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Abstract 

The current study aims to investigate students’ representations of the atomic structure in a 

number of student cohorts with specific characteristics concerning age, grade, class 

curriculum and some individual differences, such as formal reasoning and field 

dependence/independence. Two specific task contexts, which were designed in accordance 

with corresponding teaching contexts for the atomic structure, one based on Bohr’s model and 

one on the quantum mechanical model, were examined as for their potential to differentiate 

initial students’ representations of the atomic structure (when no specific context was 

provided). Participants (n = 421) were students of 8
th

, 10
th

 and 12
th

 grades of secondary 

schools from Northern Greece. Results showed that, although developmental factors, like 

formal reasoning, were associated with a better representation of the atomic structure, task 

context appeared to have the dominant role, since positive associations were found between 

student cohort characteristics and representation of the atomic structure in context dependent 

tasks, even after accounting for the effects of individual differences. 

 

Keywords: Representations; Atomic structure; Context dependence; Individual differences. 
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Introduction 

Despite the paramount importance of the idea of the atom and its structure, students are often 

not aware of it and their relevant ideas appear to be quite hazy. From an ontological 

perspective, the atom is often confused with a molecule, an ion or a cell and sometimes 

described as an unspecified entity of the microcosm (Cokelez, 2012; Cokelez and Dumon, 

2005; Griffiths and Preston, 1992; Harrison and Treagust, 1996; Taber, 2003). Many students 

also consider the atom to be a living unit that can participate in biological functions, 

confusing its nucleus with the nucleus of the cell (Griffiths and Preston, 1992; Harrison and 

Treagust, 1996), whereas its size is described unclearly as ‘too small’, large enough to be seen 

in a microscope, similar to that of a molecule, a ‘point of a needle’, a ‘head of a pin’ or a dot 

(Cokelez, 2012; Griffiths and Preston, 1992; Harrison and Treagust, 1996).  

 

Students’ representations of the atomic structure 

Due to the students’ difficulty in perceiving the idea of the atom, many researchers have 

investigated relevant students’ representations concerning the atom itself and its sub-atomic 

particles within a wide range of ages/grades and complexity, from the most simple and 

concrete to the most sophisticated and abstract quantum contexts (e.g., Adbo and Taber, 2009; 

Cokelez, 2012; Cokelez and Dumon, 2005; Fischler and Lichtfield, 1992; Harrison and 

Treagust, 1996, 2000; Kalkanis et al., 2003; Nakiboglu, 2003; Papaphotis and Tsaparlis, 2008 

; Park and Light, 2009; Petri and Niedderer, 1998; Stefani and Tsaparlis, 2009; Stevens et al., 

2010; Tsaparlis and Papaphotis, 2002, 2009; Wang  and Barrow, 2013). Systematic research 

generally begins around grades 6-7, where students’ difficulty in representing the atomic 

structure is quite obvious and their representations usually comprise only a dot, a circle or a 

sphere without describing further details (Cokelez, 2012; Cokelez and Dumon, 2005; Griffiths 

and Preston, 1992; Harrison and Treagust, 1996; Stevens et al., 2010). These representations 
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are connected to the students’ ‘Particle model’, where the atom is considered to be just a 

particle, without any other reference to microscopic characteristics (Cokelez, 2012; Park and 

Light, 2009). Moving to more detailed atomic structure considerations, researchers have 

identified models where students can represent the components of the atom, the compositional 

relationship between them and in some cases the existence of forces between them. These are 

reported as representations of the ‘nuclear model’ (Park and Light, 2009) or the ‘composition 

atom model’ (Cokelez, 2012; Cokelez and Dumon, 2005).  

However, more interesting are the cases where student models comprise paths of 

electrons, either with or without references to certain levels of orbits and/or to energy 

quantization. These cases are reported mostly as the ‘solar system model’ (Cokelez, 2012; 

Cokelez and Dumon, 2005; Harrison and Treagust, 1996; Nakiboglu, 2003; Nicoll, 2001), the 

‘planetary model’ (Adbo and Taber, 2009; Papaphotis and Tsaparlis, 2008; Petri and 

Niedderrer, 1998;  Tsaparlis and Papaphotis, 2009) or ‘Bohr’s model’ (Fischler and 

Lichtfield, 1992; McKagan et al., 2008; Nicoll, 2001; Papaphotis and Tsaparlis, 2008; Park 

and Light, 2009;  Tsaparlis and Papaphotis, 2009; Wang and Barrow, 2013), and are 

considered to be the most typical ones in students’ descriptions of the atomic structure. Even 

though these cases refer to scientifically and historically different models (Justi and Gilbert, 

2000), in the majority of students’ mental model categorizations as articulated by science 

education researchers, they have been treated as one and the same kind of deterministic 

model. For instance, Park and Light (2009) studied students’ representations of the atomic 

structure. Although from a scientific point of view Bohr’s model has been clearly based on 

quantum theory, the researchers incorporated all the above cases – even those without any 

references to quantum theory – into the same student model, i.e. ‘Bohr’s model’. Possible 

student references to certain levels of orbits and/or energy quantization were taken into 

account only in the formation of the corresponding sub-categories inside this model. Other 
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researchers, when they similarly blend scientifically different models in order to form a 

particular student mental model, they use appropriate representative terms, such as ‘planetary 

Bohr’s model’ (Tsaparlis and Papaphotis, 2009) or ‘Bohr/solar system model’ (Stevens et al., 

2010). In any case, this kind of mental model – let us refer to it as ‘Bohr’s model’ - appears to 

be the most dominant in students’ thinking, even in the upper grades of secondary education, 

where the conditions could probably facilitate the development of a more sophisticated 

approach to the atomic structure (Fischler and Lichtfeldt, 1992; Papaphotis and Tsaparlis, 

2008; Petri and Niedderer, 1998; Tsaparlis and Papaphotis, 2009). 

