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ABSTRACT
Some descriptions of learning represent the process as the
development of organisations of elements. Various organisations
have been proposed, for example, schemata and conceptual
structures. Such representations assume that mental entities, such
as concepts, are sufficiently stable and differentiated to be
treated as units. We discuss these assumptions and propose a
new term, assemblages, to refer to a person’s activation of two or
more conceptual resources in a context. Methodological
challenges have resulted in a lack of research that examines how
assemblages are formed. This study presents data from a
microgenetic, multiple case study of four 16-17-year-old students.
The participants were interviewed weekly, using various probes
related to forces and motion over six months. We focus on two
aspects of the assembly process in our analysis. First, we report
data that indicate that participants perceived the units they
assembled differently from expert conceptualisations and reflect
on the stability of their assemblages. Second, we discuss how
participants’ expectations about the coherence of knowledge
impact their assembly. We propose that future research
investigates the stability and boundaries of conceptual resources
and suggest teachers and researchers are cautious in assuming
that data indicate a conceptual resource is stable or unitary.
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Introduction

An aspect of educational research is the construction of models of learners’ thinking with
the intention of informing teaching (Taber, 2013). These models are intended to reflect,
as faithfully as possible, students’ learning processes. All models are limited and learning
models are only ever partial representations of the complexity of cognition. In science
education research, a common representation of learning is to model changes to organ-
isations of mental entities, for example, changes in collections of concepts, conceptions,
ideas and so on, such as cognitive structures or schema (Ausubel, 2000; diSessa, 1993;
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Sherin, 2021). Whilst such representations are pragmatically useful, they assume that the
elements being organised can be treated as units, that is, the elements can be meaning-
fully separated from each other and are sufficiently stable to be represented as prevailing
constructs. In the first section of this article, we consider the artefacts and affordances
introduced by representing learning as a process of assembling structures from elements.
As we describe below, models of organisations of elements, such as conceptual structure,
make assumptions about the nature and stability of the elements. Hence, we will use a
novel term, assemblages, a person’s activation of two or more conceptual resources in
a context. The idea of assemblage derives in part from the writings of French philoso-
phers Deleuze and Guattari (2013) and has been given greater specificity by, for
example, Nail (2017). We use assembly to refer to the process of developing an assem-
blage. In the second section, we report the assemblages of four students in the context
of force, which we conceptualise as a multiple case study. The participants were inter-
viewed at a relatively high frequency (weekly) over an extended period of time (six
months), using the microgenetic approach (Siegler & Crowley, 1991). Finally, we
reflect on the value and limitations of learning represented as assembly.

Theoretical models: representations of the elements of assemblages

Before considering assemblages, it makes sense to examine what is being assembled and
the distinctness and stability of those elements. We consider two models of assembled
units, the concept and the p-prim. First, one of the more commonly used representations
of mental entities, the concept, refers to categories or classes that organise information
(Medin & Rips, 2005; Murphy, 2002; Sloutsky & Deng, 2019). For example, for one indi-
vidual, the concept of plant might organise their beliefs about living things that photo-
synthesise, for example, knowledge that plants require sunlight to photosynthesise,
and that chlorophyll is a green pigment. Concepts, in this understanding, are not
atomic entities but have internal structure (Gelman, 2003; Lakoff, 1987; Levering &
Kurtz, 2019). As well as being compound entities, concepts have different degrees of stab-
ility. Concepts are brought mind to make sense of some context, in a (conscious or tacit)
process referred to as activation (Becker et al., 2024; Hammer et al., 2005). The stability of
a concept can be assessed by how often the concept is activated, in the same form, in
similar contexts (we discuss the limitation of this assumption below). Several relatively
unstable types of concepts have been proposed. Piaget (1929, p. 10) reported children
might engage in ‘romancing’, responding to an interview probe with an answer to
which they have little conviction. Barsalou (1983, 1987, 2005) suggested people use ‘ad
hoc’ concepts, categories constructed pragmatically, in the moment, to make sense of
a context. Carston (2002, p. 322) refers to concepts constructed ‘on-line’ or ‘on the fly’
to meet a momentary communication need. Whilst evidence of instability has led
some researchers to reject the notion of stable concepts per se (Barsalou, 1987; Smith,
2005), we assume that concepts have a probabilistic structure, with some elements
being more stable than others, and that some elements of people’s concepts show con-
siderable stability over time and contexts (Frankenberg et al., 2022; Mazzone & Lalumera,
2010). Their compound nature and the variable stability of their elements suggest that
caution is needed when modelling concepts as unitary, stable entities that make
up assemblages.
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Second, a widely discussed model of assembly in the context of science education,
diSessa and colleagues’ ‘knowledge in pieces’ model (diSessa, 1993, 2002; diSessa &
Sherin, 1998), presents a fine-grained representation of change. The organised elements
in the ‘knowledge in pieces’model include phenomenological primitives (p-prims) which
are described as intuitive representations of mechanism which are both ‘atomic’ (diSessa,
1993, p. 112) but also ‘ … typically involving configurations of only a few parts’ (diSessa,
1993, p. 111). By referring to their resistance to change, diSessa implies that p-prims are
relatively stable. As described, the relatively stable and unitary character of p-prims
makes them comparatively well-defined assemblage elements.

