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Abstract: Narrow interpretations of Piagetian theory have led to assumptions that children are
unable to grasp complex concepts, yet Bruner contended that any subject could be taught to any child
in some intellectually honest way. Our work with separate groups of primary-aged children, in
different scientific fields, indicates that children can attain understandings of complex concepts,
particularly with the aid of tangible models. Children aged 7 and 10 years used a simple model made
of wool to understand aspects of DNA, genes and inheritance, and children aged 9 years used models
of atomic orbitals and magnetic atoms of elements to understand aspects of atomic-molecular theory.
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Introduction
Inhelder and Piaget (1958) suggested that children pass through four defined stages of cognitive
development. From infancy to age 2 years, children are in the sensorimotor stage, and from ages 2 to
7 years, children are in the pre-operational stage, during which they cannot conserve quantity nor
think logically. The concrete operational stage occurs between the ages of 7 to 11 years, in which
children begin to think logically but only with practical aids. From ages 11 to 16 years and onwards,
children transition to the formal operational stage with the development of abstract thinking. On the
basis of Piagetian theory, curriculum writers often delay the introduction of abstract concepts such as
DNA and atoms until children are in the middle of the proposed transition to the formal operational
stage.
In contrast with narrow interpretations of Piagetian theory, Bruner (1960) suggested that no content
should be off limits for school-age children. He said
We begin with the hypothesis that any subject can be taught effectively in some
intellectually honest form to any child at any stage of development. It is a bold
hypothesis and an essential one in thinking about the nature of the curriculum. No
evidence exists to contradict it; considerable evidence is being amassed that
supports it. (Bruner, 1960, p. 33)
Bruner went on to suggest that children are able to get an intuitive grasp of a complex concept before
they have the background and maturity to deal with the same topic in a formal manner. More recently,
Lehrer and Schauble’s (2000) research showed that revisiting science ideas enables students to
understand and apply concepts that they would not typically understand until several years later.
The work reported here results in the integration of theory from Piaget and Bruner. We acknowledge
the need for concrete or tangible examples to engage children at the ages of Piaget’s concrete stage.
We also concur with Bruner that any topic can be taught to children in some way. With appropriate
models and sound pedagogy, the children we studied came to higher order understandings that appear
to surpass their concrete stage as delineated by Piaget.

Theoretical Framework
The word “model” has a wide range of meanings, from miniature replica (such as a model airplane or
car), visual representation (such as an animation of cell division) to a conceptual structure (such as
using the analogy of a life cycle when discussing the future of the Sun). Stewart, Cartier, and
Passmore (2005) adopted a narrow definition of a scientific model as a conceptual structure that
describes natural processes or relationships. In their schema, physical entities are representations of
models but are not models themselves. They pointed out that whilst students think of models as
physical entities, scientists readily think of models as theoretical constructs. They contended that if we
want students to emulate scientists, we should give them regular opportunities to engage in devising
and refining scientific models. We assert that it is important to have children engage with theoretical
models, but in this paper, we adopt the broader concept of model, as espoused by Harrison and
Treagust (1998, 2000) and more recently by Krajcik and Merritt (2012), that includes mental,
physical, and visual representations. In particular, we focus on the strategic use of physical models as
a way of helping students attain conceptual understandings.
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Harrison and Treagust (1998, 2000) and the National Research Council [NRC] (2005) explained that
students may have difficulty in understanding such different interpretations of models and so this
should be addressed from the outset, clarifying the specific meaning(s) to be applied. In both cases to
be discussed, this was a deliberate aspect of the pedagogical approach to the use of the tangible
models.
Harrison and Treagust (2000) presented a full typology of models, but at the simplest level, models
can represent objects or events. This includes objects that are too small (e.g. atoms) or too big to see
or bring into the classroom (e.g. a planet), that no longer exist (e.g. a dinosaur) or are yet to be
invented (e.g. a new product). Events include those that occur too slowly (e.g. evolution) or too
quickly to see (e.g. a chemical reaction), events that happened long ago (e.g. the Big Bang) or are yet
to occur (e.g. the end of the Sun).
Using models can have many benefits for students. They:
•
•
•
•
•
•

give students think time to grapple with ideas and challenges,
help organise thinking,
can assist students to devise an appropriate series of steps in a process,
help students develop a modelling language and understanding of conventions (such as
showing a zoomed-in view),
are particularly helpful for understanding connections and cause-and-effect, and
show that rival explanations are possible (Harvard, 2008).