Towards a quantum description of the atomic structure, the literature shows more 

sophisticated students’ representations that are reported as ‘orbital model’ (Harrison and 

Treagust, 1996; Kalkanis et al., 2003; Taber 2005), ‘electron cloud model’ (Cokelez and 

Dumon, 2005; Cokelez, 2012; Petri and Niedderer, 1998; Stevens et. al., 2010; Tsaparlis and 

Papaphotis, 2009), ‘quantum model’ (Park and Light, 2009; Taber, 2002a, 2005) or 

‘Schrödinger model’ (McKagan et al., 2008). In these student models, concepts such as 

energy quantization, wave function or/and probability are frequently present. Similar to those 

reported above for ‘Bohr’s model’, an incorporation of scientifically different relevant models 

into a particular student mental model has also been noticed – let us refer to it as the ‘quantum 

mechanical model’. However, research has demonstrated that students generally have 

difficulties and hold misconceptions in adopting this model, since its understanding also 

requires an understanding of many other abstract concepts such as ‘orbital’ (Nakiboglou, 

2003; Papaphotis and Tsaparlis, 2008; Stefani and Tsaparlis, 2009;  Taber, 2002a,b, 2005; 

Tsaparlis, 1997; Tsaparlis and Papaphotis, 2002, 2009), ‘electron cloud’ (Harrison and 

Treagust, 1996, 2000; Tsaparlis and Papaphotis, 2002, 2009), ‘quantization of energy’ and 

‘angular momentum’ (Didiş et al., 2014; Taber, 2002a), ‘probability’ (Park and Light, 2009),  
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‘Heisenberg's uncertainty principle’ (Tsaparlis and Papaphotis, 2009) and other characteristics 

of a quantum probabilistic approach.  

 

The effect of the context 

The study of students’ representations of the atomic structure has highlighted major problems 

in understanding, which appears to grow as one moves from ‘Bohr’s model’ towards the 

‘quantum mechanical model’. However, these two models actually define two different 

teaching/learning contexts for the representations of the atomic structure and this transition 

from one model to the other appears to be problematic for students (e.g., Park and Light, 

2009; Petri and Niedderer, 1998; Taber, 2005). In such a transition, students hold many of the 

characteristics of the former context and carry them over to the latter. As a result, they have 

difficulty, for instance, to integrate the concepts of shells and orbitals, as they use them 

interchangeably, (Nakiboglou, 2003; Nicoll, 2001; Stevens et al., 2010; Taber, 2002a, 2005) 

or they confuse the electron cloud with the concept of a shell (Harrison and Treagust, 2000).  

From a teaching/learning perspective and in order to overcome these problems, Kalkanis et al. 

(2003) proposed an intensive juxtaposition of the two models during the introduction of the 

quantum mechanical model, presenting them as two entirely independent conceptual contexts, 

making thus students able to compare, differentiate and finally clearly articulate them. In 

addition, McKagan et al. (2008) suggest that, when a curriculum is designed with sufficient 

connections between such different models and enables students to compare and contrast the 

models, students may be better able to make a transition from Bohr’s model to a more 

sophisticated one. 

However, apart from the implications for the teaching/learning procedure, the idea that 

these two models (i.e. ‘Bohr’s model’ and the ‘quantum mechanical model’) define two 

different contexts, has also implications for researchers trying to explore relevant students’ 
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representations. In the process of developing an appropriate research instrument and creating 

certain tasks, a researcher has the option to define a ‘task context’ with particular contextual 

features/settings, on which students could base their representations of the atomic structure. In 

other words, ‘task context’ refers to a set of situational settings in a specific area, in which 

cueing and prompting is given to students (Sağlam, 2010). The question here is: Could such a 

task context have a significant effect on the corresponding student’s representation?  

According to a number of studies, a ‘task context’ can generally affect student 

responses (e.g. Bao, Hogg and Zollman, 2002; Bao and Redish, 2006; Didiş et al., 2014; 

Hrepic et al., 2010; Itza-Ortiz et al., 2004; Palmer, 1997; Petri and Niedderrer, 1998; Redish 

and Smith, 2008; Sağlam, 2010; Teichert et al., 2008). This is known as ‘context dependence’ 

(e.g. Redish and Smith, 2008; Bao and Redish, 2006) and it is also connected to the theory of 

‘knowledge in pieces’ (diSessa, 1993). According to the latter, student responses to particular 

questions are based on the ‘in situ’ combination of small pieces of knowledge that could 

produce inconsistent answers, since they are influenced by the contextual features of the 

questions. On this basis, when students are trying to work within two different task contexts 

towards a representation of the atomic structure, they could activate different knowledge 

resources, which would significantly differentiate their thinking. For example, in the study of 

Tsaparlis and Papaphotis (2009) on students’ atomic representations, it appears that the 

context of the tasks during the interviews and the relevant discussions affected the high-

school students’ (12
th

 grade) representations, leading those who initially provided simple 

model representations (e.g. Bohr model) to adopt a more sophisticated model (electron cloud 

model). Such context dependence could be affected by a number of factors. Wang and Barrow 

(2013), for instance, when investigated the undergraduate students’ general chemistry 

conceptual frameworks about the atomic structure, found that ‘high conceptual knowledge’ 

(HCK) students were much more context dependent than ‘low conceptual knowledge’ (LCK) 
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students. HCK students had the ability to adapt their representations of the atomic structure to 

the context of the task and thus, could switch from the Bohr model to the electron-cloud 

model using quantum mechanics descriptions in order to explain, for instance, the electron 

distribution of a polar bond. In contrast, LCK students could only work on simple models and 

had difficulties in using quantum mechanics descriptions in the context of the electron-cloud 

model.  