Theoretical models: representations of assemblages

Several terms have been used to refer to organisations of mental entities, including sche-
mata (Bartlett, 1932), conceptual structures (Novak, 1966), cognitive structures (Shavel-
son, 1972), and coordination classes (diSessa, 2002). For example, in the ‘knowledge in
pieces’ model, p-prims are elements of coordination classes, systems that allow the con-
sistent activation of conceptual resources across contexts and over time (diSessa, 2002).
Disciplinary experts are reported to consistently apply assemblages of conceptual
resources linked in well-defined relationships (diSessa, 2002; Taber, 2009; Wing et al.,
2022). By contrast, novices (and experts in some conditions) may construct short-lived
assemblages to make sense of unfamiliar situations (Barsalou, 1983; Piaget, 1929;
Taber, 1995). The formation of assemblages may be guided by an individual’s interpret-
ation of the expected behaviours in a context (Hammer et al., 2005). For example, in the
context of solving physics problems, whether a quantitative or qualitative solution is
expected. An aspect of this framing are epistemological assumptions, beliefs about the
nature of knowledge and learning, that might guide the assembly of resources.

Descriptions of learning propose that the repeated activation of conceptual resources
can lead to mental representations with considerable stability, for example, memories
that persist over many decades (Baddeley, 1997; Frankenberg et al., 2022; Shavelson,
1972). By contrast, people also make use of relatively temporary assemblages, which
persist for seconds or minutes (Parnafes, 2012; Sabella & Redish, 2007; Wittmann,
2002), for example, ‘ad hoc categories’ (Barsalou, 1983), and ‘mental flotsam and
jetsam’ (Taber, 1995, p. 95). Defining the stability of an assemblage is challenging, and
few models of stability exist in the context of science education research.

The ability to consistently develop assemblages that match scientific models across
contexts is a valuable ability and a marker of expertise (diSessa, 2002; Reif, 2008;
Taber, 2009). However, possessing stable expert assemblages is not unequivocally ben-
eficial. Research into concept learning via supervised categorisation (in which a learner
assigns an image to a category and receives feedback) suggests that as learners become
better at categorising cases, their ability to form novel distinctions can be reduced
(Hoffman & Rehder, 2010). For example, as learners get better at categorising first pic-
tures of cats and dogs, then images of possums and racoons, they may get worse at dis-
tinguishing cats and possums. Experts develop automated processing which enables
rapid responses but can diminish their ability to respond flexibly in novel situations,
the Einstellung effect (Bilalić et al., 2008). Flexibility in the assembly of conceptual
resources allows variation in responses which can support the generation of solutions
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to novel problems (Taber, 1995). Indeed, high variability in conceptual activation has
been reported to precede learning (Adolph et al., 2008; Siegler & Chen, 1998). The
benefits and hinderances of flexibility in assembly suggest there is an optimum level of
stability of assemblages that affords sufficient consistency of activation across contexts
and over time, but with enough instability to allow adaptation to novel contexts.

Issues for research into assemblages

Cognition might be thought of as a continuous stream without ‘natural’ divisions (Spivey
& Cargill, 2007). Nonetheless, constructs like the concept and the p-prim can be useful
when describing patterns in people’s responses because they indicate underlying stab-
ilities in application. However, the constructs can become reified, implying greater stab-
ility of application and discreteness than is the case. Researchers might well report their
assumptions about the stability and boundaries of proposed elements. In this paper, we
will refer to the elements of assemblages as conceptual resources (diSessa, 1993; Hammer,
2000; Taber, 2008). Whilst there is widespread agreement that learners’ develop assem-
blages of elements, the properties of assemblages are not well understood (Sherin et al.,
2012). In our discussion of the data, we present evidence of the stability and boundaries
of the conceptual resources and assemblages described.

Discussions of assemblages often lack statements about the stability of the entities
being discussed. This omission may arise due to two methodological challenges. First,
perhaps due to their onerousness for participants and researchers, few studies have exam-
ined conceptual change with sufficiently high sampling frequencies and over extended
time periods to be able to represent resources of differing stabilities (Brock & Taber,
2017). Second, researchers only have access to what an individual ‘brings to mind’ in a
particular context. The type, context and sequencing of research probes will influence
the conceptual resources activated and representations of the stability of assemblages
(Sherin et al., 2012). The compound nature of assemblages can be hard to represent in
research tools, such as interviews, where networks of associations are implied from
sequential reports (Sherin, 2013).