However, some issues have been identified concerning the use of models. These issues are, in many
cases, similar to those identified with the use of metaphors and analogies in teaching. According to
Quay and Frangos (2010), these include being an approximation and therefore inherently inexact,
reflecting our incomplete understanding of a process, and containing uncertainties with regard to
parameters, especially the starting points or boundaries of the real process being modelled. The
model is also only as good as the data that went into creating it, and models are generally a
simplification to achieve a particular purpose. Like analogies (Harrison & Treagust, 2006), all models
break down at some point in their depiction of ‘reality’, and it is important that students understand
this breakdown. It is beneficial to have children discuss the reasons why models are useful and the
limitations of models for themselves (Harrison & Treagust, 1998, 2000).
There has also been considerable debate in the literature about the efficacy of models for different
ages and stages of development. The two sides of this debate fully outlined in Venville and Donovan
(2008) is summarised below:
1. Children who have not reached formal operational thinking lack the capacity to draw
comparisons between a model/analog and the target, therefore using models is contraindicated before the age of 11 years
2. Younger children who are still in the concrete stage of thinking can benefit from concrete
models, and the use of these helps them to visualise and achieve complex understandings of
non-tangible phenomena and processes.
One of the aims of the larger study, of which Case Study 1 is a subset, was to attempt to shed light on
these opposing points of view.
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Our Research
Participants and Methods
Case Study 1 is based on research conducted from 2004-2006 in metropolitan Perth, Western
Australia by the first and third authors (Jenny and Grady). Part of a larger study, the focus here is on
two groups, one consisting of 14 (out of 17) Year 2 students (average age 7 years 3 months) from
non-English-speaking backgrounds at an Islamic school and the other consisting of 12 Year 5 students
(average age 10 yrs 1 month) from a state primary school. This study sought to examine the
development of children’s theories of biology, kinship, and inheritance. To expose the children to the
physical relationships between DNA, genes, alleles, and chromosomes, the first author (Jenny)
devised a simple model made of wool. This model was used to explore the similarity of parents and
offspring in terms of inheritance. Publications previously based on this work include Donovan and
Venville (2005) and Venville and Donovan (2007, 2008) where details of the methodologies and
findings are provided.
Case Study 2 is based on research conducted in 2013 in a Catholic school in metropolitan Brisbane,
Queensland by the first and second authors (Jenny and Carole). The participants were a single class of
26 Year 4 children (average age 9 years 9 months) and one Year 1 child (Marcia, aged 6 years who
was present by the request of the parent). It was a diverse class. Three children (Kensei, Oliwia and
Nadine) had English as their second language (ESL), with the latter two arriving late into the program
from a holiday in their home country. Joel, another ESL student, had Speech-Language Impairment
(SLI). Edward had been designated as SLI and Intellectually Impaired (II), and required an
individualised learning program. Loughlin had been diagnosed with Autism Spectrum Disorder
(ASD) and Danisha was Hearing Impaired. This research sought to verify claims of success made by a
science teacher, Ian Stuart, who had developed a program of lessons to introduce atomic-molecular
theory to young children. Models of atomic orbitals and magnetic atoms of elements devised by Ian
are the focus of this paper. Some of this work has been published in Donovan and Haeusler (2014)
where details of the methodology and the findings of the pre and post-interviews are provided.
In both cases, ethical permission was sought and obtained from the Universities and education
systems, and informed consent obtained from school principals, teachers, parents, and children to
conduct the research. Semi-structured interviews (Creswell, 2005) was the technique of choice for
these age groups, allowing the interviewers (the authors) to expand on set questions with further
explanation as necessary, and with probing questions to elicit more information. Interview response
sheets to note answers and facial expressions supported audio recordings. Pre-interviews were
conducted prior to exposure to the pedagogy and the models. The intervention in Case Study 1 was
just one lesson, so the follow-up interviews (post-interviews) occurred some two weeks later. The
intervention in Case Study 2 comprised a program of 10 x 1 hour lessons given over a school term.