 

Individual differences 

The fact that student mental models of the atomic structure are distributed among a wide 

range of complexity, from the most concrete to the most abstract, suggests that students could 

also be affected by cognitive factors like individual differences. For instance, individual 

differences, such as in formal reasoning and field dependence/independence, have been found 

to be significant predictors of student performance in understanding the particulate nature of 

matter and the concept of chemical change (Stamovlasis and Papageorgiou 2012, Tsitsipis et 

al., 2012, Kypraios et al., 2014). However, to our knowledge, no study has investigated the 

effect of these cognitive factors on student mental models for the atomic structure.  

Formal Reasoning (FR), also reported as Logical Thinking, is in fact a Piagetian 

concept and it refers to the ability of an individual to use concrete and formal operational 

reasoning (Lawson, 1978, 1985, 1993). In the general context of science education many 

studies have reported a correlation between FR and student performance (e.g. Chandran et al., 

1987; Lawson, 1982; Niaz, 1996). On the other hand, Field Dependence/Independence (FDI) 

is associated with the ability of an individual to disembed relevant information from a 

complex context or, in other words, the ability to efficiently separate the ‘signal’ from the 

‘noise’ (Witkin et al., 1971). In the literature, FDI appears to be very important for the 
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conceptual understanding of science concepts (Bahar and Hansell, 2000; Danili and Reid, 

2006; Kang et al., 2005; Tsaparlis, 2005). 

 

The atomic structure in Greek secondary education 

In Greece, secondary education includes the lower secondary education, known as 

‘gymnasium’ (grades 7, 8 and 9), and the upper secondary education, known as ‘lyceum’ 

(grades 10, 11 and 12), where the 12
th

 grade consists of three directions, namely ‘science and 

math’, ‘technological’ and ‘theoretical’. Students are taught the concept of the atom, its 

structure and relevant concepts in the context of chemistry, in both lower secondary (during 

8
th

 grade, age 13-14) and upper secondary education (during 10
th

 grade and the ‘science and 

math’ direction of 12
th

 grade, ages 15-16 and 17-18, respectively). The atomic structure and 

relevant concepts are also taught in the context of physics during all three directions of 12
th

 

grade. All the relevant courses last one year. 

Particularly relevant to the context of chemistry, students in the 8
th

 grade receive a 

one-hour lesson per week about (among others) the concept of the atom, the subatomic 

particles and their characteristics, as well as an introduction to Bohr’s atomic model. In the 

10
th

 grade, during two one-hour lessons per week, students are taught the electronic 

configuration of the atom based on Bohr’s atomic model. In the 12
th

 grade, students in the 

‘science and math’ direction also receive two one-hour lessons per week, where they are 

taught (among others) the quantum mechanical model and relevant concepts, such as the 

atomic orbital, the uncertainty principle, the electron cloud and its density.  

In the context of physics, all students of the 12
th

 grade receive a one-hour lesson per 

week, where they are taught (among others) more in-depth concepts related to the Bohr 

atomic model, such as the electron stimulation or the ionization. 
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Rationale of the study and research questions  

Since ‘context’ appears to have a significant impact on students’ understanding of various 

concepts, it would be interesting to investigate whether and how this impacts students’ 

representations of the atomic structure. In particular, two ‘task contexts’ were designed in 

accordance with the two basic ‘teaching/learning contexts’ that are mainly used in secondary 

science education for the atomic structure, i.e. one based on Bohr’s atomic model and the 

other based on the quantum mechanical model. The aim was to investigate the differentiations 

in students’ representations when comparing their representations in these task contexts to the 

initial ones (where no specific task context has been given to work), in a number of student 

cohorts with specific characteristics concerning, apart from individual differences, such as 

formal reasoning and field dependence-independence, also age, grade and class curriculum. 

The aim of the study was to identify and compare students’ representations of the atomic 

structure, when presented either with these two specific ‘task contexts’ or without context, 

taking also into account student cohort characteristics and individual differences. 

With regard to individual differences, choices were theory driven considering also 

previous research findings. According to those, a number of Neo-Piagetian cognitive 

variables are identified as predictors of student achievement in science (Johnstone and Al-

Naeme, 1995; Niaz, 1996; Tsitsipis et al., 2010). Among them, formal reasoning and field 

dependence/independence were sought as closely associated with the tasks usually involved 

in the learning process related to science topics (Stamovlasis and Papageorgiou, 2012; 

Tsitsipis et al., 2010), especially those for which ‘context’ is an issue. 

Thus, the present study aims to investigate: 

1. What are the students’ representations of the atomic structure, in both the presence and 

absence of task context? 
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2. To what extent do cognitive factors (i.e. individual differences concerning formal 

reasoning and field dependence/independence) and student cohort characteristics 

(grade, age and curriculum) explain a possible variability in student competence for 

representing the atomic structure in the presence and absence of task context?  

Taking into account recent relevant research evidence, a number of hypotheses could be 

articulated: 

• Hypothesis 1: It is expected that task context will have a significant impact on 

students’ representations of the atomic structure and consequently, representations will 

differ when the context changes.  

• Hypothesis 2: It is expected that, dependently or independently of task context, an 

increase in the odds of possessing a scientifically sufficient representation will be 

associated with an increase in formal reasoning, field dependence/independence and 

student cohort characteristics (age and grade).  

