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Foreword

The use of the plural in the title of this book, Concepts of Matter in Science
Education, acknowledges that matter is not a singular idea. ‘Solid, liquid, gas’ — this
trio of words rolls easily off the tongue, sounding a bit like ‘animal, vegetable, mineral’,
the party game where you have to work out, by clever indirect questioning, which
is the category for some object members in turn choose.

Before we come to school, almost all of us have a sense of what is solid, what is
liquid and that air is a gas. One might expect that this intuitive and experiential
knowledge should be readily built on and developed through schooling, until all of
us have gained the precise and rich meanings in particulate terms that the physical
sciences now give to these states of matter, their transformations and their interactions.

If it were that simple, we would not be confronted with yet another book which,
as much as it suggests new approaches to the teaching of these topics, confirms that
they are still very difficult for students to learn.

One of my most vivid memories of observing school science teaching was
the painful empathy I felt for an elementary school teacher carefully following the
instructions from the Science Teacher’s Guide to communicate the distinctions
and similarities between the three states of matter and their particulate nature. The
teacher poured some water into a measuring beaker and then dropped some solid
camphor balls into another beaker, both of which were to be left over the weekend
to show the similar loss of matter through evaporation/sublimation, as an introduc-
tion to the particulate model in the subsequent lessons. When the students were
asked to describe these two actions, they confirmed that both substances had been
‘poured’, whereupon the teacher insisted she had ‘poured’ the liquid and ‘dropped’
the solids. This was just the start of the totally confusing discourse that ensued over
the next couple of lessons. In addition, the communication was not at all helped
by the rather ethereal diamonds and ghostly circles that the textbook used to
represent the subliming/evaporating gaseous state.

Visual representations or mental pictures are powerful adjuncts to give meaning
to the words science teachers use to describe phenomena. The states of matter are
further badly served by the diagrams most textbooks use to accompany statements
like ‘solids have a fixed shape’, ‘liquids take up the shape of the containing vessel’ or
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‘gases are rapidly moving tiny particles’. In practice, powdered solids have flexible
shapes like liquids, and it is a gas that really takes up the shape of its containing ves-
sel. Furthermore, given the scale of the drawn gas particle, it would be a rare event to
have even one molecule in the diagrammatic vessel. Alex Johnstone in Scotland once
devoted three pages of his chemistry textbook to bent-shaped H-O—H symbols, with
just one ionised as H* and OH-, to impress how rare 1077 is. Even so, he had to admit
that all 150 pages of the text would be needed for an accurate representation.

Almost every set of words and diagrams science textbooks and teachers use to
define and distinguish these three states of matter and their particulate nature turns
out to be ultimately inadequate to deal with the varieties of matter we now have.
It has always seemed ironical that the gaseous state, the least familiar to young
persons and most recently recognised by scientists as other than contaminated air,
is now in science the most readily associated with, and quantitatively described, in
particulate terms.

I learnt in school many years ago about colloids and emulsions but was never
sure what states they were. Are colloids in solution liquid or are they very small
solid particles suspended in a solvent? The answer is YES and YES, depending on
the substance that is in this colloidal state. Liquids like cream can be colloidal in
homogenised milk, and gold particles can be colloidally suspended in a liquid. I also
learnt that glass was a supercooled liquid, because it did not have a crystalline struc-
ture and because it does flow, albeit so slowly that it is only observed in the glass
windows of very ancient buildings. But glaciers which also ‘flowed’ (and somewhat
faster) were solids and not supercooled liquids, although they were cold. These
ambiguities were just the harbingers of the new states of matter that became part
of my adulthood — polymers, followed by plasma (electrically conducting gases?),
and now the nano-state of matter with its almost atomically dimensioned substances
in two or three dimensions. My awareness of this last state occurred when we were
making very high surface nickel oxide for catalytic purposes and succeeded so well
that our oxide particles did not contain enough ions for the alignment of their spins
to generate the magnetic properties that nickel oxide usually displays.

In all these cases, the physical sciences have gone beyond the macroscopic nature
of these three states of matter and a simple particulate model to explain their proper-
ties and interactions. Plasmas are now part of everyday language because they are
basic for a number of everyday technologies. Their conditions for existence make
them neither solid nor liquid, but their electrical conducting properties so distinguish
them from gases that they have been defined as a new state of matter. The public
media and the large sums of public money involved make us all aware of the use
physicists make of accelerating beams of protons and other charged particles in syn-
chrotrons and the super accelerator at CERN. How do physics teachers describe these
beams and the products of their collisions as particles of matter? If the Higgs boson
has been discovered as the missing fundamental particle of the standard theory of mat-
ter, it has a mass very much higher than that of the subatomic particles — protons,
neutrons and electrons. Nevertheless, it is this trio of particles that chemistry teachers
teach to their students as the distinguishing components of the structure of elementary
matter, and as the keys to the variety of ways, these elements bond together to form a
myriad of other substances and to the radioactive behaviour of some of them.
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The physical sciences have a proud history of finding ways to measure all sorts of
things. When it comes to the states of matter, several SI units are invoked. The mass of
a solid substance is expressed in terms of the kg, the amount of a liquid can be in kg or
in cubic decimetres (but not in the everyday litre, since it is not an SI unit), and the
amount of gas in kg or in cubic decimeters, with the temperature and pressure, is also
specified. None of these measures, however, imply anything other than continuous sub-
stance, and this was not good enough for chemists who fought hard for a measure that
specifically refers to the particulate nature of matter. Finally, the mole was introduced
and received SI status as the unit of amount of substance or matter. The difficulties that
this means of measuring matter has raised for chemical educators are indicated by
the fact that texts, teachers and students still continue to refer to ‘the concept of the
mole’, when they should be referring to the concept of amount of substance.

The sciences would not be science without the concepts that have been invented
to describe and explain aspects of matter. But, defining and expressing those
concepts in crisp distinctive words and actual or mental pictures and models is not
easy. The big ideas in science that explain conceptual relationships in a field
develop slowly, and only emerge when enough different phenomena are recog-
nised as having some aspects that are common. The particulate nature of matter,
like a number of other big ideas in the sciences, is a powerful but abstract set of
ideas that we now try to introduce to students at school before they have had
anything like enough experience of the phenomena to which it applies. Those of us
who somehow succeed to get further into the experiences of science probably had
the same problems, but, retrospectively, we know the big ideas make sense and are
useful, despite the obvious and ongoing difficulties their ambiguous and confusing
definitions raise for each new generation of science students. Such short-cutting
did not happen in science, and it is unlikely to be achieved easily in science
education.

From the initial studies of students’ misconceptions and alternative conceptions
in the 1980s, we know that ‘states of matter’ and ‘the particulate model of matter’
have been two very poorly understood key topics. Since then, there has been much
research on these topics in many countries, and a number of new teaching approaches
have been tried to remedy these outcomes. The emergence of another very substan-
tial book covering a further number of approaches to both the research and teaching
about ‘matter’ is both a source of encouragement and despair. I am encouraged by
the positive note that underpins the innovative nature and novelty of the approaches
now being reported. I despair that such abstract macroscopic and microscopic
notions in science are still largely being directly transmitted as definitions in science
education, rather than emerging as the culmination of experiencing many of the
relevant natural phenomena, including ones that involve those exciting new forms
of matter that are not yet even on the horizon of our school science agenda.

Emeritus Professor, Monash University Peter J. Fensham
Melbourne, Australia

Adjunct Professor, Queensland University of Technology

Brisbane, Australia
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Introduction: Concepts of Matter — Complex
to Teach and Difficult to Learn

Georgios Tsaparlis and Hannah Sevian

All things are made of atoms—little particles

that move around in perpetual motion,

attracting each other when they are a little distance apart,
but repelling upon being squeezed into one another.

In that one sentence ...

there is an enormous amount of information about the world.

Richard Feynman
(Feynman 1995, p. 4)

The particle nature of matter (PNM) is extremely important to the disciplines of
science. It is central also to school science curricula worldwide, serving as building
block for learning within a discipline (see chapter “Learning Progression Developed
to Support Students in Building a Particle Model of Matter” by Merritt and Krajcik,
this volume). It is a threshold concept providing a portal to an understanding of other
fundamental topics (Meyer and Land 2006 — see also chapter “What Do We Know
About Students’ Beliefs? Changes in Students’ Conceptions of the Particulate Nature
of Matter from Pre-instruction to College” by Karatas et al., this volume). Last but
not least, it has been identified as a core idea of the science content standards, with
great emphasis placed in teaching certain of its aspects in Grades 8 through 12
(National Science Education Standards/National Research Council [NRC] 1996).
Before we proceed, it is essential that we distinguish between the terms par-
ticulate and structural concepts of matter. For Karatag et al. (chapter “What Do
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We Know About Students’ Beliefs? Changes in Students’ Conceptions of the
Particulate Nature of Matter from Pre-instruction to College”, this volume), PNM
is used to describe phenomena ranging in size from individual atoms up to the
nanoscale, in other words, objects between about 0.1 and 100 nm. Atoms or mol-
ecules constitute the so-called submicro-level, with a scale between 0.1 and 1 nm.
Subatomic particles (electrons, neutrons, and protons) are also part of the submi-
cro-world, while objects of materials >1 pm are described as macroscopic.
Between the macro- and the submicro-scales lie the so-called meso-structures, for
which other terms such as “microstructures” and “nanostructures” (the latter refer
to the nanometer (10 m) scale) are also used (see chapter “Macro—Micro
Thinking with Structure—Property Relations: Integrating ‘Meso-levels’ in
Secondary Education” by Meijer et al., this volume). Most authors, however,
maintain the term “particulate” to refer to particles such as atoms and molecules
that are assumed “structureless.” “Structure” can be defined as the spatial dis-
tribution of the components in a system (see chapter “Macro—Micro Thinking with
Structure—Property Relations: Integrating ‘Meso-levels’ in Secondary Education” by
Meijer et al., this volume); in particular, as the distribution of the electrons in an
atom (electron configuration) or the arrangement and bonding of the atoms in
molecule. Therefore, the term “structural concepts” is used to describe “atomic”
and “molecular structure.”

de Vos and Verdonk (1996, p. 659) considered the following to be correct scien-
tific ideas about the PNM (see chapter “Understanding of Basic Particle Nature of
Matter Concepts by Secondary School Students Following an Intervention
Programme” by Treagust et al., this volume):

1. All matter consists of very small invisible entities called particles.

2. Motion is a permanent feature of all particles. There is a direct relation between the
temperature of an amount of matter and the average kinetic energy of the particles.

3. In a gas, the empty space between particles is much larger than that occupied by
the particles themselves. Particles of a gas in an enclosed space are randomly
distributed.

4. There is mutual attraction between any two particles, but its magnitude decreases
rapidly with distance. In a gas, the attraction is negligible, except at high pres-
sure and low temperature.

5. In liquids and solids, the particles are much closer together and subject to mutual
attraction. In solids, the particles may be arranged in regular patterns (crystals), with
each particle being able only to vibrate around a fixed position. In liquids, the parti-
cles are irregularly arranged and move from place to place within a fixed volume.

The contribution of studies on the particulate and structural concepts to the
development of the physical sciences is without doubt the cornerstone of modern
science. Not only have these studies resulted in practical applications, they also
have satisfied the innate philosophical disposition of human nature. It is therefore
no surprise to find that particulate and structural models and concepts have been of
keen interest to science teachers and constitute an integral piece of the backbone of
modern science curricula even at the primary school level. Hence, the study of
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atomic and molecular structure — from the elementary models to the old quantum
theory and later quantum mechanical concepts — is considered a sine qua non in
science.

Science education research focuses on understanding and improving science
learning by studying variables relating to the content of science or to “what the
teacher or student does in a learning environment” (Herron and Nurrenburn 1999).
It involves “a complex interplay between the more global perspective of the social
sciences (i.e., the process of learning) and the analytical perspective of the physical
sciences (i.e., the content).” These two perspectives are not independent of each
other: knowledge of the content is a necessary but not sufficient condition for teach-
ing science; it is knowledge of the process of learning and the learner that provides
the sufficient condition.

Numerous and extensive studies in science education, conducted at various
educational levels since the 1970s to evaluate the efficacy of instructional pro-
grams to assess students’ understandings of PNM, have revealed poor under-
standing and great conceptual difficulties among students (Harrison and Treagust
2002). Various researchers (e.g., Abraham et al. 1994; Brook et al. 1984; Haidar
and Abraham 1991; Lee et al. 1993; Novick and Nussbaum 1981) have investi-
gated students’ alternative conceptions. An international seminar was dedicated
to the relation of macroscopic phenomena to (sub)microscopic particles (Lijnse
etal. 1990). Ben-Zvi et al. (1990) confirmed that the root of many difficulties held
by beginning students are due to the deficient understanding of the atomic model
and how it is used to explain phenomenology and the laws of chemistry. Meheut
and Chomat (1990) attempted to teach 13—14-year-old children how to build up a
particulate model of matter by working out a sequence of experimental facts,
starting from properties of gases (compression, diffusion), then moving on to sol-
ids, leaving the liquids last. On the other hand, Millar (1990) placed the emphasis
on employing everyday contexts, using, for example, a piece of cloth (which is
made of fabrics, made of threads, made of fibers) to move from the macro- to the
submicro-level. The use of a textile thread (the “structural unit” of a piece of
cloth) as well as of a brick (the “structural unit” of a house’s wall) as analogues of
the structural unit of matter has also been used by Tsaparlis (1989). Millar sug-
gested that it might be wise to start with solids and postpone consideration of
gases until later: many children need time and experience to appreciate that gases
are really matter.

Finally, in a collective volume, Nussbaum (1998), after critically reviewing the
various relevant propositions from the 1990 international seminar, coupled the
history-and-philosophy-of-science approach with the constructivist teaching of
models and theories on PNM. Vacuum physics is, according to Nussbaum, the right
starting point for corpuscular physics. Only the existence of vacuum can justify
incontinuity of matter, hence its corpuscular/particulate nature. In addition, vac-
uum allows for motion of the particles. Nussbaum based his introduction of the
PNM on the study of air and other gases and maintained that the study of the PNM
is a long process of conceptual change, in which students’ wrong ideas can play
a positive role.
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The following are considered as major impediments to understanding particle
concepts (see chapter “Understanding of Basic Particle Nature of Matter Concepts
by Secondary School Students Following an Intervention Programme” by Treagust
et al., this volume): (a) students’ intuitive belief that matter is continuous in nature
rather than particulate (Nakhleh 1992), (b) the belief that the particles in matter are
in contact with each other with no empty spaces between the particles (Griffiths and
Preston 1992; Lee et al. 1993; Nakhleh 1992), (¢) the belief that matter in a
substance is continuous and yet consists of particles (Johnson 1998; Krnel et al.
1998) — see also chapter “How Students’ Understanding of Particle Theory
Develops: A Learning Progression” by Johnson, this volume), and (d) the belief that
the particles in a substance possess the macroscopic properties that are displayed by
the substance (Andersson 1986; Ben-Zvi et al. 1986; Johnson 1998; Taber 1996;
Tsaparlis 1989). Lee et al. (1993) found the strongly held notion among students
that particles are in substances as opposed to the fact that substances are composed
of particles, together with the belief of the presence of some kind of “stuff” or air
between the particles. Students have acquired their intuitive ideas about the PNM dur-
ing the early years of schooling and appear to change to scientifically acceptable
understandings only to a limited extent after instruction (Stavy 1988).

An explanation of the difficulties occurs if one examines the relevant concepts
from different perspectives of science education, some of which are seen as conflict-
ing theories by many researchers. Tsaparlis (1997) has employed the following per-
spectives and arrived at the same conclusion about students’ conceptual difficulties:
(i) the Piagetian developmental perspective, (ii) the Ausubelian theory of meaning-
ful learning, (iii) the information-processing theory, and (iv) the alternative concep-
tions movement. Herron (1978) maintained that concepts such as afom and molecule
which have imperceptible examples and imperceptible attributes should be consid-
ered formal in the Piagetian sense; hence, it is quite likely that they cannot be totally
understood without some formal reasoning. From the Ausubelian meaningful learning,
as well as from the information-processing perspective, Johnstone (Johnstone 1991,
2000, 2007; Johnstone and Wham 1982) has used his well-known three-component
triangle' to support that it is a mistake to imagine that all, or many, of our students
can follow us up the middle of the triangle. In trying to sell the concepts of element
and compound, we are simultaneously having to sell the submicro-concepts of
atom and molecule and representing all this by symbols, formulas, and equations.
We are in the middle of the triangle. This new kind of concept takes a long time to
grow, but once we have embedded it in long-term memory, we can use it as a powerful
way of looking at the world (Johnstone 1991). “The theoretical world of molecules,
ions and electrons is not directly available to learners, so alternative conceptions
are unlikely to be formed either by direct abstraction for experience, or by acquiring

'The submicroscopic level is further distinguished into one studying the properties of isolated
molecules (represented at the highest level by quantum chemistry) and one studying the statistical
behavior of large assembles of molecules (studied by the methods of statistical thermodynamics)
(Ben-Zvi et al. 1990).
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folk-knowledge (as talk about molecular structure and the like is seldom part of
everyday life-world discourse)” (see chapter “A Common Core to Chemical
Conceptions: Learners’ Conceptions of Chemical Stability, Change and Bonding” by
Taber, this volume). Taber considers teaching models and approaches partially to
blame for the existence of a very common alternative conceptual framework.

This Volume

This contributed volume resulted from an international science education symposium
entitled “Particulate and Structural Concepts of Matter” that Georgios Tsaparlis
and George Kalkanis organized in Athens, Greece, from November 5 to 8, 2010.
Subsequently, the contributed volume was organized, and manuscripts were taken
through the peer review process and edited by Georgios Tsaparlis and Hannah Sevian.
The volume includes 21 chapters, plus this introductory and a concluding chapter. Not
all symposium presenters contributed manuscripts. In addition, several additional
chapters were solicited by the editors of the volume in order to create a more complete
collection of chapters. The symposium was originally organized by themes: learning
progressions, mental models, early learning about particulate nature of matter,
context-based teaching and learning, educational technology, chemical bonding,
chemical reactions and phenomena, quantum mechanics and quantum chemistry, and
history and philosophy of science. This contributed volume maintains these themes,
but we have collapsed them into a smaller set.

The book is divided into six parts. In Part I, four chapters take a learning progres-
sions approach to studying how students develop understanding of the particulate
nature of matter. Learning progressions are empirically validated descriptions of
pathways taken by students, over extended periods of time, toward achieving an
upper anchor of scientific knowledge and/or practice. Recently, Duschl et al. (2011)
contributed a comprehensive analytical review of learning progressions in science
(see chapter “Implicit Assumptions and Progress Variables in a Learning Progression
About Structure and Motion of Matter” by Sevian and Stains, this volume, for
a summary of some of the findings). The four chapters in this volume illustrate
some of the variations identified by Duschl et al. in their analysis, including how
the boundaries of the learning progression are defined, how intermediate levels are
studied, and the explicit or implicit model of conceptual change associated with the
learning progression.

In Part II, seven chapters illuminate mental models held by preservice teachers,
practicing teachers, and many educational levels of students, about various aspects
related to the particulate nature of matter or phenomena requiring an understanding
of matter’s particulate nature. The approaches employed in the research studies
reported include both intervention research and descriptive research (see chapter
“Diagnostic Assessment of Student Understanding of the Particulate Nature of
Matter: Decades of Research” by Kahveci, this volume, for definitions of these
terms). The second-to-last chapter in Part II provides a review of studies at many
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different educational levels about how students’ beliefs about the PNM change. The
last chapter in Part II provides a review of diagnostic assessments to study student
understanding of the particulate nature of matter and is organized according to these
two classes of approach. These two chapters offer the reader an excellent overview
of many recent and relevant studies of student understanding of the PNM and may
be an excellent starting point for readers of this volume.

Part III of the book includes two chapters focusing on the production and use of
educational technology tools for aiding students in understanding the particulate
nature of matter. The first of these chapters provides an extensive review of the
impacts of dynamic computer visualizations and summarizes implications for
educators. The second of the two chapters offers a compelling example of how
theoretical models used by practicing chemists can translate directly to improvements
in teacher and student understanding of fundamental ideas related to the PNM.

In Parts IV and V, three and four chapters, respectively, treat two fundamental
ideas of chemistry that build on understanding of the PNM: chemical reactions and
chemical phenomena and chemical structure and bonding. The chapters include
both intervention research and descriptive research, using a wide range of approaches
and theoretical commitments.

Finally, Part VI includes two chapters. The first is an historical development of
the concept of matter, from early roots in atomism in Greek philosophy and across
controversies introduced through centuries of philosophical thought. The last chapter
in the book, by the editors of the volume, attempts to synthesize the ideas that have
been presented, and the problems that have been raised, in hopes of pointing toward
new knowledge by the synergy that can result from realizing coherence and dissonance
across a related set of research studies and reviews.
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Part I
Learning Progressions for Teaching
a Particle Model of Matter



Learning Progression Developed to Support
Students in Building a Particle Model
of Matter

Joi Merritt and Joseph Krajcik

Introduction

The particle nature of matter is a core idea in science. Core ideas are central to the
disciplines of science and serve as the building blocks for learning within a discipline
(National Research Council [NRC] 2012; Stevens et al. 2009). For example, the par-
ticle model of matter serves as the basis for understanding states of matter, phase
changes, and properties of substances. In addition to being a core idea of science,
understanding particle theory requires students to also understand the scientific prac-
tice of modeling. Providing an opportunity for students to develop science content and
scientific practices over time is the approach advocated by researchers for the devel-
opment of common science standards (NRC 2012). Recently, science educators have
started to explore learning progressions as a means for understanding how students
develop knowledge of complex science content over time (Corcoran et al. 2009).
Learning progressions are depictions of students’ increasingly sophisticated
ideas about a specific knowledge domain over time (NRC 2007; Smith et al. 2006).
Learning progressions are not developmentally inevitable (Stevens et al. 2010) nor
are they tied to a particular curriculum but do depend on instruction. However,
learning progressions can provide the opportunity to examine how students’
ideas evolve over time. The development and application of progress variables is
one method that has been suggested as a means for tracking students’ knowledge
(Wilson 2005, 2009). Progress variables depict students’ increasingly sophisticated
conceptions over time, regardless of whether it is a matter of weeks or years.
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In addition, progress variables mediate between core ideas and specific concepts
and skills being learned and serve as a means for monitoring student understanding
during instruction (Wilson 2005, 2009). Once developed, progress variables can be
used to provide information to both teachers and students about student develop-
ment during instruction (Kennedy et al. 2006; Wilson 2005, 2009). Thus, learning
progressions and progress variables could be powerful tools for promoting students’
understanding of subject matter.

In their review of research on students’ understanding of the particle model,
Harrison and Treagust (2002) found that traditional curriculum materials present
the particle nature of matter as a topic, focusing on the history of the atom. At the
middle school level (ages 11-14) in the United States, students are often taught
through direct instruction the structure of the atom and that the different states of
matter are related to the movement and arrangement of atoms (American Association
for the Advancement of Science [AAAS] 1993). This direct instruction assumes
that once presented with the particle model, students will accept it as the correct
model. For example, at the high school level (ages 14-18), a textbook presents the
history the atom beginning with the Greek philosophers and ending with the current
quantum model of the atom (Davis et al. 2006).

Moreover, research shows that students find it difficult to learn the particle model
using traditional curriculum materials because they present particle concepts to stu-
dents without helping them to develop these concepts, to take into account their
prior knowledge, or to use them as models for explaining phenomena (Harrison and
Treagust 2002; Krajcik 1991; Nakhleh 1992; Stevens et al. 2010). Often, students
do not develop appropriate ideas because they never apply and reapply these ideas
to explain phenomena. In this chapter, we describe a progress variable for the par-
ticle model of matter, evidence for this progression, and the importance of building
students’ ideas over time through key instructional experiences.

Literature Review of Student Conceptions of the Particle
Nature of Matter

The particle nature of matter is a fundamental concept for learning and understand-
ing many physical and chemical processes. Novick and Nussbaum (1978) studied
students’ ideas about the particle nature of matter as it relates to gases and found
that students did not (1) internalize ideas related to the vacuum concept (empty
space) and (2) understand the intrinsic motion of particles or the interaction between
particles during a chemical change. Other studies have shown that students assign
macroscopic properties of substances to the atoms/molecules that compose the sub-
stance (Ben-Zvi et al. 1986; Lee et al. 1993; Nakhleh 1992). Moreover, learners and
many adults hold nonnormative science ideas regarding the structure of matter and
how to explain phenomena. Our position is that student’s prior knowledge of matter
needs to be used as a resource to build understanding.

The nonnormative science ideas that students possess have been documented
(Driver et al. 1985, 1994). For example, students misconstrue mass and size of an
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Table 1 Students’ nonnormative conceptions of particle theory

Attributing properties of substance Ben-Zvi et al. (1986)
to its atoms
Mismatch between the language students Ben-Zvi et al. (1986), deVos and Verdonk
use for describing phenomena/matter (1996), Driver et al. (1994), Johnson (1998),
and students’ views of matter Lee et al. (1993), Renstrom et al. (1990),
and Taber (2003)
Language used in discussing Ben-Zvi et al. (1986), deVos and Verdonk
the particle model (1996), Driver et al. (1994), Johnson (1998),
Lee et al. (1993), Renstrom et al. (1990),
and Taber (2003)
Hybrid models Johnson & Papageorgiou, 2010, Justi and

Gilbert (2002), Liu and Lesniak (2006),
Renstrom et al. (1990), and Taber (2003)

object. In other words, students hold the idea that a balled up piece of aluminum has
more mass than if that same piece of aluminum foil was flat. In addition, it has been
found that students have nonnormative ideas related to the particle nature of matter
despite instructional strategies (Driver et al. 1994). Often they hold on to these ideas
because they never see how the normative ideas can help explain phenomena they
experience in their lives.

Researchers have also suggested that nonnormative ideas related to particle the-
ory are developed during instruction. In some instances, instruction can be envel-
oped in prior malformed conceptions or learned due to the student’s method of
learning. As Harrison and Treagust (2002) note, “this practice of providing token
evidence and making the assumption that students will accept the new ideas as fact
is not an uncommon phenomenon in teaching and learning chemistry” (p. 191).
Table 1 shows examples of some studies that have found different nonnormative
ideas that students develop.

Students will often attribute properties of a substance to the atoms or molecules of
that substance (Ben-Zvi et al. 1986; Lee et al. 1993). Ben-Zvi et al. (1986) designed
a comparison study aimed at investigating students’ views of matter. They found that
although classroom discussions involved the correct terminology (i.e., atoms,
molecules), one-third of students still attributed properties of a substance to its atoms.
For example, students would come to the conclusion that gold atoms are yellow in
color because a gold brick is yellow in color.

Lee et al. (1993) completed a comparison study that also found students were
applying observable properties to molecules. In addition, they found that students
had no concept of empty space between molecules, viewed molecules as being the
same size as tiny objects (i.e., dust, bacteria, cells) and did not think molecules are
constantly moving. These studies, as well as others focused on students’ under-
standing of the particle nature of matter, often mention the mismatch between the
language that students use for describing phenomena/matter and students’ views of
matter (Ben-Zvi et al. 1986; deVos and Verdonk 1996; Driver et al. 1994; Johnson
1998; Lee et al. 1993; Renstrom et al. 1990; Taber 2003).
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As aforementioned, it is often taken for granted that students will just take up the
particle model during instruction. Most curricula in the United States make no mention
of alternative models students may hold. The only mention of alternative ideas
relates to the delineation of the history of the atom found in many traditional text-
books (Harrison and Treagust 2002). This is a very scientific view of how the particle
model developed, focusing on the scientists and the experiments that led to the
current quantum model of the atom.

Besides the lack of acknowledgment of alternative student conceptions, there are
issues related to the language used in discussing the particle model (Ben-Zvi et al.
1986; deVos and Verdonk 1996; Driver et al. 1994; Johnson 1998; Lee et al. 1993;
Renstrom et al. 1990; Taber 2003). The particle model is important for explaining
macroscopic phenomena using submicroscopic terms. For example, water boiling is
explained as the rapid movement of water molecules from the liquid phase to the
gaseous phase. In addition, the terms atom and molecule are often used interchange-
ably to describe materials on a submicroscopic level, which is often confusing for
students and sometimes teachers (Taber 2003). For example, students are taught that
elements are made up of atoms. Oxygen is an element that is made up of oxygen
atoms, but these atoms are always found as oxygen molecules (two oxygen atoms
bonded together). This becomes confusing for many students because they conflate
the definition of element with the term atom. As Harrison and Treagust (2002) note,
the “...semantic differences between students’ and teacher’s meanings for com-
monly used terms in science are a source of alternative conceptions” (p. 525).

Textbooks can also introduce hybrid models, which hinder students developing
an understanding of the particle model (Justi and Gilbert 2002; Taber 2003).
These hybrid models mix macroscopic descriptions of phenomena with particle
and molecular ideas. For instance, they will show a diagram of water illustrating
water molecules within a drawing of liquid water. This can result in students
thinking of substances being made up of molecules, but they cannot identify the
molecules as the substance (Johnson and Papageorgiou 2010; Liu and Lesniak
2006; Renstrom et al. 1990).

Curricula can also introduce “teaching models” that do not contribute to student
understanding (Justi and Gilbert 2002; Taber 2003). “Teaching models” often are
not based on scientific evidence, nor are they used for explaining scientific phenom-
ena. Frequently, they are analogies that teachers use in an attempt to help students
understand scientific content. When teachers present students with teaching models,
they focus on the content of the model, not the nature of models and modeling and/
or without emphasizing the role of modeling in developing what is known about the
chemical behavior of matter. For example, students are introduced to the arrange-
ment of atoms/molecules in the different states by having students behave as the
molecules in the different states. This often leads students to viewing the spacing of
atoms/molecules in a liquid to be closer to that of gases instead of being close
together, like solids. Few efforts have been made to improve teachers’ pedagogical
content knowledge in this area (Justi and Gilbert 2002). Thus, in order to help stu-
dents understand the particle model, teachers need to be aware of the various paths
students take to a particle model.
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In the field of chemistry, more than one model or representation is used to explain
or illustrate different aspects of the same concept/phenomena. For instance, differ-
ent models or representations highlight different aspects of data we have regarding
the structure of water. Depending on the context of instruction, a water molecule
can be discussed using a ball-and-stick model, a space-filling model, structural for-
mula, or line-angle drawing. Each of these different models and representations
highlight different features of water important to explaining a concept or phenom-
ena. For example, a space-filling model shows the space that molecules take up as
well as the angles at which the atoms in the molecules bond, while structural formu-
las show the relationship between atoms and types of atoms in a molecule.
Furthermore, understanding these different models/representations is important for
understanding more complex concepts such as hydrogen bonding or molecular
models used to explain potassium channels in cell biology. Moreover, students have
difficulty understanding how to interconvert between ball-and-stick models, struc-
tural formulas, space-filling models, and line-angle drawings (Baker and Talley
1972; Ferguson and Bodner 2006; Kozma et al. 2000). These difficulties stem from
students not understanding the importance of these different representations in
explaining different chemical concepts and how they are used to explain phenom-
ena. Thus, for students to understand the significance of these different models, they
need the skills to understand these different representations and how phenomena
inform the creation of these models.

Others have shown or promoted using, creating, and understanding the nature of
models as a means to help students understand physical phenomena (Grosslight
et al. 1991; Harrison and Treagust 1998; Hestenes 1992; Justi and Gilbert 2002;
MacKinnon 2003; Mikelskis-Seifert and Leisner 2005; Saari and Viiri 2003; Schwarz
and White 2005; Schwarz et al. 2009; Vosniadou 1994). Unfortunately, students are
often introduced to abstract topics like particle theory through the use of multiple
models without understanding the nature of models. Teachers introduce different
models (i.e., physical models, simulations, and 2-D models) based on the model’s
ability to explain different aspects of the same phenomenon. The various models
utilized to represent specific phenomena confuse many students. This is especially
true for the teaching of abstract concepts in which analogies and models can be
confused with reality. Moreover, teachers should help students to understand shared
and unshared attributes of models as well as the limitations of different models
(Harrison and Treagust 1996). Thus, students not only need help in understanding
models used to explain particle theory, but they also need instruction that helps them
to understand the limitations of these different models.

Several studies indicate that students’ development of a particle model of mat-
ter takes different paths and that, as students’ content knowledge grows, students’
models can change — both toward a more complete particle model and back to
their initial understanding (Johnson 1998; Margel et al. 2008; Nakhleh et al.
2005). Johnson (1998) found students’ models correspond with their explanation
of phenomena, such that a continuous model relates to macroscopic explanations
of phenomena while a complete particle model relates to submicroscopic explana-
tions of phenomena. Margel et al. (2008) found a similar pattern of students moving
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from a macroscopic to molecular model as well as macroscopic to molecular
explanations within a 3-year curriculum in Israel. On the other hand, Nakhleh
et al. (2005) found that students were able to give submicroscopic explanations
for familiar substances, but their understanding was fragmented based on particu-
lar substance or phenomena.

In sum, students’ understanding of matter originates both from everyday experi-
ences and classroom instruction. As such, students’ conceptions should not be looked
upon as misconceptions but as resources for developing greater knowledge. In addi-
tion, student nonnormative ideas have provided insight into how student understand-
ing of the particle model develops over time. This development perspective provides
opportunity to (1) track student understanding during instruction, (2) determine stu-
dents’ prior knowledge, and (3) gain an understanding of how this knowledge
changes through instructional interventions. Moreover, the ability to track student
progress also serves as insight into how instruction impacts these changes. The
development and application of progress variables is one method that has been sug-
gested as a means for tracking student understanding (Wilson 2005, 2009).

The sixth grade chemistry unit described in this chapter takes the approach of
focusing on students’ models of matter and the application of that model to explain
macroscopic phenomena (Ben-Zvi et al. 1986; Kozma et al. 2000; Justi and Gilbert
2002; Harrison and Treagust 2002; Snir et al. 2003). Specifically, the development
of a particle view of matter is the basis for understanding properties, states of mat-
ter, and phase changes. In addition to the development of particle model, students
develop an understanding of the practice of modeling. Moreover, we conducted
research to examine how students’ understanding of the particle nature of matter
changed as they participated in this contextualized and model-based chemistry unit.
In this chapter, we examine how the curriculum supported students’ development of
a particle view of matter using an empirically validated particle model of matter
progress variable.

Learning Progressions and Progress Variables

As mentioned earlier, learning progressions depict students’ development of more
sophisticated conceptions of a specific domain over time (NRC 2007; Smith et al.
2006). Learning progressions are not developmentally inevitable as student under-
standing depends on instructional activities (Stevens et al. 2010). In other words, the
order in which ideas are presented and built upon during instruction is a factor in
how learning progresses. However, it is possible to gather evidence to show how
students develop when a learning progression is either tied to key instructional tasks
or curriculum. Moreover, learning progressions provide an opportunity to examine
students’ increasingly sophisticated ideas over the long term.

Learning progressions are also a means for helping both students and teachers to
track students’ knowledge over time (NRC 2007; Smith et al. 2006). Moreover,
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learning progressions provide a means for thinking about how to present topics to
students so that they build on each other through the years. Smith and colleagues
(Smith et al. 2006) progression is based on prior research related to matter and
particle theory and focuses on students gaining more sophisticated understanding of
matter and its properties as well as applying microscopic explanations to macro-
scopic phenomena. In addition, this progression identifies which topics are introduced
each year and how knowledge is built in relationship to what students have previously
learned. Developing a means for tracking students’ long-term progress for
understanding the core ideas of science is important. We also need to track students’
increasingly sophisticated understanding of concepts underlying these core ideas,
especially within the time frame of classroom instruction.

Progress variables represent a range of student thinking about a particular knowl-
edge domain or construct. In other words, progress variables describe the construct
or core idea that we want to track. A construct “can be part of a theoretical model of
a person’s cognition...their understanding of a certain set of concepts” (Wilson
2005, p. 6) and is considered a latent trait that can be measured (Wilson 2005). Like
learning progressions, constructs range from low to high knowledge of a domain,
with increasing complexity occurring over time. Thus, progress variables can medi-
ate between core ideas and specific concepts and skills being learned, taking into
account what research has revealed about student learning in a particular domain.
For instance, one or more progress variables could be used to track student under-
standing of a particular construct over various time frames as short as a curriculum
unit to a learning progression that covers multiple years (Wilson 2009).

Therefore, progress variables allow one to focus on student growth of a construct
over time (Wilson 2005, 2009). In addition, each unit of instruction contributes to
students’ progress, which necessitates that assessment aligns with one or more
progress variables. Consequently, both what students are learning must be clearly
defined and a theoretical framework for interpreting students’ progress is necessary
to establish the construct validity of an assessment system (Wilson 2009). Constructs
are latent traits we cannot see, so we develop measures within the context of the
classroom to serve to make students’ thinking visible (NRC 2001). Thus, summa-
tive and embedded assessments must be aligned with the progress variable.
Alignment of assessments with instruction “allows the creation of a calibrated scale
to map the growth of students so teachers and researchers can track the progress of
individual students as they undergo instruction” (Wilson 2005, p. 195). As a result,
assessments must reflect the variety of instructional practices of the curriculum.
Thus, the variables serve as a means for relating curriculum to standards as well as
to assessment that are not related to the curriculum. Once developed, progress vari-
ables can be used to track student understanding of scientific content and practices,
providing information to both teachers and students about student progress during
instruction (Kennedy et al. 2006; Wilson 2005, 2009).

Progress variables are visualized through construct maps, which divide the com-
plex levels of students’ increasingly sophisticated understanding into distinguish-
able levels. Thus, a construct map specifies how a construct develops over time. In
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turn, a single construct map could be designed to represent a learning progression, or
several related construct maps could be developed to track a single learning pro-
gression. When a construct map is developed in relationship to innovative cur-
riculum, the construct map also represents the goals of teaching (Wilson 2009). The
development of the construct map is also important because assessments for track-
ing students’ understanding must align with construct map.

The particle model of matter (PMM) progress variable was developed in relation-
ship to the Investigating and Questioning our World through Science and Technology
(IQWST) (Krajcik et al. 2012) [discussed later] sixth grade chemistry unit (see Table 2).
The PMM progress variable was developed to determine how student understanding
of the particle nature of matter changes during instruction (Merritt 2010). The curricu-
lum focuses on student development of a particle view of matter using models of matter
that they construct. We developed this construct map by an iterative process of consid-
ering the logic of the discipline, what was known about how students’ ideas regarding
the particle model, and empirical work based on the curricular intervention.

This map illustrates how students’ understanding of the particle model builds
over time. The “particle model” construct map encompasses both the varying start-
ing points students had before the curriculum began and their varying end points,
with the least sophisticated understandings at the “descriptive model” level (bottom
of table) to most sophisticated at the “complete particle model” level (top of table).
This map reflects students’ increasingly sophisticated understanding of the particle
model as it relates to properties and phase change, starting from the “descriptive
model.” Tt also takes into account the instructional sequence in order to move stu-
dents from one level to the next level. For example, the unit focuses on developing
a particle model to understand structure of matter before applying the model to
explain properties and then phase changes. The “example student response” column
shows actual student responses, which demonstrate the types of understandings stu-
dents exhibit at each level. The “progressing to next step”” column illustrates exam-
ples of instructional strategies that could help students reach the next level (e.g.,
progress from a descriptive to a mixed model).

Students at the descriptive model level have a macroscopic view of matter that
can explain phenomena using qualitative descriptions. Students describe ice as
water in the solid state. Mixed model level students are beginning to develop a par-
ticle model but blend the particle model with the descriptive model. At this level,
students view some substances on a macroscopic level and others as particles and do
not identify particles as atoms or molecules. For example, they would describe
water in the liquid state as being composed of particles within the liquid. Students
at the basic level students use a particle model of matter to explain phenomena.
At the basic level, the particle model can include atoms or molecules but have dif-
ficulty explaining the movement or arrangements of atoms/molecules in different
states. However, students at this level can explain that different substances have
different properties due to the arrangements of its atoms. Though the model is more
scientifically accurate, students still hold incomplete understandings about the spac-
ing between atoms/molecules in the different state. For example, students often
think molecules of a liquid are more spaced apart than those in a solid. At the
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Table 3 National standards (AAAS 1993; NRC 1996)

AAAS 4D/M: All matter is made up of atoms, which are far too small to see directly through a
microscope. The atoms of any element are alike but are different from atoms of other
elements. Atoms may stick together in well-defined molecules or may be packed together in
large arrays. Different arrangements of atoms into groups compose all substances

AAAS 4D/M3: Atoms and molecules are perpetually in motion. In solids, the atoms are closely
locked in position and can only vibrate. In liquids, the atoms or molecules have higher
energy, are more loosely connected, and can slide past one another; some molecules may get
enough energy to escape into a gas. In gases, the atoms or molecules have still more energy
and are free of one another except during occasional collisions. Increased temperature means
greater average energy of motion, so most substances expand when heated

NRC B5-8: 1A: A substance has characteristic properties, such as density, a boiling point, and
solubility, all of which are independent of the amount of the substance

complete level, students have a particle model that can explain states of matter,
phase changes, and differences in properties of substances. Students at this level
describe water as being composed of water molecules and can describe the arrange-
ment and movement of molecules in the different phases.

The Curriculum

The Investigating and Questioning our World through Science and Technology
(IQWST) curriculum (Krajcik et al. 2012) takes the approach of building a stu-
dent’s understanding of core ideas over time. In the sixth grade How can I smell
things from a distance? unit (Merritt et al. 2012), students develop understand-
ing of the particle nature of matter model by using and refining the model to
explain phenomena, such as states of matter, phase changes, and properties. For
example, the particle model can be used to explain a property like boiling point.
The boiling point of a substance occurs at a fixed temperature and involves the
rapid evaporation of anywhere in a bulk liquid. During heating, particles gain
energy and move faster. At the boiling point, the energy of these molecules is
enough to overcome the attractive forces of the other liquid molecules so that it
goes from the liquid to the gas phase.

Identifying and Unpacking Standards

For the development of this unit, we identified three standards (see Table 3) from the
Benchmarks for Scientific Literacy (AAAS 1993) and National Science Education
Standards (NRC 1996). Although IQWST was developed prior to the National
Research Council’s New Framework for K-12 Science Education (NRC 2012), the
ideas in this unit correspond to ideas that all learners should understand by the end
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of eighth grade in the Structure and Properties of Matter core idea (Physical Science
1.A). The identification of a small number of standards sets the IQWST curricula
apart because of our focus on depth instead of breadth.

Once the standards were identified, we underwent a process of unpacking what
it means to teach them. Unpacking, in this instance, means we carefully read through
the standard to identify concepts within them which are important, what knowledge
students may bring to these ideas, what prior knowledge is necessary and what mis-
conceptions students have as well as to what depth these concepts should be
explored, in this case, in sixth grade (Krajcik et al. 2008).

For example, the first standard (AAAS 4D/M1) begins with the idea: All matter
is made up of atoms. We determined that this idea was composed of two concepts:
(1) that matter is made up of particles and (2) that these particles are atoms. Then,
we determined that students need to understand what matter is — anything that has
mass and takes up space. From research and our experiences, we identified that
students would have difficulty in differentiating weight and mass as well as diffi-
culty in identifying air and other gases as matter (Driver et al. 1985, 1994).
Additionally, we looked at what prior knowledge students should have of matter
based on the preceding national standards. In some instances, as we unpacked the
standards, we also identified what concepts students would not be expected to learn
at this time. For example, students are not expected to understand that a single atom
has the chemical properties of that element, but it takes several atoms to give the
element its physical properties.

This process of clarifying and elaborating the standards helped to ascertain what
it means to teach sixth grade students the particle nature of matter and how the par-
ticle model is used to describe states of matter, as well as explain phase changes and
properties. Unpacking process also helped to identify what ideas needed further
support for students (Krajcik et al. 2008). For instance, helping students understand
that matter is anything that has mass and volume is a fundamental concept for help-
ing students to understand both states of matter as well as developing a particle view
of matter. Students often conflate the terms mass and volume. Therefore, the deci-
sion was made to include activities for students to measure mass and volume as well
as to include discussions of matter and volume on both macroscopic and micro-
scopic levels when discussing states of matter. In the United States, students often
enter the sixth grade with underdeveloped ideas of these two important concepts.
From this work, we were able to develop a unit that contains three learning sets and
corresponding assessment items.

The unpacked standards were then used to construct learning performances that
serve as the unit learning goals (Table 4). A learning performance results from com-
bining the content standard with an inquiry standard. These learning performances
clearly specify what students are expected to be able to do with the knowledge
described in the benchmark. Moreover, they “serve as the learning goals that guide
development of learning activities and assessments” (Krajcik et al. 2008, p. 7).
Thus, in this unit students use the particle model of matter to explain phenomena
related to states of matter, phase changes, and properties (see Appendix for a complete
list of learning performances).
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Table 4 Example of a learning performance

Content standard Inquiry standard Learning performance
AAAS 4D/M3: Atoms and molecules are Develop...models using  Using the particle
perpetually in motion. In solids, the evidence (NRC model, students
atoms are closely locked in position and 1996, A: 1/4, 5-8) will explain phase
can only vibrate. In liquids, the atoms or ~ Models are often used to change from a
molecules have higher energy, are more think about processes solid to a liquid
loosely connected, and can slide past that happen... too
one another; some molecules may get quickly, or on too
enough energy to escape into a gas small a scale to

observe directly...
(AAAS 1993, 11B:
1, 6-8)

We use a driving question to contextualize students’ learning of the particle
model of matter. The driving question (Krajcik and Blumenfeld 2006) provides a
real-life context to engage students in learning about scientific ideas to explain phe-
nomena. The driving question for the unit is “How can I smell things from a distance?”
Thus, the anchoring context of the unit has students smell different odor-producing
objects and create models to explain how they smell the object from a distance.
Throughout the unit, students engage in phenomena, creating models to explain to
explain them and use the evidence they gather to help them answer the driving ques-
tion. In other words, as students experience the unit, they create models to explain
phenomena and revisit and refine their models based on what they have learned
from these other experiences.

Second, the unit involves the creation of student artifacts, the models that stu-
dents create. Students experience various phenomena throughout this 8-week unit to
help them to gain knowledge and understanding of the different aspects of the par-
ticle nature of matter. Key phenomena were placed throughout the unit to help build
student understanding and take it to the next level. Peer-to-peer and whole class
discussions are utilized to help students discuss and critique their models and under-
stand scientific concepts.

Our approach also provides students with opportunities for using multiple mod-
els when students are initially developing their modeling skills. In this case, the use
of multiple models refers to students creating and discussing a variety of models of
matter (including their peers’ models). In addition, teachers lead discussions of stu-
dent models to help students understand both the particle nature of matter and the
purpose of creating models.

Our curriculum work builds from the foundational 1978 Novick and
Nussbaum study. Novick and Nussbaum found that students least internalized
aspects of the particle nature of matter that opposed their sensory perception of
matter. The aspects relevant to our study are that matter exists as tiny particles,
empty space (the vacuum concept), and intrinsic motion (particle kinetics).
These aspects tend to lead students to forming a continuous-particle model. In
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particular, students cannot conceive of empty space in ordinary matter, including
gases. In designing our unit, we also made use of innovative ideas from Joseph
Nussbaum’s development of curriculum materials in Israel on the particle nature
of matter.

Based on the findings of the 1978 Novick and Nussbaum study, the first learning
set of the unit focuses on the following:

» Bulk properties of gases that may make it difficult for students to accept the idea
of empty space and various properties of gases (addition, subtraction, compres-
sion, and expansion of a gas; air has mass and volume).

e Relationship between heat and speed of motion to understand the intrinsic
motion of particles.

* Exposure to more phenomena that are dissonant with their sensory perception of
matter would lead to greater accommodation of the particle conception of
matter.

The unit contains three learning sets (see Appendix for brief descriptions of
the lessons in each learning set) and takes approximately 8—10 weeks to com-
plete. The first learning set (Lessons 1-5) aims at helping students understand
what matter is (anything that has mass and volume and exists in one of three
states). Students investigate the melting and freezing of menthol to understand
that substances can exist in more than one state as well as that they can undergo
changes in state. Students also investigate the properties of air (expansion, com-
pression, addition, and removal) to develop a particle model of matter. They
realize that gas within a fixed volume can be compressed or expanded using a
syringe. And that gas can be removed from a flask of a fixed volume. Students
use these four properties to develop a particle model of matter that can account
for these four phenomena. By the end of the first learning set, the class develops
a consensus model of matter in which matter is composed of particles, there is
empty space between particles, the particles are constantly moving, and that par-
ticles have mass and occupy space.

Learning Set 2 (Lessons 6-9) helps students to identify and explain properties of
substances (elements and compounds), including that properties are a result of the
arrangement of atoms in a substance. Students investigate the properties of elements
to understand that different substances have different properties. They use their par-
ticle models to explain that these differences result from the elements being com-
posed of different types of particles and these particles are atoms. Later, students
smell different substances, for which they only see their chemical formulas. From
this experience, students develop understanding that the different arrangements of
atoms in a molecule (some substances have the same formula, but different odors)
result in different properties.

Learning Set 3 (Lessons 10-15) involves students using their models of matter
to explain phase changes. Students investigate the effect of heating and cooling
on the ability for ammonia to change the color of indicator paper. Students use
their particle models to explain this phenomenon, phase change — boiling, con-
densation, melting, and freezing as well as evaporation. By the end of the unit,
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students revisit and revise their consensus model based on what they have learned
throughout the unit.

The anchoring activity of the unit has students create models (student models
are defined as their drawing of gases at the molecular level plus explanation) to
explain why they think they can smell an object from a distance. The modeling
activity of Lesson 1 is not only a way for teachers to elucidate students’ initial
notions of the particle nature of matter but is also an activity that is repeated
during and at the middle and end of the unit to assess and monitor students’
progress.

The smell unit is also designed to be educative for teacher. Educative curricu-
lum materials are designed to promote teacher learning (Davis and Krajcik 2005).
As mentioned earlier, teachers need to understand the practice of modeling, the
hybrid models of matter, and student misconceptions of matter. As such, the unit
includes teacher boxes to help teachers in understanding models (and the particle
model in particular), common student ideas (or misconceptions) and ways to help
students with these ideas, and subject matter knowledge. In addition, descriptions
of the types of discussions they should use to help students in understanding the
scientific content, phenomena they are experiencing, and about the models the
students are creating throughout the unit. For each discussion, the purpose for
having the discussion, suggested questions, and a rational for why these questions
help student understanding and what ideas the students should gain from the dis-
cussion are explicated.

Teachers’ Role in Curriculum Development

Teachers played a vital role in the development of the unit. During the initial
development phase of the unit, teachers helped to select the driving question and
develop the learning goals of the unit. After a 2-h professional development ses-
sion for three lessons, one teacher piloted these initial lessons of the unit to help
us to determine whether having students create and critique their own models of
matter would be an effective instructional strategy. These lessons were all video-
taped, and the teacher provided us feedback on these initial lessons immediately
following instruction.

The entire unit was piloted by teachers for 2 years prior to national field trials.
The teachers received professional development prior to enactment. In the first
year, one teacher piloted the unit. A researcher was in the classrooms almost daily,
videotaping enactment and providing support when needed. In addition, the teacher
contacted us via email with questions, comments, and/or feedback. The teacher
filled out evaluation forms to provide feedback on the lessons. At the end of the
enactment, we met with the teachers to go over their feedback. This feedback was
one part of the information used to modify the unit.

This same process followed in the second pilot year, in which six teachers
from across the United States participated in piloting the unit. Teachers received
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3 days of face-to-face professional development and online support through a
message board where they could post questions and discuss issues with each
other as well as researchers. Researchers also videotaped three of the teachers’
enactments. The other sites also received support from researchers through site
visits. Teachers filled out surveys to provide feedback at the end of each learning
set as well as at the completion of the entire sixth grade unit. The feedback was
used to revise unit.

Our review of the literature informed us about students’ conceptions of the
particle nature of matter. This information was used both in the development of the
curriculum as well as our construct map. The construct map that was developed
both incorporates student conceptions of matter as well as reflects the goals of the
curriculum. Next, we discuss how the construct map was used to track students’
progress during instruction.

Supporting Student Development of a Particle
Model of Matter

This study investigated how students’ understanding changed as they engaged in a
contextualized model-based chemistry unit aimed to help them to develop a particle
model of matter. The overarching question guiding this study was: How does middle
school students’ understanding of the particle nature of matter change during enact-
ment of a model-based unit? This study was a part of a larger study in which the
PMM progress variable was validated. Six hundred and two students and their seven
teachers were involved in the study (Merritt 2010). The larger study focused on stu-
dents’ gains in knowledge of particle theory from pretest to posttest. These identical
pre-/posttest assessments were found to be valid and reliable measures of student
performance (Cronbach a of 0.85 for the assessments). In this study, we investigated
the use of the particle model of matter progress variable to track student learning
during the curriculum. In addition, we examined how the instructional strategies of
the curriculum supported student development of a particle view of matter.

This study involved three teachers from three different schools in three different
cities and 122 students of varying proficiencies. Each teacher had taught the unit
previously. We collected identical pre-/posttests and embedded assessments from
three schools in the Midwest and Southwest United States. School 1 was located in
a Midwest rural town of varying socioeconomic status. Forty-three students from
school 1 participated. School 2 was located in a suburb of a large Midwest city and
the teacher has taught the unit for 3 years. Fifty-eight students participated from
school 2. School 3 and its 21 students are located in a midsize urban city in the
Southwest. The students are not a representative sample of all students that partici-
pated in the study but are students who completed all three embedded assessments
(AS1.1, AS5.2, and AS15.2) that were included in the study. Students’ understanding
of the particle model of matter was tracked using pretests, embedded assessments,
and posttests.
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Teachers’ Professional Development

Teachers received two half-day professional development sessions for the chemistry
unit in the summer. These sessions introduced teachers to the anchoring context of the
unit and how creating and using models support students in developing a PMM. Prior
to enactment of the chemistry unit, teachers also received 2 days of professional
development. The professional development encompasses teachers experiencing the
major investigations of the unit as well as creating models that help explain the phe-
nomena that they observed. In addition, teachers were introduced to the scoring rubric
that we use for assessing student work. Student work from previous pilots of the unit
was used to help teachers evaluate students’ knowledge as well as to help teachers in
understanding how to facilitate discussions based on students’ models of matter.

In addition, teachers received online support as members of an online support
group by posting questions, discussing issues, and sharing ways to deal with issues
that arose during enactment with each other and facilitators. Researchers made vis-
its to a few schools, but not all schools had available local support.

Student Artifacts

Data collection included identical pre- and posttests composed of 11 multiple-
choice items and three written response items. The multiple-choice items covered
the key learning goals of the unit: particle nature of matter, matter, phase change,
and properties. Two of the written response items required students to create models
to explain phenomena, and the third item focused on students explaining how two
substances could be differentiated from each other based on their properties. The
results of the pretest served to provide insight into students’ prior knowledge. The
three embedded assessments from the sixth grade chemistry were used to track stu-
dent progress in developing a particle model of matter. These similar embedded
assessments occur during Lesson 1, Lesson 5, and Lesson 15. The embedded assess-
ment for Lessons 5 and 15 are slightly different in that students are asked additional
questions, for example, comparing their current models with their previous models
and identifying why they made their changes based on what they had learned. For
the purpose of this study, only the student models (Question 3), which encompass a
key (Question 4), their drawing, and explanation (Question 5) in all three activities,
were analyzed (AS1.1, AS5.2, and AS15.1; see Fig. 1).

Scoring

The pre-/posttest was scored using a scoring guide. Multiple-choice items were
scored dichotomously; thus, correct responses received a “1” and incorrect
responses received a “0.” Scoring guides were developed for written response
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Name Date

Can you Smell What | Smell?
PURPOSE

In class, your teacher opened a jar that had an object in it. The object in the jar had an
odor to it, and the odor moved across the room. In this activity, you will record your
ideas about how an odor can go from an object to your nose.

DATA COLLECTION/OBSERVATION
1. Write the odor you smell

2. Describe what happens when your teacher opens the jar.

3. Imagine that you have a very powerful microscope that would allow you to see
the odor up really, really close. What would you see? Create a drawing that shows
how the odor got from the source to your nose. The large circle in the drawing
below represents the magnified part of the air between the jar and your nose. In

the circle, draw a picture of what you think the odor looks like between the jar and
your nose.

PL_—

4. Label what the parts in your drawing represent. @

6th Grade Chemistry Activity 1.1 1

Fig.1 Modeling embedded assessment for activity 1.1
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Table 5 Scoring guide for explanation portion of smell model embedded assessment items

Code  Level description Examples of actual student responses
No response
0 Descriptive — describes model OR It shows how odor [travel] through air. OR
describes what happened in class OR The lines where ammonia and little circles
gives completely incorrect explanation are air [particles] and arrows were
OR uses prior experience to explain movement
what is happening
1 Mixed model The air and scent go faster [with] more
heat and slower [with] less heat. OR
Student tries to explain odors traveling The fan blows air into the air blowing
from the source to the nose but uses over the tuna smell picking up the
the incorrect mechanism or focuses smell traveling in a straight path to the
on a macrolevel nose. OR
The odor molecules mix in the air and
flow up the nose
2 Basic particle model The [odor] is in a gaseous state. The air
Student is able to explain that odor and odor molecules spread around the
molecules travel from the source to room
the nose. Student may explain how
air helps in this process
3 Complete particle model First, the ammonia particles gain enough

Student is able to correctly explain on
a submicroscopic level the
movement: odor particles travel in air,
random collisions of odor, and air
molecules. Student may also describe
sublimation/evaporation from the
source on a submicrolevel

energy to evaporate and turn to
gaseous ammonia. Then it moves in a
straight path [until] it runs into
something. Eventually it travels to a
nose

and embedded assessment items. These guides take into account actual student
responses to the item as a means for mapping them to the different levels of the
construct map. Table 5 is the scoring guide for the written response portion of
the embedded assessment item in which students are explaining to a friend how
an odor can travel from its source to their noses using their drawing (see Fig. 1).
For example, the “basic particle model” level of the construct map indicates that
students recognize that particles travel from the source to the nose, but unlike
the “complete particle model” level, they cannot describe the random motion of
the particles.

The written response items were scored with one other rater, obtaining inter-rater
reliability of 94.4 %, which was determined by coding nine pre-/posttests, and then
dividing the number of items coded identically by the number of items coded. The
embedded assessments were also scored using the scoring guide. An inter-rater reli-
ability of 89 % was obtained, which was determined by coding nine embedded
assessments, then dividing the number of items coded identically by the number of
items coded.
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Data Analysis

We used a one-dimensional partial credit Rasch-based model with maximum-
likelihood estimation (MLE) because the test includes multiple-choice items that
cover a single level of the construct map as well as items that cover multiple
levels of the construct map. By using this model, we were able to estimate stu-
dent proficiency estimates and item difficulty on the same scale. This common
scale allowed us to describe students’ expected performance based on their esti-
mated proficiency in comparison to estimated item difficulty. When a respon-
dent’s proficiency and the item difficulty are at the same location, there is a
50-50 chance of them getting the item correct. When the respondent’s profi-
ciency is above an item, they have a greater than 50-50 chance of answering
correctly. Respondents have lower chance of getting the item correct when the
item is above the respondent’s proficiency. The Rasch model did not violate the
assumptions of item response modeling that each subscale is unidimensional and
higher scores are associated with higher proficiencies as the data fit the model
sufficiently (Merritt 2010).

The Construct Map software (Kennedy et al. 2005) was used to calibrate items. All
items (pretest, posttest, and embedded assessment) were calibrated together. Therefore,
each student observation was treated as two different students. For example, a
student’s pretest is one student and their posttest is another “student.” We were then
able to anchor the difficulties generated for the entire set and look at each of the
items separately. We then examined how students’ models progressed in relation-
ship to the instructional strategies of the unit.

Student Progress to a Particle Model of Matter

Table 6 details the mean and sample variances of the student ability estimates for the
particle model of matter (PMM) variable. Logits are the unit of measure used by
Rasch and represent the probability of a correct response, and the higher the logit
number, the more likely students are to respond correctly to the items. This group of
students starts out with a higher average ability estimate on the pretest than those in
our overall study of student performance (Merritt 2010). The wide variance in student

Tal.)le 6 Mfeans and bil Assessment  Mean (in logits) ~ Sample variance
variances of person ability -
estimates for the PMM Pretest 0'5‘2‘ 0.80
progress variable (N=122) ASLI 0.8 3.39
AS5.2 1.03 2.75
AS15.1 1.27 3.79

Posttest 1.08 0.62
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Table 7 Student proficiency Gain p
estimate gains from each Pre-ASI.1 1.36 <0.001
successive assessment
AS1.1-AS5.2 0.21 0.31
AS5.2-AS15.1 0.24 0.20
AS15.1-post -0.19 0.26

results for the embedded assessments indicates the different models that students
created for each assessment.

Students performed consistently better from the pretest to AS15.1. Gains in stu-
dents’ proficiency estimates are reported in Table 7, as well as results of paired-
sample t-tests. There were significant gains from the pretest to AS1.1. There were
gains from AS1.1 assessment to the AS15.1 assessment, but they were not signifi-
cant. There is a slight (=0.19), but insignificant (p=0.26), drop in performance from
AS15.1 to the posttest. This drop may be explained because there is no scaffolding
for the modeling items of the posttest.

The pretest and posttest separation reliabilities were satisfactory for the PMM
progress variable (r>0.80). However, those for the embedded assessments were less
satisfactory (r=0.67). These results were most likely due to the small sample size
(n=122). The embedded assessments also displayed a wide variance in student per-
formance. These may be due to a number of factors, including teacher effects and
fidelity to curriculum.

Another way of looking at students’ progress from pretest to posttest is the
Performance Map (Fig. 2). The Performance Map shows students’ ability esti-
mates over time. A Performance Map can be generated for a single student, for
an entire class, or entire groups of students. Figure 2 shows the average progress
for all students from pretest to posttest. Overall, this indicates that student con-
ception of matter improved during instruction. Prior to instruction, the average
student had a “mixed” model of matter, which means they represented and
explained phenomena with matter as having both macroscopic and submicro-
scopic components. After the first lesson (AS1.1), the average student was now
explaining phenomena with a “basic” model of matter which means they repre-
sented and explained phenomena with matter being composed of particles.
However, students did not describe what these particles were. After Lesson 5
(AS5.2), more students are explaining phenomena with a “basic” model of mat-
ter. At this point in instruction, many students are now including motion and the
concept of empty space in their model as they have learned these ideas in the
lessons prior to the assessment. The final embedded assessment (AS15.1) shows
that on average, students have progressed to a “complete” model of matter. At
this point, students have been taught that the particles are atoms/molecules and
have used their models to explain phase changes as well as that the atoms/mol-
ecules and their arrangement in different substances results in different proper-
ties. Just as the results show in Table 6, the average student had a “basic” model
of matter.
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Performance Map
Variable: Particle Model of Matter (MLE)
122 students

Pre AS1.1 AS5.2 AS15.1 Post

2.00
175
150
1.25
1.00 -
0.75 1
0.50
0.25 4
0.00 1

Ability

-0.25

-0.50
-0.75
-1.00
-1.25

-1.50 : ! 1 'EDescriptlve
-1.75

-2.00
- Group

Fig. 2 Map of average student progress on the PMM progress variable

Student Development of a Particle Model of Matter

Through the development of the particle model of matter progress variable, we were
able to track students’ development of a particle model of matter during instruction.
At the pretest, most students ranged from a descriptive to a basic model of mater. By
the first embedded assessment (AS1.1), students displayed significant growth in
performance (from pretest to AS1.1). AS1.1 occurs at the beginning of the unit, and
results indicated that most students had either a mixed or basic model of matter.
This growth could have occurred because of the discussions students have prior to
and during creating their models. During this discussion, students had the opportunity
to talk about how they thought odors are able to travel through the air. In addition,
students were able to talk with peers as they created their models. Figure 3a shows
Laura’s initial model of smell. Laura shows odor as shaded lines, representing a
descriptive model of matter.
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Laura’s Lesson 1 model

In this box write what the symbols in your model represent.
I Key: oz o eduiser
i \ = ctnr oaerRAr

0= A‘/W::y

Laura’s Lesson 5 drawing

‘g'..— o JUr i

o= e

Laura’s Lesson 15 drawing

33

Fig. 3 Laura’s drawing for how smell travels during instruction: (a) Lesson 1, (b) Lesson 5, and

(¢) Lesson 15
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In the three lessons that follow, students investigated matter, defining matter
as anything that has mass and takes up space. Students then grouped different
materials as solids, liquids, and gases and characterize each of the different states
of matter. Students also observed the melting and freezing of menthol to under-
stand that heating and cooling can change matter from one state to another. The
next set of instructional activities was key in helping students to gather evidence
that matter is made up of tiny particles. Students studied the properties of gases
by observing that air can be removed and added to a flask. Moreover, they use
syringes filled with air to understand that gases can be expanded or compressed
because there is empty space between the particles of a gas. Students created
their own models of matter to explain these phenomena. Students were chal-
lenged to show how their models could account for the evidence (i.e., explain
these various phenomena). Thus, these investigations were used as evidence for
a particle model of matter.

Using student models, in Lesson 5, students were introduced to the idea that
everything is made up of particles. They investigated the ability of an acid and
a base to change the color of indicator paper without being dipped in the liquid.
Through creation of models and discussions around the phenomenon and the
models, students developed an understanding of evaporation and that the parti-
cles of the liquid are the same as those of the gas. Then, students were intro-
duced to a different model, a computer simulation to explain how smells travel
across a room before constructing their own models of smell. Students’ models
indicate that these instructional strategies helped students to further develop a
particle view of matter. For example, Laura’s model (see Fig. 3b) reflects the
ideas that she gained from prior lessons. In her model of smell traveling, she
now indicates that there are air particles and odor particles with and nothing
between those particles. This is vastly different from Laura’s first model of
smell (Fig. 3a), which showed only odors as continuous. This also indicates that
Laura has moved from a “descriptive” model of matter to a “basic particle”
model of matter (see Table 2).

In the next learning set, students experienced phenomena to help them under-
stand properties and phase changes on a molecular level. During these lessons, stu-
dents learned about atoms and molecules. By the end of the second learning set,
students should understand that the properties of different substances are the result
of the different atoms in the molecules in that substance.

In the third learning set, students revisited phase changes. Students created mod-
els for phase changes on a molecular level. Students modeled how the substances
appear in the different states as well as how heating and cooling changes the states
of matter. For example, students examined whether gases move faster at higher
temperatures by investigating how long it takes ammonia vapor to change indicator
paper blue when a test tube containing drops of ammonia is in a warm versus cool
water bath. Although there are several instructional strategies that occur between
Lesson 5 and Lesson 15, it is difficult to pinpoint which of these have contributed
most to student learning gains from Lesson 5 until Lesson 15. Since the unit was
written with a particular sequence of learning performances and their associated
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learning activities, it can be postulated that this learning sequence helped students
to develop a particle model of matter. Most students developed a “complete” model
of matter at the end of the unit. For example, Laura (see Fig. 3c) has an even more
sophisticated model of matter, as she now represents random movement of particles
in her model.

Student performance, on average, dropped between AS15.1 and the posttest.
AS15.1 occurs before a class review of all the major concepts students have learned.
During this review students create models of phenomena before coming to a class
consensus model that can explain all the phenomena that they have reviewed.
Similar to the findings of McNeill et al. (2006), where they observed a drop in stu-
dent performance between the end of instruction and the posttest for writing expla-
nations because of the lack of scaffolding and peer-to-peer sharing that occurred
during the unit, may also explain student performance on the posttest modeling
items for this unit.

Conclusions and Implications

The particle nature of matter is a core idea of science (Smith et al. 2006; Stevens
et al. 2009) that serves as the foundation for explaining a myriad of science phe-
nomena including properties, phase change, and chemical reactions. Previous inter-
view studies (Nakhleh et al. 2005; Novick and Nussbaum 1978; Stavy 1991) have
outlined the difficulties students have with understanding particle theory and its
related concepts. Our work shows that carefully sequenced curriculum materials
that support students in using the scientific practice of modeling can help students
develop an initial particle view of matter.

The scientific practice that served as the focus of the unit was modeling — an
important and vital tool for helping students to understand abstract concepts such as
the particle nature of matter (Harrison and Treagust 1998; Mikelskis-Seifert and
Leisner 2005; Saari and Viiri 2003; Schwarz and White 2005). Research has sug-
gested that students need to be introduced to modeling early in their school years
(Grosslight et al. 1991; Harrison and Treagust 1998; Hestenes 1992; Justi and
Gilbert 2002; MacKinnon 2003; Mikelskis-Seifert and Leisner 2005; Saari and Viiri
2003; Schwarz and White 2005; Vosniadou 1994). We designed the unit so that
students would make observations through their investigations that would allow
them to build more successive and appropriate models of the PMM over time based
on evidence.

Studies have also suggested that students’ understanding of the particle nature
of matter would improve if a sequenced, developmental approach was taken to
supporting students understanding of particle theory (Ben-Zvi et al. 1986;
Harrison and Treagust 2002; Justi and Gilbert 2002; Kozma et al. 2000; Snir et al.
2003). This study showed that curriculum designed to allow students ideas to
build over time with teachers who implement the unit helps students to do this.
Our study found that this started with students’ creation and critique of their own
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models to explain phenomena that account for their observations of phenomena.
Results showed that as students gathered more evidence from phenomena, they
were able to draw more sophisticated models, especially at the particle level.
Learning progressions have been proposed as a means to address the need for cur-
riculum and assessments that can help teachers improve their practice as well as
to inform both students and teachers about students’ performance. Wilson (2005)
and Wilson and Sloan (2000) propose that one method for linking assessments to
learning progressions is through the use of progress variables (Wilson 2009).
Moreover, progress variables have been proposed as a method to tracking student
performance during instruction (Wilson 2005, 2009). This study demonstrated that
the PMM progress variable, developed for a curriculum unit designed to be coherent,
can track student progress toward a PMM during instruction. Student perfor-
mances on the embedded assessments indicated that students made gains in their
proficiency as they experienced the unit, achieving higher levels of proficiency
during instruction. Although average student performance dips to the “basic”
level on the posttest, the results showed that students were able to develop a PMM
by the end of the unit. It is important to realize that the performance on the post-
test was not supported. Thus, the development of the progress variable provided
the opportunity to track students’ progress prior to, during, and after instruction.
Furthermore, results showed that the instructional strategies helped students to
develop a particle view of matter.

Scoring guides were developed for this study that aligned with the levels of the
progress variable, which were delineated through the construct map. As the con-
struct map also reflects the learning goals and instructional sequencing of the cur-
riculum, it also points out the importance of embedded assessments tied to the
learning goals of a curriculum (Kennedy et al. 2005). Therefore, the validated PMM
progress variable could now be used by teacher and students to track student prog-
ress. Moreover, teachers could use the PMM progress variable to track students
during instruction and provide feedback to students.

Results showed that students performed consistently better from pretest to the
last lesson of the unit. Student performances on the embedded assessments indi-
cate that students make significant gains in their proficiency as they experience
the unit, achieving higher levels of proficiency. Thus, the development of this
progress variable provided the opportunity to identify the range of models stu-
dents created prior to and during instruction. Results show that the instructional
strategies of the sixth grade IQWST chemistry unit help students develop a par-
ticle view of matter.

There were several limitations to this study. We anticipated that there would
be some teacher effects as well as fidelity issues related to students’ perfor-
mance. During this study, we did not collect videos of instruction or interview
the teachers about their experiences with the unit. This information could pro-
vide more insight into differences in student performance as they experience the
unit as well as their performance on the posttest. Although this information was
not collected, it does not affect the ability to track students understanding as
they experience the unit. However, it does show that more work is needed in
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terms of both understanding fidelity to curriculum as well as documenting strat-
egies teachers implement in supporting their students in progressing toward a
particle view of matter.

Second, the embedded assessments consist of only two questions that are
identical in content. Although having only two items does not limit the ability
to determine estimation parameters for these items, having more items would
provide better estimates of the construct. Moreover, there are several other
embedded assessments that could also be utilized to better analyze students’
particle view of matter in relationship to phase changes, states of matter, and
properties of substances.

Finally, all the teachers that participated in the study did not return the embedded
assessments as well as the pretests and posttests. Despite constant communications
and reminders to send these items, many teachers did not send complete data. As a
result, only three teachers returned complete materials. Although this was less than
ideal, it did not inhibit our ability to track students understanding in three different
locations.

In sum, a curriculum that is designed to help students to explain new phenom-
ena through the practice of modeling with teacher who implement the curriculum
using the intended practices can support students in developing a PMM. As stu-
dents experienced the unit, results indicate that the particle model of matter prog-
ress variable could be used to track students’ understanding during instruction. In
addition, results show that students can develop a “complete” particle view of mat-
ter during instruction. Utilizing the PMM progress variable, most students moved
from a “mixed” to a “basic” view of matter with a number of student reach the
complete model by the posttest. This is reflected in students learning gains from
pre- to posttest and in the increased sophistication of the models students created
during instruction.

Now that the PMM progress variable has been validated, it provides the opportu-
nity to return to the classroom to evaluate its use during instruction. The linking of
instruction to assessment is vitally important to obtain a complete picture of how
closely teachers are following the curriculum, what modifications they make to the
curriculum, and how they utilize the embedded assessments to inform their practice,
evaluate student progress, and provide feedback to students. Thus, teachers could be
instructed to use the scoring guide to evaluate student progress to help them in
understanding their students’ progress as well as to provide feedback to students.
The progress variable could also be used as evidence for learning progressions that
span multiple grades. However, this is only one approach for supporting students in
the development of a PMM. More work is needed to assess how other instructional
strategies help students’ progress to a PMM.
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Lesson Descriptions and Learning Performances for the How can I smell things

from a distance? Unit

Lesson no.

Description

Learning performance

Learning
set 1

1

Students smell odors coming
from two jars, recognizing
that the jar must be open in
order to smell an object.
During this investigation,
students draw pictures and
write descriptions that
represent their understanding.

Next, the teacher facilitates a
discussion to help students
think about (a) how odors
travel and (b) how scientific
models help them to
understand and explain this
phenomenon

Students measure the mass and
volume of different sub-
stances, including an inflated/
deflated ball to understand
that odors and air have mass
and occupy space (have
volume) and conclude that
anything with mass and
volume can be called “matter”

Students classify materials as
solid, liquid, or gas. Students
learn that matter can go
through phase changes by
observing the melting and
cooling of menthol. As an
optional activity, students can
also observe the phase
changes of water

Students construct initial models
to help them explain how
odors travel across a room

Students describe one purpose of
a scientific model

Students describe air as
occupying space (having
volume) and having mass

Students identify the relationship
between the amount of a
substance and the measured
mass of that substance

Students characterize things as
matter (or not matter) based
on whether they have mass
and volume

Students identify and describe
materials in three states of
matter, using scientific
terminology (solid, liquid,
gas)

Students describe and compare
the characteristics of solids,
liquids, and gases

Students describe typical changes
of states that occur when
substances are heated or
cooled

Students provide examples of
materials changing states

(continued)
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Description

Learning performance

Learning 6

set 2

Students investigate the ability of
air to be added and removed,
expanded and compressed in
closed systems, using their
own models to explain them.
Through the critique of their
models, students begin to
understand that the building
blocks of matter are particles.
Empty space between the
particles explains addition,
subtraction, compression, and
expansion

Students develop an understand-
ing that matter, in the gaseous
state, contains particles that
constantly move in linear
motion by observing indicator
paper changing color without
being dipped in two different
liquids. Students also view a
simulation of odor traveling in
a room with air. By the end of
this lesson, the class develops
a consensus model for the
particle model of matter

Students observe and record the
emission spectra of different
gases. Through discussion of
their data and modeling of
different gases, students come
to the idea that different
materials have different
properties; thus, we can
distinguish among materials
based on their properties

Students are introduced to the
elements of the periodic table
and the physical properties of
elements, by observing and
investigating different
elements. Students use their
results to explain that the
elements have different
properties because they are
made up of different types of
atoms. Students are also
introduced to fundamental
concept of the atom — as a
basic particle of all elements

Students construct and revise
models to explain and
account for all of the
following phenomena:
subtraction, addition,
compression, and expansion
of gas in a closed container

Students construct models of the
particle nature of gases

Students use their models to
explain why indicator paper
changes color and how smell
travels

Students describe evaporation as
particles of liquid changing
phases to particles of gas
without boiling

Students compare one substance
to another, based on their
properties

Students compare several
elements to one another,
based on observable
properties and uses

Students define what an element
is using the concept of atoms
(and not particles)

(continued)
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Description

Learning performance

Students create molecular models
of oxygen, carbon dioxide,
nitrogen, and water using
gumdrops, Styrofoam balls, or
other molecular modeling kits
to represent atoms and
molecules. The molecular
models are then placed in a
clear bag to represent air as a
mixture of gases. The teacher
facilitates discussions to help
students understand these
models and to introduce
molecules as being composed
of more than one atom that
“stick” together and that
different molecules make up
different substances

Students rotate through stations
smelling different substances.
Each station will include a
2-D image of the molecule.
Students recognize the fact
that the same atoms (C, H, O)
can be in different arrange-
ments and that these different
arrangements make a new
substance with new properties
(in this lesson, a different
odor)

Students observe the time it takes
ammonia vapors at different
temperatures to reach
indicator paper

Students revisit the virtual
simulation of air and odors in
a room, manipulating
temperature to show the
difference in molecular
movement at higher and lower
temperatures

Students use physical representa-
tions to explain the relation-
ship between molecules and
atoms

Students identify a sample item
as either a substance or a
mixture on a molecular level

Students explain that different
smells are caused by different
arrangements of atoms in a
molecule, using molecular
models

Students predict how molecules
move at different
temperatures

Students describe what happens
to the molecules in a gas
when it is cooled and heated

Students construct models to
demonstrate that molecules
have different speeds at
different temperatures

Students explain why an odor
moves faster at higher
temperatures

(continued)
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(continued)

Description

Learning performance

Students observe the cooling and
heating of a balloon placed in
and removed from a dry ice
bath. Students use the particle
model to explain their
observations. Finally, a
mechanical model is used to
demonstrate the relationship
between temperature and
volume in the heating and
cooling of gases

Students observe the heating and
cooling of bromine and create
models of bromine in both the
gas and liquid phase to help
understand the process of
evaporation. Then, students
observe the evaporation of
alcohol and water from two
different surfaces to under-
stand that different sub-
stances, which are composed
of different molecules, have
different evaporation rates.
Third, a teacher demonstra-
tion of water boiling is used to
explain the process of boiling
and what happens as a liquid
undergoes a phase change to
gas. Students model the
process of boiling to develop
understanding of this process.
Finally, students observe the
process of condensation,
through water condensing and
evaporating in a bottle and the
condensation of water on the
outside of a plastic cup filled
with ice water

Students observe the expansion
of water when it is heated and
create physical models to
explain their observations.
Students then use their models
to predict what happens when
dye is added to hot and cold
water. Students discuss
whether their predictions
match their observations and
revise their models
accordingly

Students describe what happens
to the molecules in a gas
when it is cooled and
re-heated

Students explain the relationship
between temperature and
volume of gases

Students explain phase changes
from gases to liquids and
liquids to gases at the
molecular level

Students describe the difference
between liquids at different
temperatures, including the
fact that liquids expand upon
heating

Students explain the difference
between liquids at different
temperatures using a particle
model

(continued)
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(continued)
Lessonno.  Description Learning performance
14 Students observe the phase Students explain phase change
change from a solid to a liquid from a solid to a liquid and
by observing ice melting and from solid to a gas (sublima-
through a teacher demonstra- tion), using the particle model
tion of melting an unscented, Students explain different states
paraffin wax candle, creating of same substance, including
models of solid and liquid in their explanations that the
water (or wax). Students particles are the same but
observe sublimation using dry behave differently
ice. Teacher reviews the
menthol experiment (Lesson
3) and students create models
of the molecules in the solid,
liquid, and gaseous states
15 Students revisit the models they Students evaluate models
created during Lessons 1 and (compare and critique their
5 and create models of smell. models of odor)
The class reviews what they Students explain a related
learn and develop a class phenomenon, which is
consensus particle model. presented in a format of a
Then, students use their short newspaper article, using
consensus model to address a the particle model
real-world problem Students create a poster/brochure
suggesting a solution to a
real-world problem
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How Students’ Understanding of Particle
Theory Develops: A Learning Progression

Philip Johnson

Introduction

Research stretching back many decades would suggest that students find the particulate
nature of matter difficult to grasp. Several comprehensive reviews of this large body
of work exist (e.g. Andersson 1986; Garnett et al. 1995; Harrison and Treagust
2002; Krnel et al. 1998; Liu 2001; Smith et al. 2004; Wiser and Smith 2008), and
there is no attempt to replicate these here. The main focus of this chapter is on
students’ understanding of a ‘basic’ particle model, which refers in general to the
particles of a substance (e.g. copper particles, water particles, salt particles) without
differentiating between atoms, molecules and ions. Many students at all ages do
seem to struggle with particle ideas, but some do succeed.

A longitudinal, interview-based study on a cohort of students (n=33) moving
from age 11 to 14 has given evidence of understanding developing along a progres-
sion (Johnson 1998). Data on students’ understanding of a ‘basic’ particle model
were collected as part of a wider study on the concept of a substance. From holding
a continuous view of matter before instruction (i.e. no notions of particles in the
sense of the particle theory), a sequence of qualitatively different models concern-
ing the relationship between particles and the substance emerged:

Model A: The particles are in the continuous substance.
Model B: The particles are the substance but have macroscopic character.
Model C: The particles are the substance, but they do not have macroscopic character.

In response to a question about particles, students holding Model A can draw
seemingly acceptable particle diagrams, but when asked to indicate the substance,
they shade in the spaces between the particles. For them, the particles are extra
things embedded within the continuous substance (see Fig. 1).
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Fig. 1 Model A response for
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A more refined form of Model A is to show the substance as a coating around
each particle. This seems to be moving closer to Model B where there is no dis-
tinction between the particles and the substance: the particles are viewed, literally,
as being very small pieces/amounts of the substance and have the macroscopic
character of the substance. Like Model A, Model B spans a range of development.
In a more primitive form, macroscopic behaviour is explained by the behaviour of
individual particles, entirely. For example, individual particles melt. A more
sophisticated version explains different states for a particular substance in terms
of changes in particle movement and spacing. However, individual particles of
different substances are still thought to have the macroscopic properties of their
room temperature states.

If the particles are the substance, it follows that there is nothing (no substance)
between the particles. Most of the students in the Model B category seemed happy
to accept this logic, but some would say ‘air’. However, exactly what is meant by
‘air’ is not always clear (Johnson and Gott 1996), and ‘air’ does not necessarily
mean matter in the scientific sense. The key distinction between Models A and B is
that the particles are the substance in the latter but not the former. Students holding
Model C appreciate that the characteristic properties of the three states are explained
by the collective behaviour of the particles, entirely, and so the ‘physical’ nature of
individual particles is not at issue. Single particles do not have a state and indeed it
is difficult to say what they are like since they are not like anything we know.

The forces between particles and their intrinsic motion (i.e. that particles are
always moving in some way) were other aspects overlaying the models. About two
thirds of the students mentioned attractions between particles in at least one of the
interviews. Here there was a distinction between those that seemed to view the
strength of attraction as being a consequence of the room temperature state and
those understanding that the room temperature state was determined by the ability
of the particles to attract to each other. Cases of the former arose with students hold-
ing either Models A or B and the latter with students holding Models B or C. Overall,
students were happy to talk about the movement of particles associated with the
three states. For Model A, the movement is determined by the state of the continu-
ous matter: thus, in a solid they are stuck, in a liquid they can move around and in a
gas they have much more freedom. In relation to forces, the space-filling substance
acts as ‘glue’ of varying strengths. Across all models the intrinsic nature of the
motion seemed to be readily accepted for the gas state. However, for the liquid state
there was a tendency to think in terms of a potential to move if acted upon in some
way (e.g. stirring). Although most students could predict a crystal of sugar would
dissolve in water without stirring, not one invoked ideas of intrinsic motion to
explain why. Even those who spoke enthusiastically about the moving particles of


http//www.tandfonline.com
http//www.tandfonline.com

How Students’ Understanding of Particle Theory Develops: A Learning Progression 49

the liquid state could not make the connection. The interviews did not focus on
intrinsic motion and the solid state.

After the initial instruction, one student had not engaged with particle ideas in
any way. The rest entered at either Models A or B and then moved along the
sequence of A to B to C at differing rates in response to further teaching. At the end
of the third year of the study, just under half had reached Model C. The interview
sample (n=33) was drawn from the whole of a year cohort (n=147, in six classes),
and a number of different teachers contributed to the teaching over the 3 years.
However, all classes in each year had followed the same instructional units and the
path of the students’ development could simply be a reflection of this and have no
wider significance. Nevertheless, the kinds of responses are similar to those reported
by other studies. Indeed, based on a thorough analysis of the literature, where the
bulk of studies have been cross-sectional, Talanquer (2009) has proposed a learning
progression for the structure of matter that is consistent with the findings of the
longitudinal study.

Talanquer (2009) identifies four specific dimensions along which there seem to
be common paths of development: structure, properties, dynamics and interactions.
‘Structure’ captures the change from a continuous view of matter through ‘granular-
ity’ (small pieces or embedded particles of some generic kind) to ‘corpuscularity’
(particles of a distinctive type are the matter). The ‘properties’ dimension moves
from ‘inheritance’ (macroscopic properties are transferred to the particles) to ‘emer-
gence’ (properties emerge from the interactions of particles). Under ‘properties’,
Talanquer also notes ‘substantialism’ where properties such as taste and smell are
thought to be quasi-material entities in themselves which are mixed in with the
sample in question. It is suggested that this evolves into ‘elementalism’ (the proper-
ties of chemical elements are inherited by compounds) before ‘emergence’ is
reached. ‘Dynamics’ starts with a static view of particles and finishes with a full
appreciation that motion is intrinsic. On route are the notions that particles only
move when forced to do so (‘causal-dynamic’) followed by continuous motion
linked to perceptual features such as temperature and fluidity (‘contingent-
dynamic’). For ‘contingent-dynamic’, the higher the temperature or more fluid-like
a material (liquid/gas), the more likely the particles are thought to be moving.
Finally, the ‘interactions’ dimension begins with the idea that interactions only take
place when particles are in contact (‘contact-interactive’) such as for the solid state.
Next is contingent-interactive where the strengths of forces depend on the tempera-
ture (they weaken as temperature increases) and the state (they become weaker to
the point of disappearing from solid to liquid to gas). The idea of intrinsic forces
which only depend on distance (‘intrinsic-interactive’) is noted as seeming to be
especially challenging.

Together, Talanquer’s ‘structure’ and ‘properties’ dimensions (omitting ‘substan-
tialism’) correspond to a progression from a continuous view of matter through the
Models A to B to C as defined earlier. Responses in keeping with either Model A or B
are usually regarded as misconceptions, and their prevalence in research studies is the
evidence for why the particle theory is considered to be so difficult. If Models A and B
are stages in a progression towards understanding the science view (Model C), this
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would cast the situation in a more positive light. A feel for how far Models A and B are
along a possible road to C would inform the picture. More widely, there is recent
attention in the literature to the prospect of learning progressions in science domains
informing curriculum design (e.g. Duncan and Hmelo-Silver 2009; National Research
Council (NRC) 2007).

This chapter reports the findings from a large-scale, cross-sectional study to test
the hypothesis of a learning progression for the basic particle model. They form part
of a wider study exploring students’ understanding of the concept of a substance (as
did the Author’s previous longitudinal study), covering the identity of substances,
changes of state, mixing and chemical change (Johnson and Tymms 2011). A
computer-based assessment instrument, using fixed-response items, was developed,
and Rasch modelling was used to explore the data for evidence of a learning pro-
gression (NRC 2001; Sadler 2000).

The Rasch Model

The Rasch model is based on the notion of a continuous variable (trait), where the
‘abilities’ of persons and the ‘difficulties’ of items in relation to the variable can be
measured on the same interval scale (Wright and Stone 1979). The model uses the
difference between person ability and item difficulty to predict the probability of a
person succeeding on an item (see Fig. 2). The probability is 0.5 when the differ-
ence is zero. ‘Statistics can be computed for each item and each student to show
how well they fit the model, individually. There are two kinds of misfitting behavior;
underfit and overfit. Underfit for an item is when ability is a poor predictor of suc-
cess: a plot of observed success against ability-difficulty is more of a horizontal line
rather than the ogive of Fig. 2. Overfit for an item is when ability is too good a
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Fig. 2 The Rasch model response ogive (From Johnson and Tymms 2011, p. 852)
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predictor of success: a plot of observed success against ability-difficulty is more
step-like than the ogive. Students with ability below item difficulty exhibit less
chance of success than expected and students with ability above difficulty exhibit
greater chance than expected. Similarly, a person could be underfitting or overfit-
ting” (Johnson and Tymms 2011, p. 851).

A data set conforming to the Rasch model indicates the items are measuring the
abilities of the persons on a variable. ‘If those items represent the understanding of
certain ideas, the order of difficulty can be inferred to represent the order in which
the understanding of the ideas is achieved; i.e., a learning progression’ (Johnson and
Tymms 2011, p. 852).

Methodology

Item Development

Item construction was informed by the research literature (distracter options were
based on likely misconceptions) and iterative trialling. During the trials, data were
collected using individual interviews (n=52) and from classes sitting tests (number
of students=747). Most of the interviewees were in Years 7-9 (ages 11-14) with a
few from older year groups (Years 10 and 11). The interview sample drew on seven
schools, the students having been selected by teachers to represent the range of
abilities within a school. The classes were an opportunistic sample covering all
abilities, but biased in numbers towards higher achieving students. Samples from
higher achieving schools tended to be larger, and where students were in stratified
classes according to ability within a school, there were more higher ability classes
than lower ability classes (and higher classes tend to be larger than lower classes).
In total, 19 schools were involved in the development of items. These schools
spanned a wide spectrum of socioeconomic backgrounds and achievement in high-
stakes national assessments.

The interviews, which explored students’ interpretations of wording and
images and their reasons for selecting or not selecting options, were very useful
and led to many alterations. For example, there was a preoccupation with the
spacing between particles in many students’ thinking. Figure 3a shows the first
draft of an item on the relationship between the particles and the substance for
the liquid state. It became clear that a number of students were choosing the first
option because they thought that best showed the spacing between particles in
liquid water and had not paid attention to the labelling which showed particles
in continuous water (Model A). A second version showed the same spacing
between particles in all options but some students still looked for a difference as
their strategy for selecting an answer. The final version (Fig. 3b) states that the
spacing is the same in all options.

An indication of the effect of the change is given in Table 1, which shows the
percentage frequencies of option choices for the first version in class trials and
the final version in the main data collection (see later for sample details). Despite
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their very different sizes, there is a reason to assume the samples draw on similar
profiles of abilities (their mean abilities are above average). If so, it seems that
the different spacing could entice some students away from choosing the correct
option (D). That some interviewed students were distracted by differences in
spacing is unquestionable.
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Table 1 ‘Percent'flge response Percentage response frequency
frequencies for Fig. 3a, b Option  Figure 3a (n=131)  Figure 3b (n=4,600)
A 30 14
B 15 19
C 14 10
D 42 55

The interviews also revealed the importance of maintaining parity between
options in terms of content and the use of what students see as key words (Sadler
2000). For example, the options and percentage response frequencies for two ver-
sions of an item asking ‘which best describes’ a beaker of water (shown in a photo-
graph) are given below.

Percentage response

frequency
Pilot n=148
A It is made of particles which are runny — like tiny drops of water 26
B There are particles which can move around in the water 53
C It is made of particles which are not like little bits of water 17
D It does not have any particles 3
Final n=4,600
A It is made of particles which are runny-like tiny drops of liquid 31
B There are particles dotted about surrounded by liquid 32
C It is made of particles which are not like little bits of water 32
D It does not have any particles 3

With the first version, some students were selecting Option B because this was
the only one that mentioned movement and were not necessarily taking in the con-
text of that movement (Model A). The amended item makes no mention of move-
ment in any of the options (and also specifies the water as liquid). Comparing the
choices for the two versions suggests the mention of movement in the initial version
drew some students away from the correct answer.

The number of distracters per item depended on the number of alternative plau-
sible notions and varied from 2 to 6 with most either 3 or 4. Where appropriate, the
rubric asked students to select the ‘best’ option (as in the examples above) to
acknowledge there might not be an exact match to their thinking amongst the dis-
tracters — if they didn’t hold the science view.

Aspects Addressed

The particle model comprises a set of ideas which work together, and, to the extent
that it is possible, items were designed to address particular aspects of the model.
These aspects and the number of items per aspect are shown in Table 2.
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Table 2 Aspects addressed by the items

Aspect addressed by item Number of items

The relationship between ‘basic’ particles and the substance

The nature of individual particles

The intrinsic motion of particles

The spacing of the particles (liquid state)

The use of a basic particle model to explain physical phenomena
Using ideas of atoms

O O = 3 W

Science has the idea that 'stuff’ is made of very small particles - too small for us to Time Remaining
sea. Imagine you could see these particles.

= =1

rﬂ" Which diagram best shows the spacing for liquid water?

<= Prev Next ==

Fig. 4 An item on the spacing in the liquid state

Figure 3b is an example of an item exploring the relationship between ‘basic’
particles and the substance. Others looked at the solid and gas states, and still others
more specifically on what was between the particles. The item above on which best
describes water is an example of one which focuses more on the nature of individual
particles.

Intrinsic motion was addressed in two ways. Some items displayed arrays of
particles moving variously or not for the different states. Other items showed
animated options of one particle either ‘still but could move’, ‘shaking on the spot’,
‘moving around a little’ or ‘moving around a lot’.

Only one item looked directly at the spacing for the liquid state (Fig. 4).
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However, spacing was also involved in some items to do with explaining physical
phenomena. For example, an item to explain melting offered the following options
(photographs showed a sample of wax before and after melting):

A. The particles move apart.

B. The wax around the particles melts.

C. Solid particles (hard) change to liquid particles (runny).

D. The particles start to move about from place to place, keeping close together.

Options A and D are juxtaposed to force a decision between a change in spacing
or change in movement as the key factor explaining the difference between solid
and liquid. Other items, most using particle diagrams, looked at explaining boiling,
evaporation and dissolving (solid and gas state solutes). Ideas of forces between
particles were addressed in items on different melting points, different rates of evap-
oration for different substances and hardness.

Table 2 also shows nine items that went beyond ‘basic’ particles and used ideas
of atoms. One item offered the following two options for the best description of
water:

A. Tt is one substance made of hydrogen and oxygen atoms.
B. Itis a mixture of two substances, hydrogen and oxygen.

Other items showed molecular atom diagrams to represent changes of state, mix-
ing, separation and chemical change. Two items also depicted chemical changes
involving giant structures.

Students’ understanding of properties such as smell and taste were not addressed
since these rely on appreciating the role of our sense receptors and the brain in creating
the sensations. Individual particles do not have a smell or taste in the way they have
mass, energy or forces of interactions — there are just arbitrary shapes and sizes which
fit receptors. The overall scope of the study was judged to be wide enough as it was.

The Instrument

Figure 5 shows how the 38 particle model items were distributed across three tests,
one for Year 7, one for Year 8 and one for Year 9 and above (named Tests A, B and
C, respectively). The numbers of items per test were constrained by the need to
accommodate items addressing other ideas relating to the concept of a substance (the
total numbers of items per test in the wider study are shown in parentheses in Fig. 5)
and to keep the overall test completion times to within reasonable bounds (around
45 min). For the particle model items, a kernel of 11 items was assigned to each test.
These items covered all of the aspects in Table 2 except ‘atoms’ for Year 7 (four
‘relationship’, two ‘nature’, one ‘spacing’, one ‘motion’ and three ‘basic explain’).
Three items were common to Tests A and B (covering ‘nature’, ‘motion’ and ‘basic
explain’). Three items, all on ‘atoms’, were common to Tests B and C. Nine items
were only assigned to Test A (three ‘relationship’, five ‘motion’ and one ‘basic
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Number of items
Test Kernel through Common to

all tests two tests In one test Total
24
A 11 (37) 9 (30)
for Y7 . (:3) (80)
B 3 3 21) 3(6)
for Y8 (5|) (76)
C
for Y9 v l 9 (34) (32)
and
Y10

Fig. 5 The instrument design

explain’), three were only in Test B (one ‘nature’ and two ‘atoms’) and nine were
only in Test C (5 ‘basic explain’ and 4 ‘atoms’).

The kernel items and those common to pairs of tests covered the range of diffi-
culty and allowed for test equating and the comparison of subsamples. Placement
decisions for items were guided by the students’ likely curricular experiences
according to the English National Curriculum. It should also be noted that the devel-
opment phase also involved consultation with teachers during feedback of results.
Overall, students were not being asked about unfamiliar content. For the items only
appearing in one test, those in A tended to be easier and those in C more difficult.

Participants

Data were gathered in two batches. The first batch was collected from 20 schools
(out of 200 who were approached) at the end of the academic year in June/July
2007. The data were collected at a distance in that the software was run on school
IT networks under the supervision of school staff. It was requested that students
completed the tests individually. There was considerable variation in the numbers of
students per school and the relative numbers per year group in each school, but
overall around one thousand students took each test (Table 3). The schools were
drawn from the Middle Years Information System (MidYIS) database at Durham
University’s Curriculum Evaluation and Management (CEM) Centre (MidYIS
2011). Just over 2,000 secondary schools are in the database, and it constitutes a
good representation of the English school population. When students enter Year 7,
they take standardised tests across a range of areas. A student’s total (MidYIS) score
can be regarded as an overall indication of academic ability. The MidYIS scores
were available for most of the students, and these showed the Years 7, 8 and 9
samples to be very similar. Each was fairly normally distributed but around a mean
that was about one standard deviation above the national mean (standardised score
means were 112, 114 and 114, respectively).
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Table 3 First batch of data collected from 20 MidYIS schools

Year group and number of students taking a test
Y7 on Test A Y8 on Test B Y9 on Test C Y10 on Test C

1,212 1,048 917 114

Table 4 Second batch of data gathered from ten local schools

Numbers of students by Year group and test (total=1,333)

Y7 Y8 Y9 Y10
Test A Test A Test B Test A Test B Test C Test C
283 312 231 34 329 112 32

The second batch was collected from ten further schools between February 2008
and June 2008 (Table 4). Tests were not strictly aligned to year groups since in most
cases they were being taken midyear. The bulk of these data were gathered by the
Author in local schools using a class set of laptops. It was gratifying to see the stu-
dents become quickly absorbed with the tests. However, a few in some classes ran
through the items at speeds not consistent with careful thought. Overall, the schools
in the two batches span a wide range of types, socioeconomic backgrounds and
geographical areas.

Results

Rasch Analysis

The particle model items were subjected to Rasch modelling together with the items
addressing other ideas relating to the concept of a substance. Since Rasch modelling
uses the difference between ability and difficulty, the measurement of person ability
does not depend on which items are attempted, and the measurement of item diffi-
culty does not depend on which persons answer the items (though standard error
reduces where ability matches difficulty). Therefore, all of the items in Tests A, B
and C (see Fig. 5) and all students’ responses in Batches 1 and 2 (Tables 3 and 4)
could be combined to make one data set which was analysed using Winsteps, version
3.59 (Linacre 2005). Within this analysis, a few of the items were double scored. For
example, Fig. 3b was scored once with Options B and D as correct to identify those
students viewing the particles as being the substance and then again with just Option
D as correct to distinguish those also regarding the particles as being all the same (of
whatever nature). In effect, this scoring is equivalent to using a partial credit Rasch
model (Bond and Fox 2007). The overall analysis gave an item reliability of 1.00 and
a person reliability coefficient of 0.82 (equivalent to Cronbach’s alpha). These statis-
tics are very satisfactory and indicate there are enough items to estimate the student
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abilities and enough students to estimate the item difficulties. In relation to the fit
statistics of individual items and persons, overfit (where prediction is too good) is of
less concern than underfit (where there is poor prediction) (Bond and Fox 2007).
Therefore, here we will only concern ourselves with underfit.

The individual person fit statistics indicate around 6 % of the students were
underfitting. For Batch 2, the author had witnessed some students not giving the
items proper consideration and this probably occurred with Batch 1 as well. Such an
approach would show up in the Rasch model as underfitting person behaviour.
Therefore, to gain a better assessment of the items, the data were reanalysed after
removing the underfitting students. In practice, it made little difference.

Measures of item difficulty should not depend on which persons answer the
items. The invariance of item difficulties with respect to Mid YIS ability, year group
and gender was investigated with the Batch 1 data. For Mid YIS ability, for each test,
upper and lower quartiles of students taking the test were identified using the Mid YIS
scores and the item difficulties were calibrated separately on the two subsamples
(again using all items). Plots of the item difficulties calibrated on the upper quartile
against those calibrated on the lower quartile showed a high correlation. For the
particle model items only, correlation coefficients of 0.95, 0.91 and 0.69 emerged
for Tests A, B and C, respectively. (For all items in each test, the corresponding cor-
relations were 0.95, 0.85 and 0.80.) In each case, it must be noted that the upper and
lower quartiles largely comprised of students from different sets of schools.
Therefore, the invariance is being tested across a combination of MidYIS ability
and schooling and the correlations are the more remarkable for that.

Since the Batch 1 data had been collected at the end of the academic year, the
common items allowed invariance across year groups to be explored. For the 15
particle items common to Tests A and B, the plot of item difficulties calibrated on
Year 7 students against those calibrated on Year 8 students has a correlation coeffi-
cient 0.99. For the 14 items common to Year 8 (Test B) and Year 9 (Test C), the
correlation is 0.93, and for the 11 items common to Year 7 and Year 9, the correla-
tion is 0.95. Using both batches of data, item difficulties calibrated by gender are
almost identical.

Although some items were underfitting, overall, the data of the wider study show
a good fit to the Rasch model (for a more detailed account the reader is referred to
Johnson and Tymms 2011). This suggests a variable relating to the concept of a
substance and that the particle model items belong to that variable. We will now
consider what the particle items tell us about the development of students’ under-
standing of the particle model.

Underfitting Items

One of the particle model items exhibited significant underfitting behaviour.
‘Ability’ on the ‘substance’ variable, as estimated by responses to all of the items,
was not a good predictor of success on this particular item. Of course, this could
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simply be a poorly constructed item which is open to too many interpretations. On
the other hand, it could be hitting a pocket of confusion that persists despite overall
progress. There is reason to suppose the latter explanation. The item was the one on
liquid state spacing (Fig. 4). Figure 6 gives the observed success rate (the plotted
points) set against the expected ogive (the faint outer lines are the error limits). As
well as some lucky guessing at the lower end, the observed success rate is markedly
less than expected amongst the higher ability students. This is consistent with the
dominance of an incorrect view of liquid state spacing in some students’ thinking,
noted earlier. These higher ability students would most likely have gone straight to
Option A in Fig. 3a on the basis of spacing alone. While the spacing item might be
improved by giving an image of the solid state as a reference point, it should be
noted that particle diagrams of the liquid state appearing in other items all showed
appropriately closely spaced particles.

One further particle item (‘Atom13’) was significantly underfitting for the whole
sample but showed an acceptable fit when calibrated using the upper quartile of stu-
dents. The plot of observed success suggests lucky guessing amongst lower ability
students was distorting the picture. This was a difficult item involving diagrams show-
ing atoms bonded in giant structures and a large amount of guessing is not surprising.
For the rest of the particle items, most showed a good fit with a few on the edge of
acceptability (see Johnson and Tymms 201 1) for the interpretation of fit statistics).



60 P. Johnson

The Variable Described by the Particle Model Items: A Learning
Progression

Omitting the liquid spacing item, but including ‘Atom13’ with its difficulty cali-
brated on the top quartile, the items were placed in order of difficulty and examined
in terms of their conceptual content. Items addressing the same aspects could be
grouped together in relatively tightly defined regions on the scale and the positions
of understandings addressed by single items make sense in relation to others.
Figure 7 shows the outcome in terms of ideas. All boxes with a stated range of dif-
ficulty represent a group of more than one item. For boxes without a stated range,
the vertical midpoint gives the difficulty value. In all but two cases where different
items had the same difficulty, these correspond to single items. The scale in Fig. 7
is anchored at an arbitrary value of 50 for the mean item difficulty. (Ten units on the
scale in Fig. 7 equals 1 unit on the ability minus difficulty scale of Fig. 2.) The key
point is that the scale shows the order and the relative increments in difficulty from
one idea to the next. The description of Fig. 7 that follows is an expanded version of
a section in supplementary material accompanying the online version of Johnson
and Tymms (2011).

Bottom left of Fig. 7, two items addressing the association of a substance with
a type of particle in a representation (distinguished by shape and colour) enter at
a difficulty of 32. Here the student is able to link the number of different particles
to the number of substances. However, this association doesn’t necessarily mean
the particles are seen as being the substance. Three items exploring whether par-
ticles are seen as being the substance, for the solid, liquid and gas states, respec-
tively, group together higher up at 39. However, at this level the particles are
viewed as having different sizes (e.g. they would choose Option B in Fig. 3b). It
seems likely that these ‘particles’ are viewed as being small pieces which have all
the properties of the observed sample. Choosing particles having the same size is
at 48 for a sample in the liquid state (Option D, Fig. 3b) and 55 for a sample in the
solid state. More items using different substances are needed to confirm any real
difference between the liquid and solid states, but it is possibly easier to think of
a liquid sample ‘breaking’ into equal sized bits than a solid sample. (There was
not an item looking for a corresponding distinction in the gas state.) Individual
particles not having macroscopic character is more difficult, with the four items
addressing this idea clustering between 60 and 63. Three items targeting the idea
of nothing/empty space between particles fall between 65 and 69. The contexts of
solid copper and gaseous methane are close together at 65 and 66 with liquid water
at 69. Water may present a greater challenge than other examples of substances in
the liquid state due to ideas of dissolved air (‘air’ was the most popular distracter
in all three items).

The two modes of items on intrinsic motion (array and single particles) produced
mixed results. With the solid state, the difficulties were similar (array-60, single-56)
and show this to be the most challenging state. Differences between the two modes
were more marked for the liquid and gas states. Array and single were at 32 and 47
respectively for liquid, and 28 and 37 for gas. Given the disparities, the positions of
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Fig. 7 A learning progression for the particle model (Adapted from Johnson and Tymms 2011,

p. 869)

these ideas cannot be given with any precision and further investigation is required.
However, it seems that intrinsic motion is easier for the gas state than the liquid state
(Johnson and Tymms 2011, supplementary material, p. 4).

As noted, we cannot say where an understanding of particle spacing in the liquid
state might be on the scale since the item’s difficulty did not fit with the variable (for
whatever reason).
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Seven of the nine items on using the basic particle model to explain physical
phenomena group together between 60 and 65. Of these melting stands apart at 65
with the rest between 60 and 63. The slightly higher value for melting may or may
not be significant, but it seems possible that misconceptions about particle spacing
in the liquid state were interfering. The options for the melting item were given
earlier, and many pupils were attracted to ‘moving apart’ instead of ‘start to move
around but staying close together’. Of the remaining two items out of the nine, stu-
dents’ preoccupation with spacing was to the fore in one about why iron is hard,
which was high up at 81. Most opted for ‘the particles are close together’” with few
choosing ‘the particles don’t easily change neighbours’. The most difficult item, at
83 on the scale, concerned the representation of a bubble in boiling water. In addi-
tion to the idea of empty space between particles as opposed to air (already at 69 for
water in the liquid state), knowledge of hydrogen and oxygen as gases seems to add
to the difficulty. Only 7 % of 1,154 students answering chose an image of water
particles spaced apart with nothing in between.

Making the distinction between atoms and substances is important. For example,
an oxygen atom is not the same as the substance oxygen (O,). The two-option item
noted earlier where pupils chose between water being ‘one substance made of hydro-
gen and oxygen atoms’ or ‘two substances, hydrogen and oxygen’, registers at 52.

Items using molecular atom structures to represent various changes cover quite a
large region on the scale. Between 48 and 50 are two items, one a change of state
(not specified as melting or boiling) and one a separation. Higher up between 55 and
60 were four items, two on chemical change, one showing substances forming a
mixture and one about water in the gas state. The latter item showed a video of a
drop of liquid water being injected into a sealed hot gas syringe (150 °C) with the
plunger moving out to give a clear, transparent interior. The three options showed:
(A) separated water molecules; (B) separated hydrogen and oxygen atoms; (C) sep-
arated hydrogen and oxygen diatomic molecules. At 57 on the scale this item was
much easier than the one on a bubble in boiling water (though the intervening space
between the molecules/atoms was not directly addressed). Two items where the
identity of a substance is embodied in the repeating unit of a giant structure of atoms
fall at 66 and 70, respectively.

Where Are the Students on the Scale?

On the basis of the MidYIS scores, we know the Batch 1 year group samples are
comparable. Using the Batch 1 data for the wider study on the concept of a substance
(excluding underfitting items and the 6 % of underfitting students) gives mean sub-
stance abilities of 50.1, 52.5 and 54.9 for students at the end of Years 7, 8 and 9,
respectively. The corresponding standard deviations are 7.4, 7.7 and 8.6 (Johnson
and Tymms 2011). From the MidYIS data we also know our sample is above the
national average by about one standard deviation. Therefore, adjusting the Year 9
mean by its standard deviation gives an estimated national mean of around 46.
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Discussion

All but one of the particle items seem to belong to a variable which measures their
relative difficulties. Furthermore, in terms of the conceptual content, a coherent
picture has emerged. The sample size is substantial giving good reason to suppose
the variable has widespread application. One limitation is the varying numbers of
students per school and per year groups within schools which do not allow proper
examination of differential item functioning by school. ‘Although consistency
across schools is the overriding position, there may be some differences arising
from different curricular experiences (which would need to be known)’ (Johnson
and Tymms 2011, p. 872). It is perhaps surprising that different ages, schools and
teachers did not produce a much greater variation in the responses. Even the pat-
terns of choices amongst distracter options were very consistent. Another limitation
is that some ideas are only addressed by one item and the variation with different
contexts should be investigated. Intrinsic motion needs more attention and ideas of
forces between particles could be explored in more detail.

Despite the limitations of the study, the data are good enough to suggest that
Fig. 7 goes some way towards describing a typical pathway for the development of
students’ understanding of the particle model, i.e. a learning progression. The Rasch
model defines student ability as the point where there is 50 % chance of success. For
summative assessment purposes this might not be enough to claim a student under-
stands this or that idea — a higher likelihood seems more appropriate. The key points
about Fig. 7 are the sequence and the interval scale showing the increments in dif-
ficulty from one idea to the next. For more discussion on wider issues relating to
leaning progressions the reader is referred to Johnson and Tymms (2011). The
remaining discussion here will focus on particle ideas, first on the results and then
on a comparison with the Author’s previous longitudinal study.

The progression in Fig. 7 can be mapped to the Models A, B and C noted earlier.
At 39 on the scale, the idea that particles are the substance, but of different sized
pieces, corresponds to a primitive Model B. One suspects the sizes of these little
pieces are envisaged to be not much smaller than that which could be directly
observed. With abilities below 39, students are more likely to choose the options
depicting versions of Model A. Of course, no other alternative models were offered,
and we cannot be sure what they might be thinking other than matter is not particu-
late. From 48 to 55 represents a more developed Model B where the particles are all
the same but are still viewed as having the macroscopic properties. Perhaps students
are now zooming down to much smaller sizes in their imaginations, so beginning to
free themselves from the immediacy of everyday experience. (Items addressing the
sizes of particles would be useful but would also involve an understanding of numbers.)
Losing the need to ascribe particles with macroscopic character corresponds to
Model C and is a step further up the scale in the region of 60-63. Figure 7 also
indicates starting to use particle ideas to explain phenomena coinciding with Model C.
On the face of it, this makes sense — one needs a good understanding of the model
before one can use it.
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Interestingly, the items using molecular atom structure diagrams come before
Model C, including those depicting chemical change. From a logical point of view,
ideas of atoms are incompatible with Model B. If the ‘basic’ particles are like the
observed substance, what are these atoms? However, in terms of learning, the
incompatibility (cognitive conflict) might help students to relinquish macroscopic
thoughts about the particles and so spur them on to Model C. Nevertheless, for ideas
of atoms to have a chance one suspects students should at least be thinking in terms
of particles being the substance (have reached an ability of around 55).

Particle spacing for the liquid state deemed midway between the solid and gas
states is a very well-known misconception and one that some science text books are
guilty of propagating (Harrison and Treagust 2002). However, perhaps less well
appreciated is the significance of spacing in students’ thinking — the ramifications
go beyond producing acceptable particle diagrams. If states are simply identified by
spacing, this is a ‘short cut’ which circumvents a deeper engagement with the
model. The critical difference between the solid and liquid states is in the movement
of particles, not the spacing. The solid state is hard because particles do not easily
change neighbours — not because they are close together. The liquid state is runny
because particles can move around, not because they are significantly further apart.
Importantly, these explanations of hardness and runniness do not rely on the charac-
ter of individual particles. It might be worth reminding students that the particles are
further apart in ice than liquid water. If a state is identified by spacing alone, the
characteristic properties are yet to be explained (save the greater volume of the gas
state), so it would make sense to attribute these to the particles themselves. Misplaced
emphasis on spacing could be blocking students’ development.

For intrinsic motion, the relatively low difficulties of the gas items (array and sin-
gle particle) and the liquid array item is perhaps a little surprising given the problems
with intrinsic motion reported by other studies. For example, not one student in
Westbrook and Marek’s (1991) study (which included 100 undergraduates) invoked
random intrinsic motion to explain the diffusion of a dye through water. Novick and
Nussbaum (1981) report only half of their age 16+ sample using constant motion to
explain why particles in the gas state are uniformly distributed. The use of animation
with the items in this study may have reduced their difficulty. The motion is being
presented as intrinsic and the cause of the motion was not explored. The students were
also not being asked to explain a phenomenon, and we have already noted their diffi-
culty with implicating motion for melting. The validity of using animated versus non-
animated items to explore students’ understanding of intrinsic motion is something to
explore. The increase in difficulty from gas to liquid to solid within each of the two
item modes in this study is entirely consistent with Talanquer’s (2009) literature anal-
ysis given earlier. To see how much more difficult the animated solid state items were
is noteworthy. It is also interesting to see intrinsic vibrational motion for the solid state
coming just before Model C. It makes sense that a full appreciation of intrinsic motion
contributes to relinquishing macroscopic thoughts about particles. However, as dis-
cussed in the introduction, Fig. 7 shows particle movement is quite compatible with
Model A for the liquid and gas states. Attention to particle movement of itself is not
necessarily going to develop students’ understanding beyond Model A.
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In terms of students’ progress, the projected national mean of around 46 on
Fig. 7 by the end of Year 9 needs to be treated with caution. Nevertheless, even
allowing for a degree of underestimate, it suggests most are in the range of Model
B, with less than 10 % reaching Model C. This is in keeping with the widespread
difficulties reported in the literature.

Overall, the progression in Fig. 7 matches the findings of the Author’s previous
longitudinal study, but there are some differences. Most of the students categorised
as Model B in the longitudinal study seemed to accept the idea of empty space
between the particles, but in Fig. 7 this appears above Model C at 65-69. In the
longitudinal study, particle ideas had been introduced in a substance-based frame-
work: particles were identified as particles of specific substances. In contrast, it is
very likely that most of the students in this study had been taught particle ideas
through a ‘solids, liquids and gases’ framework (as advocated in the English
National Curriculum) where the language talks of particles ‘in solids’ or ‘solid par-
ticles’ (ditto ‘liquid’ and ‘gas’). Elsewhere, we have argued that the ‘solids, liquids
and gases’ framework could be causing difficulties for students (Johnson and
Papageorgiou 2010). A substance-based approach that focuses on why a substance
can be in any of the three states (rather than solids, liquids and gases as separate
types of matter) places emphasis on the particles being the substance which could
make the idea of nothing easier to accept. If the particles are the substance, there is
not anything else — i.e. there is nothing.

In the longitudinal study there were cases of students with Model B finding par-
ticle ideas helpful (e.g. mixing up explains dissolving even if one thinks the parti-
cles are still ‘solid” and ‘liquid’). Some of the items on explaining changes had been
expected to locate below Model C on the variable. That none are below could reflect
the different modes of assessment (interview vs. fixed-choice), or it could be that a
substance-based approach allows students to start using particle ideas before attain-
ing Model C. We must also remember that the Rasch model is based on probabilities
(Fig. 2) and that some students at around 55 on the scale will be getting items in the
region of 60—65 right. It is difficult to say what might be going on. A study directly
comparing interview responses with fixed- response choices would be useful.

Any comparison with the students’ progress in the longitudinal study must be
treated with great caution, but it worth noting that just under 50 % of the interview
sample was categorised as Model C in Year 9. The interviewees (n=33) were a
stratified sample with two drawn from the top, middle and bottom of the achieve-
ment range, as judged by their teachers at the start of Year 7, in each of the six
classes (three students dropped out during the study, one from each level). The top
students could have been at the very top, but the middle students will have been
somewhere around the middle and some of these must have been at Model C (if just
under half of all were). Therefore, a conservative estimate would suggest the stu-
dents in the longitudinal study made much better progress even compared to the
above average sample of students in this study. There are many possible explana-
tions, but this could be indicating a substance-based approach is more effective than
the traditional ‘solids, liquids and gases’ approach. Almost certainly, the substance-
based approach is not worse and merits serious consideration. Furthermore, with the
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benefit of insights gained from the longitudinal study, there are many places where
the teaching scheme could have been better focused. Johnson and Roberts (2006)
detail a substance-based approach to introducing particle ideas informed by the lon-
gitudinal study that may be of interest to readers.

Conclusion

Rasch modelling has been fruitful and this study provides sufficient evidence to war-
rant further investigation into a learning progression for students’ understanding of
the particle model. Figure 7 represents a first attempt to be refined. Importantly, the
proposed progression generates specific questions to be explored (such as those
raised in the discussion above) which will advance our understanding of students’
learning. Having a suggested progression provides a framework for a systematic pro-
gramme of research. Figure 7 is a creature of the prevailing ‘solids, liquids and gases’
approach and whether a substance-based approach would bring significant changes
to the relative difficulty of ideas remains to be seen. The main line of progression
from Model A to B to C is unlikely to change, but there are grounds for supposing
the rate of students’ progress would be much improved.
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Implicit Assumptions and Progress Variables
in a Learning Progression About Structure
and Motion of Matter

Hannah Sevian and Marilyne Stains

Introduction

Understanding of the structure and properties of matter is a foundational pursuit of
science. Likewise, developing students’ facility in explaining and predicting natural
phenomena with known scientific models is of central importance in the teaching
and learning of science. Applying models of the structure of matter at the particulate
level to explaining and predicting properties of the macroscopic world is an histori-
cal approach to teaching about the nature of science and to comprehending nature
itself (Scheffel et al. 2009). However, students at all ages demonstrate difficulty in
understanding fundamental ideas about the structure of matter and relationships to
properties of materials (e.g., de Vos and Verdonk 1996). This persistent problem,
evident across ages ranging from early childhood to undergraduate learning, has
prompted researchers to investigate the development of understanding about con-
cepts of matter over long periods of time, and whether there are deep reasons that
might account for the difficulties (Kind 2004; Nakhleh 1992; Taber and Garcia
Franco 2010; Talanquer 2009).

This chapter presents one approach to investigating this problem, through the
characterization of how students across a wide age range of backgrounds understand
the structure and motion of matter at the particulate level. We begin by reviewing
relevant aspects of a hypothetical learning progression (hereafter LP) on the particle
nature of matter that was presented by Talanquer (2009). This LP organizes the evo-
lution of learners’ thinking in terms of specific implicit assumptions (hereafter IAs)
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that they are relying upon. IAs are presuppositions about the nature of entities that
guide and constrain people’s reasoning involving those entities. We focus on two of
the dimensions of IA evolution hypothesized by Talanquer: structure and dynamics
at the particle level. We explain the ways in which our study is situated in the general
ways in which LP research varies and show that the approach of organizing the evo-
lution of learners’ thinking in terms of IAs is able to bring coherence to a number of
studies about the capacities of students to understand the particle nature of matter, as
well as the difficulties students exhibit. Initially assuming Talanquer’s dimensions as
progress variables along which the evolution of students’ thinking from less to more
sophisticated could be characterized, we developed an instrument to ascertain which
IAs constrain a student’s thinking about a particular phenomenon that relies on rea-
soning about the structure and motion of matter at the particle level. The instrument
relies on an assumption that people generate instantaneous mental models when pre-
sented with a novel question, and these mental models are constrained by the TAs
held by the person. Examples of students’ responses from application of the instru-
ment, whose validation was reported elsewhere (Stains et al. 2011), are used to show
how IAs constraining students’ thinking are able to be identified using the instru-
ment. Application of this instrument to a large sample of students across a wide
range of ages captured distributions of students’ thinking patterns at each grade level.
We discuss how this process of validating the LP enabled us to refine what the prog-
ress variables are in the LP. The iteration from hypothetical LP to assessment to
interpretation of student data from the assessment enabled not only a refinement of
the LP but also a deeper understanding of how a specific curriculum influences the
progress of learning by the presence or absence of deliberate practice in using par-
ticular IAs. We discuss the differences in distributions of thinking patterns that were
observed across grade levels, relationships to the curriculum followed in the schools
from which participants were drawn, and ways in which the LP could provide guid-
ance in the use of curriculum to improve student outcomes.

Learning Progressions

LPs describe learning over extended periods of time, usually more than 1 year.
According to a recent review (Salinas 2009), they generally describe how student
learning becomes more sophisticated in some aspect of a discipline. They are usually
situated within a theory of cognition, take into account curricular and instructional
conditions, and they can include considerations of social and cultural contexts. LPs
are increasingly of interest in institutional and policy contexts, most recently par-
ticularly in the USA in influencing the development of national frameworks for
mathematics and science education from preschool through graduation from high
school (National Research Council [NRC] 2007; National Council of Teachers of
Mathematics 2010; President’s Council of Advisors on Science and Technology
2010). The term “learning progressions,” as used in this chapter, includes a variety
of work occurring under many names. LP has tended to be the term of choice in
science education in the USA, while mathematics education in the USA has favored
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the term learning trajectories. In Europe, similar work has evolved under the names
teaching experiments, and teaching-learning sequences.

The promise of LPs lies in their ability to guide the coordination of curriculum,
instruction, and assessment in order to provide sustained opportunities over many
years for students to engage with core ideas and develop connections between them.
In recent years, the National Academy of Sciences in the USA has convened a series
of consensus studies focusing on the state of research on learning and how it can
guide further research, as well as practice and policy. LPs were defined as “descrip-
tions of the successively more sophisticated ways of thinking about a topic that can
follow one another as children learn about and investigate a topic over a broad span
of time (e.g., 68 years)” (NRC 2007, p. 219). The role and conditions for the suc-
cess of LPs have been articulated as “They are crucially dependent on instructional
practices if they are to occur... traditional instruction does not enable most children
to attain a good understanding of scientific frameworks or practices, but there is
evidence that the proposed learning sequences could occur with appropriate instruc-
tional practices.” The Framework for K-12 Science Education, which is now provid-
ing the framing for the current revision of the national standards for science
education in the USA, provides the following guiding assumption: it “emphasizes
developing students’ proficiency in science in a coherent way across grades K-12
following the logic of learning progressions” (NRC 2012, p. 33).

Approaches to Studying LPs

While there is general consensus that LPs offer promise in guiding education, the
field has not yet come to consensus on more detailed aspects of what LPs are, par-
ticularly in terms of how they are developed, represented, and studied. A recent paper
by Duschl, Maeng, and Sezen (2011) provides an analytical review of a wide variety
of LP research in science education in the USA and Europe over several decades,
with connections to learning trajectories in mathematics. Their review focused on
how LPs are created, and how they are validated and described. They characterize
four variations in approaches to studying LPs: (1) the subject matter of the LP, (2)
how the boundaries of the LP are defined, (3) how intermediate levels are studied,
and (4) the explicit or implicit model of conceptual change associated with the LP.

1. The Subject Matter of the Learning Progression. Most LPs tend to focus either
on scientific knowledge without integrating science practices or on science prac-
tices without integrating domain knowledge.

2. Boundaries of the Learning Progression. How the boundaries of an LP (i.e., lower
and upper anchors) are defined tends to vary. Some LPs provide explicit defini-
tions of lower anchors, while others describe them more implicitly, for example,
intuitive accounts by students of familiar macroscopic events. Upper anchors tend
to be more clearly defined and usually correspond to statements of scientific
knowledge and/or practices that students are expected to master.
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Assessment |:> Interpretation

Surveys, interviews, and Analysis of student data in the
other assessments that context of learning situations,
probe how students refines the LP framework and
think about phenomena enables predictions on ways
whose understanding to manipulate curriculum and
relies upon ideas in the instruction to better align
LP framework with how students’ ideas
Theory of cognition evolve

LP Framework
describes pathways of
students’ evolving ideas
over a long period of time

Fig. 1 Validation cycle in the development of an LP

3. Study of Intermediate Levels. There is variation in how intermediate levels of
understanding are studied, described, and related to instruction. Regarding the
proximity to instruction, some LPs describe linear sequences of steps not neces-
sarily connected to instruction (e.g., Alonzo and Steedle 2009).

4. The Model of Conceptual Change Associated with the Learning Progression.
There are two classes of conceptual change models at the foundation of LP
research, which Duschl et al. identify as a misconceptions-based “fix it” view
and a “work with it” view. They associate these two classes of conceptual change
models, respectively, with two types of LP: (i) validation LPs, which seek to vali-
date initial sequences and levels of progression, and (ii) evolutionary LPs, which
define and refine developmental pathways by identifying productive ways of rea-
soning that can be used by learners to make meaning. They find that many LPs
primarily target canonical understanding of a topic, and only infrequently do
they focus on how learners use knowledge. They argue the same point made in
Taking Science to School, that focusing on a “fix it” view of misconceptions in
teaching for conceptual change can work against addressing conceptual change.

Common to most approaches in developing LPs is an iterative process that begins
with a hypothetical LP and involves empirical validation by collecting data on stu-
dent learning whose interpretation then feeds back into revising the LP and provid-
ing predictions on how learning can be optimized by modifying curriculum and
instruction to better account for the actual progression of students’ learning. This
validation process, which can be represented as an adaptation of Mislevy’s
Conceptual Assessment Framework (NRC 2001; Mislevy et al. 2002), is illustrated
in Fig. 1. Each iteration or cycle results in an improved LP framework with better
understanding of how curriculum and instruction influence students’ progression
through the LP as well as the reverse.

Such a validation cycle tends to fit well within a design-based research framework
(Cobb et al. 2003; Collins et al. 2004), which has seen increasing usage over the past
5 years in the USA. Considerable discussion in the field has centered on framing
exactly what taking a design-based approach means (e.g., Design-Based Research
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Collective 2003; Kelly 2004), and it is beyond the scope of this chapter to summarize
the larger discussion. Our own approach in our larger research project involves
studying the context (e.g., the teaching and learning actually occurring in schools),
deriving goals for the research that include respecting and improving teaching and
learning within the context, having research questions that emerge from the goals,
iterating through phases that refine the design and theory, and converging iteratively
on knowledge in which the stakeholders have input and derive value. A small part
of this approach is reported in this chapter, with one iteration of validation of one
part of a larger LP about chemistry that is under study.

Our Theoretical Commitments in Studying an LP on Chemistry

In relation to the four variations discerned by Duschl et al. (2011), we have made
the following specific commitments in studying LPs:

1. Subject matter of our LP: Our full LP is concerned with how student thinking
about chemistry develops with training in chemistry. The part of this LP research
reported in this chapter focuses on scientific knowledge around the particle
nature of matter, and particularly relationships between structure of matter at the
particle level and properties of materials. To assess student thinking about these
structure-properties relationships, we probe student thinking about three initial
conditions imposed on a phenomenon whose explanation relies on this think-
ing — diffusion in a gaseous mixture. While other phenomena relying upon the
same thread of thinking could have been chosen instead (e.g., solutes dissolving
in water, phase changes), we wanted to probe a phenomenon that was not taught
in the curriculum in the schools from which the study population was drawn, so
that we could more accurately measure how students’ IAs shaped their thinking.
In particular, we wanted to more cleanly discern this from what students may
remember of what the teacher taught. We are concerned with the ideas that stu-
dents have and the underlying IAs that constrain those ideas. In keeping with the
observation of Duschl et al., our LP focuses primarily on scientific knowledge
rather than scientific practices; that is, while the use of particle-level models of
matter is important to structure-properties relationships, the practice of modeling
is not the focus of our assessment.

2. Boundaries of our LP: The part of the full chemistry LP that is the focus of this
chapter describes changes in IAs (explained below in the section where the ini-
tial LP of the structure of matter is described) that guide and constrain learners’
reasoning about key elements in the LP. Our intent is to identify cognitive
resources that can support productive thinking as learners’ understanding is
deepened when they grow to own more sophisticated assumptions upon which
they can rely in conditioned ways. There is not a specific age assumed for the
lower anchor of the LP. The IAs we probe assume learners are familiar with the
ideas that there are different kinds of materials and that different materials have
unique properties. The upper anchor is defined by the most scientifically accu-
rate [As in the LP.
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Intermediate levels: We take the view, described by Wiser and Smith (2008), that
some intermediate levels can be described as “stepping stones” in students’
learning that can be productive ways of thinking and may be reconceptualized as
learners’ understanding deepens through instruction, while other intermediate
levels may not be productive. We consider learners’ ideas to be constrained but
dynamically interacting with an environment that includes instruction (Brown
and Hammer 2008). Our approach to studying the LP is concerned with identify-
ing and characterizing the evolution of metastable intermediate levels (some of
which are productive stepping stones) toward greater scientific sophistication.
We are ultimately concerned both with the internal constraints (IAs) and external
conditions (e.g., instruction) in support of this evolution. The role of curriculum,
instruction, and assessment are therefore important in understanding this evolu-
tion and form part of our larger study. The focus of this chapter is to report on
one cycle of validation of part of the structure-properties relationships piece of
the chemistry LP, to show how the progress variables and IAs by which they are
measured are clarified by this process. While instruction certainly contributes to
the evolution, we limit the scope of this chapter to describing the refinement of
the LP through measuring learners’ IAs, and we do not report on future cycles
that would involve interactions between instruction and the evolution of learn-
ers’ ideas through intermediate levels when curriculum and instruction are
adapted to better align with the LP.

Model of conceptual change: Our approach to studying the LP would be consid-
ered by Duschl et al. to be an evolutionary LP. We are concerned with describing
learning in terms of changes in, or acquisition of new, IAs by learners. Ultimately,
we seek to identify productive intermediate understandings — stepping stones, as
explained in the previous item — through which learning optimally progresses
and which have explanatory and predictive power. We believe these stepping
stones offer guidance for how to arrange curriculum and instruction to support
ideal growth in learners’ sophistication of ideas as they build toward more scien-
tifically accurate understanding.

Method

Part 1: Theory of Cognition

The Structure of Our LP Framework: Progress Variables
and Intermediate Levels

In order for an LP to be useful in measuring progress of learning, there must be a
way in which the current state of understanding of a learner can be characterized
and the student’s progress of learning can be measured. One way to consider the
representation of an LP is as encompassing three categories in a general framework:
(1) progress variables, (2) identifiable/stable intermediate levels of understanding,
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and (3) individual assessments and their scoring rubrics (Sevian and Anderson
2012). The individual assessments are designed to relate student performance on
items to the general framework.

Wilson (2009) describes progress variables as elements or dimensions of student
performance that make possible a detailed comparison among levels or models.
For example, Anderson and co-workers (e.g., Mohan et al. 2009) have studied for
many years an LP describing how students reason about various processes that occur
in carbon cycling (photosynthesis, cellular respiration, combustion, etc.) and the
ways in which students practice reasoning about the processes. Mohan et al. charac-
terized student reasoning in terms of the types of accounts given for the processes
(e.g., force-dynamic narrative, scientific model-based). In continuing work (e.g., Jin
and Anderson 2012), Anderson and co-workers have also explored other ways of
characterizing student reasoning about processes (e.g., thinking at different scales,
association, and tracing of matter and energy). The LP study that we present in this
chapter describes how students reason about one phenomenon, diffusion, which
occurs in chemical systems, and the ways in which students practice reasoning about
this phenomenon using what they understand of structure-properties relationships.
We characterize students’ reasoning in terms of IAs. Our initial progress variables,
along which the TAs that constrain students’ reasoning can be characterized, were
initially taken to be the dimensions in the initial hypothetical LP, described below.

Intermediate levels of understanding are descriptions of consistent ways in which
learners think. They present a particular view of how the world is, and they rely on
identifiable and distinct locations along each progress variable. For example, in
their LP describing levels of understanding of upper elementary through high school
students about carbon cycling in socio-ecological systems, Mohan et al. (2009)
describe four patterns, or levels of understanding, in the ways that students reason
in terms of progress toward more sophisticated reasoning. Similarly, in a related
paper within our larger research study (Stains and Sevian 2013), we describe five
distinct intermediate levels, each consisting of specific combinations of IAs within
different progress variables of the structure and motion of matter, into which the
majority of student reasoning about diffusion processes falls.

While a scoring rubric can be applied to individual assessments to determine
indicators of students’ understanding and ability to reason that are generally charac-
terized as less or more sophisticated, these assessments are designed to relate stu-
dent performance on items to the general framework described above, of progress
variables and intermediate levels. Neither the four observed intermediate levels of
Mohan et al. nor our five intermediate levels which we present elsewhere are a pre-
scriptive pathway of progress. Rather, they describe typical places along which stu-
dents’ reasoning tends to rest for some time, and they are stable enough that their
existence can be probed by assessments. There exists, however, the potential to
misuse these intermediate levels as a prescriptive pathway, and several researchers
have elucidated related concerns. For example, Wiser et al. (2012) make a convinc-
ing case that only some intermediate levels are productive stepping stones through
which curriculum should be deliberately routed in order to optimize learning, while
other intermediate levels could be detrimental to learning.
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The Initial Learning Progression Relating Particle-Level
Structure and Properties of Materials

The validation cycle begins with an LP framework as the theory of cognition, which
we took to be the hypothetical LP presented by Talanquer (2009). In this section, we
describe this initial LP, which describes the development of learning in terms of
TAs. Talanquer (2009) argues that IAs can be used to make sense of and bring coher-
ence to what is known already from many studies of students’ reasoning. He
describes IAs as common presuppositions that people hold about entities that exist
and phenomena that occur.

In developing this hypothetical LP, many studies of how students understand the
nature of matter were taken into consideration, as well as other research that focused
on longitudinal and cross-sectional studies on how students develop an understand-
ing of matter. The LP assumes that student reasoning in a realm is guided and con-
strained by IAs about the nature of entities and processes in that realm (Talanquer
2006, 2009). The organization of the LP is by IAs that constrain reasoning about
matter, which were identified through his analysis of the studies. He summarized
these findings into a hypothetical LP describing the evolution of these cognitive
constraints along four dimensions related to the understanding of matter: (1) the
structure of matter, toward the idea that matter is particulate; (2) the properties of
matter, toward the idea that properties of a substance emerge from interactions
between particles; (3) dynamics, toward the idea that the motion of particles is an
intrinsic property; and (4) interactions, toward the idea that particles interact through
intrinsic forces.

Two of these dimensions bear further explanation, as they are built upon in this
chapter. In Talanquer’s hypothesized LP, once learners ascribe to a view that matter
is at least granular (rather than continuous), the structure of matter dimension is
characterized by the likely evolution of IAs from a more novice embedding assump-
tion, in which the structure of matter is described as a continuous medium that holds
granules of substances, toward a more expert and scientifically sound vacuum
assumption, which holds that empty space exists between particles. The vacuum
assumption is generally accompanied by an assumption of matter as corpuscular,
that is, made of distinctive types of particles. The dynamics dimension is character-
ized by an evolution of I[As starting from a novice assumption that particles are
static or fixed in space. This evolves to a causal-dynamic assumption, in which the
movement of particles occurs as a result of an external force, without which move-
ment would cease, and later to a contingent-dynamic assumption, in which the
movement still must be sustained, but the source of the force is internal. The more
expert and scientifically sound assumption is intrinsic-dynamic, in which move-
ment is recognized as an intrinsic property of particles.

Many pervasive ways of thinking (sometimes called misconceptions) can be
explained as applications of IAs to explaining and predicting phenomena. For
example, in a sequence of studies (Johnson 1998, 2005), an LP was determined
through a 3-year, longitudinal, interview-based study, describing the progression of
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student understanding from a view that matter is continuous to three possible, more
sophisticated end points: the particles are in the continuous substance, the particles
are the substance but they have macroscopic character, or the particles are the sub-
stance and they do not have macroscopic character. A subsequent large-scale, cross-
sectional assessment of views of the particle nature of matter held by middle school
aged students found consistency with this LP (Johnson and Tymms 2011). The find-
ings can be interpreted as consistent with the evolution of students’ IAs from a view
that matter’s structure is continuous to embedded and (along the properties dimen-
sion of Talanquer’s not explored in our study) from inheritance and substantialism
toward elementalism and emergence. In similar ways, IAs can cohere many findings
from the literature.

The perspective of IAs as constraining thinking, and resulting in well-known
misconceptions, may also be consistent with the reasoning by young children
about matter. Wiser and Smith have studied how younger students (preschool ages
through middle grades) develop understanding of the atomic-molecular theory.
They have studied the variety of ways in which students develop understanding
over time, to define aspects of an LP that they have presented in various focuses in
several papers (e.g., Wiser and Smith 2008). They find that there is a great deal of
variety in how students conceptualize and reason about matter, weight, density,
volume, and materials. Additionally, they find that the misconceptions displayed
by students can be explained by a diversity of reasons, including the ways in which
they conceive of the macroscopic world (concepts), how they come to know that
world (epistemology), and the interactions of their beliefs, concepts, and episte-
mology. They argue that the structure of conceptual understanding is complex,
such that “different aspects can be foregrounded in different contexts” (Wiser and
Smith 2008, p. 207). For example, a conceptual change is observed in the phenom-
enon of children’s thinking when “felt weight becomes peripheral because students
have come to appreciate that objective measures are more precise and reliable, and
they support lawful generalizations (e.g., about the relation of weight and vol-
ume)” (p. 207). In our view, the phenomenon of foregrounding some aspects
depending on the context may be consistent with conditionalizing certain IAs in
response to perceived cues.

Initial Hypothesis for the Model of Cognition

We set out to validate the initial LP by designing an assessment and then interpret-
ing the results from the assessment in the context of the curriculum used in the
schools from which the population drew. The initial hypothesis of the LP was taken
to have two progress variables along which increasingly sophisticated IAs could be
observed: (1) particulate level structure of matter and (2) dynamics of particles. The
comparison between the initially hypothesized LP and the refined LP after one itera-
tion of the validation cycle (see Fig. 1) is shown later in Table 3 (see section “Part 3:
Interpretation”).
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Part 2: Assessment

Students incorporate intuitive knowledge and commonsense reasoning to form
mental representations and then use these representations to make sense of the
world. The role of intuitive knowledge and commonsense reasoning in students’
conceptual understanding has been extensively reported in cognitive science
and science education literature (Chi 2005; diSessa 1993; Talanquer 2006;
Vosniadou 1994). We now turn to describing how we captured representations
of students’ conceptual understanding and analyzed them in terms of the IAs
constraining them.

Measuring Implicit Assumptions

We reasoned that it would be possible to test the validity of the LP by developing
assessments that pose questions causing students to generate representations
about a concept. Such questions are called “generative questions” (Vosniadou
and Brewer 1992). We hypothesized that if the students’ representations rely on
their IAs then we should be able to uncover the variety of IAs held by learners of
various ages and in different contexts. There are many studies that focus on men-
tal models as representations that are constrained by how students think. For
example, Vosniadou and Brewer (1992) found in their study on the characteriza-
tion of children’s mental models of the Earth that children held rectangular and
disc models of the Earth. These mental models were constrained by the chil-
dren’s assumption that the ground is flat. Thus, we followed the approach of
designing an assessment instrument that poses generative questions that would
cause students to create mental models constrained by their IAs. We note that
where mental models are private and personal cognitive representations,
expressed models are models derived from the mental models placed in the pub-
lic domain through the use of different modes of representation, such as conver-
sation, drawing, and writing. Technically speaking, it is not possible to directly
measure mental models. Rather, mental models have usually been characterized
through the analysis of expressed models. However, for simplicity in the ensuing
discussion, both will be referred to as mental models.

Studies of mental models are most often done through interviews of relatively
small numbers of people. As our interest was in determining how various combina-
tions of IAs constrain students’ thinking along progress variables, we were inter-
ested in collecting data from large numbers of students in order to have sufficient
data to examine combinations of [As that manifest in particular mental models. A
survey for capturing students’ mental models about the Structure And Motion of
Matter (the SAMM survey') was developed and validated, along with a scoring

'© 2010, Stains & Sevian, freely available at http://sites.google.com/site/sammsurvey/
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scheme whose reliability was demonstrated (Stains et al. 2011). The survey design
follows the generative question assessment strategy used by Vosniadou in inter-
views (e.g., Vosniadou and Brewer 1992). It presents a set of scenarios about a natu-
ral phenomenon, in this case diffusion of a scented gas in a room, in a unique way
that students participating in this study likely had not previously encountered in
instruction. It is important to reiterate that this particular phenomenon was selected
over other possibilities (e.g., phase changes, dissolving process) because it is not
explicitly covered in any of the curriculum materials used in the schools of partici-
pants in the study. The student is asked to represent the instantaneous mental model
through writing and drawing. This mental model is not considered to be a complete,
in-depth representation of a student’s conceptual understanding of the topic. Rather,
it is the understanding at the front of the student’s mind, and as such, it is a repre-
sentation of the assumptions held by the student that guide thinking at the moment
of the assessment.
The three scenarios and associated questions are as follows:

— Question 1 presents a scenario of a glass of perfume broken on one side of a
room and the student on the other side of the room. The student is asked to
explain in a drawing and in writing how molecules of perfume move from the
spill to the nose. The student is also asked to draw and explain the movement of
one perfume molecule and why the molecule has that movement.

— Question 2 presents a scenario of two identical balloons containing identical
amounts of scented gas in different rooms, with the only difference between
the rooms being that one room is hotter than the other. The student is asked
to state and then explain why, in drawing and in writing, in which room the
smell would be sensed as stronger and in which room the smell would be
detected sooner.

— Question 3 presents a scenario of two identical balloons in the same room, with
different scented gases in them. The ball-and-stick structures and molecular formu-
las of the gases are provided. The student is asked to state and then explain why, in
drawing and in writing, if both balloons were popped at the same time, which gas’s
smell would be observed first and which gas’s smell would be stronger.

In all three questions, students are asked explicitly to describe and to represent
the air in the rooms as well. The main points of the three scenarios are summarized
in Table 1. Table 2 summarizes the multiple questions and modes through which the
survey requests that students express their mental models.

Data from the SAMM survey were collected from 485 students from grade 8
(age 13) to upper-level undergraduate (fourth year of university) in a large urban
school district, a community college, and a university, with all three institutions
having wide diversity of race/ethnicity, socioeconomic status, and career aspira-
tions. The surveys were scored using the scoring scheme (Stains et al. 2011), which
revealed the specific IAs students exhibited. More details on the participants are
provided in Stains et al. (2011). A full description of the development of the survey,
including studies of its validity and the reliability of the scoring scheme, is also
reported there.
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Table 1 Three scenarios of the phenomenon of diffusion of a gaseous solute in a gaseous solvent
that form the main three questions in the SAMM survey

Question Scenario

1 Imagine that someone breaks a glass of perfume on one side of a room and that
you are standing on the other side of the room. You begin to smell it after a
short while because the perfume molecules get from the spill to your nose

2 Imagine that we have two identical balloons containing an identical amount of a
scented gas. One balloon is placed in Room 1 and the other in Room 2. The
two rooms are identical except that Room 2 is hotter than Room 1. You are
standing in each room at the same distance away from the balloon

3 Imagine that we have two identical balloons containing the same amounts of two
different scented gases, Gas A and Gas B. One balloon is filled with Gas A and
the other balloon is filled with Gas B. The balloons are placed in a room at the
same distance away from your nose. The balloons are popped at the same time

Table 2 Correspondence between question parts and progress variables that were ultimately
measured

Clarified dimension Question 1: diffusion  Question 2: diffusion  Question 3: diffusion
assessed of perfume in air in hot vs. cold room of different molecules
Structure of air (solvent) 1d: drawn 2c: drawn and written 3c: drawn and written
le: written
Origin of motion lc: written 2c: drawn and written 3c: drawn and written
of solute particles
Trajectories of solute la: drawn 2a: written 3a: written
particles 1b: written 2b: written 3b: written
le: written 2c¢: drawn and written 3c: drawn and written

Discussion of how the two dimensions of the initial LP were clarified as measurable by three prog-
ress variables through the validation process is reported in Part 3 of this chapter. Each question
(numbered) has several parts (letters) which ask students to represent their thinking either in writ-
ing or by drawing a picture. For example, 1d refers to question 1, part d. The full survey may be

accessed online (see footnote earlier for URL)

Part 3: Interpretation

Through the development of the survey and subsequent implementation with a large
sample of students, we found that four distinct dimensions could be independently
assessed: structure of perfume, structure of air, origin of motion of perfume parti-
cles, trajectories of perfume particles (Stains et al. 2011). Each of these is assessed
in multiple question sub-parts and through both writing and drawing (see Table 2);
however, one of these dimensions was dropped because the analysis of most stu-
dents’ surveys indicated thinking of the perfume as particulate. It is possible that
this occurred because the questions asked students to show the movement of a sin-
gle perfume molecule, thus restricting the way in which students expressed their
ideas of the perfume structure.
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In this section, we present the analysis of students’ responses and the refinement
to our understanding the progress variables of the LP that it enabled.

Refinement of the Learning Progression

Table 3 presents a comparison between the IAs identified in the structure and
dynamics dimensions of Talanquer’s LP, and the applications of those IAs to the
phenomenon of diffusion in a gaseous mixture that the SAMM survey and associ-
ated scoring scheme are able to distinguish reliably between. The interpretation of
student data enabled us to identify a structure of gas progress variable, which is
closely related to Talanquer’s structure dimension, and an origin of motion prog-
ress variable, which is closely related to Talanquer’s dynamics dimension. It also
enabled us to identify a trajectories of particles progress variable which is not
directly mapped to any one of Talanquer’s dimensions but rather appears as a com-
bination of both structure and dynamics dimensions along which IAs evolve. The
distinguishing of origin of motion and trajectories of particles as separate progress
variables is described below, to illustrate the process of refining the LP. Some
examples of students’ drawings, also illustrating different items in the instrument,
are shown afterward, in Figs. 2, 3, and 4, with the applications of the IAs to struc-
ture of gas [solvent], [solute’s] origin of motion and trajectories of [solute] parti-
cles identified.

First, we compare the dynamics dimension with our origin of motion progress
variable. Within the dynamics dimension, Talanquer hypothesized four distinguish-
able TAs described earlier: static, causal-dynamic, contingent-dynamic, and
intrinsic-dynamic. We observed five distinguishable categories of the application of
these IAs to the phenomenon of diffusion in a gaseous mixture:

1. The motion of solute molecules is caused by external forces. Students exhibiting
this thinking pattern consider the solute molecule’s motion as being caused by
external forces or agents outside of the solute molecule. These included air cur-
rent or wind (e.g., some students drew fans or windows); inhaling or breathing,
where the action of the nose attracts the molecules; an external force called “dif-
fusion” that pushes molecules from one area of the room to another; a difference
in concentration with an anthropomorphic attribution of molecules “needing” to
go from higher to lower concentration; freedom to move due to lack of contain-
ment, but with the agent of movement being an external force; and heat causing
movement by putting pressure on the molecules. Without the external agent, the
molecules would not move. This view is most similar to the causal-dynamic 1A,
with aspects of the static IA.

2. The movement of solute molecules is caused by external forces, but the motion is
conditioned by certain features of the solute molecule. Students holding this view
state explicitly that external forces cause the solute molecules to move, but they
demonstrate implicit recognition that the molecules move by themselves. For
example, they indicate that at higher temperature molecules have faster speeds, or
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Table 3 Comparison of the IAs of Talanquer (2009) and Stains et al. (2011) descriptions of
successively more expert application of the IAs to the phenomenon of diffusion in a gaseous mixture

Structure of . Origin of motion Trajectories of
Structure Dynamics . .
(Talanquer) gas T — of particles particles
(Stains et al.) (Stains et al.) (Stains et al.)
Expert Vacuum | Microscopic Intrinsic- | Molecules are Perfume particle
4 dynamic | always in motion | trajectories based on
Corpuscularity 4 random collisions with
4 microscopic particles;
air influences
trajectories
Perfume particles
) collide with other
Molecules” motion | molecules but air
is conditioned by | molecules provide
Macro/ certain properties | force/energy for them
microscopic or features of the | {5 move
substance; X
elesiles e Perfume particle
always in motion trajectories are
; random; air influences
Contingent- trajectories
dynamic .
A Perfume particles
Molecules’ motion | collide with other
is conditioned by molecules but air
certain properties | controls their
or features of the | trajectories
Granularity Macroscopic substance; but Perfume particles
A molecules are not | radiate outward from
Embedding always in motion | gpill; air influences
trajectories
Molecules’ motion | Perfume particles
is conditioned by | collide or avoid other
certain properties | particles/walls; air
or features of the | influences trajectories
substance, but .
Perfume particles move
external forces .
. but not clear how; air
are the main . . .
influences trajectories
Causal- agent of
dynamic | movement
Ignored/ A Perfume particles
absent ) move; air controls
Motion of trajectories
molecules is .
caused by Perfume particles do
external forces not move by'
themselves; air
controls trajectories
Novice | Continuity Not coherent Static Not coherent Not coherent
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a Part of a high school chemistry student’s response to Question 1. In written explanation, the
student wrote, "The molecule's ability to move comes from the air moving. The molecule has
those specific movements because of the direction the air is travelling." Structure of solvent:
Macroscopic; Origin of solute motion: 1; Solute particle trajectories: |
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b Part of a middie school student’s response to Question 1. In written explanation, the student
wrote, "The movement of the molecules rest in the bouncing off of air molecules." Structure
of solvent: Microscopic; Origin of solute motion: (); Solute particle trajectories: 9

Drawing

1

#e

7

One perfume molecule (not drawn to scale)

Fig. 2 Examples of student responses to Question 1 in the SAMM survey (see Table 1 for sce-
nario). Students are asked to draw a picture to explain the movement of one perfume molecule
going from the spill to the nose. Scores (refer to Table 3 and text describing it) indicate the thinking
patterns exhibited in the student’s entire response to the survey (based on consistency across all
items, see Table 2) for the structure of solvent, origin of solute motion, and solute particle trajec-
tories progress variables. The numbers shown with each example refer to the categories of thinking

patterns described in the text for the last two of these progress variables

that molecules with lower mass move faster, or that certain atoms in the molecules
allow them to move. They do not, however, recognize that molecules are in con-
stant motion. This view has aspects of the causal-dynamic and contingent-
dynamic 1As.

. Solute molecules move by themselves, but their motion is conditioned by certain
features of the molecule. Students with this thinking pattern explicitly recognize
that the solute particles move by themselves as a result of some features of the
molecules themselves, such as their size, number of electrons, or mass, or due to
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a Part of a first-vear university physics student's drawing in response to Question 2. In
written explanation below the hotter room, the student wrote, "The scent will travel faster in
the warm room due to increased kinetic energy from heat." Structure of solvent:
Macroscopic; Origin of solute motion: 2; Solute particle trajectories: 5
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b Part of a high school honors chemistry student's drawing in response to Question 2. In
written explanation below the colder room, the student wrote, "The perfiume molecules are
moving slower because the temperature is colder, causing the molecules to slow down. The
molecules are kind of like cold people, they are tryving to get close together while still
moving randomly." Structure of solvent: Macroscopic; Origin of solute motion: 2; Solute
particle trajectories: 6
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Fig. 3 Examples of student responses to Question 2 in the SAMM survey (see Table 1 for sce-
nario). Students are asked to draw the perfume molecules and their movements, in the cold room
and in the hotter room, soon after the balloons with their gases are popped. Scores (refer to Table 3
and the text describing it) indicate the thinking patterns exhibited in the student’s entire response
to the survey (based on consistency across all items, see Table 2) for the structure of solvent, origin
of solute motion, and solute particle trajectories progress variables. The numbers shown with each
example refer to the categories of thinking patterns described in the text for the last two of these
progress variables

the state (i.e., gaseous) that they are in. Students do not, however, recognize that
molecules are in constant motion. This view is most similar to the contingent-
dynamic TA.

4. Solute molecules are in constant motion, but their motion is conditioned by certain
features of the molecule. Students holding this view clearly and explicitly express
that molecules are in constant motion and move by themselves. They attribute the
motion to features of the molecules, such as size, number of electrons, or mass.
This view has aspects of the contingent-dynamic and intrinsic-dynamic 1As.
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a Part of a first-year university physics
student's drawing in response to Question
3. The student wrote, "O> would bond
quicker to C>H:N because there are more —— 4

A i v r as B —— »
available bonds, making C:H-N move P .

" . GasA—» . 3
Saster." Structure of solvent: E o~ oL
Macroscopic/microscopic; Origin of ¥
solute motion: 2; Solute particle
trajectories: 1

b rart of a high school chemistry honors s \
Y it < A
student's response to Question 3. The ne
student wrote, "Gas B has more hydrogen 7 7
and carbon, so it's likely that the smell will )
be a lot stronger than Gas A." Structure of GasB—l (o " )
solvent: Macroscopic; Origin of solute GasA——» '@ ELF é

motion: 1; Solute particle trajectories: 1

Fig. 4 Examples of student responses to Question 3 in the SAMM survey (see Table 1 for sce-
nario). Students are asked to draw Gas A and Gas B perfume molecules and their movements, soon
after the balloons are popped, to explain their answers. Note: Gas A was CH;sN, and Gas B was
C,H;N. Scores (refer to Table 3 and the text describing it) indicate the thinking patterns exhibited
in the student’s entire response to the survey (based on consistency across all items, see Table 2)
for the structure of solvent, origin of solute motion, and solute particle trajectories progress variables.
The numbers shown with each example refer to the categories of thinking patterns described in the
text for the last two of these progress variables.

5. Solute molecules are always in motion and that motion is an intrinsic property of
the molecules. Students with this thinking pattern explicitly express that mole-
cules are in constant motion, and they do not attribute the motion to features of
the molecules. This view is closest to the intrinsic-dynamic IA.

Second, we describe our trajectories of particles progress variable, which was
not identified in the initial LP. We observed nine distinguishable categories of the
application of IAs along this progress variable, all of which include combinations of
IAs in the structure and dynamics dimensions:

1. Solute particles do not move by themselves; the air controls their trajectories.
Students with this view indicate that without air or external forces, the solute
particles would not move. Students talk about solute movement only in terms of
solvent (air) movement, sometimes explaining that solute particles are bonded to
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air and that is how they can move. This view is an application of the static IA
about dynamics and continuous 1A about structure.

. Solute particles move; the air controls their trajectories. Students explicitly rec-

ognize that the solute particles move by themselves, and that the air or some
outside force controls where they go. This view applies aspects of the causal-
dynamic TA about particle dynamics and an embedding 1A about structure.

. Solute particles move, but it is not clear how, and the air might influence the tra-

Jjectories of solute particles. In this thinking pattern, students also explicitly rec-
ognize that solute particles move by themselves, but they indicate the trajectories
that solute particles take. Motions may include straight lines, parabolic trajecto-
ries, rising toward the ceiling, and rolling along the floor. Some students indicate
that air currents, breezes, or wind influences (i.e., helps) solute particles’ trajecto-
ries. This relates to the causal-dynamic TA about particle dynamics and perhaps
represents a transition from an embedding to a vacuum IA about structure.

. Solute particles travel by avoiding macroscopic obstacles, and the air might

influence their trajectories. In this thinking pattern, students consider the solute
as particulate and independently moving, but everything else as macroscopic and
object-like, such as air masses or regions of different density. Again, some stu-
dents indicate ways that air, or forms of it, influences or helps the motion of
solute particles. This relates to the causal-dynamic 1A about particle dynamics
and presents a mixture between the continuous and embedding 1As of structure.

. Solute particles radiate outward from the source, and the air might influence

trajectories of particles. Students with this view draw and describe the solute as
radiating outward in all directions. Some students indicate that air currents,
breeze, or wind influences this radiation. Although this leads to the conclusion
that the solute concentration spreads from the source, the solute is considered as
something between continuous and embedded in the solvent, while the particle
dynamics are considered causal-dynamic.

. Solute particles collide with other particles, but air controls the particle trajec-

tories. In this thinking pattern, students consider solute as particulate and the
solvent (air) as continuous. They describe solute particles being controlled or
guided, in some cases by floating in fluid-like air and in other cases by being
drawn by a force, such as the nose drawing breath and pulling the air toward it.
This has aspects of static and embedding 1As about structure and causal-dynamic
IA about particle dynamics.

. Solute particles have random trajectories, except that they never collide with

other particles; and air might influence solute particle trajectories. Students
with this view draw solute particles with curvy, wiggly, or loopy trajectories (not
straight lines) going in all directions. They describe the solute particles as having
no specific destination but eventually reaching the nose. Some students draw
solute particles avoiding air particles, indicating a reason for the wiggly trajecto-
ries, thereby indicating that the solvent influences the trajectories of solute par-
ticles. This view of solute particle trajectories considers both solute and solvent
as relying on close to a vacuum IA, with particle dynamics having aspects of
causal-dynamic and contingent-dynamic 1As.
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8. Solute particle trajectories occur in straight lines and are based on collisions
with air particles; however, the air particles are the source of energy for the
solute particles to move. Students with this thinking pattern draw collisions
between solute and air particles, and they either show that air particles actively
push the solute particles along or they describe solute particles as receiving
energy from the air particles. This relates to the contingent-dynamic 1A about
particle dynamics, and a vacuum 1A about structure.

9. Solute particles collide with other particles (air and solute) as they move ran-
domly in straight-line motion, and air might influence the trajectories of solute
particles. This view is closest to the most scientifically accurate model that stu-
dents display, with students consistently describing properties as emergent from
random particle-level motions, regardless of external conditions (i.e., tempera-
ture) or particle-level variations (e.g., size/mass of solute particle). Some stu-
dents describe features of air, or currents or wind, as influencing solute particle
trajectories. This view relates to the vacuum IA about structure and an intrinsic-
dynamic (or sometimes contingent-dynamic) IA about particle dynamics.

Distributions of Thinking Patterns in Each Progress
Variable Across Schooling Levels

Although the categories of thinking patterns that the SAMM survey identifies are
generally organized from more novice to more sophisticated, it is not expected that
students progress through them in that order. Rather, as described elsewhere, we
determined that certain combinations of categories in the three different progress
variables turn up consistently in a limited number of fairly well-defined mental
models that students exhibit (Stains and Sevian 2013), and that there is variation in
the sophistication of IAs in each mental model. As we discuss below, our results
suggested that the IAs that students recently practiced in school tended to turn up in
students’ thinking patterns, and conversely when students did not practice with
using certain IAs, the IAs tended not to turn up as readily.

For the two progress variables whose categories of thinking patterns are described
above, it is likely that the null hypothesis can be rejected in both cases. That is, it is
likely that the level of schooling and thinking pattern are not independent. For ori-
gin of motion, ¥*(18, 308)=50.76, p<.05. For solute particle trajectory, y*(42,
308)=73.77, p<.05. Shown in Figs. 5 and 6 are the distributions of thinking pat-
terns seen in the two progress variables, broken out by level of schooling.

Several schooling levels exhibited distributions of thinking patterns in both prog-
ress variables that display significant differences from random distributions.
Statistically significant differences (lower or higher than expected) included:

e Middle school students: Regarding trajectories, fewer students than expected
demonstrated category 3 (solute moves but not clear how), and more than
expected demonstrated category 8 (trajectory based on collisions with air parti-
cles, but air particles provide the force for solute particle to move).
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Assumptions about origin of motion

100%
Solute molecules are always in motion and that
90% motion is an intrinsic property of the molecules.
©® 80%
g o = Solute molecules are in constant motion, but their
'g 70% motion is conditioned by certain features of the
2 60% molecule.
3 50% - = Solute molecules move by themselves, but their
g motion is conditioned by certain features of the
& 40% molecule.
<
8 30% - = The movement of solute molecules is caused by
a—, external forces, but the motion is conditioned by
o 20% certain features of the solute molecule.
10% = The motion of solute molecules is caused by
external forces
0%
Middle  High School High School Advanced First-year  First-year Upper-level
School Regular Honor Placement  University Community University = Not coherent
(N=44) (N=71) (N=49)  (N=41)  (N=63)  College  (N=26)
(N=14)

Fig. 5 Distribution of categories of thinking patterns about origin of motion of solute particles by
level of schooling

Implicit assumptions about perfume particles’ trajectories

100% Perfume particle’s trajectories are based on random
collisions with microcsopic particles; air might
| - influence trajectories
= Perfume particles collide with air molecules but air
molecules provide provide the force/energy for them

00% | 16% Si%

80% 18%
I 14% to move.
5 70% - - - L - Perfume particle’s trajectories are random; air migth
k<] influence trajectories.
3 A
2 60% I — [ )
- = Perfume molecules collide or avoid other
o 50% f ] particles/walls; air might influence trajectories
@ o
o
8 40% i = Perfume particles move but not clear how; air might
g influence trajectories
O 309
E 30% = Perfume particles move; air controls trajectories

20%—(—— I ——
10%+— — | ____ = Perfume particles do not move by themseleves; air

13% E 14% controls trajectories
0% | . Ba 2 BA (.

Middle  High School High School Advanced ~First-year ~First-year Upper-level e

School Regular Honors  Placement  University Community ~University
(N=44)  (N=71) (N=49)  (N=41)  (N=63)  College  (N=26)
(N=14)

Fig. 6 Distribution of categories of thinking patterns about trajectories of solute particles by level
of schooling

* High school regular students: More students were inarticulate about solute origin
of motion than expected. Fewer students than expected held category 9 about
trajectories (based on random collisions).

* High school honors students: Regarding origin of motion, fewer students were
inarticulate, and more students had categories 1 (motion caused by external
forces) and 3 (motion conditioned by certain properties) than expected.

» Upper-level university students: Regarding origin of motion, fewer students held
category 1 (motion caused by external forces), and more held category 3 (motion
conditioned by certain properties), than expected. For trajectories, fewer students
held category 1 (solute does not move, air controls trajectory), and more students
held category 9 (based on random collisions), than expected.
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Interpretation of Distribution Results in the Context of the Curriculum

These differences are likely to be able to be explained by what and how students are
learning in school. As indicated earlier, we deliberately selected a phenomenon
(diffusion in a gaseous mixture) that is not explicitly taught in the curriculum in any
of the classes from which students participated in the study. It is to be expected that
upper-level university students would exhibit greater acquisition of the most sophis-
ticated IAs. However, middle school students demonstrated greater sophistication in
TAs than expected. The school district from which the middle and high school
students participated includes in its eighth grade curriculum one-third of the year in
the science course focused on molecules and their movement (Lawrence Hall of
Science 2006). In contrast, at the high school level, the curriculum focuses on more
quantitative descriptions of matter. Since the instrument measures [As that constrain
reasoning using mental models that students conjure instantaneously in response to
a generative question, it makes sense that the mental models of middle school stu-
dents would be more likely to be based on IAs that students had recently practiced
using. This points to our earlier assertion that LPs are not independent of the condi-
tions of learning, as recent experiences of students, particularly formal learning in
which students practice using specific IAs, were translated into how students think
about a phenomenon. It underscores the need to take into account curricular and
instructional conditions in continuing study of this LP.

The data are cross-sectional, not longitudinal. That is, these are not data from the
same students measured across time. However, it is possible to ascertain that there
is not one clear “progression” of thinking patterns through sophistication of [As. We
also find in subsequent analysis that there is not a clear organization of mental mod-
els in order of increasing sophistication (Stains and Sevian 2013). Nearly every
category in each progress variable was observed at each educational level, as shown
in Figs. 5 and 6, and is to be expected unless there is some developmental reason
why certain kinds of reasoning would be unusual at particular ages. More interest-
ingly, specific IAs turned up more consistently in students whose curriculum
involved more deliberately planned practice with using those assumptions. This is
consistent with a concern raised by Sikorski and Hammer (2010), that LPs may not
be so easily organized into a clear pathway of levels proceeding from less to more
sophisticated. A logical next step with this work is to conduct a longitudinal study
that tracks a group of students over several years, taking into consideration the IAs
students work with specifically in the curriculum.

Discussion and Implications

An aspect of research-based best practices in formative assessment already includes
determining the IAs students operate under as they reason (Black et al. 2003).
Instructional decisions should capitalize on this and include efforts to challenge less
sophisticated IAs and to give students deliberate, consistent, and coherent practice
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in using more sophisticated IAs in reasoning. The cycle of validation of a structure
of matter LP presented in this chapter suggests that when students practice using
specific assumptions, they exhibit thinking patterns that include those assumptions
more often than expected from a random distribution. In particular, when the young-
est students in our study practiced using some of the most sophisticated assump-
tions to explain and predict natural phenomena involving matter, they developed
more sophisticated ways of thinking. Thus, this suggests that deliberately planned
explicit practice with more sophisticated assumptions that is consistent and coher-
ent over many years could result in robust and more scientifically accurate content
knowledge. This is in harmony with a recommendation reached by Rappoport and
Ashkenazi (2008) that consistent long-term practice by students with emergent rea-
soning (where the mechanisms occurring at the particle level account for phenom-
ena observed at the laboratory level) would tend to improve the situation of students
using submergent reasoning (where atoms and molecules are assumed to behave as
objects at the laboratory level do) to explain and predict scientific phenomena in
which the properties of matter are of concern.

Theory argues in favor of the most difficult conceptual changes involving the
restructuring of knowledge, that is, paradigm shift. The results from our study show
that IAs constrain the patterns of thinking that students exhibit, so it is probably the
case that some IAs have a stronger constraining power than others. In our study,
although we did not collect data on the fraction of students in high school who were
in the same school district in middle school, we know that a large fraction of the
students attended middle school in this district, and that their 8th grade science
course included one-third of the year in the same curriculum that the 8th grade stu-
dents in our study learned from. It is also the case that, in this school district, the
high school science curriculum focuses on increasingly quantitative (perhaps algo-
rithmic) aspects and does not include much explicit practice in using the more sci-
entifically accurate assumptions about the structure and motion of matter at the
particle level (i.e., the vacuum assumption about matter and the random intrinsic
motion assumption about the movement of particles). This suggests that when there
is not deliberate coherence and reinforcement of the use of these assumptions, stu-
dents’ conceptual understanding does not include the assumptions.

Interpreting this in light of conceptual change theories would affirm that some-
where among this set of assumptions there is at least one paradigm shift in concep-
tual understanding that is difficult to achieve. However, our results also support the
notion that paradigm shift appears to involve changes in which assumptions are
applied when reasoning. For example, in one theory framing the structure of concep-
tual understanding and how change occurs, Chi and collaborators (Chi 2005; Chi
et al. 1994) argue that the most difficult conceptual changes are ones that involve
shifting the ontological categories to which understanding is assigned. According to
this approach, ontological categories of conceptual understanding (e.g., things vs.
processes vs. mental states) are considered to be both mutually exclusive and static
(except during moments of radical conceptual change). Gupta et al. (2010) have chal-
lenged this, however, showing that both expert and novice reasoning can traverse
ontological categories of conceptual understanding in ways that are productive.
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Combining this, then, with what we have been able to show about how students rely
on TAs, we contend that the process of developing more scientifically accurate
conceptual understanding might well be viewed as a process of learning to qualify
assumptions, that is, learning is a process of acquiring facility with more assumptions
and knowing when the conditions are appropriate to apply particular assumptions one
holds in a rich repertoire of assumptions. We see this as related to how Wiser and
Smith describe conceptual restructuring as, “different aspects can be foregrounded in
different contexts” (Wiser and Smith 2008, p. 207).

While some researchers have argued to distance conceptual change theories from
the study of mental models (Greca and Moreira 2000), our approach argues in favor
of building constructively from the intersection between these pursuits. As Greca
and Moreira point out, when mental models are built deliberately through instruc-
tion, they are translations in learners’ minds of “logically clear” and “specially
designed” conceptual models that instruction and instructional materials attempt to
help students to develop so that they can be used in explaining, predicting, and oth-
erwise reasoning about scientific phenomena and objects. Vosniadou (2002), mean-
while, argues that when generatively instigated, a mental model is a representation
of a person’s conceptual understanding. Although these are two mechanisms for
causing the formation and use of mental models, it is reasonable to expect that the
mental models function similarly for the person who holds them. To the extent that
a conceptual model (of instruction) is scientifically accurate, a goal of instruction
therefore is to aid the student in developing a robust understanding of and ability to
use a conceptual model (which, presumably, is productive, even if it has some sci-
entific inaccuracies). Students translate their conceptual understanding into a men-
tal model as they reason, and IAs form a filter that constrains this translation.
Likewise, it is reasonable to presume that the same [As filter how students incorpo-
rate what they learn (i.e., conceptual models) into their conceptual understanding.
Being able to identify the IAs, then, gives both curriculum and instruction more
power to design interventions to advance learners toward developing more scientifi-
cally accurate understanding that will be robust and can make use of productive
intermediate understandings, or stepping stones, and avoid unproductive intermedi-
ate understandings. Furthermore, in alignment with the argument made by Sikorski
and Hammer (2010), in their critique of how LP work tends to treat progress simply
in terms of monotonically increasing advances in sophistication, conceptual under-
standing can defy organization into levels that can be compared to scientifically
correct understanding, because that understanding is only a part of the complex
ecology of conceptual knowledge.

Conclusion

We have illustrated an approach in which we begin with a hypothetical LP drawn
from a synthesis of many studies of how students think about the nature of matter,
that describes differences between specific IAs that can be used, often productively,
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as learners develop conceptual understanding. We then developed a mechanism for
capturing the distinct thinking patterns that result from the constraints imposed by
combinations of specific [As, and in analysis of the thinking patterns, we are able
to observe evidence of the application of the IAs. Furthermore, we were able to
clarify the progress variables along which the IAs operate. We showed that this
process of validation can be productive in refining an LP whose progress variables
are characterized by IAs. In particular, we showed that the structure and motion of
matter may be more accurately described by three progress variables (particle-level
structure of the material, origin of motion of particles in the material, and trajecto-
ries/motions of particles in the material) than by the two progress variables in the
initially assumed hypothetical LP (particle-level structure and dynamics). Because
conceptualizing chemistry understanding provides a way of bringing coherence
to many patterns of reasoning observed in students, and because IAs can be useful
in characterizing students’ thinking patterns, this approach may hold promise
for tracking the progress of learning along an LP. We hope that this approach
may enable tracking the progress of learning without compromising the progress
that research in science education has made in understanding the complex ecologies
of learners’ understanding and reasoning. Specifically, we hope our approach can
enable (1) determining pathways that are most efficient in transitioning students
from less toward more scientifically accurate conceptual understanding and (2)
testing whether specific instructional and curricular interventions (with deliberate
IAs practiced and specific sequences and combinations of them) are effective
in doing so.

Our example demonstrating one cycle of validation in refining an LP about the
structure of matter provides evidence that IAs can be identified. Based on this, we
conjecture that changes in students’ use of IAs can also be detected. Measuring
changes in the application of IAs could be a useful indicator that conceptual changes
may have occurred.
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At the Beginning Was Amount of Material:
A Learning Progression for Matter for Early
Elementary Grades

Marianne Wiser, Kathryn E. Frazier, and Victoria Fox

Introduction

One of the most important contemporary scientific theories, the atomic-molecular
theory, is also one of the hardest to learn. However, students’ difficulties might be
less with the theory itself than with the incompatibility between the atomic model
and students’ ideas about matter and its behavior at the macroscopic and micro-
scopic' scale (Smith et al. 2006). Conceptual analyses of students’ difficulties with
scientific ideas about matter at the macroscopic, microscopic, and nanoscopic levels
suggest that a sound macroscopic and microscopic understanding of matter would
facilitate learning the atomic-molecular theory (AMT) and therefore should be a
central goal for science education in elementary and middle school (Smith et al.
2006; Wiser and Smith 2009).

Not surprisingly, young children’s ideas about matter and its transformations are
incommensurable, at least in the weak sense, with scientists’. Perhaps more surprising
is the ample evidence from research suggesting that many middle school students
are not conceptually much closer to scientific understanding. For example, many
sixth graders believe that very small pieces of any material and big pieces of some
materials (such as Styrofoam) have no weight because “they feel like nothing”
(Smith et al. 2005; Smith 2007). This belief alone makes the atomic model prob-
lematic for students: if tiny things weigh nothing, matter cannot be made exclu-
sively of atoms. Indeed, many students envision atoms as embedded in “stuff” (Lee
et al. 1993). The idea that tiny things weigh nothing is not a simple false belief,

'“Microscopic” refers to entities that are invisible to the naked eye but can be seen with a light
microscope.
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easily dispelled by demonstrating they actually do. Rather, this is a belief stemming
from students’ concept of weight and related concepts, as well as their epistemo-
logical stance that the unaided senses tell the truth.

Revising this belief is part of a broad reconceptualization of matter and its behavior
at the macroscopic and microscopic levels. By “reconceptualization” we refer to a
deep and fundamental reorganization of the large network of knowledge relevant to
understanding matter. If such reconceptualization takes place, students’ understand-
ing becomes compatible with the scientific theory and amenable to further recon-
ceptualizations. In middle school, they will be able to learn to interpret matter and
its behavior at a particulate level and eventually at the atomic-molecular level. For
too many students however, the conceptions developed in childhood are never
revised productively, suggesting that one needs to rethink how to teach about matter
in elementary school. What kind of curriculum could foster such reconceptualiza-
tion and prepare students to learn AMT?

Our answer is a curriculum based on a learning progression for matter. As
articulated by Corcoran and colleagues, “Learning progressions in science are
empirically-grounded and testable hypotheses about how students’ understanding
of, and ability to use, core scientific concepts, explanations and related practices
grow and become more sophisticated over time, with appropriate instruction. These
hypotheses describe the pathways students are likely to follow to the mastery of
core concepts. They are based on research about how students’ learning actually
progresses—as opposed to selecting sequences of topics and learning experiences
based only on logical analysis of current disciplinary knowledge and on personal
experiences in teaching” (Corcoran et al. 2009).

Several research teams are working on developing learning progressions for mat-
ter for different grade bands (see, e.g., Delgado and Krajcik 2010; Johnson 1998,
2005; Smith et al. 2006; Stevens et al. 2010; Wiser et al. 2012). We and our col-
leagues at TERC; the University of Massachusetts, Boston; and Tufts University are
focusing on the elementary grades. We refer to the K-5 learning progression as LPM
(learning progression for matter). LPM describes how elementary school students’
knowledge about matter could become scientifically sound and support learning
AMT later on.

LPM is what Krajcik and his colleagues label a “theoretical learning progres-
sion” (Stevens et al. 2009). Developing it starts with conceptual analyses of the
sources of difficulties experienced by students while learning the scientific theory
from traditional curricula. On the basis of those analyses, an alternative hypothetical
path for learning is generated, one in which a series of conceptual changes would
progressively and productively transform students’ knowledge, making it more
and more compatible with the scientific theory. LPM is virtual as it cannot unfold
without a curriculum of its own that will support knowledge restructuring. As
with any hypothesis, we will not know whether LPM is an effective path to scien-
tifically sound understanding of matter until we watch it successfully unfold in
students (Wiser et al. 2012). In other words, if an LPM-based curriculum brings



At the Beginning Was Amount of Material... 97

students closer to a scientific understanding of a domain than do school curricula
already in place, LPM is supported. Empirical findings lead to revisions of both
LPM and curriculum, starting a new cycle.?

Where a learning progression (LP) ends and where curricula begin is one of the
issues being debated in the learning progression community (e.g., see Foster and
Wiser 2012). It is generally agreed that LPs act as guides to curriculum develop-
ment. LPs broadly define learning experiences that are key to reconceptualization,
while curricula specify the content and order of learning experiences at a much finer
grain. However the more sensitive a researcher is to the constraints on individual
conceptual changes and to the number of new/revised pieces of knowledge involved
in the reorganization of even a portion of the knowledge system, the more specific
(and specifically ordered) key learning experiences in an LP become. This chapter
reflects our own view that it is very difficult to disentangle the two, and, therefore,
we will not maintain a strict boundary between LPM and LPM-based curriculum.

LPM and LPM-Based Curricula: General Considerations

LPM is first and foremost cognitively based: where ideas about matter “‘come from,”
and how they could progressively change, become more complex and integrated,
apply to wider ranges of phenomena, and be linked to those phenomena by a more
sophisticated epistemology, are established on conceptual grounds. LPM is organized
around core concepts. Core concepts are not just the concepts involved in defining
matter scientifically (e.g., mass). They are also concepts, such as weight, that play a
conceptual role in students’ progressing toward scientific understanding. Similarly
successive states of the knowledge network are not pieces or simplifications of the
scientific theory but rather knowledge states that get conceptually closer to it.

Using Anderson’s terminology (Mohan et al. 2009), we will refer to young chil-
dren’s ideas as LPM’s lower anchor. The knowledge about matter targeted at the
end of 5th grade could be called LPM’s upper anchor. However, taking a longer
term view, LPM is part of a K-12 matter LP for which the upper anchor is AMT.
Thus, we prefer thinking of the end point of LPM as the Grade 5 stepping stone
toward AMT. We will also refer to the state of the system at the end of Grade 2 as
the Grade 2 stepping stone. To assist the reader in reading the subsections below,
Table 1 summarizes the ways we elaborated LPM, referring to the theoretical con-
structs core concept, lower anchor, stepping stone, and lever concept (lever concepts

2The idea that learning progressions are hypothetical and revisable is not universally accepted.
Some LPs are purely empirical: they consist of a series of stages ordering students’ beliefs from
less to more scientific according to certain criteria (e.g., the level of integration of different prin-
ciples). The knowledge changes captured by those learning progressions are effected by curricula
currently in place. (See, e.g., Liu and McKeough 2005.) This type of LP is not revisable; its con-
sequential validity and the sense in which it is hypothetical are not entirely clear.
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Table 1 Theoretical constructs in LPM

M. Wiser et al.

Theoretical
construct

Brief characterization

Examples

Relation to other
constructs

Core
concepts

Lever
concepts

Concepts that are central

(a) to the tenets of the
scientific theory itself, or
(b) to supporting the
understanding, use, and/
or learning of the
scientific theory

Core concepts provide

vertical continuity and
horizontal coherence to
the LP

Both types of core concepts

(a) and (b) are core
throughout the whole LP,
although their content
and the relations among
them are different in
different grade bands.
They may exist only in
precursor form in the
earlier grades

A temporary status of some

core concepts. Core
concepts have the status
of lever concepts when
they play a key role in
curriculum and learning
at certain points in time.
Lever concepts for a
grade band are core
concepts that, at that
time, (a) already have a
rich content; (b) need
revising and can be
productively revised;
and (c) promote the
revision or introduction
of other concepts

How long a core concept

remains a lever depends
on how long the
reconceptualization(s) of
which it is part take(s)

Of (a): matter, mass,
volume, density,
states of matter
(for later grades:
pure substance,
mixture, element,
compound, atom,
molecule, bond)

Of (b): material,
weight, particle

Object, non-solid,
and size (for
grades K-2)

Material, amount of
material, weight,
and size (for grades
34)

Solid and liquid
materials, volume,
and heavy for size
(for grade 5)

Concepts are mental
entities constituted
of many kinds of
beliefs (e.g., beliefs
about what
invariants they refer
to in the world and
how they are related
to other concepts in
laws, explanations,
and generalizations
about phenomena)

Important concepts are
often symbolized in
language with
single words so that
beliefs involving
those concepts can
be expressed with
sentences. Relations
among scientific
concepts are also
expressed with the
language of
mathematics

Some lever concepts in
some grade bands
are core concepts
(b) (e.g., weight)
and others are core
concepts (a) (e.g.,
objects and non
solids, heavy for
size)

Lever concepts drive
the reconceptualiza-
tions necessary to
reach stepping
stones
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will be introduced later in the chapter). Table 2 presents a synopsis of the core
concepts in the lower anchor, the Grade 2 stepping stone, and the Grade 5 stepping

stone.

Stepping Stones

The conceptual changes in LPM are progressive; they happen in small steps.
However, after a series of conceptual changes, the knowledge network reaches a
new state of (relative) equilibrium: a stepping stone. Its content and structure are
radically different from the previous stepping stone (or the lower anchor) and sup-
port explanatory accounts of matter and its behavior that are radically different from
before. For example, compared to the Grade 2 stepping stone, the Grade 5 stepping
stone includes new concepts (e.g., heaviness for size), generalized and systematized
principles (e.g., many materials exist in solid and liquid form), and radically revised
concepts (matter), as well as multiple new relations among concepts. Another
essential feature of a stepping stone is that it is conceptually closer to the scientific
theory. From a top-down point of view, a stepping stone may look quite “unscien-
tific.” For example, the concept of matter in the Grade 2 stepping stone prominently
includes the belief that matter is visible and touchable. And yet, as we will argue
below, the Grade 2 stepping stone is conceptually closer to the scientific theory than
the lower anchor.

Translating LPM into a curriculum is also a cognitive enterprise. We use LPM’s
stepping stones as learning goals for the different grade ranges. Which core con-
cepts, and which relations among those core concepts, should be foregrounded in
each grade range are also conceptually based decisions. Finally, we elaborate LPM’s
key learning experiences into curricular units that target specific conceptual changes.
To frame our work on teaching matter in early elementary school, we will first pres-
ent the core concepts, lower anchor, and stepping stones in LPM.

Core Concepts

Core concepts in LPM are of two kinds. Some are central to the scientific theory
(e.g., matter, mass, volume, density, states of matter, and phase changes). Others are
not part of the tenets of scientific theory but are core in a cognitive sense: they are
necessary to make sense of the theory and to use it (e.g., weight is used to measure
mass). These concepts are also core in a developmental and learning sense: students
need to construct scientifically compatible versions of these concepts before they
tackle some of the tenets of the scientific theory. For example, the way to under-
standing that even tiny pieces of matter have mass (which is necessary to make
sense of the atomic-molecular theory) is to first believe that they have weight (see
Foster and Wiser 2012, for a justification of this claim). How one establishes the
concepts that are cognitively core for a particular domain is beyond the scope of this
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chapter (see, e.g., Smith et al. 2006; Wiser and Smith 2008). However, these concepts
tend to be ignored in science curricula.

It is important to keep in mind that the content of core concepts (like all concepts)
changes over time. This change is often radical. Preschoolers, elementary school
students, high school students, and scientists all have concepts of weight, number,
and phase change, for example, but very different ones. In the next section, we out-
line what preschoolers’ core concepts look like (i.e., the lower anchor) and how they
need to change in order to become compatible with their scientific counterparts.

Lower Anchor

Precursors of Matter: Objects, Nonsolids, and Substantiality

Preschoolers have rich knowledge of objects and nonsolids. We hypothesize that
reconceptualizing object, nonsolid, and the relation between the two is key to devel-
oping a concept of matter that includes all solids and liquids and excludes nonmate-
rial physical entities. This intermediate concept of matter can then be revised to
include gases in late elementary school (Wiser et al. 2012).

Objects are a very salient part of children’s physical world. Young children think
of objects as individuated, permanent, and moving as a whole (Baillargeon 2002;
Spelke 2000). They are sensitive to the size of objects and to their weight—or more
specifically, to their heft (Smith et al. 1997)—and they know that the heavier of two
objects placed on a balance scale will tip the scale (Metz 1993). They also think of
objects as bounded and countable. Object boundaries are so salient that while
children can count intact objects, they have extreme difficulty counting, for example,
the number of forks when the forks are broken into two pieces (Sophian 2000).

Young children view nonsolids as more radically different from objects than
adults do, especially scientists. For example, many young children say that liquids
have no weight. Importantly they do not quantify nonsolids: when presented with 1
cup of sand in one box and 3 individual cups of sand in another box and asked
“Which box has more sand?” 4-year-olds answer randomly (Huntley-Fenner et al.
2002). However, children do have a sense of substantiality, which encompasses
objects and nonsolids: they expect that what they see can be touched and felt (Bower
1989; Spelke 1991; Bertenthal and Clifton 1998).

Precursor of Material: Nonsolids

Preschoolers do not conceive of objects as portions of material. Rather, they pay
attention primarily to their shape, size, function, and individuality (Bloom 2000;
Hall 1996). One way to describe this phenomenon is in terms of construals. Any
object or situation can be perceived and interpreted in multiple ways—multiple
construals can be applied to it. Preschoolers cannot yet apply a material construal
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to solid objects. Not surprisingly, they know very few names of solid materials.
Those they know are labels for clusters of perceptual properties of objects, not for
the kinds of stuff objects are made of. In other words, names of solid materials func-
tion as adjectives: “This is a steel spoon” means “This is a shiny, hard, grayish
spoon” not “This spoon is shiny, hard, and grayish because it is made of steel.”
Consequently, when a wood object is broken into pieces, 4- to 6-year-olds say that
is wood but only if the pieces are big enough to have the same perceptual properties
as the object (Smith et al. 1985). When wood turns into sawdust, they say it is not
wood anymore because it is not hard and it is a different color, in other words,
because it does not look like wood. In sorting tasks, they tend to group objects by
shape and color rather than material and do not group aggregates with solids
(Dickinson 1987; Krnel et al. 1998).

In contrast, preschoolers construe nonsolid samples in terms of materials. When
asked “What’s that?” of an irregular shape made of an unfamiliar aggregate or gel,
4-year-olds produce names of substances or of substance properties (Hall 1996).
Thus, it is likely that preschoolers’ concept of nonsolids is an important precursor
to a scientific concept of material.

Amount of Material

While young children can correctly say that a large pile of sand is “more sand” than
a small pile and know that if you add some sand to a pile you now have “more sand,”
they fail at amount conservation. They say that amount changes when an object is
reshaped (e.g., when a ball is flattened into a pancake (Piaget and Inhelder 1974)).
Piaget proposed that children achieve amount conservation when they develop the
logical ability to coordinate dimensions (e.g., the pancake is thinner, but it is wider
than the ball). We disagree with this account and propose instead that young chil-
dren do not yet have a concept of amount so that the very practice of coordinating
dimensions is not considered relevant to the situation. In other words, the question
“Is it the same amount?” is misinterpreted as a question about number, length, or
area—quantities young children are familiar with. Evidence for this claim can be
found in more recent studies using a different paradigm (e.g., Sophian 2000).

In most amount-related tasks, children are asked to identify which of two objects
or groups of objects has more material. Failure at these tasks may be due in part to
the ambiguity of the word “more” for young children. At an age where children’s
understandings of amount and number are underdeveloped, questions invoking the
use of the word “more” invite a number of diverse responses. One investigation of
this hypothesis used three-dimensional objects and systematically varied amount,
number, and individual size of the materials (see Fig. 1). Children (from low-income
families) aged 4-6 performed significantly worse when the word “more” was used
(i.e., “Which plate has more chocolate?” rather than “Which plate should this very
hungry puppet choose to fill its belly with chocolate?”’). However, very few suc-
ceeded at comparing amounts even when the word “more” was not used and would
instead rely on individual size or number (Pradas 2010; Casey 2011; Wiser et al.,
2011). Thus, children’s difficulties are conceptual as well.



At the Beginning Was Amount of Material... 105

@O @C

“Which plate has more chocolate?” “Which plate has more chocolate?”

Fig. 1 Testing children’s concept of amount

In light of these recent findings, a domain-specific account of the development of
amount of material (based on the conceptual development of number, material, and
the quantification of amount of material) might be more valid than Piaget’s domain
general explanation in terms of logical abilities. We present such an account below.

Weight

For young children, weight is heft and is not correlated with amount of material—
small things weigh nothing and neither do big pieces of materials such as Styrofoam
(Smith et al. 1985). Young children expect the balance scale to reflect heft: if an
object is judged heavier than another by heft, it is expected to tilt the balance scale
(Metz 1993). Since weight is subjective, whether an object is heavy or not depends
on who is holding it. For example, something can be light for an adult but heavy for
the child (Smith et al. 1985). Finally young children say that weight changes when
an object is reshaped (Piaget and Inhelder 1974). This is consistent with a concept
of weight centered on heft, since the object does not feel equally heavy before and
after reshaping.

Precursors of Volume

Young children have a concept of bigness that conflates length, area, and volume,
and that is not quantified. Sensitivity to relative length and area is present from
infancy although length and area quantification is difficult and long drawn (Sarama
and Clements 2009; Lehrer et al. 1999). As to volume, children are aware that big
things do not fit into small containers or through small holes (Smith et al. 1985) and
they have known since infancy that two objects cannot occupy the same location at
the same time and that a bigger object makes a bigger bump when it is covered by a
blanket (Baillargeon 2002). However, those judgments are qualitative and are based
on direct perception and action on objects. This is very different from having the
concept that objects occupy a portion of 3-D space that can be quantified (Smith
et al. 2010).

The concepts reviewed above are perceptually based and consistent with young
children’s epistemological stance that the unaided senses tell the truth and the world
is the way it appears. These concepts also lack what is central to their scientific
counterparts: amount is not quantified; weight is neither quantified nor correlated
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with amount; liquids and solids are ontologically different; bigness is a property of
objects, not the extent of a part of 3D space; and “being material X” does not mean
being constituted of material X. The differences between those concepts and their
scientific counterparts are profound and hard to overcome. Although middle schoolers
pass Piaget’s ball and pancake task, use a balance scale properly, know that ice is
frozen water, compute the volume of a cube, and can name many materials, their
conceptual understanding of matter, liquids, solids, weight, material, and volume is
often not radically different from that of kindergartners. For example, the majority
of sixth graders in Carol Smith’s studies say that if a piece of clay is repeatedly cut
in half, the pieces will eventually weigh nothing and then cease to exist (Smith et al.
1997). For those students, the reconceptualization needed to align one’s knowledge
of matter at the macroscopic and microscopic levels with the scientific theory was
incomplete at best. In the next section, we explore further the nature of this recon-
ceptualization. We start with the Grade 2 stepping stone and then delve into the
specific conceptual changes that constitute the reconceptualization from the lower
anchor to the Grade 2 stepping stone.

Grade 2 Stepping Stone

In the Grade 2 stepping stone, solids and nonsolids have started to be integrated into
an ontological category: things that can be seen and touched (a precursor of matter).
Children now know that solid objects are made of many different kinds of materials,
characterized by specific properties (e.g., smell, hardness?), and that different liquids
are also different materials. For some familiar materials (e.g., water, chocolate,
wax), children now know that material identity is maintained when solid samples
are ground, melted, or frozen. Solid and liquid samples have weight, which is now
distinguished from heft and is objective and extensive. Length and area are specific
aspects of “bigness.” Solid, liquid, and aggregate samples occupy space; (visibly)
bigger samples occupy more space. Thus, the object construal and the material
construal can be applied to both solid and liquid samples.

The Grade 2 stepping stone includes a quantified concept of amount of material
and the conservation of amount of material when a solid or nonsolid sample is
reshaped or divided into smaller samples. It also includes a (distant) precursor of
density: “bigger objects are heavier than smaller ones made of the same material”
and “objects of the same size made of different materials have different weight,”
making weight more cogently relevant to material identity.

The nexus of the Grade 2 stepping stone is a (mmacroscopic) compositional model
of material (Fig. 2) in which a sample of material can be thought of as being made
of a certain number of equal-sized pieces of that material. We hypothesize that the

3Hardness needs careful attention in the curriculum. It is a property young children are particularly
sensitive to. However, unlike taste or smell, it is not preserved when a solid is ground or melted.
Thus, young children could justify the idea that sawdust is not wood by arguing, “Wood is hard,
this is not hard.”



At the Beginning Was Amount of Material... 107

Fig. 2 Compositional model
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compositional model underlies the understanding that objects are constituted of
materials (the material construal of solids), the concept amount of material, and
amount conservation. Note that the view of matter in this grade range is continuous
rather than particulate. The compositional model is quite different from a particulate
or molecular atomic model: it is not a model of the structure of matter but rather a
quantification model.

Also note that the compositional model in the Grade 2 stepping stone involves
visible pieces. A major aspect of the Grade 3—5 reconceptualizations will be coming
to believe that matter can exist as microscopic pieces.

We will now explore in more detail the conceptual changes leading from the
lower anchor to the Grade 2 stepping stone.

From the Lower Anchor to the Grade 2 Stepping Stone

The reconceptualization that transforms the lower anchor into the Grade 2 stepping
stone consists of a large number of intertwined changes in beliefs through which con-
cepts are progressively modified in interaction with each other. Young children’s
sense of substantiality acts as a bridge between objects and nonsolids: some properties
are extended from solids to liquids (e.g., weight) and others from liquids to solids
(e.g., “made of” little pieces of material). Progressively constructing a collection of
properties shared by solid objects and liquid samples is the process that underlies
viewing solid objects as chunks of solid material (foregrounding “kind of stuff”” while
backgrounding shape, size, and function) and samples of nonsolids as objects (fore-
grounding size, weight, and being countable). In other words, it is the process by
which the object construal and the material construal become relevant to both solid
objects and nonsolid samples. Starting to explore liquefying and solidifying familiar
materials (e.g., water, chocolate, wax) is another bridge between objects and nonsolid
samples, as are aggregates (e.g., sand) which can be poured and fall to the bottom of
containers, like liquids, but are made of small pieces of solid materials. Unlike the
lower anchor, the Grade 2 stepping stone contains the superordinate concept of mate-
rial and the concept amount of material. These concepts are elaborated further below.

The Grade 2 stepping stone also includes a sense of “occupying a certain
amount of space.” Children build on their belief that two objects cannot occupy
the same location at the same time, and on their emerging concepts of amount of
material and of solids and liquids as an ontological category, to qualitatively relate
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Fig. 3 Examples of interdependent conceptual changes

the bigness of objects to the amount of aggregate or liquid they displace (burying
a large object produces a bigger pile of sand than burying a small object). This is
the first step toward a quantified concept of occupied 3-D space. Concurrently,
students learn to measure and differentiate length and area (see, e.g., Lehrer 2003).
They also learn that scales are more reliable then heft for comparing weights. This
allows discovering liquids have weight and that the weight of objects depends on
what material they are made of. Inherent in the K-2 reconceptualization is a move
from interpretations based on perceptual properties to interpretations based on
more abstract concepts anchored in quantification. This is consistent with a pro-
gressive epistemology shift—from believing that the unaided senses tell the truth
to placing more trust in measuring quantities with instruments. Figure 3 illustrates
examples of the interdependent nature of the conceptual changes that occur
throughout the K-2 reconceptualization, which we will elaborate on in the follow-
ing sections.

Translating LPM into a Curriculum: Lever Concepts
Jor Grades K to 2

The previous sections have highlighted that the reconceptualization captured by
LPM consists of a large number of new beliefs and changes in existing beliefs; they
also emphasize how intertwined those belief changes are. Translating LPM into a
curriculum therefore requires prioritizing conceptual changes carefully: Which
one should we start with so others can follow? Which one is most likely, at a given
point, to move the knowledge network forward rather than create confusion or
misunderstandings?
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We use the theoretical construct lever concept to choose which core concepts
to focus on in each grade range. Lever concepts for a grade range are the core
concepts that already have a rich content at the beginning of that grade range and
are relatively closer to the form targeted by instruction than other core concepts.
Thus they provide multiple points of contact with instructional material, can be
revised relatively quickly, and can participate in the revisions of other core con-
cepts. Being a lever is a temporary status certain core concepts take in certain
grade bands. Lever concepts in a grade range are core concepts that play a key role
in the curriculum and students’ learning in that grade range; in other words, core
concepts come in and out of being lever concepts, as the knowledge network gets
restructured, richer, and more complex. For example, weight, material, and
amount of material become lever concepts in the third grade; by then, they are
rich, explicit, and sufficiently articulated to be the topics of systematic investiga-
tions designed to move them and their interrelations further toward scientific
understanding and contribute to the construction of other concepts (e.g., volume).
In the K-2 range, object, nonsolid, and size (bigness) are the lever concepts. Once
revised, they contribute to the construction of the concepts material and amount
of material.

Supporting the Material Construal in the K-2 Learning Progression

As we have shown, young children’s knowledge about material is far from compat-
ible with a scientific concept. Many kindergartners lack a concept of material as
distinct from object, and particularly as what objects are made of. One reason is that
the object construal has been prominent since infancy; adopting the material con-
strual requires viewing an object as two different things, something young children
find difficult (Flavell 1986). Additionally, caregivers, who also construe solids
predominantly as objects, tend to label objects rather than materials and to attribute
material properties to object (“Don’t drop that glass, it will break™).

However, several aspects of preschoolers’ knowledge of objects can contribute to
the development of the concept of solid material. Most of them know at least a few
material names, although they may not produce them when prompted. Some have
also started to make inferences about material properties. In a study with 4-year-
olds (from privileged backgrounds), children were given pairs of unfamiliar objects
made of unfamiliar materials to heft and were also told “This one is a dax” (“Dax”
is a nonsense word). They were then shown the same two shapes but made of the
opposite material and asked either “Which is heavier?” or “Which is a dax?”” They
performed significantly above chance on both tasks (Wiser et al. 2008), showing
that they were starting to understand that weight* is associated with material proper-
ties such as color and texture, rather than shape.

“The objects in each trial were matched for size.
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This early intuitive knowledge can be built on in several ways. Becoming familiar
with the names and properties of a larger number of materials as well as the super-
ordinate “material” and the locution “made of” should contribute to developing the
material construal of objects. Perceptual properties can be the basis on which to
start. Once the concept of material has gained some traction, one can introduce
properties that are not directly perceived (e.g., melting point) and progressively
have students discover that they are in fact more reliable than some perceptual
properties in identifying materials.

Introducing “made of” is especially important because it highlights the distinc-
tion and relation between object and material, but it is not sufficient. The meaning
of “made of” must come from elsewhere—exploring physical transformations
(cutting and grinding) should be helpful. Cutting solid chunks into smaller pieces,
starting with materials that keep most of their perceptual properties when trans-
formed (e.g., plaster), will help children to progressively strengthen the relation
between objects and the materials of which they are made.

If our intuition is correct, and preschoolers’ knowledge about nonsolids includes
important characteristics of the scientific concept of material, building up the simi-
larities between liquid and solid samples should also help students develop a mate-
rial construal of objects. This is learning by analogy (e.g., Gentner 2003; Fauconnier
1997): making similarities between solids and liquids salient (e.g., having weight
and amount) should help students “import” properties of liquids, most importantly
the material construal, into the domain of solid objects, as well as develop the super-
ordinate concept of material applying to both.

Supporting the Concept of Amount of Material
in the K-2 Learning Progression

As mentioned, we prefer a domain-specific account of children’s performance on
Piaget’s amount conservation tasks and think of those tasks as about the concept
itself rather than its conservation. To compare the ball and the pancake in terms of
amount of clay, one needs to think of them as “chunks of clay,” i.e., one needs to
apply the material construal to them. But for young children, clay is not yet a mate-
rial in the sense of being what the ball is made of and therefore “more” does not
mean ‘“greater amount of material” because amount of material is not yet in place.
Thus, when they are asked “Does the ball have the same amount of clay as the pan-
cake?” their responses are not in reference to amount. Rather, what is salient is that
the ball becomes a different object. Children answer “No,” meaning “the ball and the
pancake are not the same.” Somewhat older children may correctly say “Yes, it is
the same clay.” We surmise these children have a more advanced concept of material
but no concept of amount. Finally, even saying “it is not more clay because you did
not add any” is not evidence for a concept of amount either because, early in devel-
opment, “more” refers to an action—"“adding” or “doing again” (e.g., “more tick-
ling”). This makes the task itself problematic, whether it is about conservation or
about amount itself.
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This exegesis of the Piagetian task leads us to conclude that focusing on conservation
takes attention away from the very construction of the concept of amount. Sophian’s
(2000) and our own amount studies indirectly support our hypothesis that the devel-
opment of the concept of amount is based on a compositional model of material®
(Wiser et al., 2011). Once one has a compositional model of material, one can
quantify amount and conservation “comes almost for free.” If a chunk of material is
conceptualized as a set of equal-sized pieces of that material, it follows that reshap-
ing it merely rearranges the pieces while maintaining their number, and does not
alter their amount. In other words, conservation is a by-product of having a concept
of amount. This account of amount conservation is similar to one given by Piaget
himself, who notes that it is the bridge between object permanence in infancy and
the conservation of different continuous quantities in early and middle childhood
(Piaget and Inhelder 1974). However, this is not one to which he returns, giving
prominence instead to conceptual development being a consequence of the develop-
ment of logical abilities.

This explanation implies that to have a concept of amount, one must have a
concept of number and know that individual pieces do not appear or disappear. The
latter is known from infancy. Number however should not be taken for granted.
Although kindergartners know how to count, they do not all understand the cardinal
meaning of number—that the last count word represents the number of items in a
set. Cardinality is inherent in all measurements: in “This ribbon is 6 inches long,”
“six” refers to the whole set of six 1-in. long segments aligned along the ribbon.
Therefore children’s numerical development and the development of measurement
are part and parcel of LPM, and quantifying amount of material and constructing a
concept of material are intertwined developments.

Kindergarten Training Study

In this pilot study, we focused on the core concepts material (in particular, the
material construal of objects) and amount of material and targeted a few of the early
conceptual changes in the K-2 learning progression. Our goal was to test whether an
intervention based on LPM would lead children to revise their concepts.

Intervention for Experimental Group

This intervention study embodies our view of reconceptualization as a progressive
reorganization of a network of beliefs: each curricular unit focuses on the relations
among several concepts and aims at small changes in those relations toward scien-
tific understanding.

SPiaget recognizes the importance of composition and decomposition in the development of matter
but his main account of amount conservation is in terms of logical abilities, that is, the account that
dominates the literature.
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Material Construal Activities

The main goal of these activities was to foster the material construal of objects via
hands-on explorations of specific objects and materials and emphasis on linguistic
constructions. Children explored, described, categorized, and labeled objects of dif-
ferent shape, size, and material. They were encouraged to use contrasting grammati-
cal constructions (“This cylinder is not pointy” vs. “Plaster is soft”) and to notice
the equivalence of others (“This is a wood cylinder” and “This cylinder is made of
wood”). They contrasted values taken by object and material properties (“Is cement
arough or smooth material?” and “Is this sphere large, medium, or small?”’). These
activities aimed to provide the superordinate labels that make the difference between
object and material construals explicit, scaffold how to organize information rele-
vant to object vs. material when a new object is encountered, and help children
develop and strengthen new relations among concepts.

Sorting by material and shape “‘families.” Children were presented an array of objects
in various materials—wood, concrete, Styrofoam, wax, and sponge—in various
shapes: cubes, spheres, triangular prisms, and cylinders. The facilitator initiated a
discussion about ways the objects were similar or different. While synthesizing
children’s responses, she introduced the terms “material” and “made of.” The fol-
lowing discussions focused on learning the names of the shapes and materials.
Children then sorted the objects into “families” by placing them on different
colored mats according to shape and then according to material.

How smart is your hand? The objects were displayed in front of the children; the
duplicate of one of the objects was placed into an opaque bag while children kept
their eyes closed. A volunteer felt inside the bag to determine which of the
objects was inside. Children were encouraged to explicitly identify properties
and attribute them to objects or to materials. For example, they were asked what
material the object could be made of, and how they knew (typical responses
included “I think it is sponge because it is squishy” or “I think it is Styrofoam
because it makes a noise when I scratch it”). The facilitator reinforced the iden-
tification of such properties as a means of choosing one material over another.
Similar emphasis was placed on shape as children identified objects.

Amount of Material Activities

These activities were based on our hypothesis that the concept amount [of material]
would have little meaning at first and that the compositional model is central to
constructing it. Again, we relied on hands-on experiences and specific linguistic
input to help children give meaning to “amount of.” We scaffolded the composi-
tional model by having children build and take apart Lego constructions. In Lego
constructions, the blocks (units) are visible within the whole and thus provide visi-
ble embodiments of “[the construction] is composed of (identical) blocks.” The concept
of amount and the compositional model were further explored using jars of rice.
Both Lego and rice activities highlighted that amounts are measured and compared
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Fig. 4 Example of jars of
rice used in experimental
condition

Jar A Jar B
(contains 3 cups of rice) (contains 2 cups of rice)

using 3D units and implicitly demonstrated that linear dimensions are not necessarily
relevant when amounts are compared.

Lego Towers. The facilitator presented two identical three-block Lego towers and asked
children if one tower had more plastic or if both towers had the same amount of
plastic (most children agreed the towers had the same amount of plastic). She then
reconstructed one tower into a new shape and asked again about amount of plastic
(many children responded that the taller tower now had more). After counting that
there were still three blocks in each, most children agreed that they had the same
amount of plastic. The constructions were then placed on the scale. This activity was
repeated with larger numbers of Legos. Placing the constructions on the scale was
introduced as “another way to tell whether it is the same amount of plastic.”®

Jars of Rice. Children were presented two jars of rice of different shape and asked
which jar had more rice; they chose Jar B. (See Fig. 4.) Then they poured the

°The generalizations we are targeting are of course not correct in all contexts. For example, they
assumed that our objects did not have hidden holes (e.g., hollow cube), that all the Lego blocks
were the same except in color, that there were not two materials that looked identical but were in
fact different, etc. ... It is our strong belief that all generalizations have limitations; but they can be
very useful pedagogically and pragmatically. We have argued elsewhere that “All matter has
weight,” one of the central tenets of the Grade 5 stepping stone, is essential to progressing toward
“All matter has mass” (Wiser et al. 2012; Foster and Wiser 2012). Karmiloff-Smith’s (1974) “If
you want to get ahead, get a theory” captures our position. Qualifying statements too early and
making them more scientifically “accurate” are detrimental pedagogical moves. Stepping stones
are “imperfect” but powerful knowledge. In the present study, the overgeneralization “same
number of equal pieces made of the same material =same weight=same amount of material” is a
productive step, conceptually. Children who develop a concept of material will be able, later, to
coordinate it with size and shape in more sophisticated ways. Without this first generalization, they
may not develop the concept material at all. The same point applies to several material proper-
ties—e.g., “bends easily” come to mind. “Bends easily” depends not only on material but on the
shape of the object and its width (so is breakability and transparency). But it is a property that
children easily associate with material and it is a conceptually powerful (in fact essential) starting
point. Once they “do their job” of helping construct the idea that some properties are maintained
across shape change and cutting into large pieces, other properties can be introduced which char-
acterize materials more reliably. Once foam is known by those other characteristics, it will be easy
to learn “foam objects are bendable only when they are thin enough.” This in turn is because, by then,
foam, bendable, and thin will have meanings that make the sentence interpretable and informative.
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rice into measuring cups and back into jars to discover that Jar A actually filled
more cups. The facilitator again used the balance scale to show that Jar A out-
weighed Jar B.

The Conceptual Role of Weight

Weight was backgrounded but not ignored: we used a balance scale to support quan-
titatively amount comparisons and an ordinal weight line in the Material Construal
activities. By aligning objects along a weight line first according to heft and then
scale comparisons, children were establishing a qualitative association between
weight and size and between weight and material, while discovering scales are more
precise and objective than hefting. No formal relation was emphasized: children
were invited to formulate that if one looks at all the objects made of the same mate-
rial, bigger ones are heavier than smaller ones, and if one looks at all the objects of
the same size, weight depends on material. This is the first step in developing quan-
titative relations among weight, volume, and kind of material, which also enriches
and strengthens the concept of material identity (weight is characteristic of material
when size is controlled).

Ordinal weight line. Children were asked to arrange six objects by weight (wood,
wax, and sponge cubes in two sizes). This was first done by hefting (with a bit
of difficulty and discrepancy). The facilitator then presented the balance scale
as a way “to know for sure”; children used the scale and placed the object
along a weight line accordingly. In discussion, the facilitator highlighted two
patterns: (1) when objects are the same size, the wood object is heavier than the
wax object and the wax object is heavier than the sponge object, and (2) when
objects are the same material, big ones are heavier than small ones. Afterward,
children were able to respond to questions about why the heavy ones are
heavy with statements like “There is more stuff (or more wax, etc.) in the
heavy ones”, and “Soft things are lighter and hard things are heavier.” Of
course we did not intend to teach density but rather to provide a first associa-
tion between material and weight and between size and weight as a stepping
stone to it.

Method

Participants. Participants were recruited from elementary schools in Worcester,
Massachusetts, in which 60 % of students are eligible for free or reduced lunch and
represent diverse ethnic backgrounds. In total, 33 kindergartners were recruited: 20
in the Experimental group and 13 in the Control group.

Procedure. The intervention consisted of six 20-30-min sessions over the
course of 2 weeks; the first three sessions focused on material, while the last three
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Exposure: Green foam pail and Choice: Purple_ foam*“T”and
wooden “T” wooden pail

Fig. 5 Material trial: “This one bends easily”
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Exposure: “This one holds light Choice: “Which one holds light
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Fig. 6 Function trial: “This one holds a light switch”

focused on amount quantification. Sessions with the Control group consisted of
class discussions of artworks, including about materials as it related to the artworks
and hands-on activities such as making a mosaic.

Pre- and Posttests

To evaluate our training, we conducted pre- and posttests on material, amount, and
number.

Material construal task. This task tested whether children could appropriately adopt
the material construal of objects. The pretest had 12 trials: 8 material trials inter-
spersed with 2 name trials and 2 function trials. For each of the material trials,
the child was presented with a pair of objects (A and B). The child was told that
object A was “squishy” or “magnetic,” for example, and that object B was not.
Children experimented with the objects to verify those statements. The child was
then presented with a second pair of objects which he/she was not allowed to
handle: the first was the same material as A and the same shape as B, and the
second was the same material as B and the same shape as A (see Fig. 5). The
experimenter asked, “Which is [squishy, magnetic, etc.]?”” In the name and func-
tion trials, the child was presented with one novel object. The experimenter said
“This is used for [holding light switches]” or “This is called a [dax].” The child
was then presented with three new objects: one of the same material as the first
but a different shape, one of the same shape as the first but a different material,
and a distracter (see Fig. 6). The experimenter asked, “Which one is used for
[holding light switches]?”
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Fig. 7 (a) Repeated material properties—Experimental and control groups. (b) Novel posttest
items—Experimental and control groups

The posttest was conducted in the same manner. It included four of the pretest
material sets, three new sets with familiar material properties but more difficult
stimuli (e.g., both objects in the pairs were the same color), three sets of entirely
new materials and properties (e.g., gets cold fast when placed in ice water), and
the same two function and two name items from the pretest.

Conservation of continuous quantities. One task was Piaget’s clay-ball task.
The experimenter stated that two balls had the same amount of clay and then
squished one ball into a pancake and asked whether the pancake had more clay,
less clay, or the same amount of clay as the ball. In the second task, one ball was
broken into three pieces. The other ball and the pieces were placed on two plates
and the child was asked “Does one plate have more clay or do the two plates have
the same amount of clay?” The task was repeated with six pieces. In the third
task (“three-jar task’), equal quantities of water were poured into two identical
jars, one cupful at a time as the experimenter counted aloud. Then, the water
from one jar was poured into a third, taller and thinner jar. Before and after the
transformation, the experimenter asked whether one jar has more water or if they
each had the same amount.

Conservation of discrete quantities: Piaget’s number conservation task. The experi-
menter prepared a row of 12 buttons then handed the child a bag of buttons and
asked, “Can you make a row that is exactly like mine?”” The experimenter then
asked whether the child’s row contained the same number of buttons, more
buttons, or less buttons as the experimenter’s. The first row of buttons was then
spread out and the question was repeated.

Results

Material

The results are presented in Fig. 7a and b. There was a significant improvement on
the Material Construal Task (on the items that were used in both pre- and posttest)
for the Experimental group, [t (19)=-3.56, p<.01]. The Control group showed no
difference in performance from pre- to posttest.
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The Experimental group also performed significantly better than the Control
group on the novel items [#(31)=2.513, p=.017]. Not surprisingly, overall perfor-
mance was lower on these more difficult items.

Amount Conservation

Students in the Experimental group demonstrated significant improvement on the
clay-piece task, as assessed by sign tests (of the 5 children who failed the pretest,
all 5 passed the posttest, p <.05) and on the 3-jar task (of the 7 children who failed
the pretest, all 7 passed the posttest, p<.01); improvement on the clay-pancake
task did not quite reach significance—likely due to small sample size (of the 9
children who failed the pretest, 7 passed the posttest, p=.07). As hypothesized, the
Control condition showed no improvement on any of the amount conservation
tasks (p>.25 for all tasks).

Number

Children in the Experimental groups also improved significantly on the number
conservation task (of the 6 children who failed the pretest, all 6 passed the posttest,
p<.05), with no such improvement in Control condition (p=.25).

Discussion

This pilot study indicates that a teaching intervention based on LPM can improve
young children’s amount conservation and their ability to apply the material con-
strual to solid objects in a very short period of time (2 weeks). Children’s progress
on the Material task is consistent with their developing a material construal of
objects.

Children’s progress on both the clay tasks and the three-jar task is consistent with
our hypothesis that decomposing and recomposing whole samples physically
may help children develop a compositional model of material, which they could
then apply to continuous samples. One Experimental group participant’s posttest
response in the clay pieces task, “I know they are the same because there are three
pieces in the ball too,” provides particularly striking evidence for this claim.

Our participants’ progress, in conjunction with the lack of progress in earlier stud-
ies on conservation training based on reversibility and coordination of dimensions
(Inhelder et al. 1974), supports our account of conservation over Piaget’s. Rather
than teaching coordination of linear dimensions, our training activities were about
measuring and foregrounded that amount is about number of 3D units. Conservation
was highlighted only in the Lego activities. We tentatively conclude that, rather than
learning that amount is conserved, children were integrating conservation into their
emerging concept of amount. However, further work will be necessary to establish
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that the compositional model is indeed the mediator in developing the concept of
amount, and that amount conservation is part and parcel of constructing the concept
of amount, rather than a principle that is discovered separately.

Whether training on material interacted with training on amount cannot be
assessed in this study. It is an empirical issue that can be explored by varying the
order of learning activities. Whether our sequence of quantification activities, from
Lego blocks to jars of rice, is optimal is also an empirical question. On the one hand,
counting Lego blocks is a direct way to measure amounts of plastic, whereas count-
ing cups of rice may not translate immediately into measuring amounts of rice
(because one could construe the activity as counting cups, not rice amounts). On the
other hand, we do not know if our participants’ concept of solid material was suffi-
ciently revised to support quantification of amount of solid material. In any case, a
more elaborate curriculum on quantifying amount would start by comparing per-
ceptually different quantities in order to capitalize on children’s sense of bigness,
rather than with transformations, and would be preceded by systematic explorations
of nonsolid as well as solid materials.

The role of number in amount quantification may be somewhat similar to the role
of weight in that establishing a relation between them while they both are only par-
tially understood may contribute to progress on both. Measuring might contribute to
the development of cardinality: understanding “there are 4 cups of rice in this jar”
as “the amount of rice in this jar is 4 cups” implies that “four” refers to the set of
four cups; it is not just the last count word said when pointing to each cup in turn. It
is possible that, as children learn to quantify amount of material, the concept of
amount and the concept of number mutually support each other’s development. The
only support for this hypothesis we have for the moment is that the kindergartners
in our Experimental group improved their performance on number conservation
despite the fact that they were given no training in cardinality. We will need to
include a more stringent test of cardinality in the future to assess the merit of our
hypothesis. Finally the scope of this study was too limited to assess the role of lan-
guage in fostering conceptual change. Future studies will include language compre-
hension and language production measures.

Overall Conclusions

We presented the above training study to illustrate a learning progression approach
to teaching about matter. In a full K-2 curriculum, students would explore a range
of aggregates and liquids, as well as solid materials. They would learn new names
and new intensive properties relevant to material classification. Links would be
made between categorizing solid and nonsolid materials. Starting with obviously
different quantities of nonsolids, students could measure them by counting the num-
ber of measuring containers they fill and correlate sample sizes with numbers of
amount units. This would establish a bridge between their intuitive quantification of
nonsolids in terms of bigness (big pile of sand, small bottle of milk) and their
quantification of solid objects (counting) and pave the way to quantifying amounts
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of solid samples. Using a scale, they would discover that liquids indeed have weight,
and that it is related to amount. These explorations would contribute to the revision
of the weight concept, the development of the amount concept, and the relation
between the two. These conceptual changes would also be part of the development
of two ontological categories: material and solids and liquids, a precursor of matter.
Students would learn that all (macroscopic) samples of all materials have weight,
that they can be thought of as made of a certain number of 3D units, and that their
amount does not change when they are reshaped or divided. This would contribute
to coalesce solid and nonsolid materials into a single category as well as broaden the
range of application of the material construal to include solid objects.

A full K-2 curriculum would also include units that allow inquiry into whether
material identity changes when one cuts and grinds solid samples, the properties of
materials that stay constant during those transformations, including non-perceptual
ones, and the link between material properties and function. Addressing this issue
would strengthen the differentiation and integration of the object and material
construals of objects. The curriculum would also include inquiries that would build
a qualitative sense of volume. Note that, in LPM, bigness is a precursor of both
amount and volume. To become amount, it needs to be quantified and become a
characteristic of the material the object is made rather than the object itself; to
become volume, it also needs to be quantified and become a characteristic of the
space occupied by the object rather than the object itself.

Although the Grade 2 stepping stone is quite far from a scientific conceptualiza-
tion of matter, it is conceptually closer to it than the lower anchor. After being
strengthened and enriched, the category solids and liquids will undergo two major
conceptual changes in later elementary grades. One will lead to the belief that pieces
of solids or liquids too small to be visible have weight and occupy space. The second
will be that gases are material in the same sense as solids and liquids. This is very
close to a scientific understanding of matter except for the concept of mass, which
will be developed in middle school, based on amount of material and volume. These
conceptual changes, and others that take place in the Grade 3-5 range, illustrate
the conceptual role of the Grade 2 stepping stone in making them possible. For
example, conservation of material identity across phase change becomes graspable
because students can already apply the material construal to a sample that turns
from solid to liquid, materials are identified by properties that are no longer all
perceptual, and materials have been explicitly differentiated from state (during
grinding). These understandings would not have been possible without the prior
ability to apply the material construal to both solids and liquids.

These various considerations illustrate how complex the reconceptualization of
matter is—it involves a large number of small but coordinated steps and many kinds
of conceptual changes: coalescences, differentiations, generalizations, more stringent
specifications, breaking some old links among concepts and percepts, and creating
new ones. Moreover, these changes are heavily interdependent. Such reconceptualiza-
tion is inevitably slow. LPM is a long road to reconceptualization paved with “approxi-
mations.” It requires the support of curricula with a long time span that gives ample
time to revisit relations between concepts many times, in broader and broader contexts,
and in relation to more sophisticated epistemological knowledge.
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The training study also serves to illustrate the iterative processes involved in
taking a learning progression approach to science teaching and the revisable nature
of learning progressions. It shows we might be on the right track: our participants
learned what we hypothesized, providing empirical evidence for the early part of
LPM. However future studies may show that providing different key experiences or
targeting conceptual changes in a different order may be more beneficial, leading us
to revise LPM before we start designing a full K-2 curriculum. Testing K-2 curricu-
lar units based on LPM may also help to reexamine the learning progression and
curriculum for Grades 3-5 we developed as part of the INQUIRY project. (See
http://inquiryproject.terc.edu/.) The study’s success within a population of lower
socioeconomic status should help to motivate research aiming to close the socioeco-
nomic gap in early math and science aptitude. The INQUIRY project’s implementa-
tion of an LPM-based curriculum for Grades 3-5 saw similar (and broader-based)
success in urban schools, although with no middle-class comparison. We suggest
that the results of our training study, paired with the success of INQUIRY, add
to a growing body of literature that suggests learning progressions can act as
“equalizers”— contributing to efforts to close the income gap in science education
(Corcoran et al. 2009).

Our intervention shows that kindergartners have the capacity to start building
core concepts about matter. One reason to start teaching those core concepts in
kindergarten is how complex and how slow the processes underlying reconceptuali-
zation are. Starting early allows taking small, meaningful steps; revisiting core
concepts in several contexts and in combination with several other concepts; and
progressively developing models and other representational tools which contribute
to the reconceptualization. The sooner one implements LPM-based curricula, the
sooner students can start developing solid conceptual foundations and continue
building on those foundations, avoiding some of the “dead ends” they encounter and
misconceptions they develop in the contexts of traditional curricula. A K-12 learning
progression for matter would insure that coherence and consistency among learning
experiences within and across grade is maintained throughout schooling.
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Understanding of Basic Particle Nature
of Matter Concepts by Secondary School
Students Following an Intervention
Programme

David F. Treagust, A.L. Chandrasegaran, Lilia Halim, Eng-Tek Ong,
Ahmad Nurulazam Md Zain, and Mageswary Karpudewan

Introduction

The study of science in general and chemistry in particular includes observing and
explaining the behaviour of matter in its various forms. For students to be proficient in
explaining the nature of matter, they have to possess a thorough understanding of the
concepts about the particle theory of matter. In several educational systems, particle
theory concepts are an important component of the primary and early high school
(involving students aged 11-14 years) science curricula (Martin et al. 2004). Studies
have been extensively conducted at various educational levels since the 1970s to eval-
uate the efficacy of instructional programmes to assess students’ understandings of
the key tenets of the kinetic particle theory of matter. These research findings have
revealed poor understanding of the concepts among students, resulting in arguments
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to delay the topic of particle theory of matter to later in the science curriculum
(Harrison and Treagust 2002). Following on from the findings of previous studies
(e.g. Johnstone 2007, 2010), the concern among science educators about when is the
most appropriate time to introduce the concept of particles involving atoms and mol-
ecules in the science curriculum was also echoed by Tsaparlis et al. (2010). A report
by these authors involving the introduction of a lower secondary chemistry course that
is based on science education learning theories has suggested delaying the introduc-
tion of the concepts of atoms and molecules until such time when students are ready
to assimilate these ideas in their cognitive structures (Tsaparlis et al. 2010).

A major obstacle to understanding particle concepts is students’ intuitive belief that
matter is continuous in nature rather than particulate, a view held by more than 50 % of
students in a study from all levels of high school through to university (Nakhleh 1992).
This finding is relevant to this study as the participants involved were in senior high
school (grades 10 and 11) and of ages 16—17 years. Also, the belief that the particles in
matter are in contact with each other with no empty spaces between the particles
(Griffiths and Preston 1992; Nakhleh 1992; Lee et al. 1993) is ontologically different
from the scientifically accepted view that the particles are discrete and dynamic and are
separated from each other by empty space (de Vos and Verdonk 1996).

Another impediment is the belief that matter in a substance is continuous and yet
consists of particles (Krnel et al. 1998). In a related study involving students aged
11-14 years, Johnson (1998) found that the majority of students held one of three
models of matter, namely, (1) matter is a continuous substance, (2) matter consists
of particles in a continuous substance, and (3) the particles with macroscopic prop-
erties are the substance. (See also the chapter “How Students’ Understanding of
Particle Theory Develops: A Learning Progression” by Johnson in this volume.)
The notion that particles are in substances as opposed to the fact that substances are
composed of particles is common among students. Lee et al. (1993) found this
strongly held notion coupled with the belief of the presence of some kind of ‘stuff’
or air between the particles. The idea of particles floating in some kind of ‘stuff” is
reinforced by textbook diagrams depicting particles in a liquid with a line across the
top (Andersson 1990; Harrison 2001).

Yet another belief is that the particles in a substance possess the macroscopic
properties that are displayed by the substance (Andersson 1986; Ben-Zvi et al. 1986;
Taber 1996; Johnson 1998). Studies involving formation of gases during changes of
state have indicated that grades 4—7 students (aged 9—15 years) are unable to concep-
tualise a gas as being a substance, while students are generally of the opinion that a
gas is weightless or is lighter than solids or liquids (Stavy 1988). Also, none of the
grade 7 students and only 25 % of the grade 8 students have been found to be able to
explain the changes in state with reference to the kinetic particle theory. It appears,
therefore, that these younger students are only able to conceptualise a gas as a type
of matter in macroscopic terms; only later on in their cognitive development are they
able to conceptualise an abstract submicroscopic interpretation in terms of the parti-
cles involved. These intuitive ideas about the nature of matter that students have
acquired in their early years of schooling appear to change to scientifically accept-
able understandings only to a limited extent after instruction (Stavy 1988).
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In a recent study using 11 multiple-choice items, although about 41-78 % of all
148 grades 9—10 students involved in the study indicated consistent understanding
of the three conceptual categories that were investigated, very few revealed under-
standing of the related concepts when their explanations for making a particular
choice were taken into account (Treagust et al. 2010).

In this study, grades 10 and 11 students’ understanding of particle theory con-
cepts was assessed using a diagnostic instrument (the Particle Theory Diagnostic
Instrument, PTDI) after implementing an intervention instructional programme.
Two-tier multiple-choice items like the ones in the PTDI require a content response
to the first tier; the second tier of the multiple-choice items requires students to
provide a justification for their choice of response in the first tier. These items have
proven to be very useful as formative assessment tools as these are convenient to
administer and easy to mark (Treagust 1988, 1995). Use of such items provides
teachers with information about students’ understanding of particular science con-
cepts (Treagust and Chandrasegaran 2007), enabling them to take cognisance of
students’ alternative conceptions in their classroom instruction. A study of the
research literature does not reveal the use of two-tier multiple-choice items to assess
students’ understanding of particle concepts; the studies have mainly used open-
ended questions in their investigations.

This study involved assessing improvements in grades 10 and 11 students’
understanding of particle theory concepts of matter after the implementation of
an instructional programme that was developed in a previous study (Treagust
et al. 2011). The improvements in understanding were assessed in three key con-
ceptual categories, namely, (1) intermolecular spacing in matter (CC1), (2) the
influence of intermolecular forces on changes of state (CC2), and (3) diffusion in
liquids and gases (CC3), using the PTDI consisting of 11 two-tier multiple-
choice items.

Context of the Study

After 6 years in primary (elementary) school, students in Malaysia spend 5 years in
secondary school (grades 7-11, referred to as Forms 1-5). In the final 2 years
(grades 10 and 11), about 30 % of students study pure sciences, i.e. science as three
separate subjects (physics, chemistry, and biology) based on their performance in a
national examination that is held at the end of Form 3 (third year of secondary
schooling). Following this period of study, students who intend to proceed to uni-
versity traditionally spend 2 years in Form 6 (postsecondary school). Over the past
three decades special matriculation programmes have been introduced for admis-
sion to particular local and overseas universities, eliminating the need to complete
the traditional Form 6 programme.

Particle theory concepts are first referred to in the Malaysian general science
curriculum in grade 7 — the first year of secondary schooling. The relevant curriculum
documents (Ministry of Education 2002) relating to the teaching and learning of



128

D.F. Treagust et al.

particle concepts were examined to assist in deciding on the objectives of the study.
The curriculum specifications relating to matter and its particle concepts are as follows:

M

Theme: Matter in Nature

Learning objective 2: Understanding the three states of matter.

Learning outcomes: A student is able to state the three states of matter, state the arrange-
ment of particles in the three states of matter, and state the differences in the movement of
particles in the three states of matter.

In grades 10 and 11, the curriculum specifications relating to particle concepts
inistry of Education 2005) for students who study pure sciences are as follows:

Theme: Matter around us

Learning objective: Analysing matter

Learning outcomes: The students should be able to describe the nature of matter, define
atoms, molecules and ions, state the kinetic theory of matter, relate the change in the state
of matter to the change in heat [sic], relate the change in heat [sic] to the change in kinetic
energy of particles and explain the interconversion of the states of matter in terms of the
kinetic theory of matter.

In defining the scope of this study we decided to adopt what de Vos and Verdonk

(1996) consider to be correct scientific ideas about the particulate nature of matter.
These ideas that are summarised below are relevant to the concepts of (1) CCl1, (2)
CC2, and (3) CC3 relating to this study (see above).

1.

All matter consists of entities called particles. Individual particles are too small
to be seen. They behave as hard solid objects. In drawings, the particles may be
represented as small circles or dots.

Motion is a permanent feature of all particles. There is a direct relation between the
temperature of an amount of matter and the average kinetic energy of the particles.
In a gas, the empty space between particles is much larger than that occupied by
the particles themselves. Particles of a gas in an enclosed space are randomly
distributed.

. There is mutual attraction between any two particles, but its magnitude decreases

rapidly with distance. In a gas, the attraction is negligible, except at high pres-
sure and low temperature.

. In liquids and solids, the particles are much closer together and subject to mutual

attraction. In solids, the particles may be arranged in regular patterns, with each
particle being able only to vibrate around a fixed position. In liquids, the particles
are irregularly arranged and move from place to place within a fixed volume.

(Adapted from de Vos and Verdonk 1996, p. 659)

Objectives of the Study and Research Questions

The main objective of this study was to assess understanding of particle concepts
of matter among secondary school students in three conceptual categories, namely,

)]

intermolecular spacing in matter, (2) the influence of intermolecular forces on
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changes of state, and (3) diffusion in liquids and gases. These concepts are first
taught in Form 3 (the third year of secondary schooling). In order to assess these
understandings among grades 10 and 11 students who were involved in this study,
the following research questions were formulated:

1. Is there a significant difference in the understanding of particle theory of matter concepts as
evidenced by the pretest and posttest scores among grades 10 and 11 students involved in the
study?

2. How consistent are students from the four schools in their understanding of intermolecular
spacing in matter?

3. How consistent are students from the four schools in their understanding of the influence of
intermolecular forces on changes of state?

4. How consistent are students from the four schools in their understanding of diffusion in liquids
and gases?

By ‘consistent’ in research questions 2—4, we mean the extent to which students
provided correct responses to all the three or four related items in each of the three
conceptual categories. If students possessed understanding of the concepts relating
to conceptual category CC1 about the intermolecular spacing in matter, say, we
would expect them to correctly answer all four items in that conceptual category.

Methodology
Design

The study involved evaluating an instructional strategy in a pretest—posttest design
(Cohen et al. 2000) using quantitative data. The last four authors conducted the
study in six classes from four secondary schools, while the first two authors moni-
tored each stage of the study to ensure uniformity in implementation by providing
them with a research protocol whose stages are summarised in Table 1.

The PTDI pretest data were analysed using the SPSS statistics software (version
18) to ascertain students’ understanding of the related concepts prior to instruction.
An intervention instructional programme (see Appendix) was next implemented.
About a week after completing the intervention programme, the PTDI was admin-
istered again as a posttest and the data analysed to ascertain any improvements in
students’ understanding of particle concepts.

Research Samples

Six convenience samples (Merriam 1998) totalling 172 students in grades 10 and 11
from four secondary schools in Malaysia were involved. All students in the six
classes were high-achieving students who had qualified to study the three separate



130 D.F. Treagust et al.

Table 1 Stages in the implementation of the research programme

Stages Research activity

1 Administration of the PTDI as pretest

2 Analysis of pretest data to determine frequencies of alternative conceptions held
by students using SPSS statistics software (version 18)

3 Identification of alternative conceptions held by students

4 Implementation of the intervention programme

5 Administration of the PTDI as posttest (not earlier than a week after completion
of the intervention programme)

6 Analysis of pretest and posttest data involving frequencies, #-test, and ANOVA

analyses using SPSS statistics software (version 18)

Table 2 Distribution of participants involved in the study

Sample School label School type Grade levels Number of participants
1 A All boys 11 23
2 B All girls 10 31
3 B All girls 11 30
4 C Co-educational 10 37
5 D Co-educational 10 27
6 D Co-educational 10 24
Total 172

sciences based on their performance in the Form 3 national examination mentioned
previously. Details of the six samples are shown in Table 2.

Structure of the PTDI

The 11 two-tier multiple-choice items in the PTDI involving understanding of basic
particle theory concepts were developed in a previous study (Treagust et al. 2011).
The key concepts embodied in these 11 items were those adapted from de Vos and
Verdonk (1996), referred to earlier.

The 11 items were classified into the three conceptual categories labelled CC1,
CC2, and CC3, with each category consisting 3—4 items as follows: (1) CC1
(intermolecular spacing in states of matter) involving Items 3, 4, 5, and 11; (2) CC2
(the influence of intermolecular forces on changes of state) involving Items 8, 9, and
10; and (3) CC3 (diffusion in liquids and gases) involving Items 1, 2, 6, and 7. An
example of an item in each conceptual category is shown in Figs. 1, 2, and 3.

Intervention Instructional Programme

An intervention programme extending over eight lessons of about 45-min duration
each was implemented based on a protocol that was prepared by the first two authors
to ensure uniformity in implementation by the other four authors. The instructors
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Item 4

The diagram shows a coloured gas being compressed in a gas syringe until the plunger could not be
pushed any further. The experiment was repeated using the same volume of a coloured liquid.

[
( E —

It was found that the final volume of the gas was:
A Much less than that of the liquid.
B Much greater than that of the liquid.
The reason for my choice of answer is:
1 The particles in the gas are more widely spaced.
2 The particles in the gas move more freely.
3 The particles in the gas move randomly in all directions.

Fig. 1 Example of an item in the conceptual category ‘intermolecular spacing in states of matter’
(CC1)

Item 9

The diagram shows how the temperature changes when some ice at a temperature below 0°C is
heated to above 100°C.

8

(=]

temperature in °C

time in seconds
We may deduce that that liquid water can exist at its boiling point of 100°C.
A True B False

The reason for my choice of answer is:

1 At the boiling point water molecules change immediately into steam.

2 The molecules are moving fast enough to change completely into steam.

3 The attractive forces between all the water molecules have to be weakened.

Fig. 2 Example of an item in the conceptual category ‘influence of intermolecular forces on
changes of state’ (CC2)

involved (teachers of the six classes) demonstrated, or the students performed, the
experiments associated with each item of the PTDI where possible and followed up
with discussions to explain students’ observations.

After each activity, students were required to discuss their observations in their
own groups, following which the instructor solicited explanations from representa-
tive groups. The composition of the groups was left entirely to the discretion of the
instructors involved. In the ensuing whole class discussion, the instructor facilitated
the students in acquiring more scientifically acceptable understanding of the
concept(s) involved, while at the same time addressing the previously identified
alternative conceptions in the pretest. Details of the intervention instructional
programme are provided in Appendix.
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Item 2

A small glass bulb containing liquid bromine was dropped into a tall jar of air and the jar was
immediately stoppered. The bulb shattered on hitting the bottom of the jar, releasing bromine
vapour. After several hours, reddish bromine vapour had diffused uniformly throughout the jar.
If the experiment is repeated after pumping out most of the air from the jar, we would expect the
reddish bromine vapour to diffuse and fill the jar within a few seconds.

@ glass bulb ( - N \

of liquid 3
bromine r — uniformly diffused
3 =T reddish bromine
i ( N vapour
B — r
1
N fragments of
| olass — shattered glass
glass jar N -~ bulb
7
- ﬂ\c/
A True B False

The reason for my choice of answer is:

1 The particles in the gas are more widely spaced.

2 The particles in the gas move more freely.

3 The particles in the gas move randomly in all directions.

Fig. 3 Example of an item in the conceptual category ‘diffusion in liquids and gases’ (CC3)

Diagnostic Instrument (PTDI) Psychometrics

Students’ responses to the 11 items were analysed to determine the frequencies of
correct responses using SPSS software (version 18). A response to an item in the
PTDI was considered correct only if students responded correctly to both tiers of the
item. These recoded responses (‘1” for correct and ‘0’ for incorrect) to the 11 items
in the posttest for the 172 respondents were used to compute the Cronbach’s alpha
reliability coefficient, and was found to be 0.66. This value of the coefficient for the
PTDI was greater than the threshold value of 0.5 proposed by Nunally and Bernstein
(1994). All the items had been content-validated by four academics and two senior
teachers before being used in a previous study (Treagust et al. 2011). Hence, it may
be concluded that the 11 items in the PTDI were consistent in assessing understand-
ing of particle concepts among the respondents in the study.

Results and Discussion

Analysis of Students’ Correct Responses to Items in the Pretest
and Posttest of the PTDI

Students’ pretest and posttest responses to the first tier and the combined tiers to
each of the 11 items were analysed, and the percentage of correct responses to the
items are summarised in Table 3. There was reason for providing data for the first
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Table 3 The percentage of students who correctly answered the first part and both parts of the
items in the PTDI (N=172)

Percentage of students who provided correct responses

Pretest Posttest
Item no. First part Both parts First part Both parts
1 92.4 279 95.5 47.7
2 72.7 36.6 93.0 46.5
3 77.3 61.6 79.7 65.7
4 71.5 32.6 86.6 62.8
5 70.9 32.0 82.6 48.8
6 88.4 25.6 98.3 50.0
7 92.4 61.0 97.1 80.8
8 85.5 18.6 95.9 453
9 41.3 9.9 41.9 18.6
10 93.0 43.0 95.3 68.0
11 71.3 59.3 76.7 69.8
Mean 72.07 34.82 86.69 54.91

Table 4 Paired samples 7-test results comparing pretest and posttest total scores (N=172)

Pretest total scores Posttest total scores
Mean SD Mean SD t-value P Cohen’s d
4.08 1.79 6.04 2.49 10.10 0.000 0.90

tier and the combined tiers of the items: the first tier of an item usually solicits a
content response that a student could have merely memorised, while the second tier
requires a reason for selecting a particular response in the first tier. So, correct
responses to both tiers of an item reflect a respondents’ knowledge with understand-
ing of the concept involved.

In general, in this study the percentage of correct responses to the combined tier
was lower than that for the first tier for all items in both the pretest and the posttest.
For all items, except Item 11, there was an improvement in the posttest scores over
the pretest scores, thus lending support to the overall efficacy of the intervention
programme in facilitating understanding of the associated particle concepts.

Pretest—Posttest Comparisons of Total Scores in the PTDI

A paired samples #-test analysis was performed in order to further evaluate the effi-
cacy of the intervention programme in assessing students’ understanding of particle
theory of matter concepts (see Table 4).

The results indicate that the efficacy of the intervention programme in facilitat-
ing understanding of particle concepts showed a statistically significant (p <0.001)
improvement in the posttest mean scores over the pretest mean scores. The strength
of the difference between the pretest and posttest mean scores may be determined
by computing the effect size, Cohen’s d. Cohen (1988) has defined the effect size as
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Table 5 Students’ consistency in understanding of particle theory concepts (N=172)

Consistent understanding® — number

Conceptual categories Items of students (percentage)
CCl1: intermolecular spacing 3,4,5,11 53 (30.8)
CC2: influence of intermolecular 8,9,10 12 (7.0)
forces on changes of state
CC3: diffusion in liquids and gases 1,2,6,7 28 (16.3)

*Students provided correct responses to all items in the conceptual categories

being small when d=0.2, medium when d=0.5, and large when d=0.8. The effect
size value in Table 4 indicates that the mean total score difference was relatively
large and educationally important in the posttest compared to that of the pretest.

A one-way repeated measures ANOVA was next conducted to compare the test
scores in the pretest and the posttest, when there was a significant effect for the time
when the two tests were administered [Wilks’ Lambda=0.63, F(1,171)=102.02,
p<0.0001]. An additional one-way ANOVA was next conducted to explore the
effect of grade level on the posttest scores. Although there was a difference in the
mean scores of the grade 10 students (N=119) and the grade 11 students (N=53),
the difference was not statistically significant at the p<0.05 level [grade 10,
M=6.28, SD=2.40; grade 11, M=5.51, SD=2.62; F(1)=3.55, p=0.061].

Analysis of Data in the Conceptual Categories

The posttest data were analysed in order to assess consistency in students’ understand-
ing of particle concepts in the three conceptual categories. The consistency in under-
standing of intermolecular spacing (conceptual category 1) was determined by
analysing students’ responses to find out the percentage of students who correctly
answered all four Items 3, 4, 5, and 11. Similarly, for the influence of intermolecular
forces on changes of state (conceptual category 2), consistency in their understanding
was computed by determining the percentage of students who correctly answered all
three Items 8, 9, and 10 and, for diffusion in liquids and gases (conceptual category 3),
by determining the percentage of students who correctly answered all four Items 1, 2,
6, and 7. In general, students displayed very limited consistency in understanding of
the associated concepts in all three conceptual categories as only a small percentage
of students (ranging from 7 to 30.8 %) were able to provide correct responses to all the
three or four items pertaining to each conceptual category (see Table 5).

Conclusion and Implications for Classroom Instruction

The findings of this study suggest that these grades 10 and 11 Malaysian students
continue to display limited understanding of particle theory of matter concepts. This
state of affairs seems to persist despite having been identified in studies over several
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decades, a probable indication of the slow process of the translation of research
findings into classroom practice. In addition, the research findings are evident of the
inherent difficulty in understanding the particle nature of matter concepts.
Nevertheless, this study has shown that some measure of success can be achieved if
appropriate instructional programmes are carefully planned and implemented in the
classroom.

Several conclusions may be drawn from the findings of this study. With respect
to research question 1 (Is there a significant difference in the understanding of par-
ticle theory of matter concepts as evidenced by the pretest and posttest scores among
grades 10 and 11 students involved in the study?), the findings suggest that the
intervention programme was successful in facilitating improved understanding of
particle concepts of matter, as evidenced by the results of a paired samples z-test
analysis on the mean pretest and posttest scores of the PTDI. There was a significant
difference between the pretest scores (M =4.08, SD=1.79) and the posttest scores
[M=6.04, SD=2.49; #(171)=10.10, p=0.000].

The posttest scores for all samples also indicated improvement in all but one item
(see Table 3). The percentage of correct responses to the first tier of the items in the
posttest ranged from 76.7 to 98.3 % for all except Item 9. However, the percentage
of correct responses to the combined tiers in the posttest was lower, ranging from
18.6 to 80.8 %, suggesting that although there was improved understanding (com-
pared to the pretest scores) of the relevant concepts, students may not have acquired
sufficient understanding of these concepts.

The results obtained by analysing students’ responses to items in the three
conceptual categories indicated very limited consistency in understanding of the
associated concepts. Research question 2 (How consistent are students from the four
schools in their understanding of intermolecular spacing in matter?) was evalu-
ated in Items 3, 4, 5, and 11. Only 30.8 % of the students answered all four items
correctly to indicate understanding that the particles in liquids and gases were
mobile (unlike the particles in solids), with the particles in gases being able to
move freely and occupy all available space, while those in liquids moved about
within a fixed volume (about the same as that occupied by the substance in the
solid state).

There was very much less consistency in students’ understanding with regard to
research question 3 (How consistent are students from the four schools in their
understanding of the influence of intermolecular forces on changes of state?) that
was evaluated using students’ responses to Items 8, 9, and 10. Only 7 % of students
answered all three items correctly to indicate understanding that intermolecular
forces had to be overcome in order to change a substance from the solid state to the
liquid state and finally to the gaseous state.

Regarding research question 4 (How consistent are students from the four schools
in their understanding of diffusion in liquids and gases?), students’ consistency in
understanding of diffusion in liquids and gases as a result of the random zigzag
motion of particles in liquids and gases due to continuous collisions between parti-
cles was evaluated using Items 1, 2, 6, and 7. Only 16.3 % of the students answered
all the four items correctly.
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The findings of this study have also raised several relevant implications for
classroom instruction. As particle theory of matter concepts are essential for under-
standing of other topics and concepts in chemistry that are introduced later on in
the curriculum, for example, the mole, stoichiometry, and reaction kinetics, it is
important that students acquire a strong understanding of these particle theory con-
cepts early on in their science studies.

First, the curriculum specifications need to be provided in greater detail, clearly
explaining the major particle theory of matter concepts in a systematic and struc-
tured manner, similar to the way in which they were presented earlier in this chapter
(de Vos and Verdonk 1996). Second, the findings suggest that grades 10 and 11
students do not have a coherent understanding of particle theory of matter concepts
that were investigated in this study. It is therefore advantageous that these important
concepts are regularly revisited from earlier school years in order to reinforce stu-
dents’ understanding of particle concepts of matter. Third, it is important that teach-
ers are familiar with the manner in which students’ understanding about particle
concepts of matter are developed. As suggested by Stavy (1988), for example, when
students first encounter gases in grade 7, they have a tendency to describe a gas in
terms of its macroscopic properties. Only in subsequent years do they understand a
gas as a state of matter and finally are able to conceptualise the particulate nature of
matter.

Fourth, teachers need to use a variety of instructional strategies in order to
expose students to a range of experiences in different contexts so that they are
able to acquire a more coherent and consistent view of particle theory concepts
of matter. In this respect students should be provided with opportunities to per-
form relevant experiments or observe demonstrations (e.g. in Harrison and
Treagust 2002) and to discuss in groups the reasons for the observed changes in
matter in terms of the particles that are involved (Johnson 2006). Other instruc-
tional strategies include the use of models, simulations, and analogies (Coll et al.
2005; Harrison and Treagust 2000; Justi and Gilbert 2002). In addition several
video clips can be freely downloaded from the Internet, with the dramatic and
almost instantaneous diffusion of bromine in partial vacuum as an example.
Also, for concepts that were difficult for the students to comprehend, the teachers
could challenge students’ conceptions using instructional strategies like discrep-
ant events, the predict—observe—explain strategy, Socratic questioning tech-
niques, and small group discussions, to mention a few, in order to engender more
acceptable understandings of scientific concepts.

Finally, although the implications are not exhaustive, the use of frequent and
ongoing assessment in the form of embedded assessment by teachers has the poten-
tial to facilitate improved understanding of the concepts relating to the particle the-
ory of matter by students (Treagust et al. 2003).

In conclusion, the instructional protocol that was used in the intervention instruc-
tional programme in this study has proven to some extent to be very effective in
bringing about the desired improvements in students’ understanding of particle
concepts.
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Appendix: Intervention Instructional Programme on Kinetic
Particle Theory

Lesson 1: Administration of the Particle Theory Diagnostic Instrument, PTDI (pretest)

Lesson 2: Diffusion in liquids and gases (related to Items 1 and 2 of the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the two items:

Item 1: Randomly moving air particles constantly collide with the larger smoke particles causing
the smoke particles to move in a random zigzag manner.

Item 2: Fewer collisions occur between bromine and air molecules in a partially evacuated
container, causing the bromine to diffuse almost instantaneously.

Lesson sequence

1. Working in groups, students observe, under a microscope, the movement of smoke particles
in a smoke cell. Alternatively, project the smoke cell on a screen using an overhead projector.

2. Engage students preferably in group discussions with appropriate questions (including
Socratic questions) leading to understanding of what has occurred. Solicit responses from
several group representatives.

3. Demonstrate bromine diffusion using the YouTube video clip found on the Internet. URL:
www.youtube.com/watch?v=ZAGloLXO9L0

4. Again, engage students preferably in group discussions with appropriate questions leading to
understanding of what has occurred. Solicit responses from different group representatives.

Lesson 3: Diffusion in liquids and gases (cont.) (related to Items 6 and 7 of the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the two items:

Item 6: It takes a long time for red dye particles to diffuse uniformly throughout water because
the particles are constantly colliding with each other and with the randomly moving water
molecules.

Item 7: Some rapidly moving molecules in an inflated balloon gain sufficient energy during collisions
to enable them to pass through the pores in the balloon skin causing the balloon to slowly deflate.

Lesson sequence

1. (At the end of the previous lesson, carefully place some red or other coloured food dye, using
a pipette, below some water in several test tubes and allow to stand for the next lesson.)

During the lesson, students examine the test tubes in groups; the water would be coloured
uniformly red throughout.

Engage students in group discussions to explain why the water has become uniformly coloured red.

Solicit responses from several group representatives.

2. (At the end of the previous lesson, tie up 5 or 6 inflated balloons and leave aside.)

During the lesson, students examine the balloons (which have deflated) in their groups.

Engage students in group discussions to explain why the balloons have become deflated. Pose
suitable questions for students to discuss.

Lesson 4: Intermolecular spacing in matter (related to Items 3 and 4 of the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the two items:

Item 3: A liquid is able to flow and take up the shape of the container it is poured into, without a
change in its volume because the particles in a liquid slide and slip past each other within a
fixed volume due to the weaker attractions than when in the solid state.

(continued)
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Appendix (continued)

Item 4: When a gas is compressed, the particles are pushed closer together resulting in a much
smaller volume because the spacing between particles in a gas is much greater than in a
liquid. The particles in a liquid cannot be pushed any closer together, so there is no change in
volume.

Lesson sequence

1. Students perform simple activity (in groups) of carefully transferring a fixed amount of water
from one container to another of different shape and confirming the volume each time,
avoiding spillage in the process.

2. Engage students in group discussions to explain why the volume of the water is approxi-
mately constant (making allowance for some ‘wetting’ of the glass container). Pose suitable
questions for students to discuss. Solicit responses from several group representatives.

3. Working in groups, students compress a fixed volume of air in a gas syringe; then repeat the
activity with an equal volume of a coloured liquid (or water).

4. Engage students in group discussions to explain why the volume of the water is unchanged
while that of the air decreases on compressing. Pose suitable questions for students to discuss.
Solicit responses from different group representatives.

Lesson 5: Intermolecular spacing in matter (related to Items 5 and 11 of the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the two items:

Item 5: When a gas is compressed, the widely spaced particles are pushed much closer together,
resulting in a decrease in its volume without a change in the mass of the gas.

Item 11: When the two liquids are mixed, some of the molecules occupy the spaces between the
molecules of the two liquids resulting in a slight decrease in the total volume.

Lesson sequence

1. Students perform simple activity (in groups) involving compressing a fixed volume of air in a
gas syringe.

2. Engage students in group discussions to explain why the volume of the air decreases on
compressing while its mass remains unchanged. Pose suitable questions for students to
discuss.

Solicit responses from several group representatives.

3. Students are provided with two 50-cm® measuring cylinders, one containing fine sand filled to
the 25-cm® mark and the other filled with green peas to the 25-cm?® mark. Working in groups,
students pour the sand into the measuring cylinder of green peas and gently tap the cylinder
until a steady final volume is observed. Discussing in groups, students explain why the total
volume is less than 50 cm?. Pose suitable questions to enable students to transfer their
understanding to the example of mixing known volumes of alcohol and water. Solicit
responses from different group representatives

Lesson 6: Influence of intermolecular forces on changes of state of matter (related to Item 8 of
the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the item:

Item 8: At the boiling point of water, the heat energy that is supplied does not raise the tempera-
ture of the water while it is boiling; instead it is used to weaken the attractive forces between
molecules and pull them apart from neighbouring molecules until all the molecules have
changed into the gaseous state.

Lesson sequence

1. Students perform in groups the heating of naphthalene in a boiling tube suspended in a water
bath, recording the temperature every minute or so until just all the solid has melted. Students
then plot a heating curve.

(continued)
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2. Engage students in group discussions to explain the way the shape of the graph changes as the
solid is heated. Draw a similar graph on the board and pose suitable questions for students to
discuss.

Solicit responses from several group representatives.

Lesson 7: Influence of intermolecular forces on changes of state of matter (cont.) (related to
Items 9 and 10 of the PTDI)

Objectives of the lesson

To facilitate understanding of the following concepts related to the two items:

Item 9: When water begins to boil, both liquid water and steam are present until all the water
molecules have gained sufficient energy to break away from their neighbouring molecules.

Item 10: When a solid melts or when a liquid boils, heat energy is absorbed in order to weaken
the attractive forces between the molecules and pull the molecules further apart from each
other.

Lesson sequence

1. Draw a heating curve on the board to show how the temperature changes as ice is heated from
about — 10 °C to just above its boiling point. Explain that just as in Item 8, the temperature of
water remains constant until it changes into steam.

2. Engage students to discuss in groups to explain why water can exist at its boiling point. Pose
suitable questions for students to discuss. Solicit responses from several group
representatives.

3. Illustrate using molecular models of H,O to show how the van der Waals bonds are weakened
as ice is heated until it boils (ignore the hydrogen bonding in water). Then illustrate the
reverse process as steam condenses to water and then water freezes to ice.

Pose relevant questions to students. Questions are best directed to the groups to first discuss
before soliciting their responses.

Lesson 8: Administration of Particle Theory Diagnostic Instrument (posttest) about a week
after completing the intervention programme.
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The Use of Multiple Perspectives
of Conceptual Change to Investigate Students’
Mental Models of Gas Particles

Mei-Hung Chiu and Shiao-Lan Chung

Introduction

This chapter addresses the difficulties students commonly experience when
conceptualizing the behavior of gas particles. Specifically, this study examined and
compared students’ mental models, regarding diffusion of gas particles, both prior
to and following model-based instruction. Research in students’ conceptions has
come to the consensus that learners come to school with some preconceptions of
science that either facilitate or hinder their understanding of scientific phenomena.
No matter the correctness, consistency, coherence, or completeness of a learner’s
conceptual understanding in science, students tend to rely on prior experiences and/
or internal representations when interacting with instructional materials. In addition,
science content becomes more abstract and complex and more inherently difficult to
master, with each grade level. Thus, it is imperative that educators build an accurate
scientific foundation upon which more advanced science learning is dependent.
The next section reviews the research completed in the area of the nature of particles,
in particular, gas particles and how gas particles function.
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Nature of Gas Particles

What Do Students Know About the Nature of Particles?

There is considerable research investigating students’ as well as teachers’ conceptions
of the structure and behavior of matter (e.g., Ben-Zvi et al. 1986; Chiu 2007a;
Griffiths and Preston 1992; Harrison and Treagust 2002; Liang et al. 2011; Nakhleh
et al. 2005; Nussbaum and Novick 1982; Smith et al. 2006). For instance, the
pioneer work on gas particles conducted by Nussbaum and Novick (1982) showed
that students tend to consider gases as fluid with a continuous nature instead of a
particulate nature. Nakhleh et al. (2005) found that middle school students, while in
possession of microlevel ideas, still showed significant misconceptions about
matter. Similarly, Johnson and Papageorgiou (2010) found that ninth grade students
thought that particles are the matter with macroscopic character. Chiu (2007a), in a
large-scale study with about 7,000 junior high (grades 7-9) and 3,000 senior high
(grades 10-12) students, found that around 20 % of the students believed hydrogen
particles distribute in the upper portion of a container, while oxygen particles sink
to the bottom of the container because of their differing weights. Liang et al. (2011)
found similar results when most of their eighth and ninth grade students reported
that molecular weight is a main factor influencing distribution of gas particles.
Although heavier gases do sink to the bottom while lighter gases flow above in large
spaces, this does not apply to a small container in which the gases would be normally
distributed. Across studies, students lacked the concept of randomization and
then mistook the attribution of molecular weight in explaining diffusion in a small
container.

From several longitudinal studies, consistent findings highlight the importance
of time in conceptual change of learning particle theory. For instance, in a 3-year
longitudinal study, Johnson (1998) categorized two successive dimensions of science
understanding with regard to learning particle theory: (1) continuous particulate and
(2) macroscopic collective. He reported that students appeared to gradually progress
through one dimension at a time. Although the basic particle theory was taught from
the start and revisited in each unit, many students still lagged behind in their under-
standing of the main points of particulate and collective perspectives that science
instruction aims for. The findings suggest that students’ thinking develops in one
dimension at a time rather than both dimensions simultaneously.

Margel et al. (2008) also conducted a longitudinal study with about 1,000 junior
high school students (grades 7-9) examining the students’ conceptions of the particu-
late nature of matter (PNM). Over a period of 3 years, the students were asked to
describe in words and drawings the structure of multiple materials. In students’
written responses, they found four types of explanations, namely: (1) daily macroscopic
explanations (based on common knowledge), (2) scientific explanations (using
scientific terms learned in class), (3) particulate explanations (describing the basic
particulate model, regarding all materials as substances consisting of particles, with-
out distinguishing between the types of particles), and (4) molecular explanations
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(elaboration of the particulate model and the distinction between different types of
particles). In a series of five tests over the 3 years of the study, 75 % of the students
adhered to a macroscopic conceptual model at Test 1; however, 85 % of the students
provided a microscopic description, and 36 % of these students provided a molecular
description at Test 4. Eighty-three percent of the students still held to the micro-
scopic conception at Test 5. The researchers claimed that an effective instructional
approach must consist of multiple pathways for improving student understanding of
the nature of matter.

Adadan et al. (2010) investigated nineteen eleventh graders’ conceptual pathways
following multi-representational instruction on the PNM over a 3-month period of
instruction. They found the students’ patterns of conceptual pathways of the PNM
went from no change to radical progress after instruction. In between the stable state
with no change to radical change, they also found some additional pathways with
certain features, namely, radical progress and either stable or a slight decay of full
scientific understanding of the PNM, or from alternative fragments or alternative
with scientific fragments to a full scientific understanding of the PNM. Of course,
they also found no or slight progression from pre- to post-instruction. Although
the majority of students (13 out of 19) maintained their radical progress in their
conceptual understandings of the PNM, there were some students who regressed to
fragments or alternative conceptions. The positive impact of long-term instruction
and multiple representations might open an avenue for improving students’ under-
standing of the microscopic world.

Franco and Taber (2009) claim that research has repeatedly demonstrated
successful outcomes in student achievement in developing PNM over a minimum
period of time as discussed above. However, they found that most students in their
study (a 3-year intervention) were not able to use the particle model to provide
explanations to match scientific reasoning in English secondary schools. This
inconsistent finding revealed the role of culture and context in learning that results
in different contexts in different countries regarding teaching the concept of particles.

Tsitsipis et al. (2009) used a stepwise multiple regression analysis to investigate
what factors influenced students’ understanding of the structure of matter and its
changes of state. They found that there were three significant cognitive variables
that influenced students’ understanding: (1) logical thinking, (2) cognitive style
(field dependent or independent), and (3) convergent/divergent thinking. Among
them, logical thinking was the most dominant variable in predicting the students’
achievement. Their findings provided evidence to support the idea that formal
reasoning plays an important role in understanding scientific phenomena as proposed
by Lawson (1985).

Several studies have shown that teacher professional development is needed
to improve teachers’ understanding of the nature of matter in order to present the
concepts correctly and meaningfully. For instance, Papageorgiou et al. (2010) found
that primary school teachers shared similar misunderstandings as their students
regarding physical phenomena such as continuous matter around particles. However,
the teachers exhibited greater resistance in accepting ideas associated with particles
in the solid state than the gas state, while the students had more difficulty with
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particles in the gas state. Liang et al. (2011) found that teachers underestimated
students’ performance because they lacked experience in accessing students’ reasoning
arguments and then overestimated students’ performance after instruction.

As discussed above, it is evident that students tend to develop their internal
representations of matter in a manner inconsistent with scientifically accepted
models. Not only does science content need to be scaffolded to increase under-
standing of the microscopic view of particles, but teachers should also be made
aware of how and why the basic concepts of the PNM become a challenge for
school learners who often construct faulty scientific models. There is an emerging
need to improve teachers’ awareness of students’ difficulties and to develop effective
models for successful science teaching and learning.

Possible Explanations for Conceptual Changes

Traditionally, researchers attributed difficulty in learning scientific concepts to the
complexity and abstraction of the concepts to be learned. However, there are different
theories or explanations from cognitive psychology, psychology, and computational
science that provide insightful frameworks for interpreting students’ alternative
conceptions. In this chapter, we explore how these theories contribute to our under-
standing of students’ learning about gas particles.

We agree that changes in students’ mental representations, from naive and intuitive
to scientific understanding, are not easily achieved due to the abstraction and
complexity of the concepts and time duration of instruction. However, we also
believe that the characteristics of complexity and abstraction are not the sole causes
for the difficulty in learning the concepts of structure and behavior of particulate
matter. Alternative explanations should be taken into account to widen our under-
standing of the difficulties associated with learning the microscopic view of particles.
In the following sections, we use the Research And InstructioN-Based/Oriented
Work (RAINBOW) approach to guide the discussion. Specifically, we use Chi’s
ontological categories of concepts approach to investigate students’ performance in
the area of gas particles. We also bring perspectives from complex system domains
to extend the theoretical background that could provide some insightful interpreta-
tions for learning the PNM and about gas behaviors in particular.

Integrative Approach

Many researchers have developed theories to explain the patterns, characteristics,
structures, relations, and products of learners’ internal representations of a scientific
phenomenon. Researchers use multidimensional approaches to interpret students’
conceptual change in learning science (Duit and Treagust 2003; Treagust and Duit
2008; Tyson et al. 1997). Drawing on an analysis of the existing literature, Chiu
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Fig. 1 Components of the
RAINBOW approach
(reprinted with permission
from Nova Publishers)
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took these approaches one step further and proposed a comprehensive framework
that integrates current research with a conceptual change model and further pro-
vides a multiple perspectives approach—Research And InstructioN-Based/Oriented
Work (RAINBOW)—to conceptual change in science learning (Chiu 2007b; Chiu
and Lin 2008). The components and related studies of the RAINBOW model are
briefly depicted in Fig. 1.

The RAINBOW framework for conceptual change is based on cognitive psychology,
developmental research, science education research, cognitive science, and educa-
tional research. Six perspectives were identified: (1) developmental (e.g., Toulmins
1972), (2) ontological (e.g., Chi 2005, 2008; Chi et al. 1994), (3) epistemological
(e.g., Vosniadou 1994), (4) affective (e.g., Pintrich et al. 1993; Sinatra and Pintrich
2003; Sinatra and Mason 2008), (5) evolutionary (Lin and Chiu 2007), and (6)
instructional (e.g., modeling approach, Chiu and Chung 2009). Figure 1 takes the
structure of benzene as an analogy of the hybrid relations among the perspectives
included in the RAINBOW approach. Each perspective contributes to uncovering
students’ nature of knowing, learning about science, and registering of knowledge
into internal presentations to facilitate understanding. Five perspectives (the evolu-
tionary perspective is excluded because of the complexity of the analysis involved)
are considered in the following discussion. Specific emphasis on ontological and
epistemological perspectives will be the goal for the remainder of this chapter.

Ontological Perspectives

In Chi and her colleagues’ series of work (1992, 1994, 1997; 2005; 2008), they
claim that there are three types of ontological categories that concepts are assigned
to: Entity, Process, and Mental state. (Her terms have changed over time. Here we
follow Chi’s definitions from 2005.) Conceptual change is the process of shifting
conceptions across ontological boundaries (such as from Entity to Process). The
reassignment process, such as from Entity to Process is considered an ontological
shift requiring radical conceptual change. The Process category has two ontologically
distinct kinds of scientific processes, “direct” and “emergent.” Take the circulatory
system and diffusion as examples. The former is considered a direct category because
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it is caused by the heart pumping blood through the body. The diffusion mechanism
is considered an emergent process because it is caused by a collection of distinct
particles’ behaviors. In short, “a direct process is one that usually has an identifiable
agent that causes some outcome in a sequential and dependent sort of way”
(Chi 2008, p. 74), while “the emergent processes have neither an identifiable causal
agent or agents nor an identifiable sequence of stages” (Chi 2008, p. 75). If a student’s
misconceptions stem from direct kinds of processes (such as flow of blood in human
circulation), then they belong to the same ontological element as the correct con-
ception. Therefore, this type of misconception might not be as robust as initially
believed. If a student’s conceptions of Emergent processes (such as diffusion of
dye in water) are mistaken as Direct processes, they are robust to correct because
they need to be reassigned to a different ontological element (Chi 2005).

In this study, we explore Chi’s theory on students’ conceptions of gas particle
behavior and investigate whether there are big jumps between ontological elements
or transitional states that bridge elements. Therefore, we not only examined how
students’ conceptions changed as they moved from one ontological category to
another but also investigated any changes in subcategories.

The causal mechanisms underlying these two kinds of processes possess a
number of similarities (Chi 2005). The similarities are as follows: (1) both have
global patterns (such as flow in circulation and diffusion) and components, (2) both
can be discussed at multiple levels (such as aggregate or constituent level), (3) the
components of both processes interact (such as the heart interacts with blood by
pumping it), (4) both processes may be invisible (e.g., it is nearly impossible to see
the constituent components for diffusion), (5) both involve numerous simple and
complicated descriptors (such as color of blood, concentration, or equilibrium)
about both the pattern and the components, and (6) both have various factors (condi-
tions or variables) that can influence both the global patterns of flow and the local
specific behavior of the components. However, the similarities cannot in principle
be the source of differential learning via these two processes.

Apart from the similarities, there are fundamental differences between these two
processes. From the mechanism perspective, there are three ways to discuss these
differences, namely: (1) the behaviors of the components, (2) the treatment of the
components as either classes or collection, and (3) the causal mechanism relating
the components and the patterns. Ten exclusive attributes of two of these differences
are listed in Table 1 (see Chi 2008, pp. 174—180).

In sum, these two processes allow students to construct a mental model of the
phenomenon. The nature of the aggregate components or their constituents is directly
causing the global pattern which is referred to as direct. In contrast, for an emergent
process, neither the aggregate components themselves nor their constituents are
directly (or indirectly) causing the global pattern to occur. It is the collective interac-
tion of all the constituent components that cause the global pattern (Chi 2005).
Because they share similar characteristics as discussed above, it is common for
students to mistake the characteristics of direct processes with characteristics
that actually belong to emergent processes. Even with instruction, this type of
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Table 1 Ontological attributes of direct and emergent processes

Direct processes Emergent processes
Component level 1. Distinct Uniform
interactions 2. Constrained Unconstrained (random)
3. Sequential Simultaneous
4. Dependent Independent
5. Terminating Continuous
6. Subgroup (or classes) All components (or a collection
of components)
Component-pattern 7. Direct Nondirect
relations 8. Corresponding Disjoint
9. Differential status Equivalent status
10. Global goal or intentional Local goal or unintentional

misconception is difficult to remediate. For instruction to be effective, it must target
the misconception at the level at which it was formed. As such, we aim to identify
the components that comprise students’ mental models of gas behavior and the under-
lying mechanism of conceptual change following model-based instruction.

Epistemological Perspective

Apart from Chi’s ontological approach, Vosniadou’s (1994) epistemological
approach took students’ presupposition of knowledge as the framework to describe
how epistemological and ontological presuppositions influence one’s mental
models in understanding knowledge in specific domains (such as mathematics
and physics, Ioannides and Vosniadou 2002; Vosniadou and Verschaffel 2004).
Vosniadou (1994) stated that presuppositions of the framework theory are based on
everyday experience, confirmed over years, and then used to form a relatively
coherent system of explanation. The process of conceptual change appears to
involve a gradual lifting of the presuppositions of the framework theory and then
the formation of more sophisticated models until conceptual change has been
achieved (Vosniadou et al. 2008).

However, this view of consistent mental models of physical phenomena
advocated by Vosniadou is inconsistent with the view proposed by diSessa who
considers the conceptual system to be made up of fragmented phenomenological
primitives (p-prims) that are generated from learners’ daily life experiences. The
debate between Vosniadou (Vosniadou et al. 2008) and diSessa (diSessa et al. 2004)
on the consistency or fragments of mental models (which is not the emphasis of
this article) continues. Nobes et al. (2005) agreed with diSessa et al. The majority
of children in their study showed no evidence of possessing consistent models with
internal consistency.
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Complex Systems

Boccara (2010) identified the three common characteristics of complex systems:
(1) they consist of a large number of interacting agents; (2) they exhibit emergence,
that is, a self-organizing collective behavior difficult to anticipate from the knowledge
of the agents’ behavior; and (3) their emergent behavior does not result from the
existence of a central controller.

In complex systems, the aggregate nature of the system is not predictable from
isolated components but occurs through the interaction of multiple components
(Hmelo-Silver and Azevedo 2006). As Hmelo-Silver and Azevedo pointed out,
many complex systems can be viewed as emergent or causal depending on the point
of view one is taking. This view is consistent with Chi’s viewpoint on the human
circulatory system. In their article, Hmelo-Silver and Azevedo claimed that the
human circulatory system is emergent at one level, that is, the cells combine to produce
a complex system. At another level, structure-behavior-function representations can
also be used to describe the system in causal terms. It is not surprising that most
people understand complex systems as collections of parts with little understanding
of how the overall systems work (Hmelo-Silver et al. 2007; Hmelo-Silver and
Pfeffer 2004 cited in Hmelo-Silver and Azevedo 2006).

Whitesides and Ismagilov (1999) claim that it is important to understand “how
the properties of single molecules aggregate into the familiar averaged properties
of macroscopic samples of chemicals because it will help to tease apart the threads of
complexity in chemical systems.” In addition, they stated that:

Chemistry has relied heavily on the ability of ensemble properties that are obtained through

thermodynamics and statistical mechanics to make it unnecessary to consider the behavior of

individual molecules. Single-molecule chemistry is, however, now making it possible to inquire
about the variety of individual molecular behaviors. (Whitesides and Ismagilov 1999, p. 91)

Mental Models

In the past 30 years, more and more researchers have explored the meanings of
mental models in order to explicitly provide different perspectives on definitions of
mental models. For instance, Gilbert and Boulter (1998) defined a model as a repre-
sentation of an idea, object, event, process, or system. Vosniadou (1994) stated that
a mental model “refers to a special kind of mental representation, an analog repre-
sentation, which individuals generate during cognitive functioning, and which has
the special characteristic that it preserves the structure of the thing it is supposed
to represent” (p. 48). To be specific, Vosniadou claimed that the mental models
individuals generate or retrieve during cognitive functioning are the points at
which new information is incorporated into their knowledge base. As such, a mental
model can constrain the knowledge acquisition process in ways similar to beliefs
and presuppositions. More specifically, Vosniadou (1994) stated that:

Mental models are dynamic and generative representations which can be manipulated
mentally to provide causal explanations of physical phenomena and make predictions about
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Fig. 2 Relations among Using models as facilitators to construct
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the state of affairs in the physical world. It is assumed that most mental models are created
on the spot to deal with the demands of specific problem-solving situations. (p. 48)

In their famous study on investigating students’ conceptions, Vosniadou and
Brewer (1994) found that children held internally consistent models when they
answered questions related to day and night. Ioannides and Vosniadou (2002) further
supported this claim in their study on students’ explanations of the meanings of
force. However, this claim was challenged by diSessa et al. (2004) who replicated
the study and argued that they failed to find consistent explanations as Ioannides
and Vosniadou claimed, and, therefore, diSessa et al. concluded that “students’
ideas are not random and chaotic; but neither are they simply described and strongly
systematic” (p. 843).

Buckley and Boulter (2000) stated the functions of mental models, asserting that
they are used both to understand and to create expressed models that influence our
perceptions of phenomena. By definition, expressed models represent selected
aspects of phenomena and of our mental models. Chiu and Liu (2008) simplified the
relation among phenomenon or real objects, models, and mental models as shown
in Fig. 2. In Fig. 2, expressed models act as facilitators to help learners construct
internal representations (e.g., mental models), while on the other hand, mental
models can also be used to express personal understanding of phenomena or scientific
concepts via the use of models.

Chi et al. (1994) described two types of mental models that exist in opposition to
the correct scientific model, namely, fragmented mental model and flawed mental
model. The former is normatively incorrect and cannot be used to make systematic
predictions or generate sensible and consistent explanations. The components of the
latter are also incorrect but nevertheless coherently organized.

Vosniadou et al. (2001) claimed that the ability to form mental models is a basic
characteristic of the human cognitive system, and that even young children can
construct mental models which have predictive and explanatory power and can be
used as mediating mechanisms for the revision of existing knowledge and the con-
struction of new knowledge. Not only can we form mental models of the physical
environment, we can also use these representations as a basis for the creation of
tools and artifacts that can then in turn be used as external, prosthetic devices in
thinking (Stathopoulou and Vosniadou 2007). Mental models play an important role
in conceptual change exactly because they are the point where new information
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enters the cognitive system in ways that can modify what we already know. They
can bring together representations based on physical reality with cultural represen-
tations based on scientific explanations of physical reality and cultural artifacts
(Stathopoulou and Vosniadou 2007).

In sum, we believe mental models have some flaws and incomplete knowledge, but
their consistency is necessary for problem solving and conceptual understanding.
In our studies, we use empirical evidence to support our position on the nature of
mental models and their role in the process of learning. In this work, mental models
represent students’ conceptions of gas particles that were obtained while interviewing
students or from students’ responses to diagnostic test items. The mental representa-
tions we inferred from the interview data and the quantitative data were reinterpreted
via the pictorial representations of the students’ understanding. In order to uncover
what conceptual change occurred and what the progressive pathway involved was, we
included the RAINBOW approach to answer these questions and then used the
approach to investigate what the analysis of the students’ performance could reveal.

Learning and Teaching of Gas Particles

In the following sections, we discuss a study that involved a six-session instruction
of an intervention in which students engaged in multiple modeling activities about
gas particle behavior and distributions. It is used to illustrate how mental models
and conceptual change were examined and what solutions we have found to explain
students’ difficulties in learning science as well as the possible pathways that we
propose for textbook writers and educators in the future.

Investigating Students’ Conceptions of Gas Particles

Following a series of studies investigating secondary school students’ understanding
of gas particle behavior and distribution (i.e., Chiu and Chung 2008, 2009), we were
able to document and identify typical patterns of incorrect and incomplete mental
models that students commonly use to solve problems related to diffusion as well as
their correct or theory-like mental models about gases. In this section, we highlight
some important findings to illustrate the value of the RAINBOW approach in conceptual
change research.

Participants. An entire class with 33 11th graders was involved in multiple
modeling activities as a treatment group, whereas 26 11th grade students were
treated as a comparative group with regular activities in chemistry class. The majority
of the students were aged 16—17, from middle socioeconomic status, and scored
around 50 % on the high school national entrance examination.

Research design. In order to design activities for learning science, we adopted
Boulter and Buckley’s (2000) five modes of representation that are significant to
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Table 2 Instructional design of multiple representations for the modeling group

Instructional Modes of modeling
period Contents Activities representation
Ist Explaining random movement and ~ Dynamic models Concrete/mixed
distribution of particles for particle
motion
2nd Explaining Boyle’s law through Needle and balloon Concrete/mixed
pulmonary respiratory apparatus experiment
3rd Explaining Boyle’s law and Computer Visual/mixed
Charles’s law through computer simulation
simulation experiment
4th Explaining that (1) particles move Role-play Gestural/mixed

randomly during diffusion and
(2) the smaller the molecule is,
the faster speed it has

5th Lecturing PV=k, V=kT, PV-nRT, Formula, relational Mathematical/ mixed
and graphs for their relations diagrams
6th Using animation software to explain ~ Animation Visual/mixed
the relation between diffusion instruction and  Mathematical/
and Graham’s law in different introducing mixed
contexts formulas

Fig. 3 The modeling activities in the study

expressed models of any phenomenon: concrete, verbal, visual, mathematical, and
gestural modes. Each mode also has its own attributes (such as static vs. dynamic,
quantitative/qualitative, deterministic vs. stochastic) of representation to allow for
predictable outcomes. Different modes provide different scaffolding structures to
the learners. Many modalities suggested were adopted in the activities. The instruc-
tional design is listed in Table 2. Six 50-min class periods (across 2 weeks) were
used to teach the intended curriculum.

Model-based activities. In the treatment group, the students were actively
involved in various formats of modeling activities (Fig. 3). Each activity required
students to participate in group work. For instance, the activity shown in the left
photo of Fig. 3 required the students to observe how different amounts of gases
being pushed into the box from the hair dryer influenced the movement of plastic
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balls of different sizes in the box. The activity shown in the right photo of Fig. 3
required the female students to represent red dyes at one corner and the male students
to represent blue dyes at the other corner. All the students had their eyes covered
with their hands and were asked to move around on their own for a minute. Once
they took off the handkerchiefs, they found they were randomly distributed in the
classroom. Through these activities, the students were able to figure out how molecules
move randomly from one place to another. In informal interviews, the students
expressed that they had never thought of acting as particles to learn science. They
valued these hands-on activities highly for promoting science learning.

Instrument. In this study, we developed a set of computerized diagnostic items
to examine students’ conceptions regarding the behavior of gases. The test items
included two parts. The first part involved: volume of gas vs. movement of gas particles;
pressure of gas vs. movement of gas particles; the relation between the partial pressure
of gas, the vapor pressure, the diffusion rate, and the movement of gas particles; and
the properties of ideal gas. The second part of the test items dealt with: the relation
of pressure, volume, and movement of gas particles among mixed gases; factors and
microscopic mechanisms for vapor pressures; and the relation of gas particles of
movement and diffusion. All the test items were categorized into contextualized
or non-contextualized as well as macroscopic or microscopic levels of questions.
A computerized program, the Web-Based Mental Models Diagnosis (WMMD)
System, was used to detect students’ conceptions about the movement and distribution
of gas particles (Wang et al. 2013). The WMMD allows us to track students’ reason-
ing along with changes in instruction and helps us to see how consistent, correct, and
stable mental models are. Using the computer interface, we first presented the
dynamic representations in the microscopic view of the volume and pressure of
gas and distribution and movement of gas particles. Second, we designed two-tier
generative questions to detect students’ original conceptions and traced the answering
path of each student. The first-tier items were the observable phenomenon, and the
second-tier items were microscopic views about the mechanism of the phenomenon
described in the first-tier items. Three professors with chemistry backgrounds and
one high school teacher validated the instrument. Thirty-eight 12th graders and 87
11th graders participated in the pilot study. The 11th graders were taught the gas
concepts before the experiment. The value of a (coefficient of the test) of this set of
test items was 0.81.

Research Findings

Overall Performance

Table 3 shows that the overall performance of students in both groups (paired t-test)
increased significantly from the pretest to the posttest. The significant differences
were examined by the use of the pretest as covariance for ANCOVA test. The results
revealed that there was no significant difference between the two groups on the
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Table 3 Performance of students’ responses to test items before and after treatment

Treatment group (n=33) Control group (n=26) T-C
Post-pre Post-pre  Posttest

Sub-concept Pretest Posttest (p-value)  Pretest Posttest (p-value) (p-value)
Pressure/volume 43.4 50.5 12 36.9 40.4 21 .049*
Vapor pressure 35.1 50.8 .008** 45.6 51.9 A1 .833
Diffusion 40.2 67.0 000 47.1 52.9 32 .006%*
Movement 38.6 89.7 000 51.9 76.4 .02%* .000
Ave. 39.2 58.7 .005%** 43.6 51.1 .04* .015

Post-pre means the difference between the sum of each student’s lumped sum of scores on that
sub-concept’s items on the posttest minus the lumped sum of the same items on the pretest

T—-C means total posttest scores of the treatment group minus the total posttest scores of the control
group

*p<.05; #*p<.01; ***p<.001

pretest; however, there existed a significant difference between the treatment and
control group in the gained scores between the pretest and the posttest (see Table 3).
In particular, a significant difference was found in the two main concepts, namely,
diffusion and movement, which we attributed to the greater emphasis on model-based
activities.

The following analyses take three perspectives. Four major data analyses of the
students’ performance were completed: the first was about the students’ mental
models of mixed gases before and after the multiple modeling activities, the second
was about the ontological categories changed from the pretest to the posttest, the
third was about the theoretical framework of the gas particles, and the fourth
were responses from the students about the model-based activities.

From the Developmental Perspective

Types of students’ mental models of mixed gases before and after multiple modeling
activities. The students’ mental models of mixed gases were categorized into five
incorrect conceptualizations and one scientific model as shown in Fig. 4 which
highlights the major finding that students conceived of heavier gases as being
distributed at lower spaces, while lighter gases are distributed at higher spaces.
Figure 5 reveals that close to 50 % of the students in the treatment group changed
their mental model to a scientific model after multiple modeling activities; however,
only about 25 % of the students in the control group made such a change after the
learning activities.

Close to 50 % of the students (45.5 % in the experimental group and 53.8 % in
the control group) already held the scientific model before instruction. Among the
other five mental models, the one in the middle was the most preferred by all of the
students from both groups on the pretest. About one fifth of the students believed
that the lighter particles float on top of the container, while the heavier particles sink
to the bottom of the container. However, on the posttest, the results revealed that
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Scientific model
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Fig. 4 The path analysis of mental models before and after instruction by control and treatment
groups [Note: 1. (pre/post): %; —: from pretest to posttest (only show above 5 %), T: for
treatment group and C for control group. 2. @@ stands for hydrogen particles, while - stands for
helium particles]
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Fig. 5 The ontological tree of concepts students need to know and the percentages of students
who demonstrated this knowledge in this study [Note: 1. (a/b) stands for % of a specific model in
the pretest/% of a specific model in the posttest; 2. The figures on the top are for the treatment
group, while the figures at the bottom are for the control group]
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Table 4 The distribution of students’ mental models of gas diffusion rate

Treatment group Control group

Mental models  Descriptions of sub-models Pretest Posttest Pretest Posttest
1. Scientific 1-1. The lighter the weight of the 6.1 51.5 7.7 23.1
model (SM) particles, the faster the diffusion rate
2. Weight 2-1. The heavier the weight of the 6.1 12.1 7.7 0.0
model (WM) particles, the slower the diffusion rate
2-2. The molecular weight is /7, the 9.1 3.0 7.7 11.5
pressure is /', so the diffusion rate
is faster
3. Activity 3-1. The molecular activity is /', the 12.1 3.0 7.7 7.7
model (AM) pressure is /', so the diffusion rate
is faster

3-2. The molecular activity is /7, the 21.2 9.1 26.9 3.8
speed of movement is /', so the
diffusion rate is faster
4. Volume 4-1. The molecular volume is /', the 3.0 6.1 3.8 3.8
model (VM) pressure is /', so the diffusion rate
is faster
4-2. The molecular volume is /', the 6.1 3.0 7.7 7.7
move speed is 7, so the diffusion rate
is faster
5. Energy 5-1. The molecular weight is lighter, the 18.2 9.1 15.4 23.1
model (EM) kinetic energy is /', so the diffusion
rate is faster
5-2. The molecular weight is /7, the 18.2 3.0 15.4 19.2
kinetic energy is /, so the diffusion
rate is faster

/" standing for increasing

none of the students from the treatment group held mental model type B or C, while
the students in the control group still held the misconceptions about types B and C
that heavier gases sink to the bottom.

Types and Changes of Students’ Mental Models
of Gas Diffusion

The results showed that the students had five types of mental models regarding
gas diffusion and 9 subtypes as shown in Table 4. Table 4 shows that before the
experiment started, about 20 % of the students in both groups reported that if molecular
activity increases, the speed increases and then the diffusion rate is higher. After
modeling instruction, the number of students in the experimental group reporting
the scientific model increased from 6.1 % on the pretest to 51.5 % on the posttest.
However, the control group went from 7.7 to 23.1 %. As for the activity model, both
groups experienced reduced percentages of students holding this type of incorrect
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model from pretest to the posttest. As for the energy model, 36.4 % of the students
in the treatment group on the pretest held this model, but only 12.1 % of these
students did on the posttest. However, 30.8 % of the students in the control group
held this type of incorrect model, and 42.3 % of the control students mistook the
relation between molecular weight, kinetic energy, and diffusion rate. Relatively
few students considered the relation among volume, pressure, and diffusion rate.
This type of mental model was less developed than the others. The results revealed
that the dynamic animation of particle movements facilitated students’ understanding
of the randomness of motion and the positive relationship between sizes of particles
and moving speed.

From the Ontological Perspective

In order to assign the students’ conceptions to Chi’s ontological categories, we first
identified eight concepts in relation to particles from the three ontological categories,
namely, Entity, Process, and Mental states. In order to understand the behavior
of gas particles, we need to understand the four types of categories, namely, the
particulate nature, the behavior pattern of particles, the interactions among the
nature of particles, and the interactions among the behavior of particles. The first
includes the sizes, volumes, and weight of the particles. The second refers to the
randomness of gas movement. The third refers to the potential interaction between
particle components. The fourth characteristic refers to the interaction among the
particles in terms of their behavior in that state.

The ontological categories of students’ conceptions of gas particles are displayed
in Table 5, and then an analysis of ontological categories of conceptual change about
the gas particles is presented in Fig. 5. Table 5 is a taxonomy of the ontological
categories underlying the properties of particles and the causes of gas pressure divided
into ontological categories based upon Chi’s theory (i.e., Chi 2005; Chi et al. 1994).
Figure 5 depicts how mental models related to the particulate nature of particles
change ontologically.

Figure 5 shows that there were transitional states from Matter to Process as well
as from Direct to Emergent that explain how students’ mental models were restruc-
tured or repaired during the learning process. We found that over 50 % of the stu-
dents held their conceptions in a transitional state, including Entity and Process
conceptions before instruction. About 42 % of the students mainly held the Entity
nature of conceptions. Only 6 % of the students held the correct conceptions for the
Process state. However, with well-planned instruction, we found decreasing percent-
ages of students with either Entity or transitional state conceptions. Close to 50 % of
the students used Process ontological nature of conceptions to answer the questions.
In addition, we found that all four types of concepts were relatively well received
by the students. In particular and surprisingly, 36 % of the students were able to
comprehend the difficult concepts of emergent processes which were not developed
at all before the instruction. In other words, the students were able to differentiate the
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Table 5 The classification and comparison of specific properties of students’ ontological

categories
Properties of particle Movement of particle  Causes of gas pressure Effects of gas pressure
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greater the pressure
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individual particle’s movement from the aggregated level which means each individual
particle moves around independently from the others so the gas particles filled the
container and bounced to each other to make it homogeneous at the macroscopic
level. The particles also traveled to each other’s spaces. This implies that the particles
moved and interacted with each other with no specific direction. Furthermore and
interestingly, we found that our students considered the particles moving as a whole
instead of viewing some particles as moving while other particles were motionless.
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These results reveal the success of the instruction that was designed to take the
students’ prior knowledge into account to confront the difficulties of learning the
emergent processes. The role-play activity was the most influential intervention to
help the students understand the randomness and interaction among the particles
that allows the two kinds of particles to travel to each other’s places simultaneously
and endlessly even at the equilibrium state. This implied that the students were able
to comprehend how the dynamic nature and behavior of gas particles act in a diffusion
context after involvement in multiple representation activities. Their conceptions
did not move directly from Entity to Process as Chi predicted; instead, their concep-
tions were changed gradually from Entity, transition state, and then to Process.
Similar results were also found between the Direct and Emergent categories.

This research puts us one step closer to understanding the ontological changes in
students’ mental models via a series of dynamic assessment tools on gas particles.
Also, these outcomes were encouraging because they suggest the incremental devel-
opment of a pathway for students’ learning about gas particles that allows teachers
to bridge students’ prior knowledge with the intended knowledge for learning. From
this perspective, we found multiple modeling activities helped students develop
more emergent conceptions (e.g., the dynamic movement of particles) and that these
activities have not been fully discussed in other research studies (see Fig. 5). This
will be discussed further.

From the students’ demonstrated abilities for constructing mental models about
complicated scientific concepts, we found that with the appropriate design of the
modeling activities, the students were able to develop meaningful and coherent
internal models for learning science (Chiu 2007a, b, 2008; Chiu and Chung 2008).
This research puts us one step closer to understanding the ontological changes in
students’ mental models via a series of dynamic assessment tools on gas particles.
The ontological approach adopts the incompatibility hypothesis of Chi and her
colleagues (e.g., Chi 1992, 2005; Chi and Roscoe 2002; Chi et al. 1994) in which
conceptual change is the process of shifting concepts across ontological boundaries,
namely, from matter to process or from causal to emergent processes of an assigned
category of a scientific concept. This reassignment process requires learners to reassign
a concept to a completely different ontological category.

From the Affective/Social Perspective

From the questionnaire of attitude toward the model-based activities, we found that
48.7 % of the students in the experimental group expressed their most preferred
activity was the role-play and 41 % of these students expressed that their most
memorable activity was also the role-play. The combination of teachers’ oral expla-
nations along with the students’ use of body movements allowed the students to
effectively construct and imagine the concept of randomization of particles in a
container. The role-play activity was designed for all the students to get involved
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which had never happened before in their science classes. Some students commented
that they believed the role-play was appealing and successful because:

I never knew human being could act as particles. Very impressive and pretty easy to understand
the randomization.

It is so much fun to play and to learn chemistry simultaneously.

To understand that different weight causing different diffusion rate via personal experience

The positive feedback from the experimental group revealed that the model-based
approach can promote students’ conceptual change and also arouse students’ motiva-
tion for conceptualizing abstract and complex science concepts. Conceptual change
cannot rely solely on cognitive apprenticeship (Vosniadou et al. 2008) but must also
include intentional and affective involvement to create the social-cultural learning
environment that is necessary for science learning (Sinatra and Mason 2008).

Concluding Remarks and Implications

The results show that multiple representations (simulations, role-plays, diagrams,
etc.) promote students’ learning of particular abstract concepts like gas diffusion. In
particular, such representations facilitate construction of mental models of dynamic
concepts. In sum, there are three major conclusions.

First, as Chi (2005) appeals, although it is relevant to understand that students’
knowledge can be fragmented or coherent in science learning, it is more important
“to focus on explaining why some misconceptions may be more entrenched than
others” (p. 171). We agree with her claims and designed a series of empirical studies
to support her theory with evidence for explaining why students have difficulty
learning the interactions among particles and which conceptions, such as the sizes
of particles, are relatively remedied by well-designed instructional activities.
Although the role-play and other model-based activities improved the students’ out-
comes on the posttest, we found that the randomness of particle movement and
factors influencing particle behavior were difficult conceptions to be reconstructed
or removed. This study offers some preliminary evidence that the ontological
approach more successfully removes students’ incorrect mental models and constructs
correct or theory-like mental models in learning science. But profound analyses of
students’ conceptions are yet needed for further explanations.

Second, Vosniadou’s proposal on the importance of the epistemological approach
is essential to understanding students’ difficulties in learning scientific concepts, in
particular, the merit of the presupposition idea. Although sometimes it is a challenge
to identify presuppositions in students’ understanding of scientific phenomena,
we are convinced that it is an effective approach to solving problems and constructing
correct mental models. Diagnosing the constraints that hinder students from
constructing and reconstructing correct and functional mental models continues to
be our focus in conducting research for science learning.
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Third, Jacobson and Wilensky (2006) advocated that “from approximately middle
school through college (one) can learn and benefit from important concepts and
perspectives related to the scientific study of complex systems” (p. 19). We believe
the earlier emergent concepts are introduced the better. However, it depends on how
the instructional materials and activities are introduced to young learners. Hmelo-
Silver and Azevedo’s (2006, p. 54) points regarding learning about complex systems
and how to support learning about complex systems are key research issues for the
learning sciences, and we have identified a host of challenges that learning scientists
must come to terms with if we are to help students understand particular complex
systems and the notion of complex systems in general.

Implications for Chemistry Education

As for educational implications, we propose four possible directions. First, in terms
of theories, multiple theories are available in the area of conceptual change (i.e., Carey
1985; Chi 2008; diSessa 2008; Vosniadou 2008). Our series of experiments prove
that taking the ontological, epistemological, and modeling approaches is successful
for eliciting students’ deep understanding of complex systems, like the behavior of
gas particles. Continuous efforts to design activities to promote conceptual change
in science learning should be advocated. So, future research will bring us closer
to clarifying the pros and cons of multiple theories of science learning. Second,
advocating model-based teaching-learning strategies should be the emphasis of
current chemistry education in practice. Third, strengthening the connections
between different perspectives on learning chemistry is needed. Finally, teacher
professional development in the area of students’ difficulties and curriculum design
in science should be promoted in practice. The link between research and practice
should be strengthened to extend the impact of research to the classroom. Each
implication is described below.

Investigating Students’ Alternative Conceptions Based Upon
Conceptual Change Theories

The contribution of this research is to integrate different conceptual change
approaches to investigate the types of common difficulties students experience in
conceptualizing the behavior of gas particles. The developmental perspective shows
the progression of students’ concept formation via the use of a model-based
approach. Chi’s theory allowed us to identify the ontological nature of alternative
conceptions held by the students. In addition, transitional stages between direct and
emergent ontological trees were discovered that were not mentioned in previous
studies. Besides these ontological perspectives, the affective perspective allowed us
to see how the model-based activities promoted students’ cognitive understanding
and aroused their motivation for science learning. A single approach cannot explain
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all that was going on in the classroom. The results from a series of studies echo the
claims of Chi and Roscoe (2002) and Vosniadou and her colleagues (Ioannides and
Vosniadou 2002; Vosniadou and Brewer 1994), who advocate that students hold
consistent mental models that influence their learning of new information. However,
in our study, we found two phenomena to differentiate how consistency issues could
be explained. One was that if the students solved isomorphic problems, they tended
to show their consistency in using the same mental model. However, if they faced
problems in different contexts, inconsistency in using their mental models was
found (Liang et al. 2011). The former is echoing the claim by Vosniadou and her
colleagues in their studies. The latter is consistent with diSessa’s point of view
about students’ explanation of phenomena. As stated before, we are convinced that
the complexity and abstraction of science concepts are not the sole causes of diffi-
culty in learning the behavior of particulate matter. Potential attributes, such as
ontological and presuppositional perspectives for these difficulties should also be
taken into account to widen our understanding of the difficulty associated with
learning scientific concepts at the microscopic level. Therefore, RAINBOW took
multiple approaches to differentiate and to explain why and how one concept was
more difficult than another for students to accurately comprehend.

Effective Model-Based Teaching-Learning Strategies

Many studies have shown that model-based or model-modeling approaches provide
useful opportunities for learners to construct internal representations that help them
make connections between models and scientific theories at different levels (Chiu
etal. 2011; Chiu and Wu 2009; Harrisonn and Treagust 1996; Justi and Gilbert 2000;
Vosniadou et al. 2001). In particular, different models complement each other;
therefore, multiple formats of models appear to expand their power and influence in
helping learners build scientific models and connect their mental models to coherent
structures of theories. In our study, we found that daily life examples (e.g., using
Styrofoam and hair dryers to simulate molecular movement), role-play, and anima-
tion were successful in facilitating the students’ conceptual change toward more
scientific models. Using various modalities (agent, physical objects, event, process)
provided different modes and contexts for learning and allowed for individual as well
as small group interaction. This focus gave the students opportunities to use models,
representational symbols, manipulative objects, and even their own bodies.

Relationship Among Phenomena, Symbols, Microscopic
View, Sociocultural Impact, and Language

In our study, we found the multiple representations approach successfully aided
students in making links between model-based activities and conceptual under-
standing of behaviors of gas particles. This study not only opens a new avenue of
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methodological taxonomy in analyzing students’ knowledge structure of gas particles,
but it also echoes the important role of triplet relations among symbols, macro-
scopic, and microscopic views of phenomenon as proposed by researchers. For
instance, in Johnstone’s (1993) famous triangle of learning levels in chemistry
education, there are three basic elements, namely, macro-, sub-micro, and representa-
tion. Johnstone pointed out that professional chemists work well inside the triangle;
however, it might be a challenge for learners who lack knowledge in connection
with these components to learn chemistry. “No one form is superior to another,
but each one complements the other” (Johnstone 2000). Also, experienced chemists
can manipulate all three components simultaneously, but this is not so easy for
learners due to their unfamiliarity with these three components and their limited
capacity of working memories (Johnstone 2000). Mahaffy (2006) proposed rehy-
bridizing the planar triangular metaphor for learning chemistry into a tetrahedron
(Fig. 6) in which the new element of human contexts for chemistry was taken into
account. In other words, human beings, such as students, who create substances
and culture, are needed to be situated for authentic learning of chemistry. Chiu
(2012) further added the component, language, to the tetrahedron model to express
its role in helping or restricting learners’ views of the world and meaning of words.
The meaning of words used in daily life is sometimes inconsistent with their
scientific definition and use. For instance, the Chinese character for hydrogen (ﬁ)
implies two meanings, namely, gas and light. Although the lightness helps students
to understand hydrogen has small molecular mass and that it readily floats, students
mistake this meaning when the context is a small container and fail to understand
the principle of randomness.

Gilbert and Treagust (2009) challenged the terms of “type” used for macro, sub-
micro, and symbolic representations and then advocated “level” instead for two
reasons. First, “level” can have the meaning of scale/size/measure to be used for
introducing intermediate (i.e., meso) representations as well as for explaining and
predicting phenomena. Second, “level” implies a change from concrete familiar
language to abstract chemical language in a short, concise, reduced form for com-
munication purposes. On the one hand, we agreed with Gilbert and Treagust’s
advocacy for meta-visual fluency. On the other hand, we advocate for relating
quintuplet relations as shown in Fig. 6 as the important chemistry competence to
be promoted.
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Pedagogical Content Knowledge in Chemistry (PCK-C)

From our past studies related to students’ conceptions of gas particles, we repeatedly
found that students held alternative or misconceptions that were in parallel with scien-
tific concepts. We wonder how well teachers understand students’ conceptions of gas
particle behavior. Liang et al. (2011) collected data from 102 eighth graders and 92
ninth graders and 31 physical science teachers in junior high schools in Taiwan. They
found four major types of mental models held by the students, namely, weight model,
size model, pressure model, and scientific model. However, the results showed that
the physical science teachers could not predict accurately the students’ understanding
of the behavior of gas particles because they underestimated the effect of the pressure
influencing students’ performance on test items. In informal interviews, the teachers
expressed that traditional multiple-choice items can hardly uncover the difficulty their
students confront or the underlying structure of their students’ knowledge. Therefore,
precise predictions by the teachers could not be made. In addition, we wonder whether
teachers held misunderstandings about gas diffusion, like their students, that influ-
enced their predictions of students’ conceptions of diffusion. On the other hand,
teachers rarely “interview” their students; therefore, teachers usually only know the
errors their students make but not the underlying arguments for why these mistakes
are made. Promoting teacher professional development in the area of understanding
students’ alternative conceptions in science practice via the use of research results
should be a continuous effort in chemistry education.
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The Atom as a Tiny Solar System: Turkish
High School Students’ Understanding

of the Atom in Relation to a Common
Teaching Analogy

Canan Nakiboglu and Keith S. Taber

Introduction

A key aspect of teaching is ‘making the unfamiliar familiar’, that is, helping learners
to understand novel material by finding ways to link to their existing personal
knowledge of the world (Ausubel 2000). According to constructivist notions of
learning, people use their existing conceptual resources to build new knowledge of
the world (Bodner 1986; Glasersfeld 1989; Mintzes et al. 1998; Taber 2009). Many
concepts met in science are abstract and cannot be directly demonstrated in class-
rooms. Teachers therefore commonly introduce such ideas by making comparisons
with objects, events or processes that are already familiar to learners (Glynn 1991;
Taber 2002b). As Thagard (1992, p. 537) notes, ‘good teachers frequently use anal-
ogies to render unfamiliar matters comprehensible to their students’.

Teaching and Analogies

One way to introduce unfamiliar ideas, then, is by the use of analogy (Aubusson
et al. 2006). An effective teaching analogy involves teaching about a target that is
unknown to the learners in terms of a source that is familiar to them. The terms
‘metaphor’ and ‘analogy’ are used in a variety of ways in the science education
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Fig. 1 Mapping from the familiar to the unfamiliar: the basis of the teaching analogy

literature, sometimes interchangeably. Analogy can be distinguished from metaphor
in the sense that when using metaphor, A (the target) is said to be B (the source), but
in analogy, A is said to be like B. So if a teacher tells a class that the cell is a chemi-
cal production plant for the organism, she would be using metaphor, but if she went
on to say that the nucleus is like the cell’s brain, then that would be an analogy. In
practice, the intention behind using metaphor and analogy in teaching is often the
same, with teachers using metaphor as implicit analogies. Teachers may spontane-
ously use analogy in teaching, without explicitly considering the analogical nature
of the process. However, teachers also adopt deliberate and planned teaching mod-
els in order to represent curriculum material. There are some teaching analogies that
form part of the common repertoire of many teachers, in effect being part of the
pedagogical content knowledge of the subject (Coll 2008; Osgood 1960). One such
common teaching analogy takes the form that ‘an atom is like a tiny solar system’
(Taber 2001).

Such analogies can be highly fruitful in both science and science learning. The
process of ‘analogising’ (Bearman et al. 2007) then involves a mapping of features
between the analogue (the source) and the target to demonstrate the structural simi-
larities in the two systems. As the similarities occur at the level of relationships
within a structure, such an approach compares systems rather than discrete entities
(e.g. Fig. 1).

It is also accepted, however, that teaching effectively using analogy requires
careful planning. As Marcelos and Nagem (2010, p. 606) suggest ‘the presence of
analogies in teaching in and of itself does not lead to learning [rather] to lead to
learning attention about how, for whom and with whom they are utilized and how
they are evaluated becomes fundamental’. Reviewing work in this area, Bellocchi
and Ritchie (2011, p. 772) offer ‘specific conditions [that] must be met in order to
produce desirable rather than deleterious results from the use of analogies’:
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* The analogue concept must be something that is part of students’ lived experiences.

» Teachers must make clear that analogies are representations of target concepts
and not the target itself.

e Mapping similarities and differences between target and analogue is most
important.

* Students must see that the analogy eventually breaks down and is no longer
sufficient as a representation of the target concept.

e Multiple models are required to represent fully a target concept due to the limita-
tions of single analogies.

Podolefsky and Finkelstein (2006) suggest that when analogies are used to
teach abstract concepts, learners are likely to be cued by specifics of the form or
representations used and indeed may sometimes make inferences based on overlit-
eral interpretations of what was meant as merely schematic representation. These
findings were obtained in the context of physics learning, an area where many
analogies and metaphors are used for communicating abstract ideas (Muldoon
2006). Sarantopoulos and Tsaparlis (2004) suggest that analogies may be espe-
cially helpful in supporting lower attainment (cognitive level) students learning
about abstract concepts, providing that the teaching offers suitable support in mak-
ing the intended sense of the analogies.

Yet, research suggests that often analogy is used in science teaching without
offering students the explicit support for effective learning (Styles 2003; Treagust
et al. 1994). For example, Orgill and Bodner (2006) criticise textbook authors who
commonly use implicit analogies without offering readers support in interpreting
them, and Marcelos and Nagem (2012) discuss how teachers who consider an evo-
lutionary analogy (the ‘tree of life’) as a useful teaching resource tend to demon-
strate limited understanding of how to effectively incorporate the analogy in their
classroom work.

Mapping an Analogy

The basis of analogy is an explicit comparison between two systems that share
some level of structural similarity (Gentner 1983). Sometimes a distinction is
made between positive, negative and neutral aspects of an analogy (Gilbert and
Osborne 1980). For example, in comparing the planetary model of the atom with
the solar system, the sun maps onto the atomic nucleus, and planets map onto
electrons (see Fig. 1):

Much of the mass of the atom is located at a central point (like in a solar system:
positive feature).

Electrons repel each other (whereas planets attract each other: negative feature).

Only electrons orbit the nucleus (comets and asteroids are neutral features which do
not map onto the atom).
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Analogies and metaphors used in teaching have been called ‘double-edged
swords’ because the appropriate knowledge they can generate is often accompanied
by alternative conceptions (Bellocchi and Ritchie 2011; Schraw et al. 2007; Smardon
2009; Taber 2005b).

The Nature of the Atom-Solar System Teaching Analogy

Using the analogy that ‘the atom is like a tiny solar system’ as a teaching model can
be understood as based on the (perhaps often implicit) premises that (Taber 2001):

1. Secondary age students are generally familiar with the general form of the solar
system.

2. The atom is an abstract theoretical entity, and atomic structure is generally unfa-
miliar to students at the start of secondary school.

3. There are structural similarities between the two systems such that students can
be introduced to atomic structure by comparison with their existing knowledge
of the solar system.

Where such premises are valid, using the solar system as a teaching analogy
seems quite reasonable, at least where the target knowledge here is the particular
‘planetary’ model for the atom. Students who are taught a planetary model of the
atom without appreciating its status as a model may well have difficulties later
learning about more advanced models (Taber 2005a, 2010).

Although the atom is a key concept in learning about chemistry in school science,
many authors report that teaching and learning about the atom and atomic theories in
science education are problematic (Nakiboglu 2008; Niaz et al. 2002; Taber 2003;
Tsaparlis 1997). The structure of atom and atomic theories are part of the secondary
curriculum and general chemistry courses in many countries. In general, four atomic
theories (Thomson, Rutherford, Bohr and quantum mechanical theory) are presented
in a sequential manner in many chemistry textbooks. On the other hand, it has been
found that students are still using the solar system model or a simple nucleus/electron
shell model in explaining the structure of atom, even after being introduced to more
advanced models that are more appropriate in particular contexts (Nakiboglu and
Benlikaya 2001; Taber 2005a; Tsaparlis and Papaphotis 2002).

In Turkey, eleventh grade students’ misconceptions and learning difficulties
relating to orbital concepts and modern atomic theory were studied by Nakiboglu
and Benlikaya (2001). The findings of this study indicated that 51 % of students
used the solar system model or a simple nucleus/electron shell model whilst
explaining the atomic structure. Most of these students thought that orbitals were
equivalent to orbits or shells. Similar findings were reported by Tsaparlis and
Papaphotis (2002) for 12th-grade Greek students who continued to think in terms of
the old quantum theory and that the electrons rotate around the nucleus like the
planets around the sun. Similar findings were also reported by Taber (2005a) from
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interviews with 16—19-year-old English college students. However, the context of
this chapter is the stage at which a planetary model of the atom is set as target
knowledge in the curriculum.

The Familiar: The Solar System

The solar system is commonly part of secondary school science. Students are usu-
ally expected to learn about ‘our’ solar system: our sun, Sol, and its system of plan-
ets, with their moons, planetoids and comets. Students will be expected to understand
how spatial and dynamic features of the solar system lead to the phenomena of day
and night and the seasons on earth and to the phases of the moon and occasional
eclipses. Learning in this topic has been well studied in a variety of cultural con-
texts, and common learning difficulties have been widely reported (Brewer 2008;
Nussbaum 1985; Tobias et al. 2007).

Drawing upon the Familiar

As shown in Fig. 2, it is possible to identify some clear positive aspects of the anal-
ogy, that is, features of the solar system, that it is productive for students to transfer
to support construction of their mental model of the atom. However, despite these
similarities, there are clearly many differences between the systems (as is normally
the case in any analogy). So there are a number of features of the analogue (solar
system) that it would be inappropriate for the student to transfer across to the target
(atomic system). That need not undermine the potential usefulness of the compari-
son, but does suggest that teachers should be careful to explain the positive analogy
and to highlight that not all features are analogous.

A Diagnostic Probe

A diagnostic instrument was designed by the second author to elicit student under-
standing of the (planetary model of the) atomic system and the solar system. The
instrument was published as part of a project sponsored by the UK’s Royal Society
of Chemistry (Taber 2002a, b). During this project classroom teachers administered
and provided feedback on the classroom materials, offering some evidence of face
validity. When secondary students in the UK were administered the instrument
(Taber 2012), it was found that:

Although students were generally aware that solar systems were bound by gravita-
tional forces, there was a relatively low level of awareness of the nature of the
forces acting in atomic systems: with a broad range of vague and specific and
incorrect suggestions being made.
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Fig. 2 Positive and negative features of the atom — solar system analogy

Almost half of the sample did not recognise forces acting among the peripheral
(orbiting) components of the systems (i.e. force between planets, force between
electrons).

Although there was generally a strong recognition that forces decreased with sepa-
ration of the interacting bodies, only a minority of students recognised that the
same magnitude of force acted on two interacting bodies (as per Newton’s third
law which sees force as an interaction between two bodies, acting with equal
magnitude on both).

The pattern of responses was very similar across the two systems when considering
both these principles (forces decreasing with separation, equal ‘action’ and
‘reaction’ forces).

The findings from the UK study suggested that although students seemed to
readily see the two systems as analogous, they demonstrated conceptions of both
systems at odds with the canonical understanding presented in the curriculum.
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Students’ thinking about scientific topics can derive from a range of sources
(intuitive knowledge, lifeworld ideas shared in social contexts, interpretations of
linguistic cues, formal teaching, etc.) and often likely develops iteratively under
a range of influences (see literature reviewed in Taber 2009). Understanding the
nature, evolution and influences upon student thinking is important to develop
effective pedagogy, and cross-cultural comparisons can offer some insight into
such issues (Taber 2008): for example, finding the incidence of different reported
common alternative conceptions in populations following different curriculum,
taught by different teaching approaches, in different languages, and in social con-
texts with different common folklore or among social groups holding different
worldviews, etc.

Purpose of the Reported Study

As the value of the teaching analogy depends upon (a) familiarity with the source
concept, (b) appreciating the negative as well as the positive aspects of the analogy,
the present study was designed to explore the extent to which Turkish students
understand the nature of the physical interactions in the two systems and the extent
to which they perceive the forces acting in the atomic and solar systems in analo-
gous ways.

The previous use of the instrument with British students had suggested that
secondary age students held alternative conceptions of the forces acting within the
two systems. This in turn reflected research which suggested that students com-
monly find aspects of mechanics (such as the forces acting in a context such as the
solar system) quite counterintuitive (Gilbert and Zylbersztajn 1985; McCloskey
1983; McCloskey et al. 1980; Savinainen and Scott 2002; Watts 1983; Watts and
Zylbersztajn 1981), suggesting that for many students the solar system may not
provide a sound basis for analogy to other target concepts.

The research questions for the present study were:

1. To what extent do Turkish secondary students perceive forces acting in the
atomic and solar systems to be analogous?

2. To what extent are alternative conceptions about the forces acting the atomic and
solar systems that have been identified among British students also found among
secondary Turkish students?

Methodology

The present study is confirmatory (Biddle and Anderson 1986), in that the instru-
ment used was designed to test out specific ideas that had been suggested in prior
research, rather than to explore student thinking about the two systems in broader
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Table 1 Structure of the diagnostic probe

Focus Atomic system Solar system
Type of force Electrical (Q1) Gravitational (QS5)
Effect of distance Outer electron attracted More distant planet attracted with less
on force with less force(Q2) force (where planet masses are
comparable) (Q6)
Reciprocity of forces Same magnitude force Same magnitude forces between sun
between nucleus and planet (Q7)
and electron (Q3)
Force between Force between electrons Force between planets (i.e. attraction) Q8
peripheral bodies (i.e. repulsion) (Q4)
a

Fig. 3 Focal figures — (a) atomic system; (b) solar system

terms (i.e. ‘discovery’ research). The primary methodology of the study is that it
takes the form of a survey, where the same set of questions are asked of a sample of
respondents considered to be drawn from a particular population — here Turkish
secondary age students. In the present study, a translated version of the instrument
used in the UK study was administered in Turkish secondary schools. The instru-
ment was translated from English to Turkish by the first author and checked by an
English lecturer who taught English. To ensure the content validity of the Turkish
version of the instrument, the secondary school curriculum was examined by the
first author and also expert judgement was provided by two experienced secondary
school chemistry teachers who hold master degrees in chemistry education.

The instrument asked eight closed questions (or fixed-choice questions, Schuman
and Presser 1979), supplemented by asking for reasons for the six questions where
such a supplementary question was indicated, relating to aspects of the pattern of
physical forces in the two systems as summarised in Table 1. The respondents were
then asked to list any similarities and differences they were aware of between the
two different systems. The original English version of the instrument is reproduced
in the Appendix.

The probe included exemplar figures to illustrate the two systems (see Fig. 3a, b),
which were designed to be similar in appearance.
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Table 2 Sample of School year (age) N

respondents 9 (15-year-olds) 119
10 (16-year-olds) 166
11 (17-year-olds) 93
12 (18-year-olds) 80
Total 458

The sample was drawn from upper secondary age (15-18-year-olds) students
from six schools in Turkey, as shown in Table 2. In Turkey, there is an 8-year com-
pulsory education that starts with elementary education having five grades (1-5),
ages 7—11, and continues with upper elementary education having three grades
(6-8), ages 12—14. Secondary school (lycée or high school) comprises grades 9—12,
ages 15-18. Secondary education encompasses different categories of educational
institutions, namely, General high schools, Anatolian high schools, Science high
schools, Anatolian fine arts high schools, Social sciences schools, Sports high
schools and Vocational and Technical high schools where all secondary students
follow the same courses up to the end of grade 9. Chemistry is taught as a separate
and obligatory course in 9th grade of all high schools. In 10th, 11th and 12th grades,
chemistry lessons are taught either obligatory or elective course according to cate-
gories of secondary school. All Turkish students in our study took the chemistry
lessons as a separate and obligatory course in 10th, 11th and 12th grades. All schools
in the study are public schools and are located within the same city, in the west of
Turkey. In Turkey, the system of transition to secondary education is administered
by the Ministry of Education and involves a student placement examination (SBS).
Students are admitted to different categories of educational institutions according to
their score on the SBS. The schools were selected from different kind of high
schools where chemistry courses were obligatory by taking school mean entry score
into account. One school was selected from five General high schools which have
very similar mean SBS entry scores; two schools were selected from six Vocational
and Technical high schools (one of the schools has higher mean entry score and
second one has lower mean entry score); three schools were selected from eight
Anatolian high schools to represent the range of mean entry scores among those
eight schools.

All students completed the instrument in Turkish, and their responses were ana-
lysed by the first author. Exemplar responses provided here are English translations
undertaken by the first author. Analysis for the closed questions simply involved
tallying responses in the different response categories suggested in the survey
instrument. The responses to open-ended items were classified into semantic cate-
gories according to the apparent meaning of student responses, drawing upon the
analysts’ knowledge of the topic area. Such analysis is necessarily interpretive in
nature in that inferences are drawn about intended meaning from student responses
in terms of inscriptions which are the public representations of the internal mental
activity of individual learners (Taber, forthcoming). Readers should bear in mind
this caveat when reading our report of the findings from our analysis.
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Readers should also keep in mind that the use of survey methodology allows data
to be collected from large numbers of informants, but at a cost of not providing the
opportunities for in-depth exploration of ideas possible in interviews studies. It is
quite likely, for example, that many of the responses we classified as vague when
coding students’ references to the type of force acting might not have reflected the
most detailed or sophisticated answer that could have been obtained in interviews
where follow-up questions could be used.

Findings
Forces in the Atomic System

Question 1 asked ‘what type of force attracts the electrons towards the nucleus?’
The responses to this question are shown in Table 3. Student responses were cate-
gorised in terms of the wording they offered, and these categories have been
grouped into those which seem reasonable in terms of canonical curriculum sci-
ence (references to electrical forces and related terms), those which whilst not
incorrect are not specific enough to be considered as correct answers and those
which are judged incorrect.

As can be seen from Table 3, a wide range of suggestions were made, and less
than a third of the sample (140/458) described the force as electrical, or in terms
taken as synonymous. A similar proportion of respondents offered only vague
responses (e.g. ‘attraction’), which did not specify the type of force, whilst the rest
were considered incorrect (e.g. ‘gravity’). Although the precise merit of some
responses could be open to interpretation, it seems clear that most of these secondary
age students did not have a clear notion of the type of force primarily responsible
for binding the atomic system together.

Force and Separation in the Atomic System

Question 2 asked students ‘Is electron 3 attracted to the nucleus by a stronger force,
a weaker force, or the same size force as electron 1?7’ and “Why do you think this?’
The responses to the first part of this question are summarised in Table 4.

Most students (333/458) gave the correct response that the outer electron
would be subject to a weaker force, in line with the conventional Coulombic
scheme, and most of these explained this with references to the increasing dis-
tance: e.g. ‘The attracting forces decreases with increasing distance between the
electron and the nucleus’.

Interestingly, almost two-thirds (40/62) of the students who thought electron 3
would be subject to a stronger force explained this in terms of a stronger force being
required to hold the electron at the greater distance, e.g. ‘Since the electron 3 is far
from nucleus, it is attracted strongly for keeping it’.
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Table 3 Student suggestions for the type of force attracting the electrons to the nucleus in the

atomic system

9th 10th 11th 12th All grades
Type of force grade (f)  grade (f) grade (f) grade(f) (f,in %)
Electromagnetic 30 3 0 9 42
Electricity/electrical 5 14 9 5 33
Electrostatic 1 0 4 8 13
Attraction between +charge 4 25 6 9 44
and — charge
Electrical + gravity 0 2 0 4 6
Electromagnetic +chemical bond 1 0 0 0 1
Electrical + magnetic 0 0 1 0 1
Correct 41 44 20 35 140 (31)
Attraction 4 10 19 0 33
Positive/proton 11 50 16 15 92
Charge 0 3 0 0 3
Force from nucleus 4 11 7 4 26
Force 0 4 0 1 5
Negative 5 3 0 1 9
Vague 24 81 42 21 168 (37)
Intermolecular 0 2 0 3 5
Chemical bond 8 7 2 0 17
Ton 1 0 0 0 1
Electron 5 3 2 4 14
Atomic 0 4 0 0 4
Magnetism/magnetic 5 4 1 0 10
Gravity 18 7 0 1 26
Chemical-physical 0 2 0 0 2
Apolar 0 1 0 2 3
Rotation 0 1 0 0 1
Electronegativity 1 0 0 1 2
Centrifugal 0 0 1 7 8
Mechanical 0 0 13 0 13
Radioactivity 0 0 1 0 1
Bonding 0 0 1 0 1
Incorrect 38 31 21 18 107 (23)
Subtotal 103 156 83 74 415
No response 12 7 8 6 34
I do not know 1 2 2 0 5
Nonsense 3 1 0 0 4
Total 119 166 93 80 458

The subtotal shows the number of responses which could be coded in one of our categories

ffrequency of responses in category

Newton’s Third Law in the Atomic System

Question 3 asked students to select one of four statements relating to the force
between the atomic nucleus and electron 2 (as well as give their reasons). According
to Newton’s framework for mechanics, forces should be understood as mutual
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Table 4 Student perceptions of how force changes with separation in the atomic system

Increasing distance All grades
leads to 9th grade (f) 10th grade (f) 11th grade (f) 12th grade (f) (f, in %)
Stronger force 19 23 13 7 62 (13)
Same size 14 12 4 3 33(7)
Weaker force 78 122 67 66 333 (73)
Subtotal 111 157 84 76 428 (94)
No response 2 4 4 0 10

I do not know 0 1 0 0 1
Nonsense 6 4 5 4 19

Total 119 166 93 80 458

Table 5 Student perceptions of the reciprocity of force between nucleus and electron in an
atomic system

9th 10th 11th 12th All grades
grade (f) grade (f) grade (f) grade (f) (f,in %)
The force attracting the nucleus to electron 7 14 9 7 37 (8)

2 is larger than the force attracting
electron 2 to the nucleus

The force attracting the nucleus to electron 49 65 47 41 202 (44)
2 is the same size as the force attracting
electron 2 to the nucleus

The force attracting the nucleus to electron 38 40 12 13 103 (22)
2 is smaller than the force attracting
electron 2 to the nucleus

There is no force acting on the nucleus 17 33 15 11 76 (17)
attracting it to electron 2

Subtotal 111 152 83 72 418 (91)

No response 3 1 0 0 4

Select more than one choice 5 13 10 8 36

Total 119 166 93 80 458

interactions between bodies: that is, when there is a force, it acts on both bodies, and
the magnitude of the force is exactly the same on both bodies (although acting in
antiparallel directions, i.e. in this case the force on the electron is towards the
nucleus and vice versa). The students’ responses to this question are summarised
in Table 5.

Again, less than half of the respondents selected the correct response here, and
even in these cases, the students’ explanations suggest it should not be assumed that
they understood the reciprocal nature of forces acting on both bodies. Almost half
(63/130) of the codable explanations for this correct response were based on a flawed
argument about the individual bodies being in equilibrium, e.g. ‘If the attracting
forces were not the same, they do not keep the equilibrium of atomic system’.

Over half (54/103) of those considering the force on the nucleus to be smaller
explained this in terms of the greater mass of the nucleus, e.g. ‘Since the mass of
nucleus is greater than electron’s mass, it would attract strongly’.
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Table 6 Student perceptions of the interactions between electrons in an atomic system

Force between
electrons? 9th grade (f) 10th grade (f) 11th grade (f) 12th grade (f) All grades (f, in %)

Yes 81 124 67 62 334 (73)
No 24 33 21 10 88 (19)
Subtotal 105 157 88 72 422 (92)
No response 11 7 4 7 29
1 do not know 1 2 1 1 5
Nonsense 2 0 0 0 2
Total 119 166 93 80 458

Forces Between Electrons

Question 4 asked ‘Is there any force between electron 1 and electron 3?” (and “Why
do you think this?’). From the perspective of the canonical school science, this is a
very simple question: electrons carry negative charges, so clearly any two electrons
will repel each other. The responses to this item are summarised in Table 6.

As Table 6 shows, most of the students, almost three-quarters, gave the correct
response to this item. Yet, there was still a substantial minority, almost a fifth, who
thought there would be no force between the two electrons. Of those students sug-
gesting correctly that there was a force between the electrons, just over a hundred
(101) referred to the force being repulsive, but 44 responses specified that this would
be an attractive force. Given that we did not ask respondents to specify the direction
of the interaction, this leads us to suspect that many others answering ‘yes’ may also
have not appreciated the nature of the interaction between electrons.

Of the 88 students that gave the incorrect response to this item, almost all (41/48)
of the codable explanations for this response were based on arguments that:

e There was only attraction between the nucleus and electron (17).
e There was no attracting force between electrons (9).
e Similar charges repelled each other (15).

It would seem that these students identified ‘force’ in the question only with
‘attraction’ (e.g. ‘there is only attracting force between nucleus and electron’), and
at least 15 of these students clearly recognised a repulsion between electrons, yet
did not see that as a force. The fundamental principles that physical forces may be
either attractive or repulsive, and that similar charges repel each other, did not seem
to have been appreciated by many in the sample.

Forces in the Solar System

Question 5 asked “What type of force attracts the planets towards the sun?’” Physics
recognises four fundamental types of force, the strong and weak nuclear forces,
electromagnetism and gravitational forces. Although gravitational force is — by
many orders of magnitude — much the weakest force, it is responsible for binding
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Table 7 Student suggestions for the type of force attracting the planets to the sun in the solar system

9th 10th 11th 12th All grades
Type of force grade (f) grade (f) grade (f) grade (f) (f, in %)
Gravity 82 50 12 18 162
Gravity + magnetic 0 1 0 1 2
Correct 82 51 12 19 164 (36)
Attraction 6 29 35 11 81
Field strength 0 2 0 0 2
Sun attraction 3 13 9 22 47
Central force 0 0 6 0 6
Vague 9 44 50 33 136 (30)
Electromagnetic/magnetic 11 15 2 6 34
Electron 1 1 0 1 3
Centrifugal 1 0 5 5 11
Electrical 0 1 5 5 11
Electrical + magnetic 0 1 0 0 1
Attraction between + charge and — charge 0 8 0 0 8
Negative and positive 1 4 1 0 6
Nuclear 1 0 0 0 1
Mechanic 0 0 3 0 3
Chemical bond 0 0 2 0 2
Polar 0 0 1 0 1
Light 0 0 1 0 1
Physical 0 2 0 0 2
Incorrect 15 32 20 17 84 (18)
Subtotal 106 127 82 69 384
No response 10 12 9 8 39
I do not know 1 7 0 1 9
Nonsense 2 20 2 2 26
Total 119 166 93 80 458

solar systems and indeed galactic structures, together, as all ‘normal’ matter attracts
other matter. (In this sense, normal would even include antimatter, which would still
gravitationally interact with other matter in an attractive sense.) The notion that it is
gravity that binds the earth to the sun and the moon to the earth, for example, would
generally be considered to be part of everyday knowledge.

The responses to this question are shown in Table 7.

Again, as for the atomic system, the results suggested that only a minority (36 %)
of respondents could offer an adequate characterisation of the force acting. There
were again a variety of suggestions, some simply too vague (e.g. ‘attraction’), whilst
others were just inappropriate (e.g. ‘polar’ force).

Force and Separation in the Solar System

Question 6 asked students ‘Is planet C attracted to the sun by a stronger force, a weaker
force, or the same size force as planet A?’ (and “Why do you think this?’). As with
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Table 8 Student perceptions of how force changes with separation in the solar system

Increasing distance All grades
leads to Oth grade (f) 10th grade (f) 11th grade (f) 12th grade (f) (f, in %)
Stronger force 19 23 17 8 67 (15)
Same size 17 8 10 1 36 (8)
Weaker force 72 124 57 69 322 (70)
Subtotal 108 155 84 78 425 (93)
No response 4 1 2 0 7

1 do not know 0 1 2 0 3
Nonsense 7 9 5 2 23

Total 119 166 93 80 458

question 2, this was designed to see if pupils appreciated how gravitational force
decreases with increased separation of the interacting bodies. In the case of the solar
system, there is a potential complication, in that — in principle — a more distant planet
could be subject to a greater gravitational force from the sun than a closely orbiting
planet if it was more massive. We did not expect many pupils to spot this, as it had
not been referred to by students in the English sample (Taber 2012). However, as
respondents were asked for their reasoning, we were able to check whether any of
them factored this into their thinking. From the entire sample, only six of the students
made reference to planet masses in explaining their answers. Three students
commented to the effect that the magnitude of the forces would depend upon the
masses of the two planets being compared, and one responded that it was not possible
to answer the question without this information. One student commented ‘if the mass
of planet C is bigger than the planet A’, it would be attracted with bigger force (thus
focusing on mass whilst ignoring separation), and the final student correctly noted that
‘if the planets have similar masses, attracting force decreases with increasing distance’.
The vast majority of respondents made no reference to mass as a confounding factor.

The responses to the first part of this question are summarised in Table 8.

In parallel with Q2, most pupils did expect the planet with the more distant orbit
to be subject to a weaker force from the sun, although over a hundred of the respon-
dents chose a different response. Reflecting Q2, most of those giving codable expla-
nations for suggesting the outermost planet would be subject to a greater force
(54/56) seemed to feel that a greater force would be required to bind a more distant
planet, e.g. ‘“The planet C is far from the Sun and since the planet C is held on its
orbit by Sun, planet C is attracted with a larger force by Sun’.

Newton’s Third Law in the Solar System

Question 7 asked students to select one of four statements relating to the force
between the sun and planet B (as well as give their reasons). As with question 3, this
tested whether students would apply Newton’s third law, the mutual nature of forces
as interactions, to the system. The students’ responses to this question are sum-
marised in Table 9.
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Table 9 Student perceptions of the reciprocity of force between sun and planet in a solar system

9th 10th 11th 12th All grades
grade (f) grade (f) grade (f) grade (f) (f,in %)
The force attracting the sun to planet 10 12 5 6 33(7)

B is larger than the force attracting
planet B to the sun

The force attracting the sun to planet 47 55 45 44 191 (42)
B is the same size as the force
attracting planet B to the sun

The force attracting the sun to planet 42 56 25 16 139 (30)
B is smaller than the force attracting
planet B to the sun

There is no force acting on the sun 14 31 6 8 59 (13)
attracting it to planet B

Subtotal 113 154 81 74 422 (92)

No response 2 3 0 0 5

Select more than one choice 4 9 12 6 31

Total 119 166 93 80 458

Table 10 Student perceptions of the interactions between planets in a solar system

Force between

planets? 9th grade (f) 10th grade (f) 11th grade (f) 12th grade (f) All grades (f, in %)
Yes 84 122 78 59 343 (75)

No 24 34 11 11 80 (17)

Subtotal 108 156 89 70 423 (92)

No response 11 8 4 10 33

1 do not know 0 2 0 0 2

Nonsense 0 0 0 0 0

Total 119 166 93 80 458

Although the correct response (that the force acting on both bodies would be the
same magnitude) was the most popular answer, it was only chosen by a minor-
ity — just over two-fifths — of the respondents. A third of those making an unambigu-
ous choice of response thought that the sun would experience a smaller force, and
most (73/78) of the respondents giving codable reasons for this response focused on
the sun’s greater size/mass, e.g. ‘the mass of the Sun is big/heavy’. Again the most
popular explanation (41/122 codable responses) for selecting the correct response
was based on flawed logic that forces must be equal to maintain equilibrium, e.g.
‘for keeping the equilibrium of solar system’.

Forces Between Planets
Question 8 asked ‘Is there any force between planet A and planet C?* (and “Why do

you think this?”). As noted above, all bodies in the universe attract all others gravi-
tationally. The responses to this item are summarised in Table 10.
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Three-quarters of the sample responded correctly that there would be a force
between the planets, although a substantial minority thought otherwise. The most
popular reason for not thinking so (23 responses) was that the only force in the
system was that attracting planets to the sun, e.g. ‘there is no attracting force
between the planets; the Sun only attracts the planets’. Of those who did recognise
the presence of a force between the planets, one of the most popular explanations
(55 responses) was again the flawed idea that this maintained equilibrium in the
system, e.g. ‘for keeping the equilibrium of solar system; So the solar system
maintains its order’.

There were also 29 students who selected the correct response, but because they
thought that planets (like electrons perhaps) repelled each other, e.g. ‘there is repul-
sion force between them in order to not strike each other’. This is quite an interest-
ing response, and at least in some cases, students could perhaps consider planets
might repel by analogy with electrons in an atomic system — for example, the stu-
dent who suggested that ‘there is repulsion force between them due to they have
negative charge’. (It is also possible that some of those who suggested electrons
attract each other in question 4 could be inappropriately mapping in the opposite
direction from their knowledge of the solar system.)

Student Perceptions of Similarities and Differences
Between the Two Systems

The final questions were open-ended and asked students to list any similarities or
differences they perceived between the two systems. There were many interesting
suggestions, which space does not allow us to discuss here in any detail. As a flavour
of some of the ideas elicited, one student suggests that ‘both of them are invisible’
was a similarity, leading us to wonder if this was meant to apply to all parts of the
solar system! An interesting suggestion for a difference was that ‘the solar system
has a creation theory, but the atomic model is still conjecture’, a rather ‘deep’
response we felt.

Student responses were categorised into similar statements using a coding
system deriving from the analysis (rather than a preconceived one imposed upon
responses). Here we report the most popular response categories: those where the
frequency of responses was at least 5 % of the sample (i.e. taking the cut-off as 23
students). These response categories are presented in Table 11 for similarities and
Table 12 for differences. It should be borne in minds that students’ responses here
are likely to have been somewhat influenced by previously answering the other sets
of questions.

Generally the most popular suggestions for similarities are unremarkable, and
some reflect the questions the students had been asked earlier. The third most popu-
lar statement is of interest, as this would seem to reflect one of the alternative con-
ceptions elicited in the structured questions, i.e. that the attractive force in the
system acted in one direction, from the more massive body to the less massive body,
rather than being a mutual interaction. An example of a response in this category
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Table 11 Most frequent suggestions for similarities between the systems

Ranking Response type Frequency (%)

1 There is an attraction between the central and peripheral bodies 256 (56)

2 Both systems include orbits 173 (38)

3 The central bodies that have greater mass (sun and nucleus) 118 (26)
attract other bodies

4 There are the peripheral bodies around the core/centre 74 (16)

5 They maintain their order (or equilibrium of the system) 51(11)
due to attraction forces

6 The attraction force increases with decreasing distance between 50 (11)
the central body and the peripheral bodies

7 Similar shape 48 (10)

8 Presence of a core/central body 43 (9)

Table 12 Most frequent suggestions for differences between the systems

Ranking Response type Frequency (%)
1 The nature of the forces 119 (26)
2 The scale 94 (21)
3 Two electrons can move on the same orbit, each planet moves 50 (11)
on a different orbit
=4 The planets attract each other, but the electrons repel each other 24.(5)
=4 The peripheral bodies are electrons in the atomic system, 24.(5)

planets in the solar system

was ‘great bodies like sun attract other small bodies’. There was also reference
from some students to the systems being in ‘equilibrium’ (some of the students’
responses in the fifth most popular category of similarities), again reflecting an
alternative conception elicited in the earlier structured questions.

There were fewer popular response categories for the differences (perhaps because
the structure of the preceding questions highlighted similarities for the respondents).
It is interesting that only about a fifth of the students mentioned the difference in
scale between an atomic and a solar system (second most frequent response): whether
this was simply taken as read or whether the focal images (with the systems repre-
sented by the same size images) was a factor can only be conjectured, without fol-
low-up work. That only about a quarter of students suggested the different types of
forces involved is perhaps less surprising given that only a minority of students
seemed to know about the type of force involved in the two systems.

Discussion: Comparing Responses Across the Two Systems

Our first research question was: To what extent do Turkish secondary students per-
ceive forces acting in the atomic and solar systems to be analogous? Although the
eight structured questions did not explicitly refer to the analogy of the atom to a
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Fig. 4 Student performance on identifying the type of force operating in the two systems

solar system, our motivation in asking students the two sets of parallel questions
(and presenting quite similar representations) was to explore their understanding of
these systems in the light of the common use of this comparison in teaching. We
acknowledge that the structure of the instrument could itself have encouraged some
symmetry in responses. In this regard, future researchers intending to use this instru-
ment in research might wish to explore the reliability of the instrument (perhaps by
splitting the administration of questions 1-4 and 5-8 on different days and/or
reversing the order of the two systems for half of the sample of students).

Questions 1 and 5 asked students to tell us the types of forces acting in the
two systems. We suspect that teachers would think that this was a rather basic ques-
tion and that the vast majority of students in these high school grade levels would
be aware that the atom was bound together by the electrical interaction between
nucleus and electrons and that the planets orbit the sun because there is a gravi-
tational attraction between all bodies in the universe. In categorising students’
responses, what we judged as reasonable variations in student terminology were
taken as correct. So not only were electrical, electromagnetic and electrostatic
accepted as appropriate terms in the atomic case but also those responses which
described the attraction between opposite charges without offering a further label.

Figure 4 compares the relative proportions of those giving correct, vague or
incorrect responses (with nonresponses, ambiguous and uncategorisable responses
shown as ‘other’). In both cases, only minorities of students were able to offer an
acceptable response — a little under a third for the atomic system and a little over a
third for the solar system.

These results are somewhat different from those attained by Taber (2012) from a
sample of English students of comparable ages. In that study it was found that over
nine-tenths of the sample could correctly identify gravitational forces acting in the
solar system, a considerably higher proportion than in the present study. However,
in contrast, only a fifth of the English students were able to offer an acceptable
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Atomic system Solar system

@ stronger same @ weaker @ other

Fig. 5 Student responses to how the magnitude of force depends on the separation of bodies

response in the case of the atomic system, somewhat less than in the present study.
Whilst neither study claims a representative sample of the national populations, the
difference is large enough to suspect that some cultural or linguistic factor may be
involved here — possibly relating to the content, sequencing or emphasis of teaching
in the two different curriculum contexts (Taber 2008).

Questions 2 and 6 both asked about the effect of separation on distance. In both
systems, force depends upon separation according to an inverse square law; i.e.
doubling the separation of an electron from the nucleus, or of a planet from its sun,
will lead to the force between them being only a quarter of its previous value. The
questions did not ask for a quantitative estimate, but simply for the direction of any
effect (i.e. that force gets smaller with greater distance between the bodies).

Figure 5 shows the relative proportions of responses for the force being stronger,
unaffected or weaker with increased separation. Clear majorities of students
expected force to weaken with greater separation in both cases. Perhaps the higher
level of success here reflects the intuitive nature of this pattern: in everyday life
pupils commonly experience a situation where an effect decreases with increasing
separation (moving away from a fire, moving further from a source of sound, using
magnets to pick up metal, etc.).

Questions 3 and 7, however, asked about a feature of forces that is not so intui-
tive. Our second research question was: To what extent are alternative conceptions
about the forces acting in the atomic and solar systems that have been identified
among British students also found among secondary Turkish students? A force is an
interaction between two bodies, and so the magnitude of the force acting on both
bodies is the same. However, the effect of the force will also depends upon the
masses of those bodies, as the same force has greater effect on a less massive body,
and it is this pattern which tends to be more salient (as the effect of forces can often
be perceived, when the forces themselves are not). Figure 6 shows the proportions
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Fig. 6 Student responses regarding the magnitude of the force acting on the central body (nucleus,
sun) due to the orbiting body (electron, planet), compared with the force acting on the orbiting body

of the students in the Turkish sample who thought that the force on the central body
of an atomic or solar system due to the orbiting body would be larger than, the same
magnitude as, or smaller than the force on the orbiting body, or that there would
only be force acting on the orbiting body. We note that the common way of talking
of a force acting on an object (i.e. when focusing on the effect of the force one of
the pair of interacting bodies) could seem to imply force is unidirectional.

As can be seen from Fig. 6, for both systems, a little over two-fifths of the
sample gave the canonical response (that the force on both bodies was the same):
so this was the most popular response in each case, yet most students got these
questions wrong. Significant numbers of students thought that the force acting on
the central body would be smaller or even non-existent. Although in physics, forces
are seen as interactions, for many students forces are seen to ‘belong’ to a source
body and act on another, reflecting a common pattern for making sense of the
world in terms of active agents that act on passive ones (Andersson 1986). Similar
patterns have been found to be applied by secondary students in making sense of
chemical reactions, by seeing one reactant as acting on a more passive reagent
(Taber and Garcia Franco 2010).

Newton’s third law is commonly misunderstood by students (Taber 1998), and in
our present study, we found that many of the students who selected the correct
answer to the objective question justified this in terms of equal forces being needed
to maintain the equilibrium in the system. This ignores how for two forces to bal-
ance and so cancel, they must be acting on the same body. The orbiting bodies in
these systems are not in equilibrium: the electrical or gravitational attraction pro-
vides the centripetal force needed to cause acceleration and maintain orbit.

The final pair of matched questions asked about forces between the electrons in
an atomic system or planets in a solar system. As pointed out above, teachers would
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Fig. 7 Student responses on whether there were forces between the orbiting bodies (electrons,
planets)

expect secondary student to know that all charged bodies exert an electrical force on
each other and that all massive bodies exert a gravitational force on each other.
Figure 7 represents the proportions of students who thought there would, or would
not, be forces between the orbiting bodies.

As Fig. 7 shows, in each case something like three-quarters of the sample were
able to indicate the correct response. This still means that considerable minorities of
the sample did not recognise the forces between electrons or between planets.
Moreover, as reported above, even where students offered the correct responses,
their explanations were often invalid (such as suggesting attractive forces between
electrons or repulsive forces between planets).

Conclusion

In this study we asked a sample of upper secondary students in Turkey about the
forces acting in two systems — an atomic system and a solar system. Our first
research question was: To what extent do Turkish secondary students perceive
forces acting in the atomic and solar systems to be analogous? We found that stu-
dents gave very similar patterns of responses to our questions (see Figs. 4, 5, 6 and 7)
in terms of how forces act in the two systems. This would perhaps be less remark-
able had responses generally matched canonical knowledge, but we found evidence
of widespread alternative conceptions of how forces acted across both systems.

We do not know to what extent students had been exposed to teaching that made
explicit use of the ‘atom is like a tiny solar system’ analogy, and so we do not sug-
gest that this close similarity in the perceptions of the two systems was due to
analogical transfer (e.g. knowledge of the solar system mapped onto learning about
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the atom). Indeed, it seems quite possible that the way both of these systems are
understood by learners may be influenced by some intuitive knowledge element
which channels thinking about these systems (diSessa 1983, 1993; Taber 2012).
This is an area which could be explored in future research. However, our work does
suggest that Turkish students may well be very open to recognising an analogy
between atomic and solar systems if this is presented in class.

Our second research question was: To what extent are alternative conceptions
about the forces acting in the atomic and solar systems that have been identified
among British students also found among secondary Turkish students? Students
generally recognised how the force between two bodies diminishes with distance,
but other responses give more cause for concern. Most students could not accurately
describe the main type of force acting in either system, and most did not appreciate
the reciprocal nature of force: as acting with equal magnitude on two interacting
bodies. There was evidence of a range of alternative conceptions.

The pattern of responses reported here is somewhat different in detail to that
reported in the work from the UK context — where, for instance, there was a greater
knowledge of the role of gravitation in solar systems, but less recognition of the
electrical nature of forces operating in the atomic system (Taber 2012). However,
the present study suggests that many of the same learning difficulties and alternative
conceptions are found in these two contexts (e.g. not recognising the reciprocal
nature of force interactions; suggesting greater force is needed to bind a more dis-
tant orbiting object to the central body; considering that forces acting on different
bodies can balance to maintain an equilibrium) despite the differences in the cur-
riculum and language of instruction in the two different educational contexts.

Our results suggest that Turkish students generally have a limited understanding
of the basic physics operating in these two types of system, reflecting much previ-
ous research reporting common alternative conceptions of mechanics (Gilbert and
Zylbersztajn 1985; McCloskey 1983; McCloskey et al. 1980; Savinainen and Scott
2002; Watts 1983; Watts and Zylbersztajn 1981).

Our work clearly has limitations. Surveys do not provide the fine grain data of
interviews that can give greater insight into student thinking. The instrument, whilst
certainly having face validity, was not subject to validity and reliability testing in the
Turkish context. One possible area of further research might look to refine the
instrument through a process including testing written responses with interviews
with a sample of respondents (Treagust 1988).

We did not ask our informants whether they had themselves previously met the
common analogy between the atom and the solar system, but our results suggest
teachers in Turkey should be very careful about using this comparison as a teaching
analogy. Teaching analogies can be helpful when there is a good understanding of
the analogue, which can be used to map relationships into an unfamiliar target con-
cept (Bellocchi and Ritchie 2011). Even when these conditions occur, effective
teaching with analogies requires the teacher to have a good understanding of aspects
of the science, the nature of science and specific pedagogy. That is, the teacher
needs to have a good understanding of the specific target concept and analogue, of
the type of structural mapping central to the productive use of analogy in science
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and of the need to both emphasise the positive analogy and to also make explicit to
learners which salient negative analogical features are not part of the mapping they
are being asked to undertake.

The students in our study often had a poor understanding of the forces acting in
the solar system, suggesting that for these learners it would not be a suitable ana-
logue to use in teaching about the planetary model of the atom. Indeed our findings
suggest that given the tendency for students to perceive the same alternative concep-
tions of forces to be operating in both systems, reflecting the widely reported diffi-
culty learners face in accepting Newtonian principles of mechanics, the explicit use
of this teaching analogy in the Turkish secondary context is most likely to reinforce
existing tendencies to develop alternative conceptions.

Acknowledgement The authors thank the teachers in the schools for their support in administering
the instrument and acknowledge the Royal Society of Chemistry for funding the Teacher Fellowship
project during which the original instrument was developed.



The Atom as a Tiny Solar System...

193

Appendix: The Diagnostic Instrument (in English)

The atom and the solar system

The diagram on the right shows a simple
model of an atom.

N is the nucleus, and there are three
electrons, labelled 1, 2 and 3.

The electrons are attracted to the nucleus.
Below are some questions about the atom
shown in the diagram.

|1. What type of force attracts the electrons towards the nucleus?

2. Is electron 3 attracted to the nucleus by a
stronger force, a weaker force, or the

same size force as electron 1?

Why do you think this? |

3. Which statement do you think is correct (M) ?:

O

the force attracting the nucleus to electron 2
is larger than the force attracting electron
2 to_the nucleus.

O

the force attracting the nucleus to electron 2
is the same size as the force attracting
electron 2 to the nucleus.

O

the force attracting the nucleus to electron 2
is the smaller than the force attracting
electron 2 to the nucleus.

O

there is no force acting on the nucleus

attracting it to electron 2.

IWhy do you think this?

|4. Is there any force between electron 1 and electro:

n 3?

IWhy do you think this?

(continued)
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(continued)

The atom and the solar system

The diagram on the left shows a simple
model of a solar system.

S is the sun, and there are three planets,
labelled A, B and C.

The planets are attracted to the sun.
Below are some questions about the solar
system shown in the diagram.

5. What type of force attracts the planets towards
the sun?

6. Is planet C attracted to the sun by a stronger
force, a weaker force, or the same size force as
planet A?

IWhy do you think this?

7. Which statement do you think is correct (M) ?:

D the force attracting the sun to planet

B is larger than the force attracting planet B
tothesun ]
D the force attracting the sun to planet B is the
lsame size as the force attracting planet B to
thesun ]
D the force attracting the sun to planet B is the
ismaller than the force attracting planet B to
ithe sun

D there is no force acting on the sun attracting
it to planet B

IWhy do you think this?

8. Is there any force between planet A and
planet C?

IWhy do you think this?

(continued)
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(continued)

Comparing the atom with the solar system

Look at the diagrams, and try to think of ways in which the atom and the solar system are
similar, and ways in which they are different.

List the similarities and differences you can think of:

In which ways are they similar?

In which ways are they different?
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A Study on the Exploratory Use
of Microscopic Models as Investigative Tools:
The Case of Electrostatic Polarization

Eleni Petridou, Dimitris Psillos, Euripides Hatzikraniotis,
and Maria Kallery

Theoretical Background

The significant role of models and modeling in science education has been touted
by many researchers (Hestenes 1997; Justi and Van Driel 2005). A model is a set of
representations, rules, and reasoning structures that allow one to generate predictions
and explanations (Schwarz and White 2005). Models, in this sense of the term, are
tools for expressing scientific theories in a form that can be used for purposes such
as prediction and explanation. According to Justi and Gilbert (2003), a model:

Is a non-unique partial representation of an object, an event, a process, or an idea that can

be changed
Is used for enhancing visualization, as a way of both supporting creativity and favoring
understanding

Is used in making predictions about behavior or properties

Is accredited by competent groups in society

In teaching, models are powerful tools, which may contribute both to students’
cognitive evolution and to effective learning (Saari and Viiri 2003). Moreover, models
come to play a leading role in inquiry in teaching, since they support an active role for
students, who are familiarized with important aspects of scientific methodology. Models
can be used for teaching scientific content or aspects of the nature of models and their
characteristics (Crawford and Cullin 2004; Lehrer and Schauble 2000). However, in a
traditional conservative teaching framework, students use models without understand-
ing that these are tools that can help them predict and explain the phenomena, because
typically there is no classroom discussion of their function (Grosslight et al. 1991).
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Research emphasizes that teachers’ knowledge of the nature of models and
their fundamental characteristics is limited, and that the predictive function of
models is the least understood (Crawford and Cullin 2004; Treagust et al. 2002).
Recent studies suggest that students’ epistemological awareness of the nature and
purpose of models is improved through their involvement in modeling practices
that are related to the use of models in science (Petridou et al. 2009a; Windschitl
and Thompson 2006). There is, thus, a growing interest in developing and applying
innovative approaches aiming at facilitating teachers’ use of models and application
of modeling procedures in their classes (Crawford and Cullin 2004; Justi and Van
Driel 2005; Stylianidou et al. 2003).

Metacognitive procedures, like reflection during exploratory modeling activities,
could result in an enhancement in awareness about the nature and purpose of models
and modeling. The metacognitive awareness about the nature and purpose of models,
in general, enables students to have choice and some degree of control over what they
do and how they do it, and so they are more likely to benefit from them (Aiello-Nicosia
and Sperandeo-Mineo 2000). Prompting students to reflect has been found to help
students acquire awareness of their cognitive repertoires, and so it may lead to better
learning results and greater understanding of the subject matter and the inquiry process
(White and Frederiksen 1998). Moreover, Schwarz and White (2005) argue that
without metacognitive awareness, students cannot fully understand the nature of science,
and their ability to use and develop scientific models will be hampered. In our research,
reflection was used during a metacognitive phase, in order to enhance students’
metacognitive awareness about the exploratory use of models in the educational unit.

Mellar and Bliss (1994) distinguish modeling activities as exploratory or expressive.
In exploratory activities, students interact with prepared models, while in expressive
procedures, students engage in the construction of models. Expressive procedures
are often used particularly with the use of ICT (information and communication
technology) tools. When the learner is involved directly in model construction,
there is a possibility of disorientation from the substantial use of models as inves-
tigative tools (Sins et al. 2005). Furthermore, Crawford and Cullin (2004) asked
prospective secondary science teachers to participate actively in a model-based
teaching experiment comprising two phases. In phase I, the prospective teachers
designed an open-ended investigation of a plant, water, and soil system. In phase II,
the teachers constructed a computer model of their particular system using the
Model-It dynamic modeling software. In their findings, they report that the pro-
spective science teachers were much more focused on how to identify variables
and create appropriate relationships as a result of their experience with building and
testing models using Model-It, but that their understanding of how scientists use
models actually changed very little.

Whatever the kind of the modeling procedures applied, models in instruction
can be used for explaining a phenomenon or for predicting it. Models in instruc-
tion are used mainly in an explanatory, not a predictive, way. So, students first
observe the phenomenon and afterward, with the help of the model, try to explain
it. For example, the explanatory function of models is underpinned by an interesting
process, proposed by Otero et al. (1999), of making a concept prediction, performing
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a computer experiment, and obtaining concept evidence. Specifically, the prospective
teachers that participated in the model-based unit with model-like observations
were able to check their explanatory models in order to explain their observations
of the hands-on experiment. On the other side, there are some researchers focusing
on the predictive use of models that reveal interesting students’ difficulties. Treagust
et al. (2004) show that secondary students do not recognize the predictive nature
of models, despite using them in a predictive fashion in their chemistry class.

The necessity of models in instruction is particularly evident when the interpretation
of the phenomenon studied is not readily apparent, and submicroscopic models
provide the basis for a causal account of phenomena at study. Electrostatic phenomena
are a representative example, because interpreting them requires submicroscopic
models. Furthermore, electrostatics is a fundamental area of physics that is connected
with everyday life. Research has shown that students and prospective teachers face
difficulties in interpreting electrostatic phenomena (Barbas and Psillos 2003; Furio
et al. 2004; Harrington 1999). For example, Harrington (1999) asked 162 prospective
teachers about the interaction between an uncharged and a charged body and found
that less than 28 % of them gave scientifically acceptable answers. Ignorance of the
attraction between a charged and an uncharged body in students aged 18-21 was also
mentioned by Furio et al. (2004). Barbas and Psillos (2003) investigated the expla-
nation of the attraction between an uncharged and a charged body and found that the
majority of prospective teachers assigned the attraction to the charged body without
referring to the polarization of the uncharged body.

In Greece a new curriculum for compulsory education (615 years) is under devel-
opment. One of the objectives of the New Greek National Curriculum for science
education is to change the “transmission model” of instruction to more student-
centered instructional approaches. The aim is to acquaint students with the scientific
way of thinking and aspects of the nature of science. More specifically with regard
to models, the curriculum mentions: “Students will also be expected to build and
use scientific models in order to describe, explain and predict some physical or chemi-
cal phenomena and processes.” Submicroscopic models are usually introduced to
students toward the end of primary education. Thus, the use of scientific models by
the students supports this aim as models can give students the opportunity to come
closer to scientific methodology and exploratory procedures.

In this context we designed and implemented an educational unit in order to help
students to overcome the difficulties related to their understanding of the predictive
function of models. The unit focused on the active, exploratory use of a submicro-
scopic model as a predictive tool. Additionally, students reflected on those features
of the model in order to understand its use as an investigative tool.

The aims of the present research were to:

» Investigate whether lower secondary students and student teachers are able to use
the submicroscopic model of electrostatic polarization in order to predict the
attraction between charged and uncharged balloons (phenomenon)

* Investigate whether the students gain awareness of the use of models as an
investigative tool

» Investigate which features of the model helped students to predict the phenomenon
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Research Method

The Context

Two samples, one consisting of 12 primary education student teachers and a second
of 12 lower secondary education students, were used in this study. They both
attended the three-hour model-based instructional unit described below. It should be
noted that the Greek general secondary education includes a 3-year lower secondary
education called gymnasium and a 3-year upper secondary school called lyceum.
Primary education and gymnasium are compulsory for all students. At the time of
the project, the participating secondary school students were approaching the end of
their second year of their high school studies. The students of our study were intro-
duced to elementary electrostatics in primary school 3 years before the start of the
project having some experiences with electrostatic experiments like, for example,
the attraction of paper by a plastic pen rubbed with a woolen cloth.

In Greece the students who finish secondary education can enter university after
taking the national entrance examinations in which they are examined in different
subjects depending on the subject of their university studies. Specifically the primary
education candidates are examined in courses related to history, literature, and
language, and they usually have a weak background knowledge in science. The
student teachers who participated in our study attended the compulsory course of
the “Didactics of Science” in the Department of Primary Education at the Aristotle
University of Thessaloniki.

Both high school students and student teachers worked in small groups in front
of personal computers following specially developed worksheets that guided and
prompted them to use the model as an investigative tool. Both samples dealt with
the same submicroscopic model of electrostatic polarization, as their level of under-
standing about electrostatic polarization was more or less similar, according to a
pilot study. This was corroborated by results of the present study as shown in the
section “Results.” The language used in the tasks was adapted appropriately for
the school students. The unit was implemented with the student teachers in a
computer-equipped university classroom in Thessaloniki, Greece, in the context of
a science course while with the lower secondary students in a computer-equipped
classroom of their school in a rural city of Northern Greece.

The Model-Based Educational Unit

The Structure of the Educational Unit

The focus of the educational unit is for both the student teachers and lower secondary
students to use and to be aware of the model as an investigative tool and be capable
to account for the predictive use of models. Specifically, both groups of students
initially predicted what would happen between a charged and an uncharged balloon
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Initial Introduction Prediction after Real IMetacognitive
prediction E> of model E> the model E> experimentlz> phase

Fig. 1 Structure of the unit

that were attached to strings from the ceiling. They were then introduced to the model
of polarization and asked to indicate their predictions of the same phenomenon
again, before the actual experiment with balloons was performed. After the experiment,
the students took part in a metacognitive phase that helped them become conscious
of the way they utilized the model. Figure 1 shows the structure of each unit.

What we have done here is to extend the well-known predict—observe—explain
structure proposed by White and Gunstone (1992) and adapt it to the teaching of the
concept of models, particularly their predictive function. By inserting the introduction
of the model and a second prediction of the phenomenon between the prediction
and observation phases, we prompt students to use the model as an investigative
tool for predicting the phenomenon. The real experiment that always follows the
introduction of the model comes to play a confirming role of what actually happens
in the phenomenon, while the metacognitive phase at the end plays the significant
role of stimulating awareness of the whole procedure.

The Phenomenon Studied

We consider the attraction between a charged and an uncharged balloon to be an
appropriate phenomenon for teaching models because (a) it comes from classroom
experience, (b) the experiment is easy to carry out, (c¢) neither lower secondary
students nor student teachers know it before working with the model, and (d) a submi-
croscopic model (polarization) is necessary in order to study it.

The Model of Electric Polarization

The model of polarization consists of a sequence of three simulated representations,
the atom, the dipole, and the insulator, where the user can see the behavior of an
atom and the forces exerted on a dipole and an insulator when an external charge is
placed anywhere near them. According to this model [more information is provided
in Petridou et al. (2009a)] the user can move an external charge anywhere close to
the atom and watch the deformation of the electronic cloud from spherical symmetry
toward or away from the external charge, attracted or repelled it depending on the
polarity of the charge (Fig. 2a). Next, when the user moves a negative external
charge close to the dipole, the positive charge of the dipole comes close to the external
charge as it is attracted to it, while the negative charge of the dipole is moving away
as it is repelled from it. In this case, the attractive force is bigger than the repulsive
one, as the distance of the opposite charge of the dipole from the external charge is
less than the distance of the same charge (Fig. 2b). In the third representation that



204 E. Petridou et al.

®

Fig. 2 The model of polarization. (a) The atom, (b) the dipole, and (c) the insulator

represents a part of an insulator, both the attractive and repulsive forces exerted
to each dipole are indicated in order that the students can compare them and to
conclude that, as in representation 2, for each dipole, the total force is attractive;
also in the whole body, the total force is attractive too (Fig. 2¢). The first representa-
tion is the atom with its known constituents, from which is constructed the concept
of the dipole and an appropriate means of representing the forces of attraction
and repulsion exerted. The sequence of the three representations (atom, dipole, and
insulator) of the model of polarization, as shown in Fig. 2, provides a smooth
passage from the submicroscopic to the macroscopic level.

In the course of the unit, the students were guided to be engaged in specific tasks
embedded in worksheets involving the use of the model such as polarization of
single atom, appearing of forces, and qualitative recognition of the mutual attraction
between the uncharged and the charged balloon, though without specific treatment
of Newton’s Third law. The computer-simulated submicroscopic model of polariza-
tion is considered to be appropriate for enhancing an understanding of the model
as an investigative tool because it provides a means for visualizing the underlying
causal mechanism, which is not observable. It is also simple to handle and facili-
tates the cognitive bridging of the submicroscopic mechanism with the phenomenon
as well as reflection on its features and function, which helps students to predict the
phenomenon.

Research Instruments

Before and after the exploration of the model of polarization, the students were
asked to predict the same phenomenon in a multiple-level task, which included an
open and a closed question. Specifically, we asked students to predict, in part a of
the task, what will happen between two balloons that are free to move, if the one is
negatively charged and the other is uncharged with both attached to strings which
hang from the ceiling close to each other. Content validity of the tasks was verified
by two experienced physics researchers and two science education professors.
After students answered this question, in part b of the task, we then asked them to
choose one or more possible images showing different interactions between the two



A Study on the Exploratory Use of Microscopic Models as Investigative Tools... 205

A tl.rsgali\-'f.-l)r charged balloon, A, and an uncharged balloon, B, are both attached to strings from the ceiling close to each
other.

a. If they are free to move what will happen?
b. Choose one or more possible figures.

Fig. 3 Pre- and post-worksheet task

balloons as shown in Fig. 3 (Petridou et al. 2009a). The multiple choice part b of the
task was given in order to avoid a lack of response and to help students think about
the phenomenon.

Data were obtained by analysis of the student teacher’s pre—post written predictions
on the task and of tape-recorded in-depth group interviews. The group interviews,
which corroborate the freely expressed ideas (Vaughn et al. 1996), were based on
the students’ written answers and helped in eliciting the students’ ideas in depth
(Cohen and Manion 1989) and in their understanding of each other’s ideas. In university,
each of the three groups consisting of four student teachers was interviewed sepa-
rately. The lower secondary students were interviewed together in their classroom
as the time limit of each class session did not allow smaller group assessments. Data
were obtained by analysis of the videotaped discussion. The questions addressed
by the researcher were based on the task questions and stimulated students to justify
in detail their written answers and their selections with balloons’ images. So, the
interview began with the presentation of the students’ written answers and continued
with discussing, as analytically as possible, the justification of the written answers.
In this way it was ensured that all different ideas were expressed. The role of the
researcher in both cases was to lead and coordinate.

Research data for the investigation of students’ awareness of the model as an
investigative tool, and for the selection of those elements that helped them to predict
the phenomenon, were obtained by an analysis of their written answers and the
transcribed interviews that were based on students’ written answers to the meta-
cognitive phase. Specifically, both experimental groups of students were asked to
answer two metacognitive questions. Initially, to say what they used the model for,
this prompted them to reflect on how they had utilized the task with the model during
the unit. Similarly, in the second task, they were asked to describe the elements
of the model that helped them to predict the specific phenomenon, in order to elicit
the different aspects that helped them to do this. The analysis and categorization of
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students’ written and interview answers was carried out by two researchers who
interacted continuously to classify the students’ responses. Specifically, answers to
the first question were categorized in three levels: those that referred to the pre-
dictive use of models, those that referred only to explanatory use of models, and
those that did not recognize any of these functions. Answers to the second question
were categorized according to the elements of the simulated model that students
referred to. These raters marked independently a selected number of answers
after coming to an agreement about the characteristics of each category. Cases
of disagreement between their ratings were resolved by discussion. A high level of
inter-rater reliability (0.82) was achieved in the final scoring.

Results

Initial Predictions of the Phenomenon

Before the introduction to the model, both groups of students (lower secondary and
student teachers) gave varied wrong predictions, such as that there is no interaction
between the uncharged and the charged balloons, that there is repulsion between the
balloons, or that the charged balloon attracts the uncharged one (a one-way attraction).

No Interaction

Seven of the twelve lower secondary students and 10 of the 12 student teachers
predicted no interaction between the uncharged and the charged balloons. A typical
prediction was: “An uncharged body does not interact with either the positive or the
negative charges since it is neutral. Thus, the balloons will stay still” (lower secondary
student).

Repulsion

Four of the twelve lower secondary students and 1 of the 12 student teachers predicted
repulsion between the uncharged and the charged balloons. A typical prediction
was: “One balloon will repel the other since balloon A is negatively charged. If
balloon A was positively charged it would push it away again since this time it
would repel the positively charged particles of B” (lower secondary student).

Attraction and/or Repulsion

One student teacher predicted that there could be both repulsion and attraction
between the uncharged and the charged balloons, and one lower secondary student
predicted the one-way attraction, that the charged balloon attracts the uncharged
one, and not the mutual attraction between the balloons.
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Predictions of the Same Phenomenon After the Elaboration
with the Model

After the introduction of the model, the majority of the students in both groups gave
the correct prediction that the two balloons are attracted to each other.

Mutual Attraction

Ten of the twelve lower secondary students and 8 of the 12 student teachers correctly
predicted the mutual attraction between the two balloons. Typical predictions were:
“The two balloons are attracted to each other since we saw that when an external
charge, positive or negative, approaches an uncharged body, then the positive and
the negative charges of the neutrally charged body separate and if for example the
external charge is positive then attracts the negative part and repels the positive
and vise versa. So two forces appear, the attractive and the repulsive, of which the
attractive is greater” (student teacher) and “the electrons of the balloon A attracts
the positive charge of the balloon B and so the two balloons are coming close to each
other” (school student).

Attraction

Two of the twelve lower secondary students and 2 of the 12 student teachers predicted
that the charged balloon attracts the uncharged one.

No Interaction

One student teacher predicted after the introduction of the model that there is no
interaction between the two balloons.

Repulsion

One student teacher predicted repulsion between the uncharged and the charged
balloons.

The cumulative pre- and post-predictions are presented in Table 1.

It seems that while, prior to introduction of the model, the majority of the students
(either student teachers or lower secondary students) predicted that there would be
no interaction between the balloons, there is an important change in their opinions
after the model since the majority of the students in both samples mentioned not
only the interaction between the balloons but also the mutual attraction between
them. This was in line with the aims of the unit following students’ engagement with
the model and the worksheet tasks.
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Table 1 Pre- and post-predictions on worksheet task

Predictions

Pre Post

Lower secondary Student Lower secondary Student
Balloons’ interactions students teachers students teachers
No interaction between the balloons (a) 7/12 10/12 0/12 1/12
Repulsion between the balloons (b) 4/12 1/12 0/12 1/12
Attraction and repulsion (b and c) 0/12 1/12 0/12 0/12
The charged balloon attracts the 1/12 0/12 2/12 2/12

uncharged (d)

Mutual attraction (c) 0/12 0/12 10/12 8/12

Metacognitive Phase

In the metacognitive phase, when students were prompted to reflect on the way they
had incorporated the task with the model during the unit, the majority of the student
teachers (10/12) and half of the lower secondary students (6/12) showed that
they had understood the predictive function of the model and stated it directly or
indirectly: “I used the model in order to predict the attraction between a charged
and an uncharged balloon. In the experiment we can see only the effect while with
the model we can predict and explain what is happening” (student teacher) or
“I have used the model for understanding what happens with the charges, something
that is not possible to see in detail in reality at the level of atom and thus to be able
to predict what will happen to the balloons” (student teacher) or “we have used the
model to understand what happens with the atoms and to be able to say what will
happen in the experiment” (lower secondary student). It should be noted here that
all students answered in Greek and that there was an exact translation of their
answers to English.

Two student teachers and two lower secondary students talked only about the explan-
atory function of the model: “T have used the model to understand the phenomenon”
(student teacher) or “I have used the model to be able to explain the experiment
correctly and with proof” (lower secondary student).

Four lower secondary students seem to confuse the model with the experiment:
“with the model I was able to see if my prediction was right or wrong. We finally
saw what happens.”

These results are compiled in Table 2.

In the second question of the metacognitive phase, students were prompted to
identify the different elements of the model that helped them predict the phenome-
non. Based on their responses, we may conclude that the elements of the simulated
model of polarization that helped each student were different.

As shown in Table 3, four student teachers and two lower secondary students
referred to the shifting of the electronic cloud of the atom: “I discern the shifting of
the electronic cloud and its changing of shape” (student teacher).

Four student teachers and six lower secondary students referred to the formation
of the dipole and the attractive and repulsive forces exerted on its poles when the
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Table 2 Understanding model use

Student teachers Lower secondary students
Prediction 10/12 6/12
Explanation 2/12 2/12
Confusion between model 4/12

and experiment

external charge was moved near them: “the dipole helped me a lot because I understood
better the separation of positive and negative charges when these are close to a
charged body” (lower secondary student) or “I was helped by the fact that I could
see simultaneously on the dipole the attractive and the repulsive force” (student
teacher) or “I liked the fact that we could move the external charge anywhere we
wanted and we were watching the movement of all the dipoles in the insulator”
(lower secondary student).

Four student teachers and two lower secondary students mentioned that the
representation of the insulator formed a bridge between the submicroscopic and
the macroscopic level: “when I was watching the insulator I was thinking about the
balloon, it helped me to make the connection between the microscopic and the
macroscopic level” (student teacher).

Finally, two student teachers referred to the whole sequence of the atom, the dipole,
and the insulator and the representation of the dependence between the distance and
the forces exerted: “at the beginning we saw the deformation of the electronic cloud,
then we saw the dipole and at the end we saw all the dipoles inside the insulator.
All this sequence helped me...I think that only with the one representation I couldn’t
predict the phenomenon.”

We have not included the answers of two lower secondary students who mentioned
that they prefer the experiment with the two balloons on the table. It was not a surprise
for us as these same students confused the model with the experiment in the first
question of the metacognitive phase.

Discussion and Concluding Remarks

The focus of the present study was (a) to investigate whether lower secondary students
and student teachers are able to use the microscopic model of polarization in order
to predict the mutual attraction between charged and uncharged balloons (phenom-
enon), (b) to investigate whether these students gain awareness of the use of the
model as an investigative tool, and (c) to investigate which features of the model
helped students to predict the phenomenon.

Regarding the capability of using the model as an investigative tool, the results
show that there was progress in both groups in predicting the mutual attraction
between the two balloons after their introduction to the microscopic model of polar-
ization. We consider that the specific structure of the unit, in which we ask students
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Table 3 Elements of the model cited by students

Number of
students that
Features of polarization ~ Visualization on model referred
Atom Deformation of electronic cloud on atom 4/12 student
teachers
2/12 lower
secondary
Dipole Formation of dipole and attractive and repulsive 4/12 student
forces on dipoles teachers
6/12 lower
secondary
Insulator Many dipoles in a part of an insulator 4/12 student
teachers
2/12 lower
secondary
Sequence: atom—dipole—  Possibility of moving the external charge anywhere  2/72 student
insulator near the atom, dipole, or insulator and representa- teachers
tion of the dependence between the distance and
the forces

to predict the same phenomenon twice, before and after the introduction of the model,
prompts students to use the model as an investigative tool. We can say that students
are “forced” to use the elements of the model in order to predict the phenomenon.
Regarding whether the students became conscious of how they used the model,
the results show that some students had used the model as an investigative tool and
predicted the phenomenon with its help but without realizing it. These data support
the claim (a) that the use of models as an investigative tool in exploratory activities
alone is not enough for understanding the concept of models, and (b) that metacog-
nitive procedures are particular demanding. Specifically, while 10 of the 12 lower
secondary students correctly predicted the phenomenon with the help of the model,
in replying to the metacognitive question “what did you use the model for,” only 6
of the 12 lower secondary students cited the predictive use of the model. With the
student teachers, the results are different; eight of the twelve predicted the phenom-
enon correctly with the use of the model, but ten of them became conscious of the
predictive use of models in the metacognitive phase. It is not surprising that this
progress is more significant among the student teachers since the awareness of the
model as an investigative tool is unquestionably a demanding procedure. That is
why 4 of the 12 lower secondary students confused the model with the experiment
after their participation with the educational module, while student teachers do not
seem to have this problem. These data confirm the crucial role that the metacognitive
phase plays in understanding such a difficult concept as the model (Aiello-Nicosia
et al. 2000; Schwarz and White 2005). Treagust et al. (2004) discuss in their findings
the fact that their students, who had not participated in metacognitive procedures,
actively used the teaching models in a predictive way without however realizing it.
We consider that the active use of models alone is not adequate for understanding
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the nature of models, while reflecting on the way in which they used the models can
help students to become conscious of this process and to understand the concept of
models (Petridou et al. 2009b). So, an important element of the educational unit,
for understanding the model as an investigative tool, was students’ participation in
the metacognitive procedure during which they had the chance to reflect on the way
they used the model.

The features of the model that helped students to predict the phenomenon were
different for different students. Table 3 shows that student teachers seem to have no
preference for one or another of the representations of the atom, the dipole, or the
insulator, as the same number of student teachers cited each of the three. However,
lower secondary students seem to prefer the representation of the dipole, since half
of them mentioned the formation of the dipole or the forces exerted on its poles.
Maybe this possible preference to the dipole is due to the “direct” representation of
the attractive and repulsive forces that the dipole includes, which is the cause of
polarization.

Considering the educational implications, the above results suggest that it is
important to include the representation of both attractive and repulsive forces on
dipoles in science curricula aiming at students’ understanding of electrostatic
polarization. It is important for teachers and curricula designers to provide for
different representations of a model in order to handle different learning prompts
that are appropriate for several students. Moreover, the active use of models as
investigative tools combined with metacognitive procedures at the end of instruc-
tion seems to help students to rethink of the way they handled a model and to
become conscious of the investigative power of this model. Finally, considering the
research implications, the present study paves the way for applying similar
instruction in a large classroom on the one hand, as the sample of the present
study is small, and on the other, to adapt and investigate the same strategy for the
predictive use of models in other topics.

References

Aiello-Nicosia, L. M., & Sperandeo-Mineo, M. R. (2000). Educational reconstruction of physics
content to be taught and of pre-service teacher training: A case study. International Journal of
Science Education, 22(10), 1085-1097.

Barbas, A., & Psillos, D. (2003). Evolution of students’ reasoning about microscopic processes in
electrostatics under the influence of interactive simulations. In D. Psillos (Ed.), Teaching and
learning in the science laboratory (pp. 243-254). Boston: Kluwer Academic.

Cohen, L., & Manion, L. (1989). Research methods in education (3rd ed.). London: Routledge.

Crawford, B. A., & Cullin, M. J. (2004). Supporting prospective teachers’ conceptions of modeling
in science. International Journal of Science Education, 26(11), 1379-1401.

Furio, C., Guisasola, J., & Almudi, M. J. (2004). Elementary electrostatic phenomena: Historical
hindrances and students’ difficulties. Canadian Journal of Science, Mathematics, and Technology
Education, 4(3), 291-313.

Grosslight, L., Unger, C., Jay, E., & Smith, C. (1991). Understanding models and their use in
science: Conceptions of middle and high school students and experts. Journal of Research
in Science Teaching, 28(9), 799-822.



212 E. Petridou et al.

Harrington, R. (1999). Discovering the reasoning behind the words: An example from electrostatics.
American Journal of Physics, 67(7), 58-59.

Hestenes, D. (1997). Modeling methodology for physics teachers. In E. F. Redish & J. S. Rigden
(Eds.), Proceedings of international conference on undergraduate physics education
(pp- 935-957). New York: The American Institute of Physics.

Justi, R., & Gilbert, J. (2003). Teachers’ views on the nature of models. International Journal of
Science Education, 25, 1369-1386.

Justi, S. R., & Van Driel, J. H. (2005). The development of science teachers’ knowledge on models
and modelling: Promoting, characterizing and understanding the process. International Journal
of Science Education, 27, 549-573.

Lehrer, R., & Schauble, L. (2000). Modeling in mathematics and science. In R. Glaser (Ed.),
Advances in instructional psychology (Vol. 5, pp. 101-159). Mahwah: Erlbaum.

Mellar, H., & Bliss, J. (1994). Introduction: Modelling and education. In H. Mellar, J. Bliss,
R. Boohan, J. Ogborn, & C. Tompsett (Eds.), Learning with artificial worlds: Computer based
modelling in the curriculum (pp. 1-7). London: Falmer Press.

Otero, V., Johnson, A., & Goldberg, F. (1999). How does the computer facilitate the development
of physics knowledge among prospective elementary teachers? Journal of Teacher Education,
181(2), 57-89.

Petridou, E., Psillos, D., Hatzikraniotis, E., & Viiri, I. (2009a). Design and development of a micro-
scopic model in polarization. Physics Education, 44, 589-598.

Petridou, E., Psillos, D., Hatzikraniotis, E., & Viiri, J. (2009b, August—September). Teaching
aspects of models to pre-service primary teachers: The case of polarization. Paper presented at
7th European Science Education Research Association (ESERA) Conference, Istanbul.

Saari, H., & Viiri, J. (2003). An investigative-based teaching sequence for teaching the concept of
modelling to seventh-grade students. International Journal of Science Education, 25, 1333—-1352.

Schwarz, V. C., & White, Y. B. (2005). Metamodeling knowledge: Developing students’ under-
standing of scientific modeling. Cognition and Instruction, 23(2), 165-205.

Sins, H. M. P, Savelsbergh, R. E., & van Joolingen, R. W. (2005). The difficult process of scientific
modelling: An analysis of novices’ reasoning during computer-based modelling. International
Journal of Science Education, 27(14), 1695-1721.

Stylianidou, F., Boohan, R., & Ogborn, J. (2003). Computer modelling and simulation in science
lessons: Using research into teachers’ transformations to inform training. In D. Psillos et al.
(Eds.), Science education research in the knowledge-based society (pp. 361-369). Dordrecht:
Kluwer Academic.

Treagust, F. D., Chittleborough, G., & Mamiala, L. T. (2002). Students’ understanding of the role of
scientific models in learning science. International Journal of Science Education, 24, 357-368.

Treagust, F. D., Chittleborough, G., & Mamiala, L. T. (2004). Students’ understanding of the
descriptive and predictive nature of teaching models in organic chemistry. Research in Science
Education, 34, 1-20.

Vaughn, S., Schumm, J. S., & Sinagub, J. M. (1996). Focus group interviews in education and
psychology. London: Sage.

White, B. Y., & Frederiksen, J. R. (1998). Inquiry, modeling, and metacognition: Making science
accessible to all students. Cognition and Instruction, 16(1), 3—118.

White, R. T., & Gunstone, R. F. (1992). Probing understanding. London: Falmer Press.

Windschitl, M., & Thompson, J. (2006). Transcending simple forms of school science investigation:
The impact of preservice instruction on teachers’ understandings of model-based inquiry.
American Educational Research Journal, 43(4), 783-835.



Teacher Pathways Through the Particulate
Nature of Matter in Lower Secondary School
Chemistry: Continuous Switching Between
Different Models or a Coherent Conceptual
Structure?

Ingo Eilks

Introduction

Explaining macroscopic phenomena on the submicro level is considered to be one
of the essential ideas of modern chemistry and chemistry teaching (Johnstone 1991).
Nevertheless, science education research indicates that this task is not easily
achieved. A wide variety of conceptual gaps in students’ understanding of the par-
ticulate level have been identified in the last 30 years, e.g., concerning the concept
of matter as such (Krnel et al. 1998), particle interpretations of chemical phenom-
ena (Garnett et al. 1995), chemical reactions (Anderson 1990), or bonding theory
(Hofstein et al. 2010).

Several reasons for students’ learning difficulties with structural concepts are
mentioned in the literature. One source refers to the often unclear relationship of the
macroscopic, submicroscopic, and symbolic level of knowledge (Johnstone 1991).
But other gaps like unclear distinctions between the levels inside the range of macro
to submicro domains (Eilks et al. 2007), the neglect of meso-levels (Meijer et al.
2009), and low levels of understanding about the nature of models and modeling
(Grosslight et al. 1991) have also been mentioned as causes of learning difficulties.

This chapter takes into account that the teacher is considered the key factor for
any sustainable change in the science classroom (Eilks et al. 2006). The question of
analysis of teachers’ prevalent practices in teaching about the submicro world and
the search for developing better teaching strategies is approached using two differ-
ent case studies. The first is an explorative study on the beliefs of 28 experienced
chemistry teachers, which asks how one should teach the particulate nature of
matter via atomic structure to finally arrive at bonding theory (Bindernagel and Eilks
2009). Pathways German chemistry teachers commonly use throughout the entire

1. Eilks (<)
Institute of Science Education (IDN), University of Bremen, Bremen, Germany
e-mail: ingo.eilks @unibremen.de

G. Tsaparlis and H. Sevian (eds.), Concepts of Matter in Science Education, Innovations 213
in Science Education and Technology 19, DOI 10.1007/978-94-007-5914-5_10,
© Springer Science+Business Media Dordrecht 2013



214 I. Eilks

lower secondary chemistry curriculum (grades 5—10, ages 10—16) will be described.
Reflection will take place as to whether or not the most commonly adopted teaching
approaches might actually cause lower levels of learning success in dealing with
structural concepts. This study will be contrasted with a second research project
consisting of over a decade of Participatory Action Research (PAR) (Eilks and Ralle
2002). This project created a different teaching approach, which aims to produce an
overarching, coherent structure for the entire lower secondary curriculum when
dealing with macro- and submicroscopic concepts in chemistry (e.g., Eilks 2002;
Eilks and Moellering 2001; Eilks et al. 2007).

German Teachers’ Pathways Through the Particulate Nature
of Matter and Their Understanding of Models and Modeling

Research-Oriented Learning in Chemistry Education

Wildt (2006) points out that “research-oriented learning” can have two meanings:
(I) research-oriented learning as a form of education based on asking students to
work on actual research studies or (II) a special kind of education program which
(partly) integrates students learning into ongoing research processes.

In the course model this study stems from, we merge both sides of research-
oriented learning in the sense discussed above. Searches of existing literature
sources are coupled with personal experience gained in small-scale, individual
research projects. We consider the mix of personal involvement with original
research papers, plus active, individual data collection and interpretation to provide
a fruitful setting, which gives student teachers insights into the objectives, methods,
potential, and limitations of science education research (Bindernagel and Eilks
2009; Feierabend et al. 2011).

In the research described here, fourth-year student teachers of chemistry partici-
pated in teacher training seminars in their subject. The goal of these seminars was
to arrive at research-based lesson plans for lower secondary chemistry lessons.
They could freely opt for three different topics: (I) the introduction of a first particle
concept, (II) addressing the first concepts of chemical reactions, or (III) introducing
basic atomic structure and bonding (Bindernagel and Eilks 2009).

Three major sources of information were presented in a theoretical introduction,
which served as resources for the student teachers’ lesson planning: empirical
research, curriculum development, and classroom practice. We asked the student
teachers to combine knowledge from all three domains. They were asked to use
relevant outcomes from empirical research, i.e., the large number of papers and
reviews available on research studies concerning students’ alternative frameworks
and learning difficulties. The field of curriculum development also offers a wide
variety of sources for structuring lessons, i.e., textbooks or science teachers’ jour-
nals. Additionally, the student teachers were sensitized to the missing connection
between empirical evidence and curriculum materials. They discussed textbook
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illustrations and Internet resources, which explicitly illustrate commonly known
misconceptions and learning difficulties of students (e.g., Eilks 2003; Eilks et al.
2007, 2009). The field of classroom practice is the only aspect that lacks informa-
tion in written or printed form. In this particular area, the student teachers were asked
to create their own research-based resource interviewing experienced teachers.

Method and Sample

Fifty-six student teachers from two academic years participated in the course described
above, during which 28 experienced chemistry teachers were interviewed. Each inter-
view was conducted by pairs of student teachers. This approach inspired a friendly
atmosphere of discussion, mirroring the situation in which an experienced teacher
coaches a younger colleague in the workaday world of school (Bindernagel and Eilks
2009; Feierabend et al. 2011). Teachers were randomly selected from schools where
the students had had internships in the year prior to the seminar. Most of the teachers
ranged between 40 and 60 years old. Twenty-five of them had more than 5 years of
practical experience in chemistry teaching (Bindernagel and Eilks 2009).

An interview guide was provided to the student teachers. It included questions
about teaching strategies in each of the three relevant issues (the particulate nature
of matter, chemical reactions, atomic structure, and bonding), including queries
about personal teaching experiences and the use of specific “submicroscopic”
illustrations extracted from textbooks. The interview guide can be viewed in
Bindernagel and Eilks (2009). All interviews lasted roughly 45 min and were audio-
taped and later transcribed.

During the seminar, analysis of the raw interview data was undertaken. The
teacher trainees gave a short presentation on their own interviews, using the topics
in the interview guide as a map. In parallel with the seminar, the university researchers
began detailed analysis of the data. Key aspects of this analysis were:

» Characterizing the teachers’ curricular approach when dealing with the different
submicroscopic concepts over the course of lower secondary school lessons by
qualitative content analysis (Mayring 2000), then transferred into a graphic format
mapping out the pathways chosen by the teachers (see below).

e Teachers’ understanding of the nature of models and modeling when explaining
their personal teaching approach by an evaluation grid (Sprotte and Eilks 2007)
inspired by Grosslight et al. (1991).

Findings and Discussion

Figure 1 provides an overview of the teaching pathways used by 28 experienced
German chemistry teachers. The boxes in the graph represent the different submi-
croscopic models (see Table 1) the teachers touched upon in their interviews.
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Fig. 1 Teaching pathways for 27 of the 28 teachers. One of the teachers professed that he exclusively
used project work. He could therefore make statements neither about the particular models he
use nor about the relation between different models (Bindernagel and Eilks 2009. Reproduced by
permission of The Royal Society of Chemistry)

In accordance with the traditionally used, content-oriented structure of most
German curricula, we can recognize three different levels: (I) a level of simple
discrete particles, (II) a level of atoms and atomic structure, and (III) a level of cova-
lent bonding and molecular structure. The lines in Fig. 1 represent the respective
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numbers of teachers choosing a particular path from one submicroscopic concept
to another (Bindernagel and Eilks 2009).

All but one of the teachers approached the submicroscopic level by introduc-
ing a simple model of discrete particles. This is in line with most of the official
syllabi in the different German states (the “Lénder”). Half of the teachers select
a historical approach when moving toward the particle level and refer to the
ancient Greek philosophers. This decision is not based on the syllabi. Others take a
more pragmatic approach stemming from phenomena without referring to the
history of chemistry.

Nearly all of the teachers introduce a simple particle model at this point, in which
particles are represented as hard spheres. Only 3 of the 28 teachers vary their picto-
rial representations of particles in their illustrations. This is quite disturbing, since
an extremely controversial debate has raged in various German-language journals
for the teaching of chemistry in recent years. In the discussion, it was derived from
empirical evidence not choosing spheres as a standard tool but rather representing
particles various physical shapes to avoid confusion among learners that these
spheres on this stage represent the discrete particles, while later the same illustration
is used for atoms within a first model of atoms (e.g., Eilks and Moellering 2001; in
English see Eilks et al. 2007). The related debate, namely, that of making a clearer
distinction between the level of discrete particles and that of atoms, seemed to have
had no influence on the teachers interviewed (Eilks et al. 2002; in English Eilks
et al. 2007; parallels in Hesse and Anderson 1992).

In their overall approach and advice to younger colleagues, most in-service
teachers suggested teaching chemistry at the submicro level based on the history of
science. This was explicitly stated by 22 out of 28 of the participants. They suggest
variation in models to structure the chemistry curriculum, starting, for example,
with a simple particle model, via the Dalton atomic model, toward models of atomic
structure and of bonding theory. These last steps should be operationalized using
different models ranging from the ideas of Rutherford, Thomson, and Bobhr,
followed up with models of bonding (e.g., ball and stick), the VSEPR model, or
orbital theory. However, several teachers repeatedly mixed up different historical
models when discussing their curricular approach varying different models. They
either combined them into hybrid models (Justi and Gilbert 2002) or, at the least,
did not differentiate clearly between differing models. This happened, for example,
in the case of the simple particle model of discrete particles and the Dalton atomic
model (see above):

You mean another particle model? I wouldn’t know of any other. Yes, I always say particle,
but that is the Dalton model, right? I don’t call it that, but that is the model actually. The
atoms are small, compact spheres like billiard balls.

Most of the teachers were not aware of the difference between the discrete sphere
particle model referring to kinetic gas theory, the ancient Greek particle model,
or the Dalton model. Also they do not seem to be fully aware that Dalton’s historic
model is not identical to the Dalton atomic model used in most German classrooms,
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textbooks, and curricula (Table 1). In these teachers’ minds, their personal teaching
approach seems to accurately represent the history of science:

At the beginning of 8th grade, the sphere particle model, followed by the Dalton model in
the middle or at the end of the year. 9th grade Rutherford, in the 10th grade or maybe the
end of 9th grade, Bohr’s model. In 10th grade we use the electron ball cloud model, which
is of course a kind of orbital model and also lends itself as a model for chemical bonding ...
You can pretty much forget the Bohr model. Although substances’ color can be satisfacto-
rily described with it.....You always have to roll out a model whenever you want to explain
something. This means following the historical development of models. That’s the same
order (that the models were developed in). This fits the pattern of teaching. I wouldn’t want
to deviate from it.

The history-driven approach seems to be somewhat self-evident. In their view, a
variety of models must be used in the curriculum. Several teachers called it the
“classical approach”:

It is such a classical approach just at this point, where one moves from Dalton’s atomic
model to Thomson’s watermelon model and then on to Rutherford’s model.

Those teachers following the historical approach use three to seven different
models. But the more models the teachers use, the more often connections between
the models seemed to be somewhat unstructured:

It naturally starts somewhere with Dalton and then, Rutherford, Dalton, then eventually you
end up at Bohr’s atomic model ... in order to explain certain basic concepts. There’s always
a big fight, I think, about whether Bohr’s atomic model is very limited or not and that we
should bring in the orbital model somewhere ... I usually stay with the Bohr model, in any
case for the basics I stop there ... definitely, because you can use it well for the electron pair
repulsion model, then yes. You can theoretically show the spatial structure of compounds or
electron bonding ... Now I have to mention Democritus, maybe it’s tied to such a term. At
the very beginning comes the particle idea — spherical particles, but that doesn’t have to do
with the atomic model...

The number and selection of models vary (Fig. 1). Nevertheless, there were some
points of common agreement. This included use of the Rutherford gold foil experiment
and eventually reaching the atomic model in the sense of an atom with a nucleus
surrounded by discrete shells:

I like to use the nucleus-shell model. I find that Rutherford and his idea are actually very
important. I try to make this evident — I hit against objects and such, as if it is unfathomable
that there isn’t supposed to be anything there. [The teacher smacks his hand against the wall
as he explains this] So developing this belief that something is solid and yet composed of
almost nothing is really difficult to bring across and, in effect, you can only try to make it
interesting and to prepare yourself so that you maybe succeed by using anecdotes. And the
gold foil is naturally somehow the key.

A pedagogical justification for choosing the history-driven approach was only
given by a minority of the teachers. The approach seemed to be classical and self-
evident for most of the teachers. Those few teachers actually naming reasons
referred to the objectives of teaching about the nature of science. They argued that
students should learn about the tentative nature of scientific theories by learning that
historical models can and have been replaced and refined over time:
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Table 1 Curriculum/teaching models in lower secondary chemistry

Model Main idea(s)

Role within the curriculum

Approach to the particle level and a simple model of discrete particles

Alchemy model

Ancient Greek
Atomic model

Matter is made of smallest particles.
These smallest particles cannot
be split up any further by any
means

Simple model of  Matter consists of particles with

discrete only empty space between them.

particles The particles are in constant

(without motion and constantly crash into

exclusively one other. Particle motion

using spheres) increases with rising temperature
Sphere particle Matter consists of particles modeled

model by solid spheres. Between the

spheres is empty space. The
spheres are in constant motion
and constantly crash onto one
other. Particle motion rises with
increasing temperature

The level of atoms and atomic structure
Dalton atomic
model

Atoms are spheres, solid, and
indivisible. Atoms are connected
to form chemical compounds

Thomson atomic
model

Atoms are spheres. Atoms contain
positively charged protons and
negatively charged electrons.
Protons and electrons are spread
around in the atom like the seeds
in a watermelon

Atoms are spheres. The atom
contains a small nucleus. The
nucleus contains the positive
charge and nearly the entire
atomic mass. The shell contains
the electrons and is more or less
empty space

Atoms are spheres. The nucleus is
small and consists of protons
and neutrons. The shell is made
up of the electrons, which are in
different shells following
specific rules. The outer shell
makeup is the cause of the main
aspects of chemical behavior

Rutherford
atomic model

Bohr atomic
model

The Alchemy model is not a particle
model. The Alchemy model is only
used as an entryway into the
history of chemistry

Matter consists of smallest particles.
The idea of having particles is one
of the oldest ideas in the history of
chemistry

Explanation of the states of matter,
their changes, diffusion, and
solubility. Spheres are not used to
avoid mix-ups with the later-used
description of atoms

Explanation of the states of matter,
their changes, diffusion, and
solubility

Explaining reactions of elemental
substances. Conservation of mass.
Law of constant proportions.
Sometimes used for illustrating
chemical formulae

Introduction of subatomic particles:
protons and electrons

Introduction of a nuclear shell
structure of the atom

Explanation of redox reactions, ionic
bonding, and PSE and providing
the base for models of covalent
bonding.

Sometimes another model with
reference to Bohr is introduced
also. This model parallels the shell
of the atom with the solar system

(continued)
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Table 1 (continued)

Model Main idea(s) Role within the curriculum

The level of covalent bonding and molecular structures

Electron pair Within the outer shell of the atom,  Explanation of molecular geometry,
repulsion the electrons form pairs. A i.e., the water molecule and organic
model structure is formed so that each compounds or solid state struc-

two of the pairs — in chemical tures. Curriculum model based on
bonds or lone pairs, but not in the VSEPR model by Gillespie and

double or triple bonds — have the Nyholm
largest distance from one other
Ball cloud model Electrons within the atom are placed Explanation of molecular geometry,

in cloud spheres. Every cloud i.e., organic compounds. Approach
sphere can contain a maximum combines the ideas of the Bohr

of two electrons. Rules for atomic model with aspects of the
placing electrons into the clouds orbital model. Curriculum model
are defined by the Pauli principle based on the ideas of the model by
and statistically based positions Sidgwick/Powell and Kimball/Bent

for cloud spheres. The cloud
spheres within the atom attempt
to form a symmetric structure
around the nucleus

Orbital model Electrons within the atom are placed The form and orientation of the
within orbitals. Orbitals are orbitals in most cases is used
specific geometric structures that without introducing the theoretical
allow for explaining the background (discussing the wave
geometry of different types of nature of the electron,
covalent bonds Schrodinger’s equation, “probabil-

ity of finding in some location,”
etc.). Curriculum model based on
the orbital model

The models employed are inconsistent with the respective scientific or historical model in every
case. The role within the curriculum gives only the main aspect(s) (Bindernagel and Eilks 2009)

That’s something that Dalton’s model doesn’t explain; instead you need a differentiated
atomic model. OK, when the pupil reaches this point and says: We can’t explain the phe-
nomenon, with which we are currently faced, by using any model concepts that we already
know. The modeling idea doesn’t hold up and isn’t differentiated enough. And then we
continue just like scientists and look in the literature. What do we find there? What did other
clever people from long ago find there? Then I introduce the Rutherford model.

Evidence of this approach’s success was not discussed, and the teachers’ view
appeared to be more of a paradigmatic character. Combining this viewpoint with
the teachers’ ability to clearly distinguish between different models, including
their professed understanding of the nature of scientific models and the history of
science (Bindernagel and Eilks 2008; Sprotte and Ei