 
that shifts the focus to how communication and meanings are made 
through the utilization of different semiotic resources. 

3.2 Social semiotics 
Social semiotics is a research approach that aims to describe, understand, and 
theorize how people communicate and make meaning using a variety of 
semiotic resources in particular social settings (for example, see Jewitt et al., 
2016; Kress et al., 2001; Lemke, 1987; Van Leeuwen, 2005). The particular 
social setting researched in my thesis is the Swedish upper secondary school 
chemistry classroom and its educational and disciplinary discourses. In the 
following sections, I provide a more detailed account of social semiotics, 
starting with an overview of the development and origins of this relatively new 
research approach. 

3.2.1 Social semiotics – a relatively new approach 
Social semiotics stems from several approaches on meaning-making, and as 
revealed in the name, is partly built on semiotics, which is described by Lemke 
(1990, p. 183) as being “the systematic study of the systems of signs 
themselves”. 
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The American philosopher, Charles Sanders Peirce (1839-1914), was 
seminal in the development of semiotics. He developed a triadic model (see 
Figure 15), which illustrates the relationship between an object, a sign, and its 
interpretant. The interpretant is the meaning of the sign as understood by an 
interpreter and the object is a phenomenon to which both the interpretation and 
sign refer. A representation is, in Peircean terms, a sign (or a representamen) 
which represents an object or a phenomenon (Nöth, 1995), and the sign has an 
intended meaning which the sign-maker wants to express (Kress et al., 2001; 
Kress & Van Leeuwen, 2006; Lemke, 2003).  

 

 
Figure 15. An illustration of Peirce’s semiotic triad which illustrates the relationships 
between an object, its representation (sign) and the interpretation of the representation. 
 
Another significant contributor to the development of the field of semiotics was 
Ferdinand de Saussure (1857-1913). His work emphasized the importance of 
moving beyond looking only at signs as isolated representations. So, de 
Saussure gave consideration to how each sign attained a specific meaning in 
relation to all the other signs in that system (Lemke, 2003). An example of such 
a sign system is language. 

For the field of social semiotics, the word social has been added to emphasize 
that the focus in social semiotics is on the communication practices of semiotic 
resources and semiotic systems (modes) used by particular social groups.  

Social semiotics can be considered to be a relatively new theoretical 
approach. But it has, during the last 30 years, been used in a wide range of 
research disciplines in order to explore how meanings can be made through the 
use of different semiotic resources and resource systems (for examples in 
science education, see Airey & Linder, 2017; Danielsson, 2016; Dolo et al., 
2018; M. Eriksson et al., 2020; Eriksson, 2014; Euler et al., 2019; Fredlund, 
2015; Knain et al., 2021; Moro et al., 2020; Prain & Tytler, 2021; Svensson et 
al., 2020; Tang et al., 2019; Volkwyn et al., 2017; Wanselin et al., 2021; 
Weliweriya et al., 2019; Xu, 2021). 

Much of social semiotics as we know it today grew out of the work of 
Michael Halliday, particularly his ideas stemming from semiosis − human 
meaning-making. From a social semiotic perspective, meaning-making is seen 



41 
 

as the outcome of communication, which is taken as semiotic “work” 
undertaken by both the initial maker of a sign and by the re-designer 
(interpreter) of that sign in making a new sign (for instance, see Gualberto & 
Kress, 2019). The relationship between language as a sign system and the social 
context in which it is used was a seminal key construct in social semiotics and 
the term itself first appears in Halliday’s seminal work published in 1978, 
“Language as social semiotic”. 

Halliday’s theory of Systemic Functional Linguistic (SFL) reflected the 
initial focus of social semiotics on verbal and written communication (for 
example, see Halliday, 1978; Halliday & Matthiessen, 2004). Subsequently, 
researchers such as Gunther Kress, Robert Hodge, Theo van Leeuwen, and Jay 
Lemke, extended and developed Halliday’s ideas to include broader 
considerations of the social dimensions of meaning makers and meaning-
making. In 1988, Gunter Kress and Robert Hodge, inspired by Halliday, wrote 
a book called “Social semiotics” (Kress & Hodge, 1988), in which they explored 
semiotic resources that people use in everyday life. However, in contrast to 
Halliday, their focus was dramatically expanded beyond the confines of spoken 
and written language. For them, social semiotics explicitly included an array of 
other modes of communication. Since then, semiotic systems other than verbal 
and written modes are taken to play equally important roles in communication 
and meaning-making (for example, see Bezemer & Cowan, 2021; Bezemer & 
Kress, 2008; Jewitt et al., 2016; Kress, 1997; Kress et al., 2001; Lemke, 1998b; 
Williams & Tang, 2020). As Kress et al. (2001, p. 8, their emphasis) point out: 
 

Language is not absent from our discussion, but nor is it central. 
It is present among all the other modes but foregrounded only 
when it is in the representational ensemble. 

 
Thus, there is now a recognition of the need for studying how different kinds of 
meaning-making are combined into an integrated, multimodal whole (for 
example, see Jewitt et al., 2016). 

3.2.2 Semiotic resources 
As mentioned in Chapters 1 and 2, visual representations of different kinds have 
become more salient and important as resources for meaning-making both in 
general (for example, see Bezemer & Kress, 2008) and in more discipline-
specific educational practices, such as chemistry (for example, see Eilam & 
Gilbert, 2014a). In Chapter 1, I define visual representations such as a ball and 
stick model, a structural formula, an animation, and the like, as semiotic 
resources that are directly visible to the naked eye.  

My intention in using the term semiotic resource in my definition of visual 
representations, was that the meaning of a semiotic resource (and thus, visual 
representation) is not something that is pre-given, but is directly influenced by 



42 
 

the social situation in which it is being used (for example, see Van Leeuwen, 
2005) and thus in this sense it is always newly made (Kress et al., 2001). For 
my purposes here, I chose to use Van Leeuwen’s (2005, p. 3) broad definition 
of a semiotic resource, namely: 
 

…the actions and artefacts we use to communicate, whether they 
are produced physiologically – with our vocal apparatus; with the 
muscles we use to create facial expressions and gestures, etc. – or 
by means of technologies – with pen, ink and paper; with 
computer hardware and software; with fabrics, scissors and 
sewing machines, etc. 

 
Another term often used in social semiotics is sign maker, which refers to both 
the producer and the interpreter of a sign (for example, see Jewitt et al., 2016). 
In the context of the chemistry classroom, in which my study was undertaken, 
both the teacher and the students are engaged in such sign making, and meaning 
is made through the production (sign making) and interpretation (re-making) of 
signs (see Bezemer & Kress, 2015). 

The selection and use of semiotic resources are seen as motivated, and thus 
never arbitrary (Kress & Van Leeuwen, 2006), however, both the producer and 
the interpreter of the semiotic resources are affected by the social, cultural, 
political, and technological environments they are in (Jewitt et al., 2016). Thus, 
in the kind of classroom environment I was conducting my research in, 
meaning-making is framed by the curricula and the semiotic resources that are 
available and used in the classroom, such as printed text, simulations, and on-
line educational media. Furthermore, the teachers’ choice of semiotic resources 
is also motivated by their interest and intentions, which in turn affects which 
semiotic resources are seen as being appropriate for expressing meaning in a 
particular social context (for example, see Bezemer & Kress, 2015; Kress, 
1993). However, it is important to point out that even though the teacher’s 
selection and use of semiotic resources is intended to enable the students to 
make the disciplinary meanings, student’s interest and previous knowledge in 
the area also affect what possible meanings can be constituted (for further 
general discussion, see Danielsson and Selander (2021); and Prain and Tytler 
(2021), for discussion in relation to the science classroom). 

3.2.3 Semiotic modes 
The term mode represents a significant analytical concept in social semiotics; 
as defined by Bezemer and Kress (2008, p. 171) it is “a socially and culturally 
shaped resource for making meaning”. In order for a semiotic resource to be 
referred to in modal terms the modality in question needs to have a set of 
resources and organizing principles that are recognized within the specific 
context of usage (for example, see Jewitt et al., 2016). The point being that for 
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a mode to be analytically important, what is taken to be a mode has to be 
“flexible” in that it must fit the context of usage (Bezemer & Kress, 2008; Kress, 
2016). Williams and Tang (2020, p. 1043) elaborate further by pointing out that 
“the meanings of modes are influenced: socially, by the social norms that 
provide a context for the meaning-making; culturally, by their historical use in 
society; and materially, by the ways individuals can manipulate a material to 
construe meaning”. Put another way, what can be taken to be a mode is a 
function of the specific communicative requirements in a particular context. For 
example, if the research setting was exploring how a newspaper conveyed a 
specific meaning, communicative resources such as font, font size, page layout, 
type of image(s), linguistic traits etc., could arguably be taken to be relevant 
modes in this context. 

Social semiotic theory posits that different modes afford different intrinsic 
meaning potentials. Thus, different modes can bring different aspects of a 
phenomenon into focus, and hence significantly influence the meanings that 
might be made (Kress, 2004; Kress et al., 2001). 

Bezemer and Cowan (2021, p. 7) discuss the types of resources that can or 
cannot be a mode, and in so doing they posed the following question: “Are 
drawing, photography, and moving images all part of the mode of image, or do 
they constitute separate modes?” To answer these kinds of questions Kress 
stated: 
 

Rather than saying that image is a mode, and photographers come 
along saying, look, a painting is different from a photograph in 
ways that we could show to you. And in any case we are talking 
about materiality, and oil paint is different to digital photography. 
We would, from the beginning say: A mode is that which a 
community, a group of people who work in similar ways around 
similar issues, has decided to treat as a mode. (as cited by Hestbæk 
Andersen et al., 2015, p. 77) 

 
In this thesis, I have given particular attention to the different visual modes used 
for the teaching and learning of intermolecular forces at the upper secondary 
school level. In line with Kress, I argue that the “visual language” deployed in 
chemistry education consists of several different visual modes, for example 
graphs, diagrams, formulae, animations, simulations, and physical objects. Such 
visual modes have different intrinsic affordances. For example, an animation of 
water molecules can make it possible to show the movement of the molecules 
and how hydrogen bonds can be formed and broken, something which is hard 
to show using only a diagram of water molecules. There is an agreement in the 
chemistry education literature that students need to be able to make meaning 
with these different modes, rather than be dependent on certain modes for 
specific topics. They also need to be able to use them to communicate their 
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intended meanings appropriately. Airey and Linder (2009) have characterized 
this in terms of “achieving fluency” in and amongst a critical constellation of 
different modes. 

3.2.4 Transduction, transformation, and representational 
competence 
In order for someone to effectively engage in and with a disciplinary discourse 
such as chemistry, they need to be able to make meaning and communicate with 
the particular semiotic resources used in that discourse (Kress et al., 2001); 
which implies, inter alia, being able to move fluently between them (Airey & 
Linder, 2009). However, it has been shown that students often find it 
challenging to move meaning fluently between different representations of the 
same phenomenon (for example, see Kozma, 2003; Tang et al., 2011). This 
includes moving meaning between different representations that are in the same 
mode, for example from one type of graph to another, which is referred to as 
transformation in the social semiotic literature. And also, to move meaning 
between representations that are made up of different modes, for example from 
a graph to an animation, which is referred to as transduction (Bezemer & Kress, 
2008; Kress & Van Leeuwen, 2006). Both transformation and transduction 
necessitate teachers’ facilitation of students’ meaning-making with multiple 
representations and their connections and synesthesia (Kress, 1997). 

Volkwyn et al. (2019) argue that transduction can both filter and highlight 
different critical aspects. In a later paper, Volkwyn et al. (2020, p. 91) use the 
idea of transduction to define representational competence (R) in science from 
a social semiotic point of view, as being “the ability to appropriately interpret 
and produce a set of disciplinary-accepted representations of real-world 
phenomena and link these to formalized scientific concepts”. From this 
perspective, each semiotic resource system (i.e., mode) requires a particular 
representational competence for a particular situation. However, Volkwyn et al. 
(2020) also highlight that it is not enough to have representational competence 
in each of the different modes used in a discipline, but also the ability to fluently 
move between them is needed. They go on to argue that students can increase 
their representational competence by learning how to link each discrete mode 
to real-world phenomena and scientific concepts (see Figure 16), and then, with 
help from the teacher, make the transductions between the semiotic resources 
in different modes. Since each mode has specific affordances; the use of 
different modes can complement, supplement, or strengthen the overall 
meaning made by the students (Gualberto & Kress, 2019). 
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Figure 16. Representational competence as depicted by Volkwyn et al. (2020, p. 92), and 
reproduced here with permission. In this figure, “[r]epresentational competence (R) consists 
of modelling real-world phenomena by linking disciplinary accepted representations to 
scientific concepts” (p. 92). 
 
Svensson and Eriksson (2020, p. 4) recently expanded on the idea of 
transduction to make a theoretical claim that transductive links, which they 
define as semiotic systems that “supports the transduction process between two 
different semiotic systems”, can be used as a tool to describe and understand the 
learning challenges that students encounter in science, and also be used in ways 
that enhance students’ learning experience. For example, when moving between 
a two-dimensional structural formula to an animated three-dimensional model 
of a molecule, a teacher’s gestures and verbal language can act as transductive 
links that assist students to notice how the same aspects of the object of learning 
(i.e., the molecular structure) are represented in different ways. Such 
transductive links also serve to show students what they should aim their focal 
awareness towards. Svensson and Eriksson (2020, p. 6) go on to argue that “the 
act of transduction is very close to the act of unpacking with the difference being 
that an unpacking does not require a shift between semiotic systems”. 
Unpacking is a central concept in this thesis, and it is defined in the following 
section. 

3.2.5 Disciplinary affordance, pedagogical affordances, and 
unpacking 
Visual representations used in the discourse of chemistry can be characterized 
as having high disciplinary affordance. Building on Fredlund et al.’s (2012) 
initial conception, Airey and Linder (2017, p. 99) define disciplinary affordance 
as “the agreed meaning-making functions that a semiotic resource fulfils for the 
disciplinary community”. In visual representations with high disciplinary 
affordance, only certain aspects of a phenomenon are visible in the 
representations (Fredlund et al., 2014). This entails, as discussed in Section 
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3.1.4, that other aspects of that phenomenon are not directly visible, so they will 
need to become appresent in the learning experience of students, i.e., the 
students need to become aware of these aspects despite them not being directly 
visible. If such appresentation does not become part of the learning experience, 
then there is little chance that the full intended meaning will be constituted by 
the student (Ingerman et al., 2009; Linder, 2013). 

As mentioned previously, Kozma and Russell (1997) showed that students 
often focus on surface features in a representation, and that it is challenging for 
them to experience the scientific representation in the same way experts do. In 
order to help students to discern critical aspects that are not directly visible in 
the disciplinary representation, such representations can be unpacked so that 
more critical aspects are made explicit for the students (for example, see Airey 
& Eriksson, 2019; Fredlund et al., 2014). For the purpose of my thesis, the term 
unpacking is defined as “the ways that visual representations are used to open 
up the possibility of having the critical aspects and features of an intended object 
of learning being brought into focal awareness, initially on their own and then 
simultaneously” (for more details see Paper II and Paper III). 

Airey and Eriksson (2019) suggest that when a disciplinary representation is 
unpacked, the pedagogical affordance increases. Pedagogical affordance is 
characterized by Airey and Linder (2017, p. 105) as “the aptness of a semiotic 
resource for the teaching and learning of some particular educational content”. 
Representations with high pedagogical affordance need, as Salimpour et al. 
(2021) point out, to be designed in such a way that makes the appresent critical 
aspects directly visible and explicit in the students’ learning experience. In other 
words, I see pedagogical affordance as being a construct that reflects how useful 
a representation might be as an unpacking tool in a particular educational 
setting. 

Airey and Linder (2017) argue that whereas semiotic resources that are 
utilized in an educational context possess both pedagogical and disciplinary 
affordances, these typically have an inverse relationship, in that for any given 
semiotic resource a gain in pedagogical affordance may result in a decrease in 
disciplinary affordance. Yet to be recognized that whatever degree of 
affordance, students still need to be able to effectively work with the 
disciplinary-specific representations in order to function efficiently in that 
discipline (for example, see Volkwyn, 2020). 

3.3 How social semiotics and phenomenography are 
used in combination in my thesis 
The aim of my research presented in this thesis was to provide a more extensive 
understanding of the role that visual representations play in the teaching and 
learning of chemistry through an exploration of the three interconnected 
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dimensions of the object of learning namely, the intended, enacted, and lived 
object of learning. 

The reason I decided to use both phenomenography and social semiotics in 
my thesis was that a combination of these perspectives allowed me to explore 
both the what and the how of teaching and learning chemical bonding in regards 
to the visual representations used. 

In line with Marton and Booth (1997, p. 176), I consider “teachers’ ways of 
experiencing the “what” and “how” of their teaching to be a key aspect, or the 
key aspect, of their teaching”. The phenomenographic approach provided me 
with a theoretical grounding for considering the critical aspects of the object of 
learning − i.e., what needs to be learnt in order to achieve a disciplinary 
understanding of a phenomenon. Adding a social semiotic approach allowed me 
to focus on how these critical aspects are brought into focal awareness, that is, 
how meaning and communication are made with the visual semiotic resources 
used in the chemistry classroom. 

Furthermore, how I characterize learning as an analytic construct for my 
thesis research stems from both a phenomenographic and social semiotic 
perspective where learning is about coming to see things in new ways and/or 
seeing new things as a result of meanings being made possible with the 
insightful use of semiotic resources. 

In Paper II I demonstrate how I used the two abovementioned perspectives 
in my analysis of the teachers’ use of visual representations when teaching about 
chemical bonding. In this paper, I use and define the term unpacking as “the 
ways that visual representations are used to open up the possibility of having 
the critical aspects and features of an intended object of learning being brought 
into focal awareness, initially on their own and then simultaneously” (for more 
details, see Paper II and III). Thus, by combining parts of phenomenography 
and social semiotics, allowed me to explore the qualitatively different ways in 
which visual representations used in the teaching of chemical bonding can be 
unpacked to an extent that, in my opinion, would not be possible by using either 
phenomenography or social semiotics on its own, or indeed using other 
approaches. 

When it comes to other ways of looking at visual representations in chemistry 
education, two of the most common are based on 1) constructivist-based 
theories of learning, and 2) sociocultural theories on learning. For this reason, I 
briefly discuss both of these approaches in the sections below. 
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3.4 Other theoretical approaches used in science 
education research 
3.4.1 Constructivist-based theories of learning 
Constructivist-based theories of learning are linked to Piaget’s (1896-1980) 
theory of cognitive development which emphasizes cognitive and conceptual 
aspects of learning, that is, how knowledge is constructed in one’s mind. From 
this perspective, learning is considered on an individual level, where a person 
builds up new knowledge and creates so-called mental models or mental 
structures. If the students’ mental models are incomplete or unstable, they might 
differ from the accepted scientific ideas. Mental models that differ from the 
accepted scientific ideas are often referred to as misconceptions, although a 
more appropriate term favoured in contemporary research literature is 
“alternative conceptions” (for examples in chemical bonding, see Coll & 
Treagust, 2003a, 2003b; Harrison & Treagust, 1996; Taber, 2002; Ünal et al., 
2006; Özmen, 2004). 

The focus on individuals’ mental models in constructivist-based theories of 
learning differs from the focus in a social semiotic perspective, where semiosis 
is seen as a motivated activity that always involves a social actor and learning 
is always seen as a result of engagement with the world (Bezemer & Kress, 
2015). 

Where constructivist-based theories are used in research regarding 
representations, constructs such as internal representations (mental models), 
external representations, MER (multiple external representations), dual-
processing theory, cognitive load, the multimedia effect and so on, are used. 
These constructs focus on and differ between the representations of phenomena 
that are constructed in, and outside, an individual’s mind (for example, see 
Ainsworth, 1999; Chandler & Sweller, 1996; Gilbert et al., 2008; Mayer, 1997). 
The dual-processing theory postulates that the brain has separate channels for 
processing visual and verbal input and the multimedia effect, which suggests 
that students learn more deeply from pictures and words than from words only, 
is built on the notion that the brain has a limited capacity for processing 
information (Mayer, 1997). For an overview of work done in this area, see 
Ainsworth (2006). 

Even though I find much of the research that uses a constructivist-based 
approach interesting and valuable, I felt that it would not provide me with the 
appropriate analytical tools which would allow me to meaningfully explore how 
teachers and students experience and reason about the use of visual 
representations on a collective level, and how visual representations are used in 
the communication in the classroom. This I have been able to do by combining 
phenomenography and social semiotics in an approach which is novel and most 
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importantly, makes a significant contribution to developing our understanding 
of the role that visual representations play in chemistry education. 

3.4.2 Sociocultural theories on learning 
Sociocultural theories are linked to Lev Vygotsky’s (1896-1934) theories on 
learning. The core of his theories was that all reasoning and understanding arise 
through social processes (Jordan et al., 2008). 

Sociocultural theories on learning contain many similarities to the social 
semiotic view on meaning-making. For instance, in accordance with a 
Vygotskian perspective, social semiotics sees meaning-making as a social 
practice in a community (Hestbæk Andersen et al., 2015). Furthermore, both 
sociocultural theories and social semiotics focus on meaning and 
communication with different sign systems (Knain et al., 2021). From a 
sociocultural perspective, these signs are seen as cultural tools with which 
learners need to participate in authentic activities in order to learn effectively 
(Bezemer & Kress, 2015; Prain & Tytler, 2012). However, theories inspired by 
Vygotsky tend to present language as the most important tool for social 
interaction (Jordan et al., 2008), whereas in social semiotics, the different modes 
used to create communication are equally important, and their usefulness in turn 
depends on the specific context they are used in (Bezemer & Kress, 2008). That 
is one of the central reasons that I put forward in support of my use of a social 
semiotic approach in my thesis research. 

I recognise that social semiotics and a sociocultural approach can be used in 
combination in research. For instance, Shanahan et al. (2013) used both a socio-
cultural perspective and social semiotic approach when exploring how 
principles of design, affordances of modes, and multimodality become 
internalized as psychological tools that shape learning in the context of the 
activity. However, the use of phenomenography allowed me to focus on what 
needs to be learnt, as theorised through the three (intended, enacted, and lived) 
interconnected dimensions of the object of learning; coupled with social 
semiotics focus on how these critical aspects are brought into focal awareness, 
has (as indicated earlier) provided me with the analytical tools which I 
employed in the exploration of the role that visual representations play in the 
teaching and learning of chemistry. 
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4. Methods 

As presented in the previous chapter, my research on visual representations is 
set within the theoretical frameworks of social semiotics and 
phenomenography. These frameworks have guided me in my attempts to 
explore my overall aim, which in turn led me to formulate the specific research 
questions for each part (and paper), which then informed my choice of methods. 
In Figure 17, I present an overview of the relationships between the research 
aim, research questions (RQ), and the methods used. 

In Section 4.1 I give a description of the participants and settings for each 
part of the study, and in Section 4.2 I describe how I collected the data and used 
it in my research. Section 4.3 consists of a description of the analytical 
procedures I employed in each part of the thesis, including methodological 
aspects of phenomenography relevant for the analytical tool used in Part II. In 
Section 4.4 I describe the ethical considerations that I took into account, and in 
Section 4.5 I discuss, based on Guba’s and Lincoln’s foundational criteria 
(Guba & Lincoln, 1989) and their notion of trustworthiness (Lincoln & Guba, 
1985), which steps I have taken to ensure the quality of my research. In the final 
section, 4.6, I make explicit what I regard as being the possible limitations of 
my research. 

I am re-visiting this next aspect because I believe it is important to highlight 
that my doctoral research work is reported upon in three papers, two of which 
have been published and the third is submitted for review. With my thesis being 
a summary of these three papers, this chapter draws extensively on the research 
methods detailed in each of the papers. Consequently, I have reused some 
sentences, paragraphs, sections and tables from these three papers. Where I have 
felt it is necessary, I have described methods in more detail. I also want to point 
out that I have permission from my co-authors to reuse texts from these three 
papers. Further, the decision to do this without the repeated use of quotation 
marks, is a conscious one, made with the explicit intention of producing a more 
readable text. 
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Figure 17. This figure is an extension of Figure 1 given earlier in Chapter 1. It provides an 
overview of the relationship between the research aim, research questions (RQ), and the 
methods used in each part of the thesis. 

Seeing as the overall aim of my research was to provide a more extensive 
understanding of the role that visual representations play in the teaching and 
learning of chemistry in general, and in chemical bonding in particular; the three 
papers referred to above have the following research questions: 

• Paper I: How do upper secondary teachers reason regarding their use
of visual representations when teaching chemical bonding? (RQ1)

• Paper II: What are the qualitatively different ways visual
representations may be unpacked when teaching intermolecular forces?
(RQ2)

• Paper III: How do students experience teachers’ unpacking of visual
representations in upper secondary level chemistry education? (RQ3)
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4.1 Participants and settings 
The participants and settings for the three parts of the research presented in my 
thesis are described in the following sections. 

4.1.1 Part I (How do upper secondary school teachers reason regarding their 
use of visual representations when teaching chemical bonding?) 
To answer the first research question, I conducted extensive semi-structured 
interviews with 12 chemistry teachers, employed at seven upper secondary 
schools located in southern Sweden. An equal number of male and female 
teachers participated in the study. All of the teachers had a degree in chemistry 
teaching, and 10 of them had more than 10 years of experience in teaching the 
subject; on average they had been teaching chemistry for 16,4 years. All 
teachers were teaching, or had been teaching, the introductory level course, 
Chemistry A, (which has subsequently been renamed Chemistry 1) at a Swedish 
upper secondary school. One of the topics in the curriculum for Chemistry A/1 
is an introduction to chemical bonding. 

All seven schools had similar levels of physical resourcing in terms of 
science laboratory equipment and access to computers, and all were situated in 
similar middle-class socioeconomic environments. 

4.1.2 Part II (What are the qualitatively different ways visual representations 
may be unpacked when teaching intermolecular forces?) 
In order to answer the second research question, I asked three of the 12 teachers 
participating in the first part of the study if they were willing to extend their 
participation in my research. The reason for choosing these three specific 
teachers was that during the interviews I felt that they could display a wide 
potential variation in their use of visual representations in the classroom. One 
of the three teachers was female, and the three teachers were from different 
schools (Schools A, B, and C). School A is a smaller quasi-private school 
(meaning without any tuition fees), and both Schools B and C are larger typical 
Swedish public schools. All three teachers had more than 10 years experience 
of teaching chemistry. 

4.1.3 Part III (How do students experience teachers’ unpacking of visual 
representations in upper secondary level chemistry education?) 
In Part III, my attention turned to the students in the classes of the three teachers 
who participated in Part II. All the students in the teachers’ classes who had 
been present during the observed lessons in Part II were asked if they would be 
interested in being interviewed about their experiences of being taught chemical 
bonding. The number of students who came forward varied from school to 
school − six students from School A, eight students from School B and ten 
students from School C. Out of the 24 students, 15 self-identified as female and 
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nine as male. The students were all approximately 16 years old. Their teachers 
confirmed that the participating students formed a mixed group in terms of 
academic ability. 

4.2 Data collection process 
My data consists of video recordings of lessons on intermolecular forces and 
video recordings and/or audio recordings of interviews with teachers and 
students. I was present during all stages of data collection and I was responsible 
for interviewing all the participating teachers and students. In the following 
sections, I will describe the different data-collecting methods in more detail. 

4.2.1 Part I – Semi-structured interviews 
The 12 participating teachers were interviewed regarding their use of, and views 
on, visual representations when teaching chemical bonding. According to 
Brinkmann and Kvale (2018, p. 14), interviews are “uniquely sensitive” and 
“powerful” for capturing the interviewees’ experiences, since interviews allow 
them to express their lived world in their own words.  

In order to create a relaxed and natural environment for the interviewees, so 
that they felt comfortable in opening up regarding their experience, all the 
interviews took place at the teachers’ schools. 

The semi-structured interview guide used (see Appendix A) was designed to 
open up exploratory conversations regarding the teachers’ visual 
representational practice, including how they choose and use visual 
representations in their practice, and how they see visual representations 
affecting students’ meaning-making. In order for the interviewees to be able to 
discuss aspects of their visual representational practice that were of importance 
to them, I used the interview guide in a semi-structured (i.e., flexible) way (for 
example, see Bryman, 2016). For example, to ensure a natural flow to the 
discussion, the order in which the questions were asked varied depending on the 
thread of conversation at the time. This approach led to the interactive 
development of useful, albeit different, follow-up discussion threads (see 
Brinkmann & Kvale, 2018; Bryman, 2016). The interviews lasted 
approximately one hour (the range was between 47−70 minutes) and all were 
audio-recorded. The audio-recorder was used so that I, as the interviewer, would 
not be distracted by the need to take extensive notes during the interviews. 
Instead, I could focus on creating the right atmosphere as a function of the 
interviewees’ reasonings and reflections (see Kvale & Brinkmann, 2014). 
Furthermore, by recording the interviews, a more accurate and complete 
description of each interview was obtained, which contributes to the quality of 
the analysis (Robson, 2011). According to Bryman (2016) there is always a risk 
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that the interviewees are feeling uncomfortable with being recorded9, despite 
having agreed to it beforehand, which can result in the interviews being much 
shorter than anticipated. 

During the interviews, the teachers had access to a booklet containing 26 
visual representations of chemical bonding, which were taken from the five 
most commonly used Swedish upper secondary chemistry textbooks (see 
Andersson et al., 2012; Borén et al., 2011; Engström et al., 2005; Henriksson, 
2011; Pilström et al., 2007). I selected the representations with the assistance of 
Wikman, the second author of Paper I, an educator with over 20 years of 
experience teaching the subject. The selection of visual representations in the 
booklet sought to capture the rich variety of visual representations available in 
school chemistry textbooks and served as a resource to create a meaningful 
context for the discussion thereof during the interview. The teachers also had 
access to the textbook(s) that they used in their classes and were supplied with 
blank sheets of photocopy paper on which they could (if they so wished) draw 
representations during the course of the interview. 

4.2.2 Part II – Observations and recordings of lessons 
To answer the second research question, I video recorded lessons on 
intermolecular forces, conducted by three of the 12 teachers that participated in 
Part I. One advantage of using video recordings is that the teacher’s actions can 
be repeatedly reviewed during the analysis process. Such actions would be 
almost impossible for a researcher to document comprehensively and 
accurately, through observation recall and/or the taking of notes, either during 
or after the class (for example, see Martin et al., 2021). 

During the video recordings, I oriented the video camera towards the 
teachers’ activities. This is how I recorded all the visual representations that the 
teachers employed and also captured how they used them in their teaching. The 
three participating teachers spent 13, 42 and 75 minutes respectively 
introducing the topic of intermolecular forces. In the process they used a total 
of 37 different visual representations (7, 11, and 19, respectively). After the 
teachers’ introduction of intermolecular forces, the students were given tasks 
that were associated with what had been presented by their teacher. These 
included laboratory experimental work and exercises drawn from their 
chemistry textbook. What the students did in this regard did however not form 
a part of my data collection seeing as the focus of my research was on the 
teachers’ unpacking of visual representations. 

My goal with making the recordings was, as far as possible, to capture the 
teachers’ use of visual representations in a naturalistic setting (Bryman, 2016). 
While recording the lesson I sat amongst the students holding a small handheld 
video camera. My aim was to blend into the background as much as possible. 

9 All the interviews lasted at least 47 minutes, which I took as an indication that I had 
managed to create a comfortable and relaxed atmosphere for the interviewees. 
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I also informed both the students and the teachers that the video camera 
would be recording the teacher’s activities during the lessons. On one occasion 
a student participated in a roleplay in front of the class. During this instance, 
both the student and the teacher were video recorded. This student subsequently 
gave consent for that part of the video recording to be included in my data set. 

The lessons were given in Swedish, and the analysis took place in Swedish. 
The illustrative extracts from the lesson transcriptions were translated into 
English, which were then independently verified by back translation. This 
process identified a small number of ambiguities that were resolved through 
mutual discussion. 

4.2.3 Part III – Semi-structured paired depth interviews in a 
stimulated recall environment 
To answer the third research question, I conducted semi-structured paired depth 
interviews (also referred to in the literature as paired interviews or joint 
interviews) with 12 pairs of students from the three different schools that 
participated in Part II. In pair depth interviews a researcher usually performs an 
interview with two interviewees together in order to collect information about 
the ways in which the pair experience the same event or phenomenon (Wilson 
et al., 2016). 

I also used paired depth interviews so that each student participating in the 
study would have a peer to interact and discuss their experiences with. This 
helps to generate a comfortable and productive context to build the interview 
process on, and it is also a way of reducing the asymmetry of power that can 
develop between interviewee and interviewer (Wilson et al., 2016). 

The students chose their own partners, without influence from either me or 
their teacher, which as Wilson et al. (2016, p. 1565) reminds us leads to “an 
interview process that is more continuous, iterative, interactive, dynamic, 
holistic, and, above all, synergistic” compared to individual interviews. Both 
audio and video recordings were made of each interview. My reason for 
including video recordings was to ensure that I correctly attributed the 
interviewee at a given time during the interview. The interviews lasted between 
28−60 minutes and averaged 44 minutes in length. 

The interview guide was designed in such a way as to initiate an exploratory 
conversation with the students regarding their experiences of their teacher’s use 
of visual representations when teaching chemistry in general and intermolecular 
forces in particular (for my interview guide see Appendix B). 

To create a relaxed interview situation (Robson, 2011), the interview 
commenced with an informal discussion with the students around their 
experiences about studying chemistry at upper secondary school. During the 
second part of the interview, I asked general questions regarding their teacher’s 
visual representational practice. For example, I asked the students how they 
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experienced the visual representations usually used by the teacher, and the way 
those representations were used in the classroom. 

For the third part of the interview, I created a stimulated recall environment 
using video stills from their actual classes (i.e., print-screen photographs of all 
the visual representations that their teachers used during the recorded lessons). 
This was done to help the interviewees to better recall how they were reasoning 
during a specific episode of teaching (Bloom, 1953; Calderhead, 1981; 
Haglund, 2003; Lyle, 2003). The questions I asked here were presented in a way 
that was aimed at encouraging the opening-up of discussion around how the 
students experienced their teacher’s visual representational practices during the 
lessons on intermolecular forces, including what they thought the teacher 
wanted to illustrate by using these particular visual representations. They were 
also asked if they had any suggestions about how the representations could be 
altered to enhance their own meaning-making. 

4.3 Analytical procedures 
I used a thematic analysis in the first and third part of the research presented in 
my thesis, and in Part II, I used phenomenography as an analytical tool. I will 
describe how the analyses were undertaken in the following sections. 

4.3.1 Part I − A thematic analysis of teachers reasoning regarding 
their use of visual representations 
As described earlier, the aim in Part I was to explore the intended object of 
learning, with a focus on teachers’ reasoning regarding their use and selection 
of visual representations (visual semiotic resources). From a social semiotic 
perspective, the selection and use of semiotic resources are always motivated 
activities employed to express intended meanings (rather than a random use). 
In order to explore the teachers’ reasoning behind their use and selection of 
visual representations I drew on a thematic analysis, building on Braun and 
Clarke (2006). I chose this approach because Braun and Clarke have, as a point 
of departure for their modelling of thematic analysis, a flexible and organic 
approach that allows the coding of data to evolve as an ongoing part of the 
analytic process. Thus, the analysis of the interviews with the teachers allowed 
me to thematize the teachers’ reasoning regarding their use and selection of 
visual representations. The analysis was inductive-interpretive in nature, and 
the initial coding phase was done in a way similar to what is typically 
undertaken during the initial coding phase of an interpretive study (for example, 
see Charmaz, 2006). 

I began the analysis by transcribing all the data from the interviews verbatim. 
In the next step, together with the second author of Paper I, I familiarized myself 
with the data and began the process of identifying patterns of teachers’ 
reasoning both within and across the interview transcripts by reading through 
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all the transcripts several times. I then reviewed each of the transcripts in detail 
and applied an open coding process to the data using the data analysis tool, 
NVivoTM (QSR International Pty Ltd, 2012), which is specifically developed 
for qualitative analysis and coding. 

I coded all segments of data that I deemed relevant for the research question, 
that is, I coded segments to identify aspects of teachers’ reasoning regarding 
their visual representational practice. I then sorted similar codes from the 
interviews into emerging aspects. Each aspect and its codes were analysed by 
me and the second author of Paper I. Together we refined the aspects until we 
reached a consensus on their relevance. As a next step, I sorted the aspects into 
potential themes and analysed their relationship to each other. These were then 
reviewed in discussion with the other authors of Paper I. This led me into 
another cycle of refinement of the aspects and themes they portrayed. The 
iterative process continued until no new aspects or themes could be identified 
and those identified were deemed to best capture the qualitatively different 
meanings in the data set. 

In the final stage of the analysis, I carefully examined the different themes to 
find the core in each theme. At the same time, I also constantly compared each 
theme to the other themes (the themes and aspects can be found in Table 2 in 
Section 5.1). 

4.3.2 Part II − A phenomenographic analysis to explore the 
qualitatively different ways visual representations may be 
unpacked by teachers 
The aim in Part II was to explore the enacted object of learning, with regards to 
the visual representations (visual semiotic resources) used when teaching 
intermolecular forces. Using phenomenography provided me with an analytic 
tool to find aspects that are qualitatively different within a group of people who 
are involved with the same phenomenon (Marton, 2014; Marton & Booth, 
1997). 

The empirical results in a phenomenographic study are presented as 
qualitatively different “categories of description”, which are taken to be 
characterizations of the possible ways of experiencing the phenomenon under 
consideration. As such, they are not individual attributes, but attributes of 
qualitative variation ascertained from across a group of people, that is, the 
approach is embedded in the collective level. I drew on a phenomenographic 
approach in order to constitute qualitative differences in terms of experience, 
which in my case referred to the ways of handling visual representation of a 
particular intended object of learning, that is, how teachers in a chemistry 
classroom unpack visual representations to help students make meaning with 
these representations. 

I took care to ensure that I chose participants that were likely to offer a wide 
potential variation of ways of unpacking visual representations. I was able to do 
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this by drawing on my insights into the teachers’ visual practices acquired 
during the interviews undertaken in Part I. The observations and video 
recordings of the three teachers’ lessons yielded sufficient data for my intended 
analysis. 

In order to familiarize myself with the data, I began the analysis by viewing 
the video recordings of the teachers’ lessons several times, noting the various 
ways in which the teachers’ unpacked the representations. In the second step of 
the analysis, I transcribed all the teaching sequences that involved the 37 
communicative actions that were identified as including visual representations. 
I then constructed working matrices for these communicative actions. The 
matrices were multimodal in nature and contained descriptions of what the 
teacher said and did (i.e., their actions) and what visual representation they were 
using at the time. The matrices also contained my interpretations of the teachers’ 
intentions in regard to bringing critical aspects to the students’ focal awareness, 
and how they handled the intended object of learning in terms of actions they 
took to help their students extend their focal awareness, so that they got the 
possibility to discern aspects that were originally not directly visible and/or 
discern some visible aspects in new ways. An example of one of the working 
matrices is provided in Table 1. 

The working matrices were independently reviewed by all authors of Paper 
II. During this review the distinct qualitative differences in the ways that the 
teachers unpacked the visual representations were formulated. I then developed 
a clear understanding of what was involved for each unpacking. 

The categories of qualitatively different ways of unpacking found in the 
analysis were then discussed among all the authors of Paper II. The iterative 
process continued until the category system was stabilized and no more 
adjustments were deemed necessary by any of the authors. 
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In the next step I ordered the categories in a logical relationship with one another 
– that is in an outcome space. In phenomenography, an outcome space is 
constituted by descriptions of the internal relations between the qualitatively 
different ways of experiencing various aspects of the world. This means that an 
outcome space is never made up of just “lists” of categories. Marton and Booth 
(1997, p. 125) describes the criteria for the development of categories as 
follows: 
 

The first criterion that can be stated is that the individual 
categories should each stand in clear relation to the phenomenon 
of the investigation so that each category tells us something 
distinct about a particular way of experiencing the phenomenon. 
The second is that the categories have to stand in a logical 
relationship with one another, a relationship that is frequently 
hierarchical. Finally, the third criterion is that the system should 
be parsimonious, which is to say that as few categories should be 
explicated as is feasible and reasonable, for capturing the critical 
variation in the data. 

 
I based the hierarchical ordering of the categories in the outcome space 
(presented in Figure 18 in Section 5.2) by assuming that the “what” and “how” 
of what was conveyed could be taken to be directly related to how the 
participating teachers had experientially constituted “what matters” when it 
comes to unpacking a particular visual representation. An overview of the 
phenomenographic analysis of the qualitatively different ways of teacher‐
handling of intermolecular forces is presented as Table 3 in Section 5.2. 

4.3.3 Part III – A theoretical thematic analysis of students’ 
experience of teachers’ ways of unpacking visual representations 
My starting point for the analysis in Part III was the qualitatively different ways 
of unpacking visual representations identified in Part II. These categories were 
used here to explore how the students experience their teachers’ unpacking of 
visual representations. In order to do this, I again drew upon Braun and Clarke’s 
(2006) thematic analysis. This facilitated the identification of patterns across 
data in relation to what the students experienced. As in Part I, this approach was 
chosen because it presented an analytic exemplar that is flexible and organic in 
terms of how it can be used to identify patterns across data in relation to 
participants’ lived experience, views, and perspectives. 

A thematic analysis can, according to Braun and Clarke (2006), be both 
inductive (as in Part I) or, as in the case of Part III, deductive. As Braun and 
Clarke (2006, p. 84) point out, the theoretical (deductive) “form of thematic 
analysis tends to provide less a rich description of the data overall, and more a 
detailed analysis of some aspect of the data”. 
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Here, I began the analysis with transcribing all the spoken language recorded 
in the interviews. I then read through the transcripts repeatedly in order to 
identify the parts of the data corpus that involved instances where the students 
discussed their experiences of teachers’ unpacking of visual representations. 
These extracts from the interviews formed the data set for further analysis. To 
become familiar with the data set and to start identifying patterns of students’ 
experiences of teachers’ unpacking of visual representations, I read through the 
data set several times. 

After reviewing the data set in detail, I applied a coding process to the data 
set using the data analysis program, NVivoTM (QSR International Pty Ltd, 
2012). The codes were used to identify key aspects of students’ experiences of 
teachers’ ways of unpacking visual representations. The codes and key aspects 
were then discussed and refined together with the co-authors of Paper III, until 
consensus was reached on the relevance of each identified aspect. The key 
aspects which were found in the analysis of each category of unpacking will be 
presented and discussed in Section 5.3. 

4.4 Ethical considerations 
All research work undertaken as part of my thesis was conducted in accordance 
with the Swedish Research Council’s ethical principles (Hermerén, 2011; 
Swedish Research Council, 2017). To this end, the participating teachers and 
students received information about each aspect of the study and were informed 
about how the data would be used and presented following the completion of 
data collection. This information was provided in both written and oral form 
prior to the commencement of the classroom observations and before any 
teacher and student interviews were conducted. Participants were also informed 
both orally and in writing that their participation was voluntary and that they 
were free to end their participation at any time10. At the same time it was made 
clear that any data gathered during my research would not be used for purposes 
other than those laid out in the written consent forms. 

To ensure that no one, besides the researchers’ involved in the project, have 
access to the collected data, it is stored in secure, password-protected hard 
drives and/or server compartments. To ensure confidentiality at all times, the 
participants were given aliases and their schools have been anonymised. 

4.5 Establishing quality 
Research approaches can in general be divided into two categories; qualitative 
and quantitative. Qualitative research generally aims at constructing 

10  None of the teachers or students who agreed to participate in the study ended their 
participation early. 



63 
 

understanding, and typically answers questions about “what?”, “how?”, and 
“why?”, which stands in contrast to the questions generally asked in quantitative 
research, i.e., “how many?”, “how much?”, and “how generalizable?” (Robson, 
2011). Since my aim was to gain a more extensive understanding of the role that 
visual representations play in the teaching and learning of chemistry, the 
research presented herein, and the research methods used are qualitative in 
nature. 

In response to the four criteria of quantitative research (internal and external 
validity, reliability, and objectivity), Lincoln and Guba have developed what 
they have termed “trustworthiness” (Lincoln & Guba, 1985) or “parallel or 
foundational” criteria (Guba & Lincoln, 1989): credibility, transferability, 
dependability, and confirmability. I will discuss these criteria in relation to the 
research undertaken in my thesis in the sections below. 

4.5.1 Credibility 
Credibility is the first of Guba and Lincoln’s (1989) foundational criteria. It 
“parallels” internal validity and refers to whether the researcher’s interpretation 
and representation of the data or participants’ views are true and accepted by 
others (for example, see Bryman, 2016; Cope, 2014). A widely used way of 
establishing the credibility of qualitative research is through triangulation, 
where more than one method or source of data is used to study social 
phenomena (Bryman, 2016). In my research I gathered data in different ways − 
I observed and video-recorded lessons and interviewed both teachers and 
students. Furthermore, the teachers and students who participated in the second 
and third parts of my study came from three different schools, which allowed 
for triangulation of sources. Seeing as the analysis of the triangulated data 
resulted in similar findings (presented in the next chapter), I believe the results 
and conclusions presented in this thesis are credible and the triangulation of data 
also makes the findings richer, more comprehensive, and more well-developed. 

Furthermore, during the analysis, frequent discussion between the 
researchers involved in the analyses helped to address biases and assumptions 
brought to the analyses, and in that way helped ensure the credibility of the 
results. However, I am aware that my personal choices and interpretations of 
data have inevitably affected the result. I have endeavoured to present my 
theoretical framework (i.e., the “glasses” I used when interpreting the data) in 
detail in Chapter 3, so that the readers of my thesis are given the opportunity to 
become aware of the perspectives I employed during the analysis. In that way 
readers are free to draw their own conclusions on whether or not my 
interpretations are valid. 

4.5.2 Transferability 
Transferability is the second of the foundational criteria proposed by Guba and 
Lincoln (1989) and may be thought of as being “parallel” to external validity or 
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generalizability. Transferability refers to whether the findings can be applied to 
other settings or groups, it can be hard to “prove”, and therefore, it is more 
important with a “thick description” of the social settings in which the study 
takes place so that others can make a judgment about the possible transferability 
of findings to other subject areas or contexts (Lincoln & Guba, 1985). By 
describing the social situation of the participants, the context they were in, and 
how the data and analyses have been dealt with in each part presented in my 
thesis, I have sought to provide the readers with details sufficient for them to 
make connections and associations which allow them to transfer the findings to 
their own situations. 

4.5.3 Dependability 
The third foundational criteria proposed by Guba and Lincoln (1989) is 
dependability, which is ” parallel” to the conventional criterion of 
reliability. Dependability entails that the findings are consistent and could be 
repeated. As a way of increasing dependability in qualitative research, an 
inquiry audit can be adopted (Lincoln & Guba, 1985). An inquiry audit 
involves inquiry auditor(s) that “examines the process of inquiry, and 
in determining its acceptability the auditor attest to the dependability of the 
inquiry” (Lincoln & Guba, 1985, p. 318, emphasis theirs) For the research 
presented in my thesis, this was done by discussing the research questions, 
methods, and the analyses with university colleagues that are highly 
experienced researchers in the field. That is, others have verified the 
“reliability” of the methods and research practice, which is important for 
strengthening the dependability of one’s research findings (Robson, 2011). 
In addition, the published papers that are included in this thesis have all 
been peer-reviewed, which is taken as further evidence in support of my 
contention that my research and the claims I make from it, are dependable. 

4.5.4 Confirmability 
Confirmability is the fourth and final foundational criteria brought forward by 
Guba and Lincoln (1989), and can be thought of as being ” parallel” to 
the conventional criteria of objectivity. Confirmability is concerned with 
assuring the reader that the researcher has not allowed personal values to 
interfere with the research in ways that could lead to researcher bias and 
that the data and interpretations are rooted in the context in which the 
research was undertaken. Whilst I am the first to acknowledge that complete 
objectivity is impossible, I have sought to ensure that whatever 
interpretations and conclusions I have drawn have been established from the 
data and not from preconceived ideas. As Cope (2014, p. 89) reminds us, this 
can be done “by providing rich quotes from the participants that depict each 
emerging theme.” In the result sections in the three papers, I have included 
several quotations to increase the confirmability of the results and the 
conclusions drawn. 
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4.6 Potential limitations 
My research was undertaken in schools in quite close proximity to one another 
in southern Sweden. The level of resourcing (in both physical and human terms) 
of the seven schools where the 12 teachers from Part I were employed, was 
similar, as was the socio-economic status of the communities from which the 
schools drew the majority of their students. Furthermore, the 12 teachers who 
participated in Part I were all suitably qualified for teaching chemistry at an 
upper secondary school level. Allowing for this, I tried to ensure as much 
variation as possible in teaching contexts by selecting schools which had 
different student enrolments − some of the teachers were part of a larger science 
department, while others were the only chemistry teacher at the school. The 
participating teachers also differed in terms of the amount of teaching 
experience they had (ranging from 2–31 years). 

In Part II, the three teachers were selected for further observation because in 
their teaching they displayed quite a wide variation in their use of visual 
representations. This said, I must acknowledge that my study is still framed in 
the relatively narrow context of the Swedish secondary school and its 
curriculum and as such it may be that some of the conclusions that I have drawn 
are not generalizable to other educational contexts. 

Another possible limitation is that I observed and recorded all lessons and 
interviewed all the participants in the research presented in my thesis and in that 
way (unintendedly) affected the activities under observation and what was said 
during the interviews. However, the participation of a researcher is common in 
qualitative research (Kvale & Brinkmann, 2014), and I strove to minimize the 
effect of my participation in several ways. For instance, when interviewing the 
teachers, I made only audio-recordings (and not video recordings) in an attempt 
to make them feel more at ease in the situation. Furthermore, during the lesson 
observations I tried to blend into the classroom by sitting amongst the students 
in the corner of the room, and I used a small, handheld camera for the video 
recordings. However, despite my efforts to minimize my influence on the 
environment, my presence, and the fact that the lessons were being recorded, 
would inevitably have had some effect on the activities under observation – a 
phenomenon Robson (2011) calls reactivity. But, seeing as I had previously 
interviewed the three teachers, this means that I was a familiar face to them. 
Also, based on my reading of the atmosphere in the classrooms I felt that the 
students and teachers were quite relaxed and at ease in my presence and with 
the fact that the teacher was being recorded. Furthermore, it did appear as if the 
way they used the visual representations in the classroom corresponded closely 
to how they described their use in the interviews. Thus, from what I could tell, 
being observed did not seem to cause the teachers to change the way they taught 
the lesson. This led me to conclude that my presence in the classroom did not 
unduly influence their teaching in a significant way. 
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Another aspect that could have affected the results was my decision to make 
both audio- and video-recordings of the student interviews (the reader will recall 
that I did this so that I might tell the students apart). However, I minimized the 
impact this had by using a small video camera which I felt could quickly be 
forgotten. And to make it as unobtrusive as possible, I placed the video camera 
in the corner of the room. Finally, in order to help put the students at ease I 
interviewed them in pairs and allowed them to choose their own partners. As 
mentioned in Section 4.2.3, Wilson et al. (2016) argue that this type of pair 
interviews usually leads to a comfortable and productive context and reduces 
the asymmetry of power between interviewees and interviewer. 

Another possible limitation regarding the student interviews is that they were 
voluntary, which makes the selection of students non-random. However, as 
stated previously, the teachers confirmed that the participating students were a 
mixed group in terms of academic ability – which I believe is an important 
consideration when seeking to establish the extent of students’ different 
experiences of the unpacking of visual representations. 

How the students experienced the different ways of unpacking will be 
summarised in the following chapter, together with a summary of the results 
and discussions for the other two papers included in my thesis. 
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5. Summary of research results and
discussions

In this chapter I provide a summary of the results and main discussion points of 
my research into each of the three interconnected dimensions (intended, 
enacted, and lived) of the object of learning, chemical bondning, in regards to 
the visual representations used. A more comprehensive presentation of my 
results and discussion threads can be found in Papers I−III. 

5.1 Part I – Teachers’ reasoning regarding their use 
of visual representations 
The research objective in Part I of my thesis was to explore the intended object 
of learning with regards to chemistry teachers’ reasoning regarding their visual 
representational practice when teaching chemical bonding. Through a thematic 
analysis of interviews with 12 chemistry teachers (for more details, see Section 
4.3.1), I was able to identify three main themes regarding the teachers’ 
reasoning about their visual representational practice: 1) teachers’ reasoning 
regarding their employment of visualization approaches, 2) their reasoning 
regarding the visual representations that they employ, and 3), their reasoning 
regarding their use of multiple visual representations. 

One of the findings in Paper I was that the participating teachers reasoned 
about their visual representational practice in ways that differ from constructs 
reported in the literature, such as mode, media or multiple representations (for 
example, see Ainsworth, 1999; Kress et al., 2001). For instance, when it came 
to the possible affordance of different types of resources, the teachers did not 
focus their discussions on the use of different visual modes (such as diagrams, 
graphs, and formulae) and different types of media (such as computers, 
whiteboard, and projector screens). Instead, they emphasized the approaches (in 
Paper I called visualization approaches) that they use to present a particular 
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phenomenon visually to their students, such as the affordances and challenges 
when drawing something on the whiteboard (see Table 2 for further details). 

The teachers participating in Part 1 were more expressive in their reasoning 
regarding why they use certain visualization approaches, as compared to their 
explanations for why they choose visual representations with certain designs or 
features (Theme 1 and 2). In addition, while they conveyed a positive attitude 
toward the use of multiple visualization approaches, they were more hesitant 
towards the use of multiple visual representations presented with the same 
visualization approach (Theme 3). An overview of the different themes and their 
aspects is shown in Table 2. For more details on teachers’ reasoning on their 
use of visual representations, see Paper I. 

The three main findings from Paper I can be summarised as follows: 1) 
teachers differentiate between their use of visualization approaches and the 
features and the design of the visual representations, 2) teachers’ reasoning 
regarding their visual representational practices is somewhat limited, and 3) 
they are more positive towards using multiple visualization approaches than 
multiple visual representations using the same visualization approach. 

When it comes to teachers’ limited reasoning of the design and features in 
the visual representations, it could be that they simply accept that certain 
representations conform to a disciplinary standard and as such do not bear much 
thinking about (for a similar finding regarding science university lecturers, see 
A. Linder et al., 2011). This said, they were aware that the use of such
visualizations in their instructional practices (i.e., their visualization
approaches) can, and should, vary in order to stimulate their students’ interest
in the chemistry and also enhance their discernment during the lesson. This
reasoning might be one of the explanations for why the teachers tend to focus
on the aspects of visualization approaches rather than on the design of the
representations (i.e., on the how rather than the what of their usage) − something
that has not previously been reported in the literature.
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However, when the teachers discussed why they chose to use different 
visualization approaches, their reasoning was often expressed in quite vague 
terms, such as “building or seeing something helps students learn.” 
Furthermore, it is evident that this tended to be based mainly on the teachers 
own prior learning experiences and/or personal convictions, rather than on any 
specific consideration of the learning challenges students might face with the 
use of different visualization approaches in the classroom. These views are 
perhaps not that surprising, given that in science teacher education, little 
attention is paid to the role visual representations play when teaching and 
learning science (Eilam et al., 2014). This is quite problematic given that visual 
representations are essential to the communication of scientific knowledge (for 
example, see Eilam & Gilbert, 2014a; Hoffmann & Laszlo, 1991; Kozma et al., 
2000; Lemke, 1998b). In conclusion, I believe that it is critical that teachers are 
equipped with the knowledge and skills which will allow them to choose and 
use visual representations in ways that maximise the learning opportunities for 
their students. 

5.2 Part II − Qualitatively different ways of 
unpacking visual representations 
In Part II in this thesis, I used a phenomenographic approach (see Section 4.3.2 
for further details) to explore the enacted object of learning with regards to the 
qualitatively different ways teachers unpack visual representations when 
teaching intermolecular forces. 

I define the term unpacking as “the ways that visual representations get used 
to open up the possibility of having the critical aspects and features of an 
intended object of learning being brought into focal awareness, initially on their 
own and then simultaneously” (see Section 3.2.5 and Paper II for more details). 
The analysis of the three teachers’ classroom practices led to the identification 
of five qualitatively different ways in which visual representations may be 
unpacked, namely by: assumption, verbal explanation, adding feature(s), 
transformation, and transduction (see Table 3). 

Each of these different ways of unpacking is defined as follows: 
• Unpacking by assumption: the visual representation used by the teacher

is not unpacked at all. Thus, the teacher assumes that without any input
from their side the full disciplinary affordance is available from the
transmission of the visual representation.

• Unpacking by verbal explanation: teachers bring critical aspects in a
visual representation to the fore through highlighting certain features
in the representation, mainly by way of spoken language, and no new
visual representations or additional features are added to the
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representation. Here the teacher makes the assumption that most of the 
disciplinary affordance is available from the transmission of the visual 
representation as is. 

• Unpacking by adding feature(s): the teacher adds critical feature(s) to
the original visual representation, which makes previously appresent
features in the representations visible to the students. By doing this the
teacher is increasing the pedagogical affordance of the visual
representation.

• Unpacking by transformation: in order to unpack the original visual
representation, the teacher adds representation(s) with higher
pedagogical affordance in the same semiotic mode. In doing this the
teacher is implementing a transformation which makes previously
appresent features visible and thus provides students with new
meaning-making opportunities.

• Unpacking by transduction: representation(s) in different visual
mode(s) are used by the teacher to unpack a visual representation. This
gives students access to previously appresent critical aspects in new
way(s) by making them distinctly visible, thereby offering new
meaning-making opportunities that would be difficult to make with the
first mode used.

I arranged the categories of teachers’ unpacking of visual representations to 
form a conceptual hierarchy in terms of perceived complexity from a student 
perspective. The qualitatively different ways of unpacking, together with the 
way in which they are arranged hierarchically, make up the outcome space of 
the analysis (see Figure 18). 



Table 3. A
n  overview

 of the phenom
enographic analysis of the qualitatively different w

ays of teacher‐handling of interm
olecular forces, w

ith 
respect to the unpacking of visual representation being used in the act of teaching (adapted from

 Paper II)

C
ategory 

of 
description 

Structural aspect (the “how
”) of the unpacking of visual 

representations as the handling of an object of learning 
(i.e., interm

olecular forces) 

R
eferential aspect (the “w

hat”) of the unpacking of visual representations as the 
handling of the object of learning (i.e., the intended affordance through w

hat is m
ade 

visual)  
C

om
m

unication directed 
at constituting additional 
pedagogical affordance 

The essential parts that m
ake 

up that com
m

unication 
N

ature of the know
ledge m

ade 
possible through the unpacking 

Intended affordance 

U
npacking 

by 
assum

ption 

N
one 

N
one 

N
one, m

ake sense of 
interm

olecular forces using 
critical aspects as presented in the 
visual representation 

A
ssum

ption that full disciplinary affordance is 
available from

 the transm
ission of the visual 

representation as is. N
o additional pedagogical 

affordance is being constituted. 
U

npacking 
by verbal 
explanation 

V
erbal 

V
erbal description of critical 

aspects in the visual 
representation, often com

bined 
w

ith gestures 

M
ake sense of interm

olecular 
forces by a verbal foregrounding 
of critical aspects presented in the 
visual representation 

A
ssum

ption that m
ost of the disciplinary affordance is 

available from
 the transm

ission of the visual 
representation as is. N

o additional pedagogical 
affordance being visually presented. The attem

pt to 
increase the pedagogical affordance is also in 
transm

ission style; through verbal explanation only. 
U

npacking 
by adding 
features 

A
dditional visual 

presentation 
Stepw

ise adding initially 
appresent critical features to 
the original visual 
representation 

M
ake sense of interm

olecular 
forces by a visual foregrounding 
of critical features, previously 
appresent in the representation 

A
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ption that the disciplinary affordance is 
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 the transm
ission of the 

original visual representation. Starting to open up the 
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aking by increasing the 

pedagogical affordance of the visual representation. 
U
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by 
translation 
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dditional visual 

representation in the 
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e m
ode 
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the original visual 
representation, using the 
existing m

ode of presentation 
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visualizing critical aspects 
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representation 

A
ssum
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visual representation. C
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m
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visual representation in the sam
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higher pedagogical affordance. 
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transduction 
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representation in a new
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 visual representation(s) 
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the original visual 
representation, using new
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 visual m
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Figure 18. An overview of the outcome space illustrating the conceptual hierarchy 
of the different ways of unpacking visual representations (copied from Paper II). 

I drew on the work of Trigwell and Prosser (1996) on teacher-centred and 
student-centred ways of teaching, to categorize the five qualitatively different 
ways of unpacking visual representations into either teacher-centred or student-
centred ways of unpacking. Teacher-centred ways of unpacking involve the 
transfer of knowledge from teacher to student (Trigwell & Prosser, 1996) and 
student‐centred unpacking (as viewed by the phenomenographic modelling of 
learning, see Marton & Booth, 1997), involve learning to see things in new ways 
and learning to see new things. Teaching strategies 1−3 in the outcome space in 
Figure 18 are regarded as being student-centred ways of unpacking because 
these ways of unpacking provide visual representations with higher pedagogical 
affordance and in so doing make it possible to bring previously appresent 
critical aspects into students’ focal awareness (for more details, see Paper II). 
Teaching strategies 4−5 are regarded as being teacher-centred since no 
appresent features are made visible. Since disciplinary representations that are 
unpacked by assumption only, are in effect not unpacked at all by the teacher, 
they can be seen to have a low pedagogical affordance and consequently are 
considered to provide the least access to the critical aspects of the phenomenon 
being studied. Such teaching strategy have the highest level of complexity for 
the students and this category is consequently placed at the top in the hierarchy. 

Building on the findings of Trigwell et al. (1999), who showed that teacher-
centred practices can lead to students adopting a “surface approach” to learning, 
while student-centred strategies tended to lead to a “deeper approach” to 
learning, I argue that if teachers unpack visual representations in a teacher-
centred way (i.e., by verbal explanation or by assumption), then arguably their 
students will be more likely to adopt a surface approach to learning. However, 
if teachers unpack visual representations in a student-centred way (i.e., by 
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transduction, transformation and/or by adding features), then arguably their 
students will be more likely to adopt a deeper approach to learning. 

5.3 Part III – Students’ experience of teachers’ 
unpacking of visual representations 
For the third part of my thesis, I focused on the lived object of learning, and I 
explored how students experience their teachers’ different ways of unpacking 
visual representations. The findings are described and discussed below (see 
Paper III). 

Unpacking by assumption: according to students, teachers sometimes assume 
that students are able to make the intended meaning with the visual 
representation without any input from the teacher. Such an assumption may, 
according to several students, hinder their ability to make meaning with these 
visual representations. It was also suggested by some students that teachers 
sometimes make such assumptions about the “ease of use” of visual 
representations based on their own expert disciplinary knowledge. 

Unpacking by verbal explanation: from a student perspective, teachers need 
to explain verbally what the critical features in the visual representations are 
intended to represent in order for students to make the intended meaning with 
the representation. However, the non-persistent nature of verbal explanation is 
viewed as a possible hindrance to meaning-making by some of the students. 
Moreover, they suggested that it is important that the verbal explanations are 
pitched at a level appropriate to their prior knowledge and experience − if the 
teacher’s explanation is too complicated, then the verbal unpacking of the visual 
representation may be of little value to them. 

Some students also found it challenging to simultaneously focus their 
attention on the visual representation and to listen to the teacher’s verbal 
explanation. Danielsson (2011) presented similar findings in her study, namely 
that information given by teachers through speech (and gestures) often is 
regarded as less important by students, instead they tend to focus on what the 
teacher writes or draws on the whiteboard in order to copy that text into their 
notebooks. 

Unpacking by adding features: according to the students, a stepwise addition 
of critical features enhances their meaning-making with the representation. An 
additional benefit was that the stepwise construction of the representations 
enabled the teacher to alter the representation based on questions from the 
students, and in that way actively co-construct knowledge with them (see Lim, 
2020). Some of the students also mentioned that when a teacher unpacks a 
representation by adding features it allows them more time to make notes. 

Unpacking by transformation: according to the students, the most important 
aspect of unpacking by transformation is that the addition of representations 
with high pedagogical affordance assists their meaning-making with 
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disciplinary representations. Consequently, unpacking a visual representation 
by transformation is experienced as a helpful way to get to see the relevant 
critical aspects, which are appresent in the disciplinary representation. 

Unpacking by transduction: the addition of representation(s) in another 
mode(s) affords students an opportunity to make different meanings and in that 
way see the phenomenon from different perspectives, thereby providing them 
with a more holistic understanding of a phenomenon. Some students also 
indicated that it was particularly helpful when the teacher drew on visual 
representations from the “real world” (i.e., on a macroscopic level) alongside 
the conventional submicroscopic/symbolic level ones they normally used. 

However, the students state that the teacher needs to actively assist the 
students when they make the transduction between visual representations. Thus, 
it is important to highlight that when the teacher unpacks a representation by 
transduction, they need to reflect on how to help the students to “translate”11 
between the different representations illustrating the same phenomenon. 

To sum up, I found that from a student perspective it is clear that the different 
ways in which teachers unpack visual representations have a direct impact on 
their ability to effectively make meaning with these visual representations. 
Furthermore, the students confirmed that if teachers are going to open-up 
learning possibilities, then they need to unpack visual representations in the 
student-centred ways that I identified in Part II. From this, I draw the conclusion 
that unpacking visual representation by adding features, or by performing 
transformations or transductions, have the potential to provide the most support 
to students in their meaning-making. However, the students also express that it 
is important that the teacher not only unpacks visual representations in these 
student-centred ways, but that they at the same time verbally guide them 
through this process of unpacking. 

In the following chapter, I will discuss how the findings from Part I, Part II 
and Part III answer my overall research question and the implications for 
teaching based on these findings. 

 
11 I wish to point out that the social semiotic perspective I use as a theoretical framing uses 
translation to refer to the movement of meaning from one form of representation to another. 
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6.  General discussion and implications 
for teaching and teacher education 

In this thesis I set out to answer the research question: What role do visual 
representations play in the teaching and learning of chemical bonding? To 
provide broad and deep answers to this question, I jointly employed the 
theoretical frameworks of social semiotics and phenomenography. Together 
they provided me with tools that made it possible to explore both the what and 
the how of teaching and learning chemical bonding when using visual 
representations. 

The phenomenographic concept of critical aspects allowed me to focus on 
what it is that needs to be discerned by the students for them to achieve a 
disciplinary understanding of a particular phenomenon. At the same time, the 
social semiotic approach that I used allowed me to explore how these critical 
aspects can be brought into focal awareness, that is, how meaning-making and 
communication are made possible with the visual semiotic resources used in the 
introductory level chemistry classroom. 

Furthermore, by exploring the three interconnected dimensions that together 
make up the phenomenographic concept of the object of learning − the intended, 
the enacted, and the lived object of learning – I was able to develop a more 
extensive understanding of the role visual representations play in chemistry 
education from both a teacher and, critically, a student perspective. 

Findings from the three parts of my thesis consistently support other reported 
research that has concluded that visual representations play an essential role in 
both the teaching and learning of chemistry, both in general (for example, see 
Eilam & Gilbert, 2014a), and in chemical bonding in particular (for example, 
see Farheen & Lewis, 2021; Hilton & Nichols, 2011). 
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In addition, my thesis provided the following main findings: 
 

• there are certain limitations in the way that chemistry teachers reflect 
on their visual representational practice (with respect to the intended 
object of learning), which I believe has important implications for both 
pre-service chemistry teacher education and chemistry teacher in-
service development programmes − this will be discussed further in the 
Section 6.4, 
 

• students’ possibilities to make meaning with visual representations is 
dependent on how teachers unpack the visual representations that they 
choose to use, and 

 
• this is confirmed from a student perspective, where it became clear that 

the different ways that teachers unpack visual representations impacts 
directly on their ability to effectively make meaning with the various 
visual representations presented to them. 
 

In the following sections I will discuss my main findings in more detail, and 
present what I believe are the implications they have for teachers and teacher 
education. 

6.1 Teachers need to reflect on their selection and 
use of visual representations 
Visual representations are, as mentioned previously, an essential part of 
communication and meaning-making in the chemistry discipline. Accordingly, 
teachers’ selection and use of visual representations play an important role in 
both the teaching and the learning of chemistry (for example, see Hilton & 
Nichols, 2011). However, my research showed that teachers do not always 
reflect on their selection of visual representations (Part I), and they do not 
always unpack them in what I have characterised as student-centred ways of 
unpacking (Part II and III). I concluded that teachers sometimes take for granted 
that their students are able to make the intended meaning with the visual 
representations used (for similar propsals, see Eilam & Gilbert, 2014b; Treagust 
et al., 2003; Uttal & O'Doherty, 2008). 

In Part I, I found that teachers, even though they accept that visual 
representations are essential for students’ meaning-making, do not always 
reflect on the design and features of the visual representations they use in their 
teaching practice. I suggested that one explanation for this is that the teacher 
feels that there are certain accepted ways of visualizing chemistry and as such 
the visual representations have to comply with a certain disciplinary standard. 
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On one level, the teachers’ thinking in this regard could be taken to be a quite 
reasonable position. However, what I would argue is that teachers need to 
provide students with the opportunity to make the intended meaning with the 
disciplinary representations by unpacking them, and that it is the teachers’ 
responsibility to guide them through this process. If this does not take place and 
the disciplinary representations are not unpacked, it may well prove difficult for 
students to achieve the intended object of learning. 

It has been shown previously (for example, see Kozma, 2003; Uttal & 
O'Doherty, 2008) that students often focus on surface features in the 
representations, and often do not realize what these features represent. Thus, for 
students to become aware of the critical aspects, many of which are not 
necessarily directly visible in the disciplinary representations, teachers need to 
unpack them in ways that make the critical aspects visible for students. And this 
can be achieved by engaging in student-centred ways of unpacking. 

To sum up, my aim in this thesis was to explore the role visual representations 
play in the teaching and learning of chemistry (with chemical bonding as a 
particular case). My results have allowed me to make the case that the role that 
visual representations play in chemistry education is highly dependent on which 
representations that are used and, critically, how they are unpacked. This means 
that it is essential that teachers reflect on both their selection of visual 
representations, and the way they intend to unpack them during the lesson when 
they plan and prepare their teaching. If teachers do not reflect on these aspects 
when planning their lessons on a particular object of learning, I argue that their 
use of visual representations may constrain and thereby limit students’ meaning-
making instead of enabling it. 

6.2 The importance of using student-centred ways of 
unpacking visual representations 
In the previous section I argued that in order to increase students meaning-
making possibilities in chemistry, teachers should employ student-centred ways 
of unpacking the disciplinary visual representations that they chose to use in 
their teaching practice. I will now elaborate further on this point. 

In Chapter 3, I described how the disciplinary visual representations used in 
the chemistry discourse can be seen to have high disciplinary affordance and 
(usually) low pedagogical affordance. I also explained that in any given case 
several critical aspects are usually not directly visible in the disciplinary 
representation(s) − these aspects are appresented for the chemistry discipline, 
that is, experts are able to discern the critical aspects in a representation, even 
though they are not directly visible. Students, however, are often not able to 
discern the critical aspects that are appresented for chemists, that is, students are 
not able to “see” what lies behind the representations that are being used to share 
knowledge, meaning or way of doing things. That is why the disciplinary 
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representations need to be unpacked by the teacher in order for the 
representations to become a useful resource for the students’ meaning-making. 
In other words, the students need guidance from the teacher to make the 
intended meaning with the disciplinary representations. 

Based on the findings in Parts II and III, I conclude that teachers can help 
students to make disciplinary meanings in chemistry through a purposeful and 
insightful unpacking of the disciplinary representations they use. And in order 
to do this, teachers should use student-centred ways of unpacking the 
disciplinary representations to increase students’ meaning-making possibilities 
in chemistry; that is, to unpack them either by adding features, by 
transformation or by transduction. This claim is corroborated by the students 
who participated in Part III. 

When unpacking a visual representation by adding features, the disciplinary 
affordance of the representation decreases, while the pedagogical affordance of 
the representation increases, that is, more critical aspects become visible in the 
representation. When unpacking a disciplinary representation by transformation 
or transduction, other visual representation(s) with higher pedagogical 
affordance − in the same mode (transformation), or different mode(s) 
(transduction), can be used to increase students’ possibilities of aiming their 
focal awareness towards the critical aspects of the intended object of learning 
that were not directly visible in the disciplinary representation. Consequently, 
through the use of student-centred ways of unpacking visual representations, 
teachers can help students to see things in new ways and/or seeing new things 
as a result of meanings being made possible with the insightful use of semiotic 
resources (the characterisation of learning I use in this thesis). 

However, an important question which could arise is: which of the student-
centred ways of unpacking should teachers use, and in what situations? Based 
on my findings, I propose that this depends on the critical aspect(s) that the 
teacher wants the students to discern. For instance, would it help the students to 
notice the critical aspects and bring them to their focal awareness if a teacher 
added features to the disciplinary representation, or would the addition of 
another representation with higher pedagogical affordance better facilitate the 
students’ discernment of these particular critical aspects? 

So, while I cannot provide the reader with an “unpacking manual”, I can offer 
some suggestions for chemistry teachers based on the findings and conclusions 
presented in my thesis. When using visual representations, it is important to 
remember that the students most likely will not initially experience the 
representation in the intended way. Particular attention should be paid to the 
critical aspects that are appresent for those well-versed in the chemistry 
discipline, these aspects need to be made visible for the students, and my results 
show that this can be best done by unpacking them in student-centred ways. The 
first step for the teacher must therefore always be to find out what aspects of a 
given object of learning that are critical for the students to notice (i.e., the what 
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of learning). The next step is for the teacher to reflect on how these aspects can 
be made visible for the students (i.e., the how of learning). That is, to ask 
themselves the question: In what way can I unpack this representation to best 
help the students to pay attention to the critical aspects of the intended object of 
learning? By taking this approach, teachers could optimise the possibility of 
having the intended object of learning match the students’ lived object of 
learning. 

6.3 Foregrounding the students’ experiences of 
teachers’ unpacking of visual representations 
In Part III, I explored students’ experience of the different ways in which 
teachers unpacked visual representations. The students confirmed that 
the student-centred ways of unpacking were the most relevant for their 
meaning-making. In addition, one aspect that the students pointed out as 
important for them, was the teachers’ use of verbal language in conjunction 
with the three student-centred ways of unpacking. For instance, a verbal 
explanation was seen by the students as an important accompaniment when 
the teacher unpacked a representation by adding features. And when 
employed in combination with the added features, a stepwise verbal 
explanation also provided the students with opportunities to take notes and 
ask questions. When it comes to unpacking a disciplinary representation by 
transduction, students pointed out that it is important that the teacher 
verbally explain how the meaning is moved between the different visual 
representations. This is a key point: for students, it is seen as paramount that 
the teacher not only unpacks visual representations in student-centred ways, 
but at the same time reflects on how to verbally guide them through this 
process. 

Another aspect that was highlighted by both teachers (in Part I) and students 
(in Part III), was that it was helpful for students’ meaning-making if the 
teacher’s use of visual representations was connected to students’ “real 
life” experiences. Although the students repeatedly pointed out that they felt 
that a teacher needs to make the link between the representations on different 
levels explicit for them, and not take for granted that they would be able to 
move between the “real world” representations and the representations on 
symbolic and microscopic levels. 

To summarise: from a student perspective how teachers unpack 
the disciplinary representations used in chemistry is vitally important for 
their meaning-making. This includes both how they choose to 
unpack the disciplinary representations to enable visualization of the critical 
aspects that are not directly visible, and how they verbally help students to 
notice how meanings can be made through the unpacking. 
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6.4 Implications for teachers and teacher educators 
As discussed previously, my findings show that teachers’ reflections on their 
visual representational practice is generally somewhat limited (Part I) and that 
they sometimes unpack visual representations in teacher-centred ways (Part II). 
Consequently, this might result in students engaging in no more than a “surface 
approach”12 to learning. However, this is not a surprising finding − for as noted 
by Taskin et al. (2017), research has shown that pre-service teachers sometimes 
lack knowledge about chemical representations. This is due in part to the fact 
that learning how to choose and use visual representations (in ways that help 
students to make meaning in chemistry) is generally not an explicit feature of 
either pre-service teacher education programmes or professional development 
courses for in-service teachers (see Eilam et al., 2014). So, without explicit 
education in the social semiotic aspects relating to the role that visual 
representations play in the teaching and learning of chemistry, it is unrealistic 
to expect teachers to have constructive insights into how to select and unpack 
visual representations in optimal ways. A question is then: how can we address 
this situation? I argue that one part of the answer is that visual communication 
needs to be part of the teachers’ education curriculum and in development 
programmes for in-service teachers. It is of critical importance that teachers are 
made aware of how to both choose and unpack visual representations in ways 
that help optimize the possibility for students to constitute the intended 
disciplinary meanings. In other words, teacher development programmes and 
teacher education should explicitly set out to develop teachers’ didactic and 
pedagogical skills in the area of the selection and unpacking of visual 
representations. 

Another question is: in what ways can teachers be supported in order to 
become more aware of how to select and unpack visual representations in a 
constructive way in their teaching practice? First of all, it must be acknowledged 
that currently most teachers (particularly in First World countries) have access 
to a wide variety of visual modalities and visualization approaches that they can 
use to help students make the intended disciplinary meanings (for example, see 
Bezemer & Kress, 2008; Danielsson & Selander, 2021). Yet for all that, my 
findings from Part I show that teachers do not always know how to use, or for 
that matter feel comfortable with, some of these newer technologies. Initially 
then, teachers need to be provided with opportunities to learn how to use these 
resources and critically, are given the time and space to reflect on how they can 
use them effectively and in ways that will increase students’ meaning-making 
possibilities. 

 
12  A surface approach to learning is associated with “accepting new facts and ideas 
uncritically and attempting to store them as isolated, unconnected, items” (Houghton, 2004, 
p. 11)  
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Secondly, the research in this area needs to be presented and discussed with 
teachers so that they become more aware of its importance for students’ 
meaning-making. One way of getting teachers to become more aware of the 
importance of reflecting on their visual communication would be to include 
tasks in teacher education or professional development courses, where the 
participants plan lessons in which they explicitly reflect on how to communicate 
the objects of learning visually, and how to handle (i.e., unpack as I have defined 
it) their selected visual representations in the classroom. For in-service teachers 
taking a professional development course, these lessons could also be enacted 
in classrooms, recorded and/or observed by colleagues or peers and discussed 
via, for instance, instructional rounds (City et al., 2009) or lesson study (Lewis, 
2002). 

Another important aspect that is needed for increasing teachers’ awareness 
of the role visual representations play in chemistry education is time. This has 
different implications for teacher education and in-service professional 
development. Teachers-in-training need to be made aware of the important role 
that visual representations will play in their teaching. Whilst they may have only 
limited opportunities to try out some different approaches in practice, they will 
still need time to reflect on these experiences with their fellow classmates and 
lecturers before they enter the field. For in-service teachers, having participated 
in (say) a development course which deals with issues relating to the use of 
visual representations, they need time to process the insights they have gained 
and then figure out how to translate these into something useful for their 
classroom practice. Arguably, this would best be done in collaboration with 
fellow teachers. Having approached things differently, they would then need to 
be given the time and space to reflect on these experiences. 
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7. Summary of my contributions to the 
field and potential future research 

In this chapter, I will present a summary of the theoretical and methodological 
aspects that I see my thesis contributing to the broader field of chemistry 
education research. I will end off with a discussion on what I believe are some 
interesting possibilities for future research. 

7.1 Theoretical contributions 
By exploring the intended, enacted, and lived object of learning in a new way, 
my thesis has contributed to develop our understanding of the role that visual 
representations play in the teaching and learning of chemical bonding. The 
following are the specific contributions my research makes to the field of 
chemistry education. 
 

• By combining social semiotics and phenomenograpy I have provided a 
new way to frame the exploration of visual representations in teaching 
and learning of chemical bonding. In particular, I created a new 
definition of unpacking to move this teaching concept beyond a 
straightforward synonym for “explaining”, by explicitly situating the 
definition in my framework. That is, I have defined unpacking as being 
the ways that visual representations can be used to open up the 
possibility of having the critical aspects and features of an intended 
object of learning being brought into focal awareness, initially on their 
own and then simultaneously. 

 
• I generated a hierarchy of qualitatively different ways (termed 

categories of description) in which teachers unpack visual 
representations based on a perceived complexity from a researcher’s 
perspective of student learning. I argue that a compelling case can be 
made for teachers to reason not only about what visual representations 
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they should use, but also how they should use them in the classroom in 
order to maximise the possibilities for their students’ meaning-making. 

 
• I investigated how the students’ experienced their teachers unpacking 

of visual representations. The students confirmed that if teachers are 
going to open-up learning possibilities then they need to unpack visual 
representations in the student-centred ways that I identified (by adding 
features, by transformation and by transduction). However, a key point 
from a student perspective is that the teacher not only unpacks visual 
representations in student-centred ways, but at the same time reflects 
on how to verbally guide them through this process of unpacking. 

 
• I created a new and powerful characterization of learning based on a 

combination of phenomenography and social semiotics, where learning 
is defined as coming to see things in new ways and/or seeing new things 
as a result of meanings being made possible with the insightful use of 
semiotic resources. 

 
• I used the limited reasoning by teachers on their visual representational 

practice to make a compelling case for including a specific focus (on 
both a theoretical and practical level) on the role played by visual 
communication in chemistry education in both pre- and in-service 
teacher education programmes. 
 

• I created a new teaching construct that I defined as the “visualization 
approach” to characterize the approaches that teachers use to present 
phenomena visually to their students. What is new here is that the 
teachers focus to a larger extent on the act of presenting visual 
representations (be it by drawing on the whiteboard, showing 
animations or employing physical models and so forth) compared to 
the design and features of visual representations. 

7.2 Methodological contributions 
In summary, the research presented herein has led to the following new 
methodological contributions. 
 

• I formulated a novel exemplification of the way that phenomenography 
and social semiotics can be combined analytically to explore the role 
visual representations play in teaching and learning in chemistry 
education. I believe that this methodological contribution can be 
extended to other areas of science education and will be particularly 
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useful in contexts where critical aspects of the object of learning need 
to become appresent for effective meaning-making to take place in the 
intended way. 

 
• I provided a new exemplification of how multimodal transcriptions of 

teachers’ handling of visual representations can be undertaken and 
presented in an analytically meaningful way. 

 
• I exemplified how a new way of exploring qualitatively different ways 

of experiencing (in this instance teachers’ use of visual representations) 
can be based on analysing observations and recordings of enactment 
(instead of interviews, which are commonly used for 
phenomenographic studies). 

7.3 Future research 
I believe that the findings presented in my thesis and the implications these 
findings have for teaching and learning in chemistry education provide new 
opportunities for a number of exciting research projects. A natural continuation 
of the research presented in this thesis would be to further explore how students’ 
meaning-making are enhanced or constrained when different ways of unpacking 
visual representations are enacted in the chemistry classroom. 

I also believe it would be valuable to explore how applicable my findings are 
to other areas in science education, particularly those with complex curriculum 
content and/or objects of learning that are embedded in symbolic, 
submicroscopic and macroscopic formalisms. Here, I am also thinking that it 
would be of interest to identify where there are differences between the roles 
played by semiotic resources in different scientific discourses. For instance, 
symbolic and mathematical semiotic resources play critical roles in the 
communicative practices of several sciences. The differences in how various 
scientific discources may influence teachers’ representational reasoning and 
enactments, and how students experience these enactments, presents a huge 
array of research possibilities. 

Another interesting question arising is: are the ways visual representations 
can be unpacked also affected by the conceptions of teaching and learning that 
may be distinctive to a particular discipline, or certain topic areas within a 
discipline? 

These are questions that I believe would be valuable to explore further in 
order to see whether the conclusions I draw in my thesis can be generalized to 
other areas of science education. 

Another novel area that I would like to explore is the role that the repacking 
of visual representations plays in teaching and learning in the chemistry 
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classroom. In other words, I am very interested in taking the exploration of 
teacher-handling of visual representations to another theoretical level. This is 
presented in the next section. 

7.3.1 Taking the handling of visual representations one step 
further − a methodological proposal to study the role of 
unpacking and repacking of visual representations for extending 
the possibility of meaning-making 
As mentioned previously, the meanings that are being made with disciplinary 
representations differ between novices (students) and teachers (experts). 
Eriksson et al. (2014, p. 170) discuss this in terms of disciplinary discernment 
which they define as “noticing something, reflecting on it, and constructing 
meaning from a disciplinary perspective”. These authors present a construct 
which they refer to as the Anatomy of Disciplinary Discernment (ADD), which 
is a hierarchy that “describes the ways in which the disciplinary affordances of 
a given representation may be discerned” (p. 175). The lowest level in the 
hierarchy is non-disciplinary discernment, that is when someone is unable to 
make any disciplinary meanings from the representation. At the other end of the 
hierarchy is disciplinary evaluation, where one is able not only to make the 
intended meaning from the disciplinary representations, but also critique the 
affordance of the representation (see Figure 19 and Eriksson, 2014, for more 
details on the ADD). 

Students in introductory chemistry courses at a Swedish upper secondary 
school are met by a curriculum that often starts at a lower discernment level. 
The question is: how can students progress to functioning effectively at the 
highest level of disciplinary discernment (appropriate to their level of 
schooling) i.e., the “disciplinary evaluation” level shown in Figure 19? As 
Eriksson et al. (2014, p. 180) put it, “lecturers should focus on activities that are 
designed to help students to cross over the category boundaries in the ADD” 
(emphasis theirs). I propose that a potentially effective way for teachers to do 
this would be to both unpack and repack the disciplinary representations as an 
integral part of students’ learning experience. This should be done to facilitate 
students eventually being able to make the intended disciplinary meaning from, 
and with, these representations without them having to be unpacked. 
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Figure 19. The Anatomy of Disciplinary Discernment. (From Eriksson et al., 2014, p. 176 
and reproduced here with permission.)

What I mean here is that the unpacking of the visual representations should not 
be conceptualized as being the “end game” by teachers. They also need to make 
the link between the unpacked representation and the disciplinary representation 
explicit − that is, the teachers need to repack the unpacked representation. Here, 
I want to point out that what I mean by repacking is not just to repeat for students 
the disciplinary representation again after an unpacking (that could be called 
repacking by assumption). My point is that repacking needs to be seen as a 
process by which teachers guide the students in how to translate13 between the 
unpacked representations and the disciplinary representations that the students 
need to be able to understand and communicate in an effective and appropriate 
disciplinary way. This is in line with Airey and Linder (2009, p. 41) who argue 
that “the role of the teacher should be one of guiding students away from the 
use of variable, context-dependent semiotic resources, to the use of the standard, 
disciplinary discourse for each disciplinary way of knowing within a given 

13 I wish to remind the reader that the social semiotic perspective I use as a theoretical framing 
uses translation to refer to the movement of meaning from one form of representation to 
another. 
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context.” This could be done, for instance, by helping students to see how the 
unpacked representations and the disciplinary representations are linked to each 
other. And then through discussion consider the ways in which the meanings 
that the students are intended to make are implicit in the disciplinary 
representation (while being explicit in the unpacked representation). In other 
words, to discuss how the unpacked and repacked representations are different 
and similar to each other, and what parts become “visible” in the unpacked 
representation but not in the disciplinary (pre-unpacked) representation, and 
how these need to become appresent in the students’ “reading” of disciplinary 
representations. 

To summarise the case that I am making: By first unpacking the disciplinary 
representation to direct students’ focal awareness towards the now visible 
critical aspects and then explicitly repacking the unpacked representation, 
teachers could create a more effective learning environment.  

In the following section, I am going to propose an idea that could be used in 
future research as a productive way to explore how visual representations are 
unpacked and repacked (or not) by teachers. Further, I will propose that this 
idea could be a useful tool for in-service teachers, in development programmes, 
and in teacher education as a way for teachers to start reflecting and discussing 
about how visual representations could be handled more effectively. 

7.3.1.1 The notion of the Waves of Affordance 
The notion of the Waves of Affordance that I am about to propose is inspired by 
the research work that makes up my thesis and the reasoning I provided in the 
previous section regarding repacking. It is an extrapolation of Maton’s (2013) 
idea of “semantic waves”. Maton conceptualizes a crucial characteristic of 
cumulative knowledge-building in terms of what he calls “semantic waves”, 
which involve recurrent movements in the strengths of what Maton calls 
“semantic gravity” and “semantic density”. In his discussion on what he means 
by “semantic waves”, Maton states that when a concept is presented in ways 
that is simpler and more concrete (which in his terms means high semantic 
gravity, and weak semantic density) the concept can be considered to be 
unpacked. However, he argues that in order for knowledge to be transferred 
across contexts and developed into general ideas, the concept needs to be 
repacked again, thus becoming less context-dependent with more condensed 
meaning (for more details, see Maton, 2013). Maton’s notion of unpacking and 
repacking, which are a function of semantic waves, is mainly focused on verbal 
and written language (for examples in chemistry education, see Barreto et al., 
2021; Blackie, 2014; Chinaka, 2021; Cranwell & Whiteside, 2020). My point 
of departure is to connect these ideas to the social semiotic and 
phenomenographic framing I used in my thesis. The notion of Waves of 
Affordance that I propose here specifically brings didactic and pedagogical foci 
to visual representations, and how unpacking and repacking (in my terms) of 
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visual representations could be explored in terms of pedagogical and 
disciplinary affordance (instead of semantic gravity and semantic density). The 
notion of Waves of Affordance is presented “graphically” in Figure 20. It 
illustrates how my idea builds on the concepts disciplinary affordance (DA) and 
pedagogical affordance (PA)14, and on my earlier proposal that unpacking and 
repacking (in my terms) of disciplinary representations can extend the 
possibility of students making intended disciplinary meanings in chemistry 
education, and thus help them to become “fluent” in the relevant visual semiotic 
resources and modes. 

It needs to be pointed out that for students to learn how to use and make 
meaning with disciplinary representations, they often need to be exposed to and 
use these repeatedly. Therefore, there is a need for several “waves” in my notion 
of Waves of Affordance, and that these can be more or less “deep”, (i.e., using 
different semiotic ways of unpacking the disciplinary representations and 
repacking them again in the students’ learning experience) over a longer period 
of time than shown in Figure 20, before students are able to make meaning with 
and use the disciplinary representation in the intended way. 

 

 
Figure 20. A “graphical” depiction of my proposed notion of Waves of Affordance. 

The notion of Waves of Affordance could be effectively used as a reasoning tool 
for teachers both when planning and reflecting on their lessons − its reflective 
use arguably provides a way of developing teachers’ reasoning regarding their 
use of visual representations. Furthermore, when using the notion of Waves of 
Affordance as a reasoning tool, it can help teachers to reflect on how to make 
the “translation” between the unpacked representations and the disciplinary 
representations explicit, an aspect that was experienced as important by the 
students in the research presented in this thesis. 

 
14 See Section 3.2.5 for more details on disciplinary and pedagogical affordance. 
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Appendix A 
This interview guide was originally written in Swedish.  

 
Interview guide 

Initial questions 
- For how long have you been a teacher? In what areas? Etc.  

 
- How do you generally do when you present chemical bonding for your 

students? 
 
Theme 1 – Which representations do the teachers use? 
 

- Which visual representations do you usually use when you are teaching 
chemical bonding? 

 
- In what ways do you use these representations? (in “regular” teaching, 

group-exercises, exams, students’ individual task, experiments etc.) 
 

- Do the students create their own representations? 
 

- Do you use visualizations during exams or group exercises? Do you 
have questions where you ask the students to answer with an 
illustration? 

 
- Are there any representations you feel are more important than others 

when you explain chemical bonding? 
Follow-up question 1: Do you have an example/ can you draw how you 
mean… 
Follow up question 2: How do you show this for the students? 
(drawings, movie, PowerPoint etc.)  

 
Theme 2 - Why do the teachers use these particular representations? 
 

- Why do you use these particular visualizations? 
 

- Have you been using these visualizations for a long period of time? 
 

- Where do you get your visual representations from? 
 

- In what way do you think this representation is helpful for students? 
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- Are there any types of representations that are more helpful for students
meaning-making than others?

- What are the characteristics of a helpful representation? Are there any
common features?

- Are there any representations which the students find more challenging
to make meaning of than others (If yes, do you use them – why?)
Follow-up question: Why do you think students have difficulties to
make meaning of this representation? Are all types of X challenging
for students to make meaning of?

- Are there any features you should avoid having in a representation?
(are all visual representations useful?)

- If you had the possibility to do whatever you want, would you have
done anything differently (with regard to visual representations?)

Theme 3 – Representational sources 

- Where did you get inspiration from when selecting the visual
representations you use?

- What affects your selection of representations?

- What textbook do you use?

- Have you chosen the textbook yourself?

- Do you think the textbook is good?

- Do you use visual representations from the textbook? – Why/why not?
Follow- up question: If yes – which ones do you use? What´s good with
these visualizations?

- Do you use other teaching materials than the textbook when you are
teaching chemical bonding? Why/why not?

- Here are some examples of representations often used in textbooks.
How do you feel about them? Would you like to do any changes to
them? If yes, in what ways?
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Theme 4 – Questions regarding teachers view on meaning-making with 
visual representations. 
 

- Do you think it is important to use visual representations? (Why/ Why 
not?) 

 
- Do you think it matters what kind of representations you use? 

 
- Are there any risks with using visual representations? 

 
- Are there any disadvantages with using visual representations? 

 
- Do you use one or more representation when explaining the same 

concept? 
 

- What is the aim when you use this particular representation? 
 

- Would you like you know more on how visual representations affect 
students meaning-making? 

 
- Do you discuss the use of visual representations with your colleges? 

 
- Does it matter what representation you use if two different kind of 

representations illustrate the same phenomenon? (Are one 
representation useful for all students)  
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Appendix B 
This interview guide was originally written in Swedish. 

Interview guide 

Initial questions – Part 1 

- Why did you choose to study in the science program?

- How do you experience chemistry as a subject?

The teacher’s visual representational practice – Part 2 

- Do you remember the part about intermolecular forces, what was it 
about?

- Was there anything that was difficult to understand?
- Was there anything that was easy to understand?

- Do you remember what the teacher did during the lessons in order to 
explain chemical bonding?

- Were you able to understand what the teacher said and showed 
you during the lesson(s), why/why not?

- Could the teacher have done it in any other way? How?

- The teacher used different ways to visualize the phenomena (e.g., 
drawings, movies, static illustrations)

- Why do you think the teacher did that?
- Do you think it helps you or makes it more challenging for you 

when they visualize it?
- Did it help you to understand intermolecular forces? (why/why 

not?)

- What’s the most important thing in order to help you understand –
when the teacher visualize something or when the teacher presents 
something verbally or writes it on the whiteboard? (why?)

- When you study for an exam, do you usually draw illustrations on you 
own? Are the ones you draw the same as the teacher’s drawings?
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- What do you think a good image should contain – what helps you 
understand?

- Is there anything that pictures can contain that you experience as 
helpful for your understanding?

- Is there anything that pictures can contain that makes it harder to 
understand?

- In order to visualize intermolecular forces, you can both draw on the 
whiteboard, show static pictures, build with molecular models, do 
experiments, use animations, or show movies etc.
- Does it matter which way the teacher uses when visualizing the 

phenomenon? (Why/why not?)
- Do you prefer one way over another?

- How do you know how to interpret the pictures used by the teacher?
When/how did you learn that?

Stimulated recall – discussion based on the visual representations use by 
the teacher – Part 3 

- What do you think the teacher wanted to show you with this
[representation]?

- What do you think about it?
- Did it help you to understand?
- What makes it helpful/difficult?
- What good/bad with it?
- Was it any part that was difficult/easy to understand?

- What do you think it is supposed to represent? How do you know?

- Could the teacher shown this in any other way that would have helped
you understood the phenomenon better? How? (features and/or mode)

General questions – Part 4 

- Which of these representations did you experienced as easy/difficult to 
understand? Why?

- Are there any kind of representations that you feel should be used 
more/less/not at all when introducing intermolecular forces?
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- Do you think your peers are helped by the same representations you 
are?

- Does the teacher need to explain the representations that they use in 
order for you to understand them?

- Do they explain them?
- Do you feel that you are able to understand the explanations –

could the teacher done anything different in order to increase 
your understanding?

- Do you discuss the representations used by teachers or textbooks with 
your peers? If yes – do you experience any change in how you 
understand the representations after a discussion with your peers?

- Do you think this representation (H-Cl) is something written or drawn?
- If I add the free electron pairs as lines – do you think its writing 

or drawing?
- If I draw the atoms as balls, do you think it is writing or 

drawing?

Teaching aids – Part 5 

- What do you think about your textbook in general?

- What do you think about the representations used in the chapter 
regarding intermolecular forces?

- Are you able to understand them?
- Which representation(s) did you experience as easy or 

challenging to understand?
- Which representation(s) do you think is helpful/unhelpful?

- Did the teacher use other representations than the ones from the 
textbook?  If yes – what do you think about them? If no – would you 
like the teacher to do that? Why?

Concluding questions – Part 6 

- Do you feel that it is necessary to use visualizations in order to 
understand intermolecular forces, or can you do it in another way?

- In what ways is it helpful/unhelpful to use visual representations?

- Does it matter which representations that are being used?
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- Are there any affordances in using visual representations?

- Are there any challenges in using visual representations?

- How do you do when you are trying to understand the visual 
representations used by the teacher or the textbook?

- Is it an affordance or a challenge if the teacher uses different kind of 
representations when explain the same concept?

- Many students experience intermolecular forces as difficult to 
understand, why do you think that is?

- Can you think of another way of presenting intermolecular forces in 
order for you to understand it better?

- Are there anything that I have forgotten to ask about, that you feel are 
important regarding visual representations?
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