Consequently, a post-interview was conducted immediately after the program ended, and further
interviews (retention interviews) were conducted some eight weeks later to ascertain how much
information the children had retained over time. Reflective field notes written by those applying the
interventions were a useful secondary data source. Children’s names used in this paper are
pseudonyms from an appropriate ethnic background.
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Relevant Data
Case Study 1
Previous work (Donovan & Venville, 2004; Venville, Gribble, & Donovan, 2005) indicated that
children in upper primary school thought that genes and DNA were two completely separate entities,
both structurally and functionally. Genes were perceived as something that makes you resemble your
family, whereas DNA made you uniquely identifiable. This finding has been repeated with every
group of children we (Jenny and Grady) have studied over the past decade, with 25% of the most
recent group of 62 children aged 10-12 years, stating this belief (Donovan & Venville, 2014). We
have also published on the difficulty of the gene concept (Venville & Donovan, 2005), and considered
many models and analogies for genes and DNA (Venville & Donovan, 2006; Venville, Gribble, &
Donovan, 2006). The decision was taken to work with younger children who had not yet developed
this conception of difference, to see if it was possible to establish a scientifically accurate
foundational understanding that genes are made of DNA.
In the research reported here, the first author (Jenny) conducted all interviews, then devised the model
and delivered the intervention in collaboration with the class teacher, so any reference to “I/my” in the
following account refers to Jenny. One of my roles was to introduce the model to the class to
maintain consistency in that process. Initial interviews consolidated student readiness for these new
concepts, in terms of their understandings of living things and the presence of some mechanism of
inheritance. Class teachers testified to their prior use of models; there were already models in the
classrooms that the children had used or made. The first and third authors (Jenny and Grady)
collaborated on the data analysis.
Complex analogies or models with links in a chain or beads would not be suitable for 7 year olds, so I
devised a new tangible model to demonstrate that genes are made of DNA. The model needed to be
inexpensive, readily available, easy to make, easily handled, safe, yet as accurate as possible in terms
of the target understanding. It would be an added benefit if it would allow for expansion of thinking
across several years of schooling. For these reasons, I made a simple model out of wool (see Donovan
& Venville, 2005, for details).
In brief, the substance of the wool represents DNA. Different colours represent genes, linked end to
end. Shades of the same colour represent alleles, and some of the longest genes had multiple shades.
Having more than two alternative alleles for some genes was more complex than necessarily needed
at this stage, but in devising the model, I felt it was important not to introduce a misconception that
there are only two alternatives for each gene. Each student received two lengths of DNA, each with
six genes, but the variety of shades allowed for every student to have different alleles for the genes.
One DNA strand was preassembled; they had to knot the other strand together to match. In the Year 2
class, there were identical twin girls, so they were the only students who received the same DNA;
everyone else’s was different. There were no twins in the Year 5 class, but the children raised this
scenario during discussion. This simple wool model can easily make enough different DNA for a
class of 28 students.
By agreement with the teachers, no further consolidation of these ideas occurred prior to the postinterviews two weeks later. Questions about DNA, gene, allele, and chromosome were deliberately
asked in a different sequence from that presented in class. This did trip up some children in both
Years 2 and 5, but overall the level of understanding was high. Detailed results are published in
Venville & Donovan (2007, 2008). Table 1 summarises this research process and its findings. Some
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data has been abstracted from previously published results but additional insights arose from
revisiting the raw data, particularly the reflective field notes written immediately after the lessons.
Table 1: The use of the wool model to represent DNA and the resultant learning in students from
Years 2 and 5
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It is acknowledged here and to the children that the model conveys a simplistic view of genes that
does not reflect the complexity of the ‘real thing’ but it was felt that this complexity could be added
later. This is especially likely if a strong foundational understanding has already been achieved as
indicated by these findings.

Case Study 2
This research was sparked by media attention and subsequent contact with a science teacher, Ian
Stuart, who had devised a program for teaching atomic-molecular theory to students in Years 3 and 4.
His claims of success had not been verified by independent research so we (first and second authors,
Jenny and Carole), chose to conduct a pilot study with him in a new school. In this study, Jenny and
Carole shared in the design of the research, and conducted half of the interviews each, so in this
section, use of the word “we” refers to Jenny and Carole. The initial data analysis was done by Carole.
Ian is referred to by name. The classroom teacher opted to maintain a background role, seeing herself
as an “expert learner” in this project.
Ian had already designed and built his own classroom sets of models to suit his program. These
include atomic models with shells for building concepts of atomic structure, the octet rule and valency
(an example of which is shown in Figure 1), and magnetic atoms with which to assemble molecules
(an example of which is shown in Figure 2). Figure 1 shows an overhead view of an atomic model
completed by a student to show the proton and electron configuration of neon (neutrons are omitted
for simplicity) and Figure 2 shows an assembled model of methane.

Figure 1: Atomic model showing neon (Ne).	
  

	
  

Figure 2: Molecular model of methane / Both types of models designed and constructed by Ian
Stuart.
In this study, we used pre-interviews to ascertain students’ initial understandings (if any) of atoms,
molecules, elements, protons and electrons, and their attitudes towards science. Post-interviews were
conducted after the conclusion of the program, and retention interviews eight weeks later. Table 2
summarises the research process and findings for Case Study 2 in line with that shown in Table 1 for
Case Study 1.
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Table 2: The use of atomic and molecular models and the resultant learning in students from 26
students in Year 4 and 1 student in Year 1
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Figure 3: Seb’s oxygen atom

Figure 4: Loughlin’s formation of a water molecule

	
  
Figure 5: Oliwia (ESL) drew a complex made-up molecule correctly
	
  
Data analysis further highlighted the positive influence of the models. Children could clearly
express more understandings about atoms when manipulating the model than by verbal or drawn
means and very little learning was lost two months later as shown by Figure 6.
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Figure 6: Children’s understandings of atoms in different modes in post and retention
interviews
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Figure 6 shows that drawings allowed children to express more understanding than they could
accomplish verbally, but all could use a model to build an atom. Given the diversity in this
participant group, this indicates that models were accessible to all children, despite language,
sensory, or intellectual impairment. Similar improvements were noted in the children’s capacity
to express their understandings of molecules as shown in Figure 7.
Figure 7: Children’s understandings of molecules in different modes in post and retention
interviews
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Figure 7 shows that confusion, evident when speaking or drawing molecules, disappeared when
the model was used to build molecules, and that nearly all children could build a molecule with
the model. There was improvement over time. Collectively, Figures 6 and 7 indicate that models
are a powerful way for young children to express their understandings about concepts that are
generally considered too abstract and intangible for them to grasp.

Discussion
The findings from Case Study 1 indicate the power of a tangible model to help young children
imagine something as complex as genes and DNA, resulting in understanding not only of the
model as presented, but understandings that were generalised beyond the model. By carefully
introducing the model at the start, then revisiting the same ideas at the close of the lesson, the
children realised and could later articulate that the model represented DNA; it was not actually
DNA. In education, research has to do no harm, so it was not feasible to find similar Year 2 and
Year 5 classes and attempt to teach them about DNA in a theoretical manner, without recourse to
the model. This could have left students with misconceptions, confusion, and/or feelings that
genetics will always be too difficult for them. However, our experiences as teachers led us to the
strong intuition that a theory-only approach would not have resulted in such robust learning.
Also striking was the capacity of such young children to engage with these concepts, and their
excitement and interest in doing so. The children were on task throughout the lesson and the
depth of their questions enabled exploration of all the fundamental understandings anticipated,
and more. Having formerly battled to engage high school students with these concepts, this
experience permanently changed the first author (Jenny)’s thinking about science in primary
school. I could see that this is when students are eager for this knowledge; to use an analogy, they
were drinking it in eagerly instead of my having to force it down their throats. This made
engaging with these ideas a far more pleasant experience for all. This experience fired my
ongoing drive to find out more about what primary children are capable of grasping with
appropriate support, and to press for more engagement with these ideas in primary schools.
As an aside, Case Study 1 also demonstrates the value in revisiting old data with the benefit of
fresh eyes and hindsight. The discrimination between fundamental understandings and higher
order thinking seen in the data and articulated here is novel. This sheds further light on the power
of the model to assist in developing children’s understandings of complex concepts, indicating
that it has the capacity to promote higher order conceptualisation and generalisation, even when
used in only one lesson.
The findings from Case Study 2 show that a very diverse group of young children can
substantially engage with atomic-molecular concepts when introduced with thoughtful pedagogy
involving as much hands-on activity as possible. To that end, models were purpose-designed and
used extensively during the lessons to illustrate key concepts about the structure of atoms and
molecules. All the children, even Edward with intellectual and speech-language impairment,
acquired some fundamental understandings of atoms and molecules. Most were able to acquire a
considerable amount of knowledge of these topics, and this knowledge was generally robust, as
seen in the retention interviews. Higher order thinking is evidenced in questions which required
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application of knowledge and understanding in new situations and examination of the limitations
of a physical model.
Figures 6 and 7 graphically indicate the power of the model not only in the active learning phase
but also as a particularly effective means of expression of understandings gained. As reported
fully in Donovan and Haeusler (2014), the children’s attitudes towards science, already positive,
were only enhanced further by their engagement with the program.
Taken collectively, Case Studies 1 and 2 demonstrate that children are capable of using physical
models, adhering to Harrison and Treagust’s (1998, 2000) and Krajcik and Merritt’s (2012)
definition of models, to arrive at some level of conceptual or theoretical model, such as
promulgated by Stewart, Cartier, and Passmore (2005). Children in Case Study 1 made important
generalisations from the model to their existing conceptual frameworks about living things and
inheritance. In Case Study 2 children were able to use their knowledge acquired from their use of
the models to attain higher order thinking such as predicting the bonding capacity of atoms not
previously studied and building complex molecules.
In both cases, the models represented something too small to be seen, and made invisible and
intangible objects and processes visible and tangible to the students. The models were carefully
introduced in ways that made it clear that the models were only physical representations of a
thing, not the thing itself. Children subsequently showed that they are capable of grasping this
understanding. No harm to children’s understandings from using the model was evident in the
data. To the contrary, extant misconceptions such as the separation of DNA and gene were
largely mitigated by exposure to the models.
In keeping with the findings from Harvard (2008), the models apparently gave children time to
think and grapple with the concepts, assisted students in Case Study 1 to understand a process,
and helped some children to develop modelling language, as some children in Case Study 2 drew
distant and close up views of the atom. Further, the models appeared to help children develop
considerable technical language, but also provided an alternative way of expressing
understandings when such language failed them.
The three of us contend that models not only help children to make meaning, but also provide
them with a powerful and effective means of conveying that meaning to others.

Conclusion
Both case studies support the use of physical models in the science classroom. Their successful
use is contingent upon the crucial step of establishing what type of model is being used, and the
reason for its use. It is also important to emphasise that the model is a representation, not the real
thing, and in concert with that, to point out limitations of the model. Combined with thoughtful
pedagogies, models provide hands-on experiences that children value and that are valuable for
them.
Models can enable young children in primary school to grapple with complex and intangible
concepts usually considered too advanced for them, and restricted to high school. Children use
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models to acquire technical language and some advanced understandings. Models are not just for
students with average or above average intellects and favourable prior educational experiences; in
Case Studies 1 and 2 they were effective for students from non-English speaking backgrounds,
and in Case Study 2 they assisted children with Autism Spectrum Disorder, sensory impairment,
speech-language impairment and intellectual impairment to attain some level of understanding.
Children enjoyed the lessons, the models, and the intellectual challenges, and were proud of being
able to learn ‘high school science’.
The findings from these case studies support Bruner’s (1960) contention that it is possible to
teach any topic to children in an intellectually honest way with appropriate pedagogy. These
findings relate to science, but many other disciplines employ models of various types. Concrete
models appear to enable children considered to be in Piaget’s concrete stage of development to
attain understandings more consistent with Piaget’s formal operational stage years prior to their
expected transition to this stage. Models not only allowed the children to make meaning, they
provided an effective means for the children to express their understandings and convey meaning
to others.
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