• Hypothesis 3: In line with the literature (e.g. Wang and Barrow, 2013), it is expected 

that student cohort characteristics will be associated with representations, even after 

accounting for the effects of cognitive factors.  

 

Methodology 

Subjects and Procedure 

Participants were comprised of 421 students in 8
th

, 10
th

 and 12
th

 grades in secondary schools 

from Northern Greece. All schools were regular public ones, with mixed abilities classes and 

students from mixed socioeconomic background. All participants volunteered for taking part 

in the study. All classes participating in the study followed the National Science Curriculum 

for Greece (Greek Pedagogical Institute, 2003) using the same textbook for each one of the 

cohorts. Data were collected during the last semester of the school year through three paper-
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and-pencil tests (one for the atomic structure representations and two for the corresponding 

cognitive variables). Among the 421 participants, 189 were male (44.9%) and 232 female 

(55.1%), whereas the whole sample comprised students of the following four cohorts: 127 

(30.2%) students of the 8
th

 grade (age 13) as the first (1
st
) cohort, 167 (39.7%) students of the 

10
th

 grade (age 15) as the second (2
nd

) one, whereas the students of the 12
th

 grade (age 17) fell 

in the third (3
rd

) and fourth (4
th

) cohorts, where 82 (19.5%) of them attended the 

‘technological direction’ and 45 (10.7%) the ‘science and math direction’, respectively. 

Therefore, along with students’ age, this grouping also reflects the educational direction 

(‘science and math’ or ‘technological’) and the corresponding science curriculum. 

 

Instruments 

A battery of paper-and-pencil assessments was created for the purposes of the study. This 

included measures of student background characteristics, two cognitive tests for assessing 

student individual differences, i.e. formal reasoning and field dependence/independence 

respectively, and an instrument designed to assess students’ representations of the atomic 

structure.  

 

Individual differences 

The English versions of the cognitive tests were adapted and translated into Greek according 

to cross-cultural research guidelines (Beaton et al., 2000). The original scoring system for the 

translated versions was maintained. A pilot study (n = 72) was carried out in order to detect 

and correct possible errors. 

The construct validity of the two cognitive constructs was examined in the context of 

Confirmatory Factor Analysis (CFA). Due to the dichotomous/categorical nature of the test 

items (the correct and incorrect dichotomy was obtained by collapsing the options 
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representing the wrong alternatives) the analysis was performed on the tetrachoric correlation 

matrix using the WLSMV (Weighted Least Squares with Mean and Variance Adjustment) 

estimator implemented in Mplus software Version 7.31 (Muthén and Muthén, 2015). Model 

fit was evaluated using the following indices: comparative fit index (CFI), Tucker-Lewis 

index (TLI), root mean square error of approximation (RMSEA), and 90% confidence interval 

(CI) of RMSEA. According to previous research, CFI and TLI values ≥ 0.95 and RMSEA 

values ≤ .08, were considered as good indicators of the data–model fit (Hu and Bentler, 1999). 

Internal consistency of all measures was assessed using Cronbach’s alpha coefficient. Scores 

for all scales used in the study were computed by summing the items that constitute the scale.  

Field dependence/independence (FDI): The Group Embedded Figures Test was used to 

measure student field dependence/field independence (Witkin et al., 1971). The test requires 

the student to overcome misleading perceptual cues to dissembled simple figures concealed in 

complex ones. Lower scores indicate a field dependent learner; higher scores reflect a 

tendency toward field independence. The scale was treated as uni-dimensional, a structure 

which was replicated using CFA (χ
2
(152) = 313.6, p < .001, CFI = .98, TLI = .98, RMSEA = 

.050 [.042-.058]). In the current study, Cronbach’s alpha reliability coefficient was found to 

be high (.84). 

Formal Reasoning (FR): Students’ formal reasoning abilities were measured using the 

corresponding Lawson paper-and-pencil test (Lawson, 1978). The test consists of 15 items 

involving the following: conservation of weight (1 item), displaced volume (1 item), control 

of variables (4 items), proportional reasoning (4 items), combinational reasoning (2 items) 

and probabilistic reasoning (3 items). The students were asked to justify their answers. 

Lawson (1978) estimated the reliability of the original test to be .78 and reported the original 

test to have face, convergent and factorial validity. For the present study, a uni-dimensional 
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CFA model demonstrated good fit (χ
2
(84) = 105.4, p = .057, CFI = .99, TLI= .99, RMSEA = 

.025 [.000-.038]) and coefficient alpha was .77.  

Table 1 summarizes the descriptive statistics of each one of the cognitive scales. 

 

Table 1. Descriptive statistics, Cronbach alphas and cognitive scale correlation 

Scale Mean SD Min Max FR FDI 

FR 7.19 3.06 0 15 (.77)  

FDI 8.59 4.58 0 20 .49
**

 (.84) 

Note. Cronbach’s alpha reliabilities shown in parentheses 

 

 

Students’ representations of the atomic structure 

Students’ representations were investigated in the context of a wider study aiming their ideas 

on the atomic structure, in general. For the needs of this study, an instrument was developed 

in order to be used for all student cohorts. Among the total items of this instrument, three 

were developed for the assessment of the relevant students’ representations, which were 

grouped into two distinct kinds of tasks; one, independently of any context (task 1) and one, 

in dependence of two specific contexts, i.e. Bohr's model and the quantum mechanical model 

(tasks 2a, 2b, respectively). A description of these tasks is presented in Table 2. 

Students’ representations were assessed in all tasks, taking into account both drawings 

and relevant feature descriptions, according to their correctness and completeness in 

comparison to the scientific view. Student scoring categorization took into account other 

similar categorizations already presented in relevant research (e.g., Cokelez, 2012; Harrison 

and Treagust, 1996; Park and Light, 2009). A summary of the categories for all tasks is 

presented in Table 3 together with the corresponding sub-categories. Category E refers to the 

most scientifically sufficient, whereas A refers to the most naïve. 
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Table 2. Description of the tasks and possible outcomes 

Tasks Kind 

of 

Task 

Description of the tasks Possible outcomes per task 

1 

In
d

e
p

en
d
en

t 
o

f 

an
y

 c
o

n
te

x
t 

 

Students were asked to describe in details 

how they imagine the ‘atom’, if they could 

observe it through a ‘powerful 

microscope’, and to draw it 

Students’ representation of the 

atomic structure  

2a 

D
ep

en
d
e
n

t 
o

f 
th

e 
co

n
te

x
t 

 

Students were asked to represent the atom 

based on the motion of the electron as a 

particle that can move in orbits 

(Bohr's atomic model) 

 

Differentiations in relation to the 

initial student representations and 

within contextual features 

2b 

Students were asked to represent the atom 

if they imagine the electron as an electron 

cloud in various shapes 

(quantum mechanical model) 

Differentiations in relation to the 

initial student representations and 

within new contextual features 

 

In fact, the two contexts of tasks 2a and 2b could potentially lead students towards categories 

D and E, respectively. So, a shift from categories A, B and C to category D was expected in 

task 2a and a shift from categories A, B, C and D to category E in task 2b. Of course, this 

does not mean that all students shifting to D or E could fully understand the corresponding 

model, i.e. Bohr’s model in task 2a and the quantum mechanical model in task 2b; what was 

assessed in that case, was the ability of students to adapt their representations of the atomic 

structure within the given characteristics of a specific context. A possible shift from E to D in 

task 2a could also not be excluded. 
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Table 3. Summary of students’ representations of the atomic structure (scoring categories for 

all Tasks 1, 2a and 2b) 

Category Representation Descriptions of sub-categories 

A 

 

Atom-Cell model 

 

A1.The atom as a cell with biological properties of a 

living organism. 

B Particle model 

B1. Reference to particles. No clarification if it is 

about atoms, molecules and ions. 

B2. The atom as a circle, a ball or a sphere without 

reference to subatomic structure. 

B3. The atom with unclear reference to subatomic 

structure. 

C Nuclear model 

C1. Nucleus, without a clear specification of the 

subatomic components. 

C2. Nucleus with a clear specification of the 

subatomic components (e-, p, n). 

C3. Nucleus with specifications and additional 

characteristics (mass, charge, etc.) of the subatomic 

components (e-, p, n). 

D Bohr model 

D1. Subatomic components and electron moving in 

circular orbits. 

D2. Electron moving in specific shells, allowed 

circular or elliptical orbits, without references to 

quantization energy. 

D3. Reference to shells and quantization of energy. 

D4. Reference to shells, quantization of energy and 

an unclear reference to the concept of orbital. 

E 

 

Quantum mechanical 

model 

 

E1. Adoption of the ideas of the electron cloud and 

the orbital without abandon the particulate nature of 

the electron. 

E2. Adoption of the ideas of the electron cloud and 

the orbital (no reference to the particulate nature of 

the electron) 

E3. Adoption of the ‘probability’ for the nature of the 

electron without clarifying the type and the shape of 

an orbital. 

E4. Adoption of the principles of Quantum Theory 

(probability, probability density, electron cloud and 

orbital etc) with forms of orbitals (s, px, py, pz, sp) 

and density of the electron cloud. 

 

Statistical Analysis 

Given that the outcome variables, i.e. tasks 1, 2a and 2b, represent non-interval level data, 

multivariate ordinal regression analysis was employed via GENLIN in SPSS to investigate 

hypotheses 1 and 2. Three separate models were evaluated. The ordinal variables 
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corresponding to students’ representations according to the three tasks (1, 2a and 2b) were 

used as the dependent variables. Main effects of formal reasoning, field 

dependence/independence, along with student cohort characteristics were entered into the 

models.  

In order to investigate the influence of student cohort characteristics on students’ 

representations, after accounting for the effects of cognitive variables (hypothesis 3), a 

Categorical Regression Analysis model (CATREG in SPSS) was examined with student 

cohort characteristics as the outcome and the two cognitive factors as the independent 

variables. The model residuals were subsequently correlated with students’ representations 

using Kendall’s tau-b correlation coefficient.  

   

Results 

Preliminary analyses 

The distribution of representations of the atomic structure in tasks 1, 2a and 2b is presented in 

Table 4. When students represented atomic structure independently of any context (task 1), 

the nuclear and Bohr’s models (categories C and D) were the most frequent, whereas the 

quantum mechanical model (category E) appeared only in 1.9% of the responses. When this 

percentage distribution was further analysed by student cohort (Table 5) for task 1, there was 

an increasing trend towards categories E and D, from the 1
st
 to the 4

th
 cohort. Taking into 

account what students had been taught in their classes per cohort and previous research 

evidence, these results were as expected. 

With regard to the context dependent tasks (2a and 2b), shifts towards categories D 

and E were observed (Table 4). In task 2a, as expected, the majority of students appeared to 

be affected by the characteristics of the corresponding context and they represented the atomic 

structure according to Bohr’s model (65.8%), although the nuclear model still held a 
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significant percentage (26.6%). A closer look at the distribution per student cohort (Table 5) 

revealed that the effect of task context was greater in the 3
rd

 and 4
th

 cohorts, where 92.7% and 

91.1% of students of each one of these cohorts, respectively, responded within the Bohr’s 

model.   

Interestingly, the effect of context on students’ representations was even more obvious 

in task 2b, where the quantum mechanical model reached unexpectedly a percentage of 43.5% 

of the sample. The effect was even larger in the 4
th

 cohort, reaching 93.3% of the students of 

this particular cohort.  Taking into account the difficulty in perceiving the characteristics of 

this model, which also justifies the high percentage of missing values, these figures seem to 

be higher than expected. However, one should also take into account that this cohort included 

students who had been taught this model. In addition, as already mentioned, this does not 

mean that all these students have developed a good knowledge of the quantum mechanical 

model.  

 

Table 4.  Students’ frequency (n) and percentage (%) distribution of representations of the 

atomic structure in tasks 1, 2a and 2b 

Category 

Task 1 Task 2a Task 2b 

n % n % n % 

A 16 3.8 3 .7 4 1.0 

B 78 18.5 25 5.9 20 4.8 

C 165 39.2 111 26.4 48 11.4 

D 154 36.6 275 65.3 72 17.1 

E 8 1.9 4 1.0 183 43.5 

Missing 0 .0 3 .7 94 22.3 

Total 421 100.0 421 100.0 421 100.0 

 

 

Results of ordinal logistic regression 

Three cumulative odds ordinal logistic regression models were fitted to determine the effects 

of formal reasoning, field dependence/independence and student cohort characteristics on 
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representations of the atomic structure (tasks 1, 2a and 2b). The results are summarized in 

Table 6.                

 

Table 5. Percentage (%) distribution of students’ representations of the atomic structure in 

tasks 1, 2a and 2b by student cohort 

 
Task 1 Task 2a Task 2b 

Category 1
st
 2

nd
 3

rd
 4

th
 1

st
 2

nd
 3

rd
 4

th
 1

st
 2

nd
 3

rd
 4

th
 

A 4.7 5.4 1.2 .0 2.4 .0 .0 .0 2.4 .6 .0 .0 

B 22.0 19.8 19.5 2.2 7.9 9.0 .0 .0 8.7 5.4 .0 .0 

C 48.0 44.3 23.2 24.4 48.0 25.7 7.3 2.2 23.6 9.0 3.7 .0 

D 25.2 29.9 54.9 60.0 39.4 64.7 92.7 91.1 16.5 15.0 31.7 .0 

E .0 .6 1.2 13.3 .0 .6 .0 6.7 36.2 35.3 43.9 93.3 

Missing .0 .0 .0 .0 2.4 .0 .0 .0 12.6 34.7 20.7 6.7 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

 

Table 6. Results of the three cumulative odds ordinal regression models 

Task Predictor Coef. SE OR 95% CI Wald p 

In
d

ep
e
n

d
en

t 

1 FR .051 .010 1.052 1.033 1.072 28.277 <.001 

 FDI .070 .025 1.073 1.022 1.126 8.089   .004 

 1
st
 cohort -1.308 .407 .270 .122 .601 10.303   .001 

 2
nd

 cohort -1.540 .388 .214 .100 .458 15.777 <.001 

 3
rd

 cohort -1.242 .407 .289 .130 .641 9.328   .002 

 4
th

 cohort*        

D
ep

e
n

d
en

t 

2a FR .071 .012 1.074 1.048 1.100 32.842 <.001 

 FDI .059 .031 1.060 .998 1.126 3.625   .057 

 1
st
 cohort -3.385 .826 .034 .007 .171 16.789 <.001 

 2
nd

 cohort -2.783 .817 .062 .012 .306 11.616   .001 

 3
rd

 cohort -1.512 .835 .220 .043 1.132 3.282   .070 

 4
th

 cohort*        

2b FR .031 .009 1.032 1.013 1.051 10.963   .001 

 FDI .054 .025 1.055 .990 1.113 3.179   .069 

 1
st
 cohort -2.353 .616 .095 .028 .318 14.584 <.001 

 2
nd

 cohort -2.959 .606 .052 .016 .170 23.841 <.001 

 3
rd

 cohort -2.671 .623 .069 .020 .234 18.410 <.001 

 4
th

 cohort*        
*Reference category 

Note: Coef. = estimated coefficient B; SE = Standard error; OR = Odds Ratio; 95%CI = OR 95% confidence 

intervals 
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Task 1. For the first ordinal logistic regression model, the assumption of proportional odds 

was met, as assessed by a full likelihood ratio test comparing the residual of the fitted location 

model to a model with varying location parameters (χ
2
(15) = 18.509, p > .05). The deviance 

goodness-of-fit test indicated that the model was a good fit to the observed data (χ
2
(1355) = 

1042.25, p > .05), but most cells were sparse with zero frequencies in 63.2% of cells. 

However, the final model statistically significantly predicted the dependent variable over and 

above the intercept-only model (χ
2
(5) = 106.94, p < .001). Results indicated that increases in 

formal reasoning and field dependence/independence were associated with an increase in the 

odds of possessing a sufficient representation of the atomic structure in task 1, with odds 

ratios of 1.052 (95% CI, 1.033 to 1.072), χ
2
(1) = 28.277, p < .001 and 1.073 (95% CI, 1.022 to 

1.126), χ
2
(1) = 8.089, p = .004, respectively.  

Student cohort characteristics had also a statistically significant effect (χ
2
(3) = 15.820, 

p = .001). Specifically, the odds for the 4
th

 cohort (12
th

 grade students - science and math 

direction) of possessing a sufficient representation of the atomic structure in task 1 were 

(1/.270) = 3.70 times greater than the odds for the 1
st
 cohort (8

th
 grade students), (1/.214) = 

4.67 times higher than the odds for the 2
nd

 cohort (10
th

 grade students) and (1/.289) = 3.46 

times higher than the odds for the 3
rd

 cohort (12
th

 grade students - technological direction). On 

the contrary, the odds of the 2
nd

 cohort and the 3
rd

 cohort were similar to those of the 1
st
 

cohort. Finally, the odds for the 3
rd

 cohort were similar to those of the 2
nd

 cohort. All the 

effects were found statistically significant. 

Task 2a. For the second ordinal logistic regression model, the assumption of proportional 

odds was also met (χ
2
(5) = 21.134, p > .05) and the deviance goodness-of-fit test indicated 

that the model was a good fit to the observed data (χ
2
(1351) = 485.482, p > .05), but most 

cells were sparse with zero frequencies in 71.6% of cells. However, the final model 
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statistically significantly predicted the dependent variable over and above the intercept-only 

model (χ
2
(5) = 529.399, p < .001). An increase in formal reasoning was associated with an 

increase in the odds of possessing a sufficient representation of the atomic structure in task 2a, 

with an odds ratio of 1.047 (95% CI, 1.026 to 1.069), χ
2
(1) = 32.842, p < .001. The effect of 

field dependence/independence was not statistically significant.  

However, student cohort characteristics had a statistically significant effect (χ
2
(3) = 

27.230, p < .001). The odds for the 4
th

 cohort of possessing a sufficient representation of the 

atomic structure in task 2a were (1/.034) = 29.41 times greater than the odds for the 1
st
 cohort, 

(1/0.062) = 16.12 times higher than the odds for the 2
nd

 cohort and (1/.220) = 4.54 times 

higher than the odds for the 3
rd

 cohort. The odds for the 2
nd

 cohort were 1.82 times greater 

than the odds for the 1
st
 cohort. Finally, the odds for the 3

rd
 cohort were 4.54 and 3.56 times 

greater than the odds for the 1
st
 and 2

nd
 cohorts. All the effects were statistically significant.   

Task 2b. For the third ordinal logistic regression model, the assumption of proportional odds 

was met (χ
2
(5) = 12.849, p > 0.05) and the deviance goodness-of-fit test indicated that the 

model was a good fit to the observed data (χ
2
(1695) = 956.39, p > .05), but most cells were 

sparse with zero frequencies in 69.1% of cells. However, the final model statistically 

significantly predicted the dependent variable over and above the intercept-only model (χ
2
(5) 

= 85.753, p < .001). An increase in formal reasoning was associated with an increase in the 

odds of possessing a sufficient representation of the atomic structure in task 2b, with odds 

ratios of 1.047 (95% CI, 1.026 to 1.069), χ
2
(1) = 19.486, p < .001. The effect of field 

dependence/independence was not statistically significant.  

Student cohort characteristics had also a statistically significant effect (χ
2
(3) = 12.899, 

p = .005). The odds for the 4
th

 cohort of possessing a sufficient representation of the atomic 

structure in task 2b were (1/.322) = 3.10 times greater than the odds for the 1
st
 cohort, (1/.184) 

= 5.43 times higher than the odds for the 2
nd

 cohort and (1/.223) = 4.48 times higher than the 
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odds for the 3
rd

 cohort. Moreover, the odds of the 2
nd

 cohort were 1.95 times greater than that 

for the 1
st
 cohort. Lastly, the odds for the 3

rd
 cohort are 5.44 and 7.12 times greater than the 

odds for the 1
st
 and the 2

nd
 cohorts, respectively. All the effects were statistically significant. 

Finally, the unique influence of student cohort characteristics on the representations of 

the atomic structure, after accounting for the effects of formal reasoning and field 

dependence/independence was investigated. For this purpose, the residuals of a categorical 

regression analysis model with cohort characteristics as the dependent variable and the two 

cognitive factors (FR and FDI) as independent were correlated with student performance in 

each of the three tasks, using Kendall’s tau-b correlation coefficient. A non-significant 

correlation was detected for context independent task 1 (tau-b = .061, p > .05), whereas for 

context dependent tasks 2a and 2b the correlations were found positive and statistically 

significant (tau-b = .177 and tau-b = .192, p < .01). These results indicate, in the case of 

context dependent tasks, a positive association between student cohort characteristics and 

possessing a sufficient representation of the atomic structure, even after controlling for the 

effects of formal reasoning and field dependence/independence.  

 

Discussion and educational implications 

The effect of task context 

Evaluating the results in relation to the main objectives of this research, a number of 

interesting discussion points emerge. Although the differences observed in students’ 

representations of the atomic structure in relation to task context were expected to a certain 

degree, their importance is hiding in a careful examination of the results. In particular, when 

student representations were independent of any particular context, their distribution across 

the five models/categories indicates the dominance of classical and concrete descriptions of 

the atom against more abstract and sophisticated ones, in accordance with previous research 
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evidence (e.g., Fischler and Lichtfield, 1992; McKagan et. al., 2008; Petri, and Niedderer, 

1998; Tsaparlis and Papaphotis, 2009). This is more evident within each one of the four 

cohorts, taking into account their characteristics and especially the preexisting students’ 

knowledge according to the corresponding science curriculum. Despite the teaching of the 

quantum mechanical model in the 4
th

 cohort, the student percentages in Bohr’s category 

progressively increase from the 1
st
 to the 4

th
 cohort and only a small percentage of them 

responded within the quantum mechanical model. These results also indicate the powerfulness 

of Bohr’s model as a didactic tool, which is useful for the students even in the upper grades of 

secondary education. As Harrison and Treagust (2000) suggest, when this kind of models is 

appropriately being used in the class, it can help students to better explore the corresponding 

approach of the atomic structure and it could be promising for further understanding of more 

abstract and sophisticated concepts.  

With regard to hypothesis 1, it was expected that students’ representations would 

change when students had to work within specific characteristics of particular task contexts. 

Indeed, the effect of such contexts was found significant for both tasks 2a and 2b. In the 

Bohr’s context (task 2a) students reached very high percentages, which were higher than 90% 

in 3
rd

 and 4
th

 cohorts. Rather unexpectedly, it was observed that in task 2b (quantum 

mechanical context), students of the 4
th

 cohort were not the only ones affected by the context 

(very high percentage, 93.3%), but significant percentages of students in the other cohorts 

were affected as well. Although possible implications for the corresponding teaching context 

is a big step ahead, one could make speculations for the possibility to have analogous effects 

on the adoption of more sophisticated models by students through an appropriately designed 

teaching/learning process. Relevant research provides evidence to this direction. Petri and 

Niedderrer (1998) for instance, when differentiated the teaching context by setting different 

teaching inputs during a series of 80 appropriately designed lessons for the atomic structure, 
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they found that, despite the domination of the planetary model in students’ representations, 

different inputs had as a result the development of different conceptions for the atom, moving 

to a significant degree, from the planetary model to the electron cloud model.  

 

The effect of individual differences 

Apart from task context itself, individual differences also appeared to play an important role 

in the way in which students represented the atomic structure. Formal reasoning, as expected 

in hypothesis 2, and in accordance with already existing research evidence (Stamovlasis and 

Papageorgiou, 2012; Tsitsipis et al., 2010; Tsitsipis et al., 2012; Kypraios et al., 2014), 

appeared to be the most important factor, dependently or independently of the context. 

Although the Piagetian theory has been many times under criticism, since it appears as a 

developmental theory rather than a learning theory, it seems that formal reasoning - which is a 

Piagetian concept - will always play an important role in the learning process. However, what 

is the most important here is that, unexpectedly and in contrast to hypothesis 2, the effect of 

field dependence/independence, although significant in the context independent task, was not 

found statistically significant in context dependent tasks. If one conveys this to the 

educational process, it could practically mean that an appropriately designed teaching context 

can possibly eliminate the effect of FDI, contributing to a better learning outcome.  

Consequently, the findings concerning individual differences address to anyone who 

can configure the ‘teaching context’ and especially, to teachers and science curricula 

designers. As it has been suggested elsewhere (e.g., Stamovlasis and Papageorgiou, 2012), 

both of them can improve teaching outcomes, by adapting teaching context and relevant 

subject matter to the understanding level of the students of each grade and by using 

appropriately designed means, such as illustrations, diagrams, representations etc., in order to 
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stimulate student attention on critical attributes of the atomic structure, especially when this is 

studied through more sophisticated models. 

 

The effect of student cohort 

Apart from individual differences, the collective characteristics of each one of the four student 

cohorts could also have an impact on students’ representations of the atomic structure. As 

expected, our results support this hypothesis (hypothesis 3). In fact, student performance was 

found to significantly differ among all cohorts for the context dependent tasks, but only 

between the 4
th

 cohort (12
th

 grade, science and math direction, where students had received 

specific instruction regarding the quantum mechanical model) and all other cohorts in the case 

of the context independent task. More importantly, after controlling for the effects of formal 

reasoning and field dependence/independence, cohort characteristics were still positively 

associated with student performance, albeit only for context dependent tasks. What could this 

imply for the educational process, respectively? When working in a classroom without giving 

emphasis to the attributes of a particular context, a student with high performance in cognitive 

skills may have a higher probability to represent the atomic structure in a scientifically 

accepted way, independently of its cohort characteristics. However, when an appropriate 

teaching context is implemented in the classroom, the effects of individual differences are 

eliminated and the student cohort seems to play then the most determinative role. Therefore, 

the importance of context dependence in the learning process is again evident, indicating the 

significance of an appropriate science curriculum design in all grades. 

 

Conclusions 

According to the results of this study, although an escape from a Piagetian logic appears to be 

quite difficult dependently or independently of the context, the FDI factor does not have any 
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effect on students’ representations in context dependent tasks. More importantly, after 

controlling for FR and FDI, these representations are associated with student cohort 

characteristics only for context dependent tasks. Therefore, among a number of factors (task 

context, individual differences) that impact student representations of the atomic structure 

under particular circumstances, task context dependence plays the most dominant role. 

Consequently, these representations appear to be neither stable nor coherent as the theory of 

coherent models supports (e.g., Chi, 1992, 2005; Vosniadou and Brewer, 1992, 1994), but 

they are rather 'in situ' constructions made by the combination of small size pieces of student 

knowledge in the contextual features of each task. The latter seems to be in accordance with 

the theory of ‘knowledge in pieces’ (diSessa, 1993). However, since these constructions could 

be affected by all the above factors, the present findings rather support the aspect of Taber 

(2008), who suggested that the question is not simply ‘whether students’ conceptions are 

coherent or not’, but ‘which conceptions within the context of a specific topic and under 

particular circumstances appear to be stable’.  

As for the implications for the teaching and learning process, although the effect of 'task 

context' does not necessarily imply direct analogous effects of 'teaching context', some 

general considerations could be possibly made. In that context, it appears that, although 

developmental factors, like formal reasoning, will always play an important role in the 

learning process, having a significant effect on students’ representations and conceptions in 

general, the success of this process is actually defined by the role of the teacher and the 

curricula designers. A science curriculum that takes into account student characteristics in 

each grade and an appropriate teaching methodology on the basis of a compatible context, 

could potentially overcome the challenges that arise by other factors, like FDI, and drive 

students through learning paths. 
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