Despite these challenges, several models of assemblage stability have been proposed.
Georghiades (2000, p. 124) defined ‘durability’ as how long a conception ‘remains in
effect’ but did not discuss the meaning of remaining in effect. Potvin and Cyr (2017)
used the term prevalence to refer to a shift in the likelihood of activation of one or
more conceptual resources and refer to the durability of change, but do not explicate
the concept in detail. We define the stability of an assemblage as related to the period
over which two or more conceptual resources are activated with consistent relationships,
in the same context. It is challenging to separate the stability of an assemblage from the
stability of its component conceptual resources. We present evidence in our data of the
stability of the conceptual resources we discuss. We acknowledge that it may be difficult,
empirically, to distinguish between a stable assemblage and an unstable one that is
repeatedly formed in the moment and rejected. Data on response times and self-
reports of levels of confidence are potential empirical approaches to representing the
level of commitment to a response. Our discussion of stability draws on utterances
made in interviews in response to probes and, though there may be some correlation,
our construct of stability is not assumed to directly reflect the stability of mental entities.
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Currently, in science education research, few descriptions exist of the stability of
assemblages, that is how collections of conceptual resources are activated across contexts
and over time. diSessa and his collaborators (diSessa, 2014; diSessa & Sherin, 1998)
reported data from microgenetic case studies describing patterns of conceptual change
over time; Dykstra et al. (1992) examined how students’ dynamics concepts differentiate;
and Koponen and colleagues (Koponen, 2014; Koponen & Huttunen, 2013; Koponen &
Kokkonen, 2014) presented systemic representations of how assemblages related to elec-
trical circuits developed. Whilst previous studies have produced fine-grained analyses of
the assembly process (e.g. Sherin et al., 2012), exisiting accounts lack representations of
change produced by sampling at both relatively high frequencies to capture fine-grained
aspects of change whilst also extending over a sufficient period to support claims of stab-
ility. Our research reports data from weekly sessions, split into two blocks and a final
session, over a period of six months to capture short- and long-term change to partici-
pants’ force assemblages. We ask: First, how stable are the force-related assemblages of
four 16-17-year-old students over a period of six months? Second, how do the students’
assemblages, constructed in one context, change when encountering the same stimulus
multiple times?

Method

The focus on change in our research question suggested the use of a microgenetic
approach (Siegler & Crowley, 1991), a method in which the frequency at which the
target concept is sampled is chosen to be high compared to its assumed rate of
change. Assemblages were assumed to be changeable over short timescales (minutes
and hours) hence change was constructed both within and between interviews (Brock
& Taber, 2017). Models of expertise suggest assemblages can take months or years to
reach a stable state (Blown & Bryce, 2006; Shuell, 1990), hence the interviews, in
blocks of weekly sessions, covered a period of approximately six months. Especially
for novices, the activation of conceptual resources can be contextually sensitive, so stu-
dents were interviewed using probes of conceptual resources in a number of contexts
related to force and motion to investigate transfer (see Table 1), with some probes
repeated a number of times, to analyse the stability of participants’ assemblages

Table 1. Probes used in the sessions.
Probes or context used

1 Force concept questions
2 Pendulum, forces on a car
3 Mass on a spring, forces on an astronaut
4 Loop-the-loop, forces on a swung ball
5 Ball in a bowl
Sessions 6–10 on concepts related to electrical circuits
11 Ball thrown vertically
12 Bag in a braking car
13 Leaping from a crouched position
14 Weightlessness
15 Force concept questions, ball in bowl, pendulum, and mass on a spring
16 Forces on astronaut, ball in bowl
Sessions 17–21 on concepts related to electrical circuits
22 Force concept questions, pendulum, ball in a bowl, mass on spring, forces on an astronaut
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(Demastes et al., 1996; Tao & Gunstone, 1999). Probes were selected which required the
activation of a similar set of conceptual resources to form different assemblages, for
example, the question on the motion of a ball in a bowl (see Appendix 1) and a pendu-
lum, prompt the activation of force, acceleration, and velocity conceptual resources.

The participants in the research were five 16-17-year-old students, taking an elective
physics course at a state-funded secondary school (for 11-18-year-old students) in
England. Students aged 16-17-years old were selected as they were likely to possess
both stable and unstable assemblages. One student withdrew after five weeks, citing
the pressure of studying for exams. Her data are not reported. The students are referred
to by the pseudonyms, Ben, Charlie, Daniel and Edward. A purposeful sampling strategy
of selecting extreme cases (Yin, 2009), through discussions with teachers, was used. Two
students who were reported to develop coherent assemblages with ease (Ben and
Edward) and two who were described as regularly struggling to relate concepts
(Charlie and Daniel) were selected. Microgenetic researchers have justified small
sample sizes by arguing that, when developing fine-grained representations, additional
data collection sessions are more useful than larger sample sizes (Siegler, 2006; Sliwinski,
2011). The students and their parents gave informed consent to participation. The data
reported are part of the first author’s doctoral thesis (Brock, 2017).

Individual participants and author 1 met for 22 interviews of approximately 25 min,
once a week, for 22 non-consecutive weeks, over approximately six months. The sessions
were divided into two interspersed sets of sessions, focusing on forces and electricity. In
this paper, we discuss data from the forces sessions. The interviews were semi-structured,
allowing the researcher to clarify responses. Several types of probe were used including
open-ended questions (Epstein, 2009) and questioning about a piece of apparatus, in an
interviews-about-events like approach (White & Gunstone, 1992). Each interview was
audio-recorded and transcribed.

Each participant is considered a distinct, bounded case, and we conceptualise the
study as a multiple case study (Yin, 2009). Individuals’ data are assumed to be situated
in the contexts of their learning experiences, as is the norm in a case study (Flyvbjerg,
2006). Whilst the research interviews took place, the participants’ normal lessons contin-
ued, and their responses are a product, we assume, of the research probes, lessons, and
other learning activities (such as reading for interest) they experienced. Judgements of
the extent to which the findings generalise to other learners in other contexts are left
to the reader (Taber, 2000) and are a question for future research. Rather than reliability,
when designing the study, we considered Guba’s (1981) notion of dependability, which is
supported by the use of multiple sources of data from different probes of the same con-
cepts, and the establishment of a clear audit trail by reporting the data in detail. We
believe readers’ confidence in the validity of our findings is supported by presenting
extended, verbatim quotations from the transcripts (Creswell & Miller, 2000).

Whilst the initial definition of the microgenetic approach required qualitative and
quantitative analysis (Siegler & Crowley, 1991), subsequent studies in science education
have used purely qualitative analysis approaches (diSessa, 2014, 2017; Parnafes & diSessa,
2013), a strategy we adopt here. The dataset was large (around 20 hours of recording and
around 180,000 words of transcript). Given the size of the dataset, and that our aim was
to report illustrative examples of stable and unstable assemblages rather than an exhaus-
tive catalogue of cases, the first author performed the initial coding alone. Where
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utterances or sequences of utterances in the transcripts indicate participants engaging in
assembly, a code was added, by the first author. For example, where a participant explains
the motion of an object by linking net force to acceleration. Instances of stable assem-
blages (where the same resources were activated and related together in repeated encoun-
ters with a context) and unstable assemblages were noted. Whilst not involved in the
coding, the first and second author provided a sense check on the coherence of the
findings. Due to limited space, the findings section focuses on three students. First,
descriptions of stable and unstable assemblages (Charlie and Ben), second on the devel-
opment of assemblages (Ben and Edward).

Findings

The stability of assemblages

At one extreme, some assemblages constructed by the participants occurred on only one
occasion. For example, in the first session, Ben was asked to predict the trajectory of an
object dropped from an aircraft moving with constant horizontal velocity. His response
linked his concepts of force and energy:

I think the [horizontal] force acting on it [an object falling from an aircraft] would be much
stronger than the force of gravity at first, so it would be practically vertical, well practically
horizontal… But then, eventually, it would lose its kinetic energy gained from the push, and
then the gravitational force would take over and it would just drop to the ground. (Ben,
Session 1)

Ben’s noncanonical assemblage in which force can take over from kinetic energy as a
cause of motion is not seen elsewhere in his explanations and did not reoccur when
he was asked the question again in the final session.

A second example of a short-lived assemblage occurred when Ben was asked to
explain how an increase in mass would affect the time period of a simple pendulum.
He first argued that when more weight is added, the tension in the string increases (a
correct assumption), therefore the net force and acceleration increase, causing a
shorter time period (an incorrect conclusion). When asked to use some apparatus to
investigate the relationship between time period and mass, Ben was confronted with
data that contradicted his prediction. He made sense of the discrepancy by suggesting
that tension is unaffected by the change in weight:

… because the force of tension is acting in the opposite direction to the force, in a different
direction to the force of gravity, so I don’t think the force of gravity affects the tension very
much. (Ben, Session 2)

Ben had previously, in the case of a free-falling object (Session 1), argued correctly that
acceleration due to the gravitational force is independent of mass, but he failed to reac-
tivate that assemblage in this context. After a prompt from the interviewer, questioning
the link between gravitational force and tension, Ben’s third assemblage linked the pen-
dulum’s weight and its time period – when weight is increased, he argued, the time to
move from maximum displacement to the equilibrium position is reduced, whilst the
time to travel in the opposite direction is increased (a mistaken assumption). When
Ben was asked to consider the symmetry of the situation, he rejected his proposed
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assemblage. In this case, Ben developed short-lived, ad hoc assemblages to make sense of
the context, seemingly without a stable commitment to any one construction.

The data include instances in which Ben found two alternative assemblages to be
equally plausible. When he was asked to explain the motion of a person travelling at con-
stant velocity in a lift, he constructed two assemblages and expressed uncertainty over
which to select:

I would like to say that the reaction force is bigger [than the gravitational force]. Because he
[the lift user] has to, at some point, [have] accelerated, because he’s not stationary, but at the
same time, he’s not accelerating any more, and so they [the gravitational force and net force]
should be equal, and so I am not sure whether the net force is greater or the same. (Ben,
Session 4)

In subsequent comments, Ben developed both an assemblage in which motion required a
net force and one, resembling the Newtonian model, in which constant velocity was
linked to the absence of a net force.

In session 13, Ben was asked about the forces acting on a child jumping from a
crouched position. When considering the instant the child leaves the ground, Ben
struggled to reconcile his belief that a net force acts on the child with his misconception
that, because of Newton’s third law, the forces acting on the jumper must be equal and
opposite at all times. This conflict led to the construction of two competing assemblages.
Ben argued that the forces (the reaction force and the weight of the child) both did and
did not occur simultaneously. He was aware of the existence of the two assemblages and
reported both were plausible: ‘I’m just not sure whether they occur instantly at the same
time as each other, or whether there’s a gap between them’ (Ben, Session 13).

When asked why the net force on the jumper changes, Ben argued that ‘she’s putting
less weight on the floorboards when she lifts her legs up’ (Session 13). He proposed that
the floorboards move down, reducing the weight acting on the surface, the jumper’s
weight therefore reduced because the area of contact with the floor decreased. As he con-
tinued to make sense of the context, he reported that the jumper ‘herself puts some force
into jumping’ (Session 13). When prompted to explain in more detail, Ben proposed that:

…when she crouches down, she’s putting pressure, so the electrons at the bottom [of her
foot] come closer to the electrons at the surface [of the floor], and so there will be not
only a reaction force, but there will be a force causing the electrons in her feet to accelerate
from the electrons in the floor. (Ben, Session 13)

Ben ultimately managed to develop an assemblage that linked net force with acceleration
and velocity.

Whilst stable assemblages are an aspect of expertise, novice science learners may con-
struct persistent assemblages which differ from those of experts. For example, in a discus-
sion about the nature of forces, Charlie contradicted expert classification by suggesting
that ‘gravity’ and ‘weight’ were distinct forces: ‘ … gravity and weight’s always going to
be down’ (Session 13). This differentiation reappeared later in the same interview in
the context of the pendulum: ‘the gravity…And weight pulling it down [cause the accel-
eration]’ (Charlie, Session 13). The activation of both ‘gravity’ and ‘weight’ as part of
Charlie’s assemblages displayed some stability, for example, in a force diagram he
drew later in the session (Figure 1) in which he labels the downward force ‘Gravity/
Weight’.
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Charlie’s conflation of weight and gravity was an element of his assemblages across
several sessions over a period of around two months:

… ‘cos there’s a heavier ball, and they both go same speed, ‘cos one ball’s lighter, the weight
and gravity have a less effect. (Charlie, Session 15)

… gravity always acts downwards… So that contributes along with its weight. (Charlie,
Session 15)

Because it’s going down, and its weight and gravity would give a net force above zero.
(Charlie, Session 15)

… its mass would be down… There’s gravity as well [pause] mass. (Charlie, Session 16)

In his final session, when directly questioned about the construct, Charlie indicated that
he conceptualised weight and gravity as distinct concepts:

C: So, there’s still weight and gravity.

I: Are those two separate things?

C: Yeah, or yeah and…

I: How are they separate?

C: Gravity is the [pause] or the field strength. Acting on everything and then an object can
have an individual weight.(Charlie, Session 22)

Charlie’s responses highlight care is required when dividing reports of cognition into
units.

Ben also showed evidence of a stable, non-canonical assemblage – the understanding
that all forms of energy are associated with motion. This assemblage arose first in session
thirteen, and was activated on three other occasions, including the final session, over a
period of approximately two months.

[Kinetic energy] causes movement in the sense that we say there are different kinds of
energy, but in a way, they [forms of energy] are all, in some way, kinetic, because [in]
light we have oscillating magnetic and electric fields… So it’s kinetic. Heat, we have mol-
ecules moving so its kinetic… actually, all energy is kinetic. (Ben, Session 13)

Figure 1. Charlie’s representation of the forces on a pendulum (Session 13).
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I go back to saying that all energies are manifestations of kinetic. (Ben, Session 14)

… as we’ve said, all energy is a manifestation of kinetic energy. (Ben, Session 15)

I think [the] foundation really is kinetic energy because it’s an energy that I think really
exists. (Ben, Session 16)

I think even when we say something has so much heat energy, so much kinetic energy, as
I’ve said before, I think they’re all just kinetic energy. (Ben, Session 22)

Little attention has been given to the study of stable non-canonical assemblages
like Charlie’s ‘weight’/’gravity’ separation and Ben’s understanding of energy. Both
expert-like and alternative assemblages can be stable, leading to cases in which, like
Ben, learners can be aware of coexisting, contradictory, canonical and non-canonical
assemblages.

Non-canonical assemblages can seem to have explanatory power and be formed
in preference of canonical assemblages. In the context of the oscillations of a
spring, Ben struggled to form an expert assemblage and was conscious that his
difficulties arose from a failure to assemble, rather than a lack of conceptual
resources:

I think my knowledge, in itself, is fine… But I think I’m quite weak in terms of when given a
situation, thinking and considering every single thing that is happening… Because, at the
moment, I’m not linking everything, so I might only notice two things… instead of the
whole range. (Ben, Session 16).

Ben reported both an expectation of coherence (‘I expect it to make sense in so much it
has to be logical. There has to be a reason’) and a tolerance for some incoherence (...‘there
will always be confusion and always be conflicting ideas’). Significantly, for Ben, incoher-
ence was a spur to cognitive engagement:

… not having coherence makes me then want to try to understand what makes it incoherent
… I want to grow, and I want to look at different interpretations to try to fit it all together
and in the trying to fit it all together I actually learn a lot, and a lot more than I would if I was
just looking at the individual facts. (Ben, Session 1)

By contrast, Charlie reported an expectation that concepts would be challenging and
placed an onus on the teacher to support his sensemaking: ‘generally because it
[physics] is a hard thing to take, so I’d expect it to be hard stuff to learn at first, so
the teacher would have to thoroughly go through it all for me to learn it’ (Session
1). He suggested that memorising facts was a significant aspect of learning physics,
though acknowledged that practicing solving equations supported understanding.
Edward similarly reported an expectation for content not to cohere: ‘It is a very com-
plicated universe so sometimes it doesn’t always make sense’ (Session 1) and reported,
like Charlie, a reliance on external support to resolve incoherence: ‘I would usually go
and ask for help if I didn’t fully understand what I had been taught’ (Session 1).
Edward and Charlie both see learning physics as likely to involve a feeling of
incoherence that they expect to be resolved by their teachers. This assumption may
explain why both students retained non-canonical assemblages (Edward’s conflation
of force and momentum (below), and Charlie’s gravity-weight distinction) for
extended periods.
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The assembly process in the context of a ball in a bowl

The use of repeated probes allowed for the analysis of the assembly process in one context
on several occasions. In the second section of the analysis, we compare Edward’s and
Ben’s responses on three occasions when they were asked to explain the oscillations of
a marble released from the side of a large concave bowl (a model solution is given in
Appendix 2). The context was selected as it requires the assembly of multiple conceptual
resources and the two participants chosen because Edward and Ben had the most exten-
sive, and contrasting, responses to the probe of the participants. In his first response,
Edward activated a limited number of resources, mainly related to the physical features
of the situation:

Isn’t it something to do with the gradient [of the bowl]? And the gradient’s like zero at
the bottom, I think it’s completely flat, it’s zero at the bottom. It’s like a large, it’s a
larger number at the side, so it [the ball]…moves down to the centre. (Edward,
Session 5)

In his second explanation, Edward’s focus moved away from physical features of the situ-
ation, and he activated his concepts of momentum and energy (though, see below, the
two conceptions may be conflated):

… as it gets higher up, the ball up the slope, it gains more gravitational potential energy…
And so it would, it would, sort of, want to go back down towards the middle, in a sort of
centripetal motion, so, and as it does momentum builds, so it goes back up the other
slope. (Edward, Session 15)

In the final session, his assemblage involved resources related to force and
momentum (see FIgure 2):

E:…we draw a ball here then the forces acting on it would be parallel to the platform it’s on,
so the two forces would sort of both be going that way [draws ball in centre with two hori-
zontal arrows, see Figure 2].

I: What are the two forces there?

E: In this case it’d be the forward momentum of the ball and the drag on it. (Edward,
Session 22)

Edward’s response in session 22 indicates the challenge of dividing reports of cognition
into units. Whilst to an expert, the force concept is clearly differentiated from

Figure 2. Edward’s representation of the motion of a ball in a bowl (Session 22).
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momentum, Edward appears to conflate the concepts, indicating blurred boundaries
between his resources. For analytical purposes, it should not be assumed that Edward
uses force and momentum as clearly differentiated units in assemblages. By contrast
with Edward’s original assemblage that invoked concrete features, Ben initially related
abstract, symbolic concepts to explain the motion of the ball in the bowl:

… because the force is gravitational field strength times by sine theta, I think, for the accel-
eration… as the angle becomes flatter the acceleration should be less (Ben, Session 5).

To explain the ball’s instantaneous rest at maximum displacement, Ben linked zero vel-
ocity with zero net force, a common alternative conception, which he also activated in in
the case of the jumper (see above):

… because the velocity and force of the gravity will be equal, so it won’t be going anywhere
(Ben, Session 5).

In the context of the ball in the bowl, the net force arises from the resultant of gravita-
tional and reaction force (see Appendix 2). A probe in Session 4, about a book resting on
a surface, indicated reaction force is an element of Ben’s conceptual repertoire, but he did
not activate the resource in this context.

When Ben reencountered the ball-in-the-bowl, in session 15, his assemblage was
enlarged through the addition of frictional force. Despite the increased extent of his
assemblage, the friction concept was not deployed in an expert-like relationship. Ben
argued that, when the ball was at the lowest point in the bowl, it travelled at constant vel-
ocity ‘ … because the friction and weight cancel’ (Session 15). Ben again failed to activate
the concept of reaction force and instead developed an assemblage that linked the ball’s
motion to the changing direction of the frictional force:

Because it’s slowing, its friction must, I would suppose, in well, it’d be as if the friction
increased, and the friction is becoming more and more diagonal (Ben, Session 15)

In the final session, Ben’s assemblage included an understanding of reaction force that
changes direction depending on the ball’s position with gravitational and frictional
forces to produce an expert-like assemblage. A summary of Edward’s and Ben’s assembly
processes are shown in Figure 3.

Figure 3. Edward’s and Ben’s assembly of resources in the context of the oscillations of a ball in a
bowl.
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Discussion: accounting for the stability of assemblages – an analogy with
collage

The data suggest novices’ responses can be represented as involving both stable and
unstable assemblages. A goal of science teaching is to support students to develop
stable, expert-like assemblages. When responding to stimuli, novices may form and
discard relatively short-lived assemblages (Barsalou, 1983; Sloman, 2009). Such construc-
tions might be thought of as trial assemblages in which relationships are proposed and
assessed (Clement, 2013). Repeated activation of a set of conceptual resources together
may lead to the development of stable assemblages. The assembly of conceptual
resources, in response to a probe, is like the process of collage, an artistic technique in
which different materials or objects are brought together to create an artwork. Just as
a finished collage may appear coherent to one viewer but not to another, an assemblage
of conceptual resources that is coherent to an expert might, to a novice, be composed of
fragments that do not obviously relate. A focus on assembly, emphasises that the posses-
sion of relevant conceptual resources is a necessary but insufficient condition for the for-
mation of expert-like assemblages (Bransford et al., 2000; Brock, 2018; Kosso, 2002). For
example, in considering a mass on a spring, Ben, possessed the resources needed to
produce the accepted explanation of the object’s motion. In earlier sessions, he had cor-
rectly applied Newton’s first law, could describe how the force exerted by a spring varied
with displacement, and had activated, in some contexts, the canonical assemblage of the
relationship between net force, acceleration and velocity.

Students’ difficulties in forming stable expert assemblages can arise at several stages of
the assembly process. They might lack necessary conceptual resources, activate alterna-
tive conceptions in preference to scientific concepts, or fail to activate assemblages in the
same contexts as experts. Whilst these challenges, which focus on the resources novices
possess and their activation, have been the subject of much research attention, the
process of assembly has been less studied. Novices may be attempting to assemble
units that differ from those of experts (Edward’s explanation of the motion of the ball
in the bowl drew on a conflated force and momentum resource) and hold different expec-
tations about the coherence of resources (‘ … it doesn’t always make sense’ (Edward,
Session 1)). In our analysis we examine three aspects of the assembly process. First, we
consider how students’ perceptions of the boundaries of resources impact their ability
to organise elements. Second, we examine how students’ epistemological assumptions
may influence assembly (Hammer et al., 2005; Hammer & Elby, 2003; Sherin et al.,
2012). Finally, we consider the stability of assembled elements.

First, how conceptual resources are perceived will impact how they are assembled. It is
tempting to assume that expert conceptual resource boundaries can be applied to rep-
resentations of novice cognition, that is, in our analogy, that novices have the same
materials to make their collages as experts. However, novices and experts may perceive
different divisions in conceptual resources (as in Charlie’s assemblage of gravity/weight
or Ben’s perception that all energy is kinetic). The perception of conceptual units is
dependent on expertise (Chase & Simon, 1973; Simon & Chase, 1988). Alternative cat-
egorisations have consequences for learning, novices’ assemblages can differ from
experts’ because they are assembling different elements. Researchers could be cautious
about their assumptions about the entities they infer from data, what is assumed to be

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 13



unitary for a researcher (for example, a participant’s concept of force) may be fragmented
to a participant (Hammer et al., 2005). When researchers represent units in research data
(for example, concepts), they should discuss assumptions and, where applicable, present
empirical evidence about the boundaries and stabilities of those elements.

Second, the assembly process may be influenced by beliefs about the nature of desir-
able assemblages, that is by epistemological assumptions (Hammer et al., 2005). Just as an
artist has criteria for judging the aesthetics of created collages, so learners make judge-
ments about the coherence of their assemblages, and the criteria for these judgements
may differ from those of experts (as in the case of Ben, Edward, and Charlie’s assump-
tions about coherence). Both in research studies and in the classroom, the assembly
model suggests assessment of expertise cannot be based on reports of the presence or
absence of isolated conceptual resources in a narrow range of contexts. Descriptions of
assemblages in response to some probe, at one time, should be assumed to be potentially
only one of several responses available. Teachers and researchers might probe for the
presence of alternative assemblages by asking questions such as ‘Do you have another
way of thinking about this situation?’ Multiple, spaced probes in the same context,
and different contexts that in experts might elicit similar assemblies (for example, con-
texts related to harmonic motion, a pendulum, mass on a spring and so on) can
provide information on the stability of assemblages.

The stable activation of expert-like resources and assemblages is an important goal of
science education, but few studies have reported data on changes to students’ activation
of collections of conceptual resources, especially over the relatively short time frames of
relevance to teachers (for example, the days and weeks between lessons) (Brock &
Taber, 2017). Teachers and researchers should consider the extent to which their data col-
lection approaches allow inferences to made about the stability of both the elements and
assemblages that students construct. When collecting evidence of learning, either for
research or for teaching, assessors should be alert to the possibility that a representation
of cognition inferred represents an unstable construct to which the student has limited
commitment. If assessment of expertise is not based on data related to students’ construc-
tion of assemblages in a range of situations at multiple times, incorrect inferences about
stability may be drawn. Pedagogically, teachers should support students to develop
stable activations of assemblages (rather than being satisfied with evidence of a small
number of correct constructions, in a narrow range of contexts). For example, teachers
might plan activities in which students form assemblages in responses to related contexts
(for example, cases of simple harmonic motion), provide feedback on the assemblages con-
structed, and highlight relationships that match experts’ assemblages. By comparing assem-
blages constructed at different times, a teacher can determine stable and unstable aspects of
student assemblages, and highlight features of contexts that trigger non-canonical assem-
blages. Such feedback may support the stable activation of expert-like assemblages.

Conclusions

Research into conceptual change in science education has moved from cataloguing stu-
dents’ alternative conceptions in various domains towards modelling conceptual change
as variation in a system of conceptual resources. This trend is at an early stage – the
research programme currently lacks fine-grained representations of learners’ activation
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and relation of conceptual resources over extended periods of time. This gap may have
arisen because of two challenges, one methodological, and one theoretical. First, the
variability of the novice assembly process, over time and across contexts, requires
extended data collection approaches, which are demanding for researchers and partici-
pants. Second, representing learning as an assembly process requires units and structures
to be represented in research data, the issue we draw attention to in this article. Cognition
does not have natural ‘joints’ – the grain size of conceptual resources varies with expertise
(Chase & Simon, 1973; Simon & Chase, 1988). What novices experience as discrete con-
ceptual resources may be treated as a unit by experts, and unitary constructions for a
novice may be represented as compound structures by experts (for example, whilst a
novice may have a generic concept of motion, experts can differentiate between velocity
and acceleration). When researchers discuss the assembly process, data indicating the
activation of conceptual resources across contexts and over time can provide evidence
of the resources’ stability and differentiation from other resources and so justify treating
aspects of data as units.

We assume that the representations of learning produced in our study are grounded in
the context of the participants, their learning environment, the probes used, and shaped
by the assumptions of the researchers. As such, the descriptions may not generalise
beyond the cases described. The descriptions of stability and instability were prompted
by the context of the interviews and the probes the participants encountered and
cannot be assumed to fully represent the stability of underlying cognitive structures. Fre-
quency of activation is an insufficient indicator of stability. Whilst we have used the fre-
quency of activation of a conceptual resource as a proxy for stability, in the absence of
direct access to cognitive states, irregular or infrequent activation need not indicate an
unstable element in cognitive structure.

The research programme examining the formation of assemblages is relatively novel,
and more extensive reports of the processes of formation and dispersal of assemblages are
required to develop teaching approaches. Future work might focus on two strands, the
description of patterns of assembly, and the development and evaluation of pedagogies
that support students’ ability to form expert-like assemblages. Work in the first strand
might address question such as: what commonalties and differences exist between indi-
vidual’s assembly processes? What aspects of contexts guide the formation of assem-
blages? Research in the second aspect might pilot approaches to pedagogy of the form
set out above and compare their affordances for supporting learning against alternatives.
The study of assemblages, and pedagogies to support their development, is a potentially
fruitful research programme in science education research.

Acknowledgements

This study draws in part upon data and analysis reported in a doctoral thesis (Brock, 2017) com-
pleted at the Faculty of Education, University of Cambridge and accessible at: https://www.
repository.cam.ac.uk/items/7abf5cc9-248d-4b4a-b701-6b539a007462.

Disclosure statement

No potential conflict of interest was reported by the author(s).

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 15



Ethical statement

The project received ethical approval through the ethical review procedures of the
Faculty of Education, University of Cambridge.

ORCID

Richard Brock http://orcid.org/0000-0003-2497-8030
Keith S. Taber http://orcid.org/0000-0002-1798-331X
D. M. Watts http://orcid.org/0000-0002-8044-5418

References

Adolph, K. E., Robinson, S. R., Young, J. W., & Gill-Alvarez, F. (2008). What is the shape of devel-
opmental change? Psychological Review, 115(3), 527–543. https://doi.org/10.1037/0033-295X.
115.3.527

Ausubel, D. (2000). The acquisition and retention of knowledge. Kluwer Academic Publishers.
Baddeley, A. D. (1997). Human memory. Psychology Press.
Barsalou, L. W. (1983). Ad hoc categories. Memory & Cognition, 11(3), 211–227. https://doi.org/

10.3758/BF03196968
Barsalou, L. W. (1987). The instability of graded structure: Implications for the nature. In U.

Neisser (Ed.), Concepts and conceptual development: Ecological and intellectual factors in categ-
orization (pp. 101–140). Cambridge University Press.

Barsalou, L. W. (2005). Situated conceptualization. In H. Cohen, & C. Lefebvre (Eds.), Handbook
of categorization in cognitive science (pp. 619–650). Elsevier.

Bartlett, F. C. (1932). Remembering: A study in experimental and social psychology. Cambridge
University Press.

Becker, M., Cabeza, R., & Kizilirmak, J. M. (2024). A cognitive neuroscience perspective on insight
as a memory process: Searching for the solution. In L. J. Ball, & F. Vallee-Tourangeau (Eds.),
The Routledge international handbook of creative cognition (pp. 491–510). Routledge.

Bilalić, M., McLeod, P., & Gobet, F. (2008). Inflexibility of experts—reality or myth? Quantifying
the Einstellung effect in chess masters. Cognitive Psychology, 56(2), 73–102. https://doi.org/10.
1016/j.cogpsych.2007.02.001

Blown, E. J., & Bryce, T. G. K. (2006). Knowledge restructuring in the development of children’s
cosmologies. International Journal of Science Education, 28(12), 1411–1462. https://doi.org/10.
1080/09500690600718062

Bransford, J., Brown, L. A., & Cocking, R. (2000). How people learn: Brain, mind, experience, and
school. National Academies Press.

Brock, R. (2017).Making sense of making sense: A microgenetic multiple case study of five students’
developing conceptual compounds related to physics [Doctoral thesis, University of Cambridge].
https://doi.org/10.17863/CAM.13788

Brock, R. (2018). Knowing is only the first step: Strategies to support the development of scientific
understanding. School Science Review, 99(369), 116–121.

Brock, R., & Taber, K. S. (2017). The application of the microgenetic method to studies of learning
in science education: Characteristics of published studies, methodological issues and rec-
ommendations for future research. Studies in Science Education, 53(1), 45–73. https://doi.org/
10.1080/03057267.2016.1262046

Carston, R. (2002). Thoughts and utterances. Blackwell.
Chase, W. G., & Simon, H. A. (1973). Perception in chess. Cognitive Psychology, 4(1), 55–81.

https://doi.org/10.1016/0010-0285(73)90004-2
Clement, J. (2013). The role of explanatory models in teaching for conceptual change. In S.

Vosniadou (Ed.), International handbook of research on conceptual change (pp. 417–452).
Routledge.

16 R. BROCK ET AL.



Creswell, J. W., & Miller, D. