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Visual representations of microcosm in textbooks
of chemistry: constructing a systemic network for
their main conceptual framework

George Papageorgiou, *a Vasilios Amariotakisa and Vasiliki Spiliotopouloub

The main objective of this work is to analyse the visual representations (VRs) of the microcosm depicted

in nine Greek secondary chemistry school textbooks of the last three decades in order to construct a

systemic network for their main conceptual framework and to evaluate the contribution of each one of

the resulting categories to the network. The sample comprises a total number of 221 VRs of microcosm,

66 of which are VRs of the 8th grade, 92 of the 9th grade and 63 of the 10th grade. For the qualitative

analysis of VRs the phenomenographic method was implemented, whereas a basic quantitative analysis

followed. Results provide us with a network that can help science teachers and textbooks designers

in identifying the plethora of codes employed in these VRs and the plethora of ways in which VRs

can be used, as well as, in determining possible causes of relevant students’ misconceptions. Quantitative

analysis indicates an effect of grade on the content of VRs and relevant implications for science

education are discussed.

Introduction

Since students’ conceptions and misconceptions have been in
the center of science education research over the last decades,
the study of their origins is of paramount importance. One of
these origins is related to the content and the structure of the
textbooks that science teachers use in the classroom during the
teaching/learning procedure (e.g. Myers, 1992; Mayer et al.,
1993; Tulip and Cook, 1993). Textbooks play a dominant role
in this procedure as repositories of what is thought to be true.
In many cases a statement in a textbook is considered to be an
indisputable fact, just because it is in the textbook. Taking
also into account that textbooks have been the main didactic
tool in the context of many educational systems worldwide
(Valverde et al., 2002), their analysis is critical and it could
provide valuable information for a number of factors affecting
students’ construction of knowledge and the whole teaching and
learning procedure as well (Souza and Porto, 2012). This probably
explains the increasing interest of researchers for relevant studies
concerning the content, the structure and the general character-
istics of the school textbooks (Abd-El-Khalick et al., 2008).

In a school textbook, scientific knowledge is re-constructed in
order to be understandable by the students and it is presented
through various modalities, such as texts and visual displays.
These are external representations, on the basis of which, the

student constructs corresponding internal representations
(e.g. Schnotz, 2002; Gilbert, 2008, 2010; Eliam and Poyas,
2010). Among external visual representations (VRs), those of
the submicroscopic entities, such as molecules, atoms, ions or
sub-atomic particles, are of great importance, since they can
shape students’ internal representations of these entities, a pre-
condition for the understanding of the real world phenomena.
However, representing submicroscopic entities is not an easy
procedure. Onwu and Randall (2006) for instance, investigating
students’ understanding of the particulate nature of matter
through particular representations in three different countries
(Japan, Nigeria and South Africa), pointed out that it is difficult
to find a certain didactically appropriate way in representing
entities, such as atoms and molecules, and the whole procedure
is quite problematic. They realized that, trying to manipulate
certain properties through such representations, it is possible
to mislead students in relation to some other properties, since
one cannot manage the sum of the properties through such
representations.

Consequently, the systematic study and analysis of the
characteristics of VRs of submicroscopic entities in school chemistry
textbooks could provide us with information concerning the
way in which students possibly internalize them, affecting
the whole learning procedure. These submicroscopic entities,
i.e. molecules, atoms, ions and sub-atomic particles, constitute
in fact the ‘microcosm’ of school chemistry. Although in the
everyday language the term ‘microcosm’ is used in various
ways, it usually implies a small world, something like a small
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version of the real world. Considering that, such a small world
in school chemistry usually brings to the mind entities and
behaviours at the submicroscopic level, despite the fact that this
small world functions differently without ‘inherited’ character-
istic from the real world (Talanquer, 2009), the term ‘microcosm’
will be used in the present study in order to describe this world
of the submicroscopic level.

Theoretical background

In the literature of science education, the term ‘Visual Repre-
sentations’ (VRs) is usually found to attribute visual objects
(e.g. photographs, drawings, symbols) with or without verbal
information, which are distinct from the main text and they
display aspects of concepts or phenomena (e.g. Cook, 2006;
Eliam and Poyas, 2010; Eilam and Gilbert, 2014). As Schnotz
(2002) suggests, VRs are not simply decorative elements around
the text, but they can act as powerful tools for the representa-
tion, organization, transformation and storage of information.
From teachers and curriculum designers’ perspective, school
textbooks’ VRs are considered to be potential meaning-making
resources facilitating the learning procedure. Thus, a signifi-
cant number of studies advocate their positive contribution
to the students’ understanding of the main text in various
textbooks (Pozzer-Ardenghi and Roth, 2004). For instance, there
are indications that, when students interact with appropriate
VRs depicted in textbooks, their competence in the relevant
topics increases (Carney and Levin, 2002; Ainsworth, 2006;
Eliam and Poyas, 2010). Also, VRs can operate as memorizing
aids, since there is evidence that, information in a text con-
nected to VRs can be memorized more easily by the students
in comparison to those, without any connection to VRs
(Schnotz, 2002).

VRs can refer to any of the three levels that Johnstone (1991,
1993) has introduced, i.e. the macroscopic, the submicroscopic
and the symbolic, or to any of their combination. The repre-
sentation of chemical phenomena at these three levels, known
as ‘chemistry triplet’, is one of the most powerful ideas in
chemical education over the last 30 years, despite its multiple
interpretation and reconceptualization in diverse ways during
this period (Talanquer, 2011; Taber, 2013). However, this kind
of multiple representations is not always beneficial for the
students. As a number of researchers suggest (e.g. Kirschner,
2002; Johnstone, 2007; Nyachwaya and Gillaspie, 2016), multi-
ple representations could overload students’ working memory
depending on what it is represented and how it is presented.
Especially, when prior knowledge is limited, students cannot
easily combine simultaneously more than one representation,
since such a process increases cognitive load beyond to what
they can elaborate in their working memory (Seufert, 2003;
Cook, 2006; Cook et al., 2008). Thus, the role of the science
teachers and the instructional material is very important at this
point. A science teacher can help students in stimulating their
attention to the distinct role of each one of the representations
of the ‘chemistry triplet’ and in understanding the meaning of

them prior to any use of their combination for explanatory
reasons (Johnstone, 2007). However, as Treagust et al. (2003)
suggest, science teachers often fail to help students in such an
effort using any of the three levels or all of them without any
sufficient clarification as for their meaning and explanatory
power. On the other hand, VRs are also powerful instructional
materials and they can help students towards this direction.
As Braga et al. (2012) suggest, when a student is studying a
VR, (s)he is trying to understand its meaning by decoding and
deploying the entities involved. When a VR is appropriately
designed, this decoding can shape student’s internal representa-
tions for any of the three levels (macro-, submicro- and symbolic)
and help them in understanding the relations between them,
fulfilling a fundamental precondition for the understanding
of phenomena (Ardac and Akaygun, 2004, 2005; Gilbert and
Treagust, 2009). As a result, the appropriate design of such VRs
can ultimately lead students to the adoption of a more scientific
view through the construction of the corresponding internal
mental models (Wu et al., 2001; Pozzer and Roth, 2003; Kapici
and Savasi-Acikalin, 2015).

Specifically, the ‘VRs of microcosm’ are major didactic tools
that can stimulate the imagination of students and help them
in seeing the unseen world of particles prior to face more
complex concepts and phenomena (Close et al., 2002; Arcavi,
2003; Adadan et al., 2009). This is of great importance since a
‘view’ of this submicroscopic world can provide students with
answers for the behavior and the properties of the substances
in the real world. Any change in substances properties is due to
the corresponding change in the structures and/or the behavior
of these submicroscopic entities and thus, any explanation of
phenomena presupposes the successful connection of these two
worlds (e.g. Johnson and Papageorgiou, 2010; Papageorgiou, 2013).
Consequently, VRs providing models of these submicroscopic
entities can serve as valuable tools for the development of the
corresponding students’ internal mental models of these enti-
ties (e.g. Akaygun and Jones, 2014; Kapici and Savasi-Acikalin,
2015), contributing to the connection between the submicro-
and the macro-worlds, as well as to the interplay between all the
three levels of the chemistry triplet, in general. This is the main
reason why the role of the VRs of microcosm in the school
textbooks has been studied by many researchers, acknowled-
ging their contribution to the teaching/learning procedure (e.g.
Mesa, 2004; Cook, 2006; Gkitzia et al., 2011; Mason et al., 2013;
Kapici and Savasi-Acikalin, 2015). Although the researchers
generally approach the role of this kind of VRs from various
perspectives, they all acknowledge explicitly or implicitly the
importance of their appropriate design. On the contrary, there
is evidence that any designing inattentions can lead students to
relevant misconceptions (Han and Roth, 2005; Cook, 2006;
Onwu and Randall, 2006). In those cases, the students are not
enabled to understand the correspondence between the char-
acteristics of the model in the VR and those of the submicroscopic
entities (e.g. Grosslight et al., 1991; Harrison and Treagust, 2000;
Coll and Treagust., 2003; Han and Roth, 2005), attributing
characteristics such as color or size to the submicroscopic entities
(e.g. Griffiths and Preston, 1992; Coll and Treagust, 2003;
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Talanquer, 2009; Taber and Garcı́a-Franco, 2010), describing
them as entities that they can feel or want (e.g. Taber, 2003;
Talanquer, 2013) or describing some of them anthropomorphi-
cally as alive (e.g. Griffiths and Preston, 1992; Harrison and
Treagust, 1996).

Rationale of the study

Due to the great importance of the VRs of textbooks in the
learning process, their analysis has been found many times in
the center of the researchers’ interest. However, researchers
focus on VRs from different perspectives each time, using
different tools for their analysis and leading to a variety of
conclusions. For instance, Dimopoulos et al. (2003), in order
to study textbooks’ VRs from pedagogical and sociosemiotic
perspectives, focused on their content classification, their
social–pedagogical relationships and the degree of abstraction,
elaboration and specialization of the expressive codes employed.
They found that there was an extended use of VRs in order to
help students to be familiar with technical and scientific codes.
They also found that the content of VRs varied according to the
educational level, as well as the abstraction and elaboration of
the visual codes were increasing along with the level. From a
different perspective, Souza and Porto (2012) analyzed VRs in 31
chemistry textbooks that had been used in Brazilian universities
emphasizing their iconographic elements in relation to the
represented conceptions of chemistry. Nine categories of VRs
resulted, attributing interactions between the discipline of chem-
istry, its teaching/learning context, any author’s personal charac-
teristics and society. Also differently and in a semiotics framework
involving macroscopic and submicroscopic entities, VRs in grade-
seven Korean science textbooks were analyzed by Han and Roth
(2005) in terms of their function and structure. Their analysis
suggests that, students’ difficulties in understanding the parti-
culate nature of matter are possibly due to various different
processes in interpreting the relation between the inscriptions
depicting macroscopic entities and the corresponding models
based on submicroscopic particles.

Searching the literature of science education, one can find
a variety of such methods, tools and criteria for the analysis
and categorization of the textbooks’ VRs including those of the
microcosm. In these efforts, the VRs of microcosm are usually
analyzed as a part of the total VRs of textbooks, under the
implementation of a single analyzing idea or scheme for all the
VRs. However, taking into account the paramount importance
of students’ understanding of the microcosm for the further
understanding of concepts and phenomena in general, it seems
imperative to focus systematically on the analysis of exclusively
the VRs of microcosm, in a way that could be useful for science
teachers and curricula designers. In this context, we launched a
project in order to analyze the characteristics of the VRs of
microcosm depicted in chemistry school textbooks, which are
used in Greek secondary education during the last three decades,
generating a relevant systemic network. According to Bliss and
Ogborn (1979), a systemic network is a structured pattern of

interdependent options that can be created in an environment
that offers those options. In the present effort, the environment
is formed by the VRs of microcosm and the options are the
possible resulting categories. During the construction of this
systemic network, four distinct parts of the whole network
emerged, which constitute in fact four axes of it, concerning
the following:

(a) The main conceptual framework of the VRs.
(b) The didactic characteristics of the VRs, exploring the way in

which a VR could didactically be used (e.g. for the presentation of
an entity, for the interpretation of a phenomenon, etc.), the topics
that could be facilitated in a teaching/learning procedure, etc.

(c) The illustration characteristics of the VRs, exploring
whether a VR is a diagram, a photograph, a drawing etc, whether
it is 2-D or 3-D, whether it is realistic, symbolic, metaphoric etc.

(d) The relations of a VR to the main text of the corres-
ponding textbook (whether and how it is connected to the text,
its position in the page etc.).

The main objective of the construction of the whole systemic
network was to help researchers, science teachers and curricula
designers in identifying the plethora of codes (symbols, ways/
kinds of representations, features, etc.) employed in these VRs and
the plethora of ways in which VRs can be used, as well as, in
determining possible causes of relevant students’ misconceptions
when interpreting these codes. In some axes, a further exploration
across grades was found to be interesting, whereas in others,
the interest focused on their progress through these three
decades. The present paper refers to the analysis of these VRs
regarding their main conceptual framework across three grades
of Greek secondary education.

In this context, the following research questions are addressed
in the present study:
� How can the main conceptual framework of the VRs

of microcosm, which are included in the Greek secondary
chemistry textbooks over the last thirty years, be categorized in
a systemic network, in order to better understand the attributes
they include and the ways of their interpretation, as well as to
identify possible causes of students’ misconceptions?
� How often can the corresponding categories of such a

network be found in the VRs of microcosm of Greek secondary
education across grades and how could any differences be
related to the chemistry curricula design?

Method
The sample

For the needs of the present work, nine textbooks of chemistry,
which have been used in Greek secondary education over the
last three decades, were studied and their VRs of microcosm
were analyzed (see Appendix 1). Three of them have been
textbooks of the 8th grade, three of the 9th grade and three
of the 10th grade. The sample comprises a total number of 221
VRs of microcosm, 66 of which are VRs of the 8th grade, 92 of
the 9th grade and 63 of the 10th grade. In addition, although
the textbooks of the sample have some differences in their
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relevant units comparing to each other, an outline of these
textbooks units in each grade can be presented in Table 1.

Throughout the sample, a ‘VR of microcosm’ was considered
to be any visual object representing either (a) entities of
the submicro-level, such as atoms, molecules, ions or sub-
atomic particles, using various scientific codes for their depic-
tion, such as structural formulas, ball-and-stick models or
appropriate symbols/signs, or (b) entities of the macro-level,
which analogically or metaphorically refer to corresponding
entities or phenomena of the microcosm, such as those of
Fig. 1 and 2. The ‘unit of analysis’ was the VR itself and its
caption. Any text connected to the VR, although studied, was
not analyzed.

The procedure of analysis

For the analysis of VRs the phenomenographic method
was implemented (Marton, 1986; Marton and Booth, 1997;
Albertazzi, 2013) that explores the qualitatively different ways
in which one can experience and understand a situation.
Although a VR expresses the ways in which its designer experi-
ences the situation, in a phenomenographic analysis the explora-
tion is based primarily on the experiences of the researcher and
secondarily on those of the designer/author of the textbook. The
‘situation’ in the present study is the microcosm and the
‘exploration’ concerns its visual representations in Greek chem-
istry textbooks through our experiences.

In this context, a qualitative content analysis (Mayring, 2000)
was applied for the sample, using an inductive approach for the
formation of the categories. For each one of the ‘units analysis’,
all the existing data were phenomenographically explored, in

order to form the corresponding categories. As this procedure
was going on, a common coding system was adopting for each
category. On this basis, a systemic network was developed
(Bliss and Ogborn, 1979; Bliss et al., 1983) comprising the four
distinct parts, i.e. the four axes, reported above. One of these
axes concerns the main conceptual framework of the VRs,
which is the one presented in this paper. In order to bring this
axis in its final form, three researchers independently applied it
in parts on the corpus of the sample. During this procedure, a
number of VRs were given to the researchers in order to
categorize them in the existing categories. When this was not
possible, new categories were created or existing categories
were modified. The categorizations of the three researchers
were compared to each other and any disagreement was
discussed in a meeting in order to reach an agreement. This
procedure was repeated until the entire sample has been
examined and a total agreement has been achieved. Fig. 3
shows the total procedure followed by the researchers during
the analysis of the present axis concerning the main conceptual
framework of the VRs. As it is presented in Fig. 3, after the
formation of the final categorisation scheme, a basic quantita-
tive analysis follows using descriptive statistics. For this analysis,
the frequencies of the VRs of each one of the three grades
were examined and the corresponding percentages (%) of final
categories were calculated separately in each grade, whereas the
total percentages of final categories were also calculated on the
basis of the entire sample.

Table 1 Numbers of VRs per unit

Unit 8th grade (66) 9th grade (92) 10th grade (63) Total (221)

Structure of matter 36 0 11 47
Chemical bond 3 0 18 21
Chemical changes 7 3 3 13
Changes of states 0 0 12 12
Elements and their properties 14 13 4 31
Inorganic compounds and their properties 5 12 1 18
Organic compounds and their properties 1 60 11 72
Mixtures 0 4 3 7

Fig. 1 A photo of some (macroscopic) ball-and-stick models made of plastic.
The figure is taken from the 10th grade textbook (Liodakis et al., 2011).

Fig. 2 An analogy for the hydrogen covalent bond. The figure is taken
from the 8th grade textbook (Frassari and Drouka-Liapati, 1993).
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Results and discussion
The systemic network

Fig. 4 presents the part of the systemic network resulting from
the analysis of the VRs of the present study, which concerns
their main conceptual framework. In the network, elementary
categories are combined in order to form more general cate-
gories or further general categories. Reading the network from
the left to the right, a number of paths can be followed from
more general categories to more elementary categories passing
through one out of two kinds of notation; that is, a curly bracket
or a square bracket. In a curly bracket (case a, Fig. 5), one can
choose to pass from the general category (on the left) to one or
more elementary categories (on the right), whereas in a square
bracket (case b, Fig. 5) (s)he has to choose one of the elemen-
tary categories excluding any other.

On this basis, Fig. 4 shows that the main conceptual
framework of a VR of the sample focuses on entities and/or
events and/or relations. In the first case, a VR is an attempt to
represent one or more entities of the microcosm in order to
identify them and/or describe their characteristics. An entity can
be identified at the submicro-level as a particle (atom, molecule,
etc.) that is depicted as a circle, a sphere or any other appro-
priate way conventionally accepted by the scientific community.
In Fig. 6 for instance, the ions of Na+ and Cl� can be identified
in a lattice of NaCl depicted as spheres. An entity could also be

identified at the macro-level through a scientific model of the
microcosm, which analogically or metaphorically refers to the
corresponding entities of the microcosm, (e.g., a photo of a
plastic ball-and-stick model, Fig. 1) or a common macro-entity,
which is directly connected to a submicroscopic entity (e.g. a
macroscopic view of a piece of diamond in connection to its
corresponding microscopic view, Fig. 7). In addition, a number
of chemical symbols could be used in a VR of microcosm for
identification purposes (category symbolic). These could be
symbols clarifying the depicted submicro-entities (e.g. symbols
Na+ and Cl� on the depicted balls representing the corres-
ponding particles in a lattice of NaCl, Fig. 6) or symbols with an
iconic value, such as Lewis structures or structural formulae,
representing in fact submicro-entities in a symbolic way
(Talanquer, 2011). However, a VR can also describe the char-
acteristics of one or more entities of the microcosm. These could
be qualitative, such as composition or structure, and/or quanti-
tative, such as size, and/or number of entities. For instance, the
VR of Fig. 6 describes qualitative characteristics, including
composition and structure of the NaCl lattice, and quantitative
characteristics, showing the relevant size of Na+ and Cl� for a
number of such entities. On the contrary, in the VR of Fig. 7,
although it describes similarly qualitative and quantitative
characteristics, there are no data concerning the size of the
carbon atoms.

When a VR of the microcosm focuses on event(s), the aim
could be the presentation of one or more events themselves.
In this case, a specific identity could be attributed to an event.
Thus, an event could be identified at the submicro-level as a
specific chemical reaction (see Fig. 8, upper part), a formation of
a chemical bond (see Fig. 9), an existence of a flow of charges
in an electric circuit or in an electrolysis process, etc. For the
same purpose, however at the macro-level, a VR of microcosm
could also depict a macroscopic view of an experimental setup
combined with submicroscopic elements, such as an electro-
lysis setup (Fig. 10), a heating device or an electric circuit. At the
same level (macro-), an everyday analogous, such as that one of
Fig. 11 (analogous to enzyme activity), could be depicted in order
to help students to identify the event. In addition, a number of
chemical symbols could be also depicted here (see Fig. 8, lower
part) in order to determine through a symbolic way what is
already depicted at the submicro-level (category symbolic).

However in a VR, the process of an event can be also
depicted. In this case, the categorization deals with how this
event happens. More specifically, in an event either, entities
could just be moving remaining unchanged, such as electrons
around the nucleus, or entities could change through a chemical
change or a transformation of atoms to ions (and vice versa). The
VR of Fig. 11 for instance, additionally to its contribution in
identifying an event (as reported above), could help students to
understand analogically how during this event an enzyme acts
in order to change the initial entities into others (chemical
change). Similarly, Fig. 9, additionally to its contribution in
identifying sub-atomic particles (entities) and the formation of
a bond (event), could help students in understanding both,
the structure of the two atoms that involve many sub-atomic

Fig. 3 A schematic presentation of the procedure of analysis concerning
the axis of the main conceptual framework.
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entities (characteristics of entities) and how the movement of an
electron can transform atoms to ions (processes of the event). On
the contrary, the VR of Fig. 10, apart from the depiction of
particular entities (as for their identity and characteristics), can
help in understanding the event as an identity (a chemical
reaction), but not as a process.

The focus of a VR could also be on the description of
relations. These relations could be either, between submicro-

entities as for particular characteristics (e.g. size of different
atoms, freedom of movement between particles in liquid and
gas states, etc.), or between characteristics of a submicro-entity
and a macro-entity (e.g. structure of a lattice and durability of
the corresponding substance). The VR of Fig. 12 for instance,
apart from the depiction of particular entities, could help
students to find relations between the atom and the ion of
lithium as for their structure, composition and size.

Fig. 4 The part of the systemic network concerning the axis of the main conceptual framework.
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Quantitative analysis

Table 2 shows the frequencies of categories of the systemic
network found in each one of the three grades and in total.
Since the number of VRs in each one of the three grades differs,
the corresponding percentages (%) of Table 2 are calculated
separately in each grade on the basis of the corresponding

number of VRs, whereas the total percentage is calculated on
the basis of the entire sample.

In order to better evaluate the distribution of VRs of microcosm
across grades, it would be helpful to have also a view of their
contextualization in the units included in the curriculum of each
grade (Table 1). As it is shown, VRs of microcosm are present in
units such as, the ‘structure of matter’, where a study of atoms,
molecules, ions and sub-atomic particles is included, the ‘chemical
bond’, ‘chemical changes’, ‘changes of states’, ‘elements and
their properties’, ‘inorganic compounds and their properties’
including acid, bases and salts, ‘organic compounds and their
properties’ and a study of ‘mixtures’ including solutions.

Comparing entities and events depicted in the VRs of
microcosm (Table 2), when the purpose is to attribute an
identity, entities are much more frequent than events. Among
entities and in particular those at the submicro-level, atoms are
more frequent than any other particle of the microcosm,
whereas ions appear to be significantly less frequent than
atoms or molecules. This holds true for all grades, even for
the 9th grade, where in the curriculum, although there is not a
focus on the ‘structure of matter’, there are relevant VRs in the
context of the units related to particular substances and their
properties (see Table 1). Although approaching the submicro-
scopic world through the atom is something reasonable since

Fig. 5 In a curly bracket (a) a VR of the general category could be found in
one or both the elementary categories A and B, whereas in a square
bracket (b) a VR of the general category would be found only in the
elementary category A or only in the elementary category B.

Fig. 6 The ions of Na+ and Cl� in a lattice of NaCl. The figure is taken
from the 8th grade textbook (Avramiotis et al., 2007).

Fig. 7 The diamond structure in connection to its macroscopic view. The
figure is taken from the 8th grade textbook (Georgiadou et al., 1997).

Fig. 8 A VR concerning a chemical reaction. The figure is taken from the
8th grade textbook (Avramiotis et al., 2007).

Fig. 9 The formation of NaCl. The figure is taken from the 8th grade
textbook (Frassari and Drouka-Liapati, 1993).
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this is one of the most fundamental idea (Feynman, 1963),
however, such an emphasis on atoms could possibly contribute
to the idea that other particles of the microcosm are just alter
forms of the atom (Taber, 1998, 2003). On the other hand,
entities at the macro-level are less frequent comparing to those
at the submicro-level and show an increasing rate of their
percentages (%) from the 8th to the 9th and 10th grades. Such

a manipulation of the VRs across grades could be justified by
the findings of a number of studies (Seufert, 2003; Cook, 2006;
Cook et al., 2008) according to which, learners with low prior
knowledge cannot understand and combine simultaneously
different kinds of representations, focusing rather on the more
familiar one. Thus, students for instance, of the 8th grade,
whose prior relevant knowledge is very limited, could not have
benefits from a coexistence of macro- and submicro-representations,
rather the opposite. However, this justification contradicts to the
corresponding manipulation of the symbolic representations,
which does not follow the same rationale across these three
grades (Table 2). On the contrary, what is obvious for the symbolic
representations is that, the category ‘symbols with iconic values’ is
much more present in the 9th grade than in the other two grades.
It seems that in this grade, the VRs designers found the focus of
the curriculum on particular substances and their properties (see
Table 1) as an opportunity to familiarize students with chemical
symbols, to a certain degree. As Nyachwaya and Wood (2014)
suggest, the content of a textbook and the corresponding curricula
play a significant role in the presence of symbolic representations
in the textbook. When they analyzed chemical representations
in physical chemistry textbooks they found an overwhelming
presence of symbolic representation over the macro- and
submicro-representations; they attributed this presence to the
character of physical chemistry curriculum.

Fig. 10 VR of a chemical reaction, where an experimental setup is
also included. The figure is taken from the 8th grade textbook
(Avramiotis et al., 2007).

Fig. 11 An analogy for the activity of an enzyme. The figure is taken from
the 9th grade textbook (Georgiadou et al., 1998).

Fig. 12 The atom and the ion of lithium: relations as for their structure,
composition and size. The figure is taken from the 8th grade textbook
(Avramiotis et al., 2007).
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Regarding the characteristics of entities, VRs of microcosm
frequently include depictions of their structure, composition
and size, where usually many entities participate. Although
there are some differences among grades due to corresponding
differences in the curriculum, e.g. the emphasis on structures
and composition than on size in the 9th grade, probably due to
the focus on the structure and the composition of particular
substances in this grade, the percentages of entities character-
istics are generally quite significant.

Among events, expectantly for VRs of chemistry textbooks,
chemical reactions dominate as identities at the submicro-level,
although their percentages are not generally high. Chemical
reactions are more frequently identified in the 8th grade, where
they are explicitly introduced at the submicro-level, and the 9th
grade, where they are studied in the context of the properties of
particular substances also at the submicro-level, whereas their
frequencies decrease in the 10th grade. Similarly, symbolic
representations of events show a decrease rate from the 8th to
the 10th grade. This is possibly due to the effort of the VRs
designers to offer more visual aids to the students of the lower
grades in order to be familiar with chemical reactions at the
submicro- and the symbolic levels. On the contrary, symbolic
representations of chemical reactions are much more frequently
identified inside the main text in the 9th and especially in the
10th grade (something that is not under consideration in the
present study), justifying their absence from the corresponding
VRs. In accordance with Kapici and Savasi-Acikalin (2015), who
found an increasing presence of symbolic representations in
Turkish middle school science textbooks from sixth grade to

eighth grade, the total presence of symbolic representations in
the school textbooks becomes more intense along with the
grade. However in our case, it seems that the interest of text-
book designers conveys from the VRs of microcosm to the
symbolic representations inside the text as the grade increases.
In other words, designers possibly pay more attention to
familiarize the students of higher grades with the chemical
language, something that is expressed via the frequent use of
chemical equations (at the symbolic level) inside the main text
rather, than to use VRs of microcosm with coexisted submicro-
and symbolic levels as a result of the consideration that the
students of higher grades have the prior knowledge to benefit
from such a coexistence. In addition, designers of VRs in all the
grades do not pay significant attention to connect submicro-
and macro-levels also here; percentages in identifying events at
the macro-level are very low. As Treagust et al. (2003) suggest, it
seems that students’ ability in connecting the submicroscopic
events to the real world is overestimated.

As for the processes of the events, it seems that the focus is
rather on the category of chemical change. However, there is also
a decrease of the percentages (%) concerning the processes of
chemical changes from the 8th to the 10th grade, probably due to
their increasing presence in the main text in the form of chemical
equations (as reported above). The fact that the depiction of
events is limited, together with the also limited description of
their process, leads to the conclusion that information concerning
a dynamic aspect of the VRs of the sample is missing here.

When focusing on relations, the emphasis is rather on those
between submicro-entities as for an attribute. There are not

Table 2 Percentages % (and numbers) of VRs per grade

Categories 8th grade (66) 9th grade (92) 10th grade (63) Total (221)

Entities Identity Submicro Molecules 42.4 (28) 33.7 (31) 55.6 (35) 42.5 (94)
Atoms 75.7 (50) 36.9 (34) 69.8 (44) 57.9 (128)
Ions 18.2 (12) 14.1 (13) 28.6 (18) 19.5 (43)
Sub-atoms 16.7 (11) 3.3 (3) 7.9 (5) 8.6 (19)

Macro Scientific models 4.5 (3) 10.7 (10) 14.3 (9) 10.0 (22)
Common macro-entities 15.2 (10) 19.6 (18) 20.6 (13) 18.6 (41)

Symb. Symbols clarifying entities 36.4 (24) 21.7 (20) 23.8 (15) 26.7 (59)
Symbols with iconic values 4.5 (3) 41.3 (38) 7.9 (5) 20.8 (46)

Characteristics Qualit. Structure 59.1 (39) 70.7 (65) 60.3 (38) 64.3 (142)
Composition 54.5 (36) 56.5 (52) 49.2 (31) 53.8 (119)

Quantit. Size 45.5 (30) 21.7 (20) 49.2 (31) 36.7 (81)
Number of entities One entity 18.2 (12) 28.3 (26) 4.8 (3) 18.6 (41)

Many entities 71.2 (47) 64.1 (59) 92.1 (58) 74.2 (164)

Events Identity Submicro Chemical reaction 21.2 (14) 23.9 (22) 7.9 (5) 18.6 (41)
Charges flow 4.5 (3) 0.0 (0) 3.2 (2) 2.3 (5)
Formation of a bond 3.0 (2) 1.1 (1) 6.3 (4) 3.2 (7)
Intermolecular forces 0.0 (0) 2.2 (2) 4.8 (3) 2.3 (5)
Miscellaneous 10.6 (7) 3.3 (3) 7.96 (5) 6.8 (15)

Macro Experimental device 7.6 (5) 0.0 (0) 1.6 (1) 2.7 (6)
Everyday analogous 1.5 (1) 2.2 (2) 0.0 (0) 1.4 (3)

Symbolic 18.2 (12) 12.0 (11) 0.0 (0) 10.4 (23)
Process Movement of charges 3.0 (2) 1.1 (1) 4.8 (3) 2.7 (6)

Movement of uncharged particles 1.5 (1) 0.0 (0) 0.0 (0) 0.5 (1)
Chemical change 21.2 (14) 18.5 (17) 7.9 (5) 16.3 (36)
Atom to ion transformation 9.1 (6) 2.2 (2) 4.8 (3) 5.0 (11)

Relations Between micro-entities as for particular characteristics 22.7 (15) 15.2 (14) 12.7 (8) 16.7 (37)
Between micro- and macro-entities as for particular characteristics 13.6 (9) 6.5 (6) 14.3 (9) 10.8 (24)
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equally corresponding relations between submicro- and macro-
entities. However, an effort to familiarize students with these
relations through VRs would be rather expected to a certain
degree, due to their importance, since their understanding
is a precondition for the understanding of the real world
(e.g. Johnstone, 1991, 1993; Talanquer, 2011).

Conclusions and implications for
science education

The analysis of the VRs of the sample showed that their
main conceptual framework includes entities and events of
the microcosm as well as possible relations between them,
giving emphasis to the entities rather than to the events,
whereas relations are even less frequently found in the frame-
work. However, the systemic network of Fig. 4 could be widely
applied on the analysis of numerous VRs of the microcosm and
could be a useful tool for both, science teachers and textbooks
designers, in a more extended degree. Studying the network,
one can have a more integrated view of the codes and aspects
possibly involved in the main conceptual framework of a VR of
the microcosm. This can help when the case is the way in which
a reader (student) would possibly internalize the basic meaning
of such a framework of a VR. A science teacher for instance,
using the network, could locate categories in the main frame-
work of a VR, which had not been initially so obvious by him/
her. Thus, (s)he could help students trying to interpret the
codes employed in the VR, taken into consideration these
categories and the ways in which they could contribute to its
interpretation. In addition, (s)he could also locate codes employed
in the VR that are not included in the categories of the main
framework of this particular VR, but they could be interpreted by a
student (misleadingly) as being included.

For example, in Fig. 13, the main conceptual framework
includes the identification of sub-atomic particles (entities)
and the formation of a bond (event), as well as both, the
structure of the two atoms that involve many sub-atomic
entities (characteristics of entities) and how the movement of
an electron can transform atoms to ions (processes of the event).
However, the relative size of protons and electrons is not

included in the main conceptual framework of this VR (it is
of secondary priority) and there is not an accurate depiction,
respectively. However, it could be taken by a student as such,
leading him/her to relevant misconceptions. As Gkitzia et al.
(2011) suggest, such features of a representation constitute a
basic criterion for its evaluation and they should be clear in
order to ensure that students would understand the correct
meaning of the representation. In addition, the systemic
network can provide a teacher with a more clear view of the
usage that a VRs of microcosm can have in the context of
particular strategies. For instance, (s)he can better evaluate
whether a VR is appropriate for the presentation of an entity,
an event or a relation, whether it could be used in the context
of an interpretation process, whether it is appropriate for
questioning, etc.

Similarly, the systemic network could help designers of VRs
and textbooks in general. Although, when focusing on certain
attributes of a VR, it is possible to fail in attributing others
(Onwu and Randall, 2006), the integrated view of the entire
systemic network of Fig. 4 can help designers in anticipating
such failures and avoiding the resulting students’ alter inter-
pretations. Thus, designers can better specify the categories of
the main conceptual framework of a VR that they would like
to focus on, and to realise the multiple ways in which any
attributes of the VR could be interpreted by the students or
the teachers. Also, they could stimulate students’ attention
targeting on these specific categories through an appropriate
design or the use of clarifying captions/references. For instance,
in the case of Fig. 13, a more accurate design of electrons and
protons or a caption with an articulation clarifying the indica-
tive relevant size of them could avoid possible students’
misconceptions.

As for the distribution of the corresponding categories of the
present VRs sample across grades, the conclusion drawn is that,
the design of the curriculum/textbooks context in each one of the
grades does have a relation to the corresponding main concep-
tual framework of the VRs of microcosm, to a certain degree. In
particular, there are cases where, studying Tables 1 and 2, one
can see that the frequencies in Table 2 are higher in the
categories of VRs that are contextualised in relevant units of
Table 1. For instance, the frequencies of the categories relating
to the identity of entities at the submicro-level (atoms, mole-
cules, ion, sub-atomic particles) are higher in the 8th and 10th
grades, where the curriculum focuses especially on the ‘structure
of matter’ and the ‘chemical bond’, comparing to the 9th grade,
where this unit is not included. On the contrary, in the 9th grade,
where the curriculum focuses on particular substances and their
properties (see Table 1), the frequencies corresponding to the
symbols with iconic values are higher (see Table 2). Nevertheless,
it is worth noting that even in this grade (9th) the frequencies
corresponding to the submicro-level, although lower, are notice-
able. This could support the aspect that the systemic network is
useful in any grade, since its categories can be found in VRs of
microcosm contextualised in a plethora of topics. On the other
hand, there are cases, where the curriculum is not probably the
determinative factor for the main conceptual framework of the

Fig. 13 A VR showing the movement of an electron that transforms
atoms to ions during the formation of NaCl. The figure is taken from the
10th grade textbook (Liodakis et al., 2011).
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VRs of microcosm across grades. For instance, the decrease of
frequencies in the category chemical change (in the process of
the events) in the 10th grade seems to be due to a policy to
familiarize students of that age with the chemical symbols
using chemical equations inside the text, rather than due to
the curriculum.

However, the question still remaining is how can the design
of a VR of microcosm improve the teaching/learning procedure?
For instance, a VR of the microcosm only at the submicro-level
can help students to imagine and ‘see’ an unseen world, some-
thing that does not need any prerequisite in prior knowledge,
but it fails to connect this world with the real one; this possibly
fits to our findings concerning the relatively limited representa-
tions at the macro-level in the VRs of microcosm. On the other
hand, a VR depicted in multiple levels (submicro, macro and
symbolic) could help a student to better conceptualize its main
framework, interplaying among the levels, but this prerequisites
a significant prior knowledge basis (Cook, 2006; Cook et al.,
2008; Seufert, 2003). However, something is probably missing
here; that is the role of the science teacher. According to Seufert
(2003) this role is quite significant for the students with a
mediate prior knowledge. Students with significant prior knowl-
edge do not need any help in combining different level of
representations and these with no prior knowledge background
have difficulties in multiple representations in spite of any
help. On the contrary, students with a mediate knowledge
background can significantly improve their ability to combine
these levels when receiving instruction by a teacher. As a result,
VRs comprising multiple representations could contribute to the
teaching/learning procedure when textbooks designers intro-
duce them after a basic relevant prior knowledge background
has been established, even in lower grades. In such cases the role
of the science teacher can significantly be strengthened by the
use of the systemic network presented here, as explained above.

Appendix 1: the chemistry textbooks
which were analyzed
8th Grade

(1) Avramiotis S., Aggelopoulos V., Kapelonis G., Sinigalias P.,
Spantidis D., Trikaliti A., and Filos G., (2007), Chemistry: B’
Gymnasium, Athens: OEDB.

(2) Frassari T. and Drouka-Liapati P., (1993), Chemistry: B’
Gymnasium, Athens: OEDB.

(3) Georgiadou T., Kafetzopoulos K., Provis N., Spyrelis N. and
Xiniadis D., (1997), Chemistry: B’ Gymnasium, Athens: OEDB.

9th Grade

(4) Frassari T. and Drouka-Liapati P., (1996), Chemistry: C’
Gymnasium, Athens: OEDB.

(5) Georgiadou T., Kafetzopoulos K., Provis N., Spyrelis N. and
Xiniadis D., (1998), Chemistry: C’ Gymnasium, Athens: OEDB.

(6) Theodoropoulos P., Papatheofanous P. and Sideri F.,
(2010), Chemistry: C’ Gymnasium, Athens: OEDB.

10th Grade

(7) Liodakis S., Gakis D., Theodoropoulos D., Theodoropoulos
P. and Kallis A., (2011), Chemistry: A’ Lyceum, Athens: OEDB.

(8) Mavropoulos M. and Kapetanou E., (1998), Chemistry: A’
Lyceum, Athens: OEDB.

(9) Sakellaridis O. P., (1990), Chemistry: A’ Lyceum, Athens:
Idrima Evgenidou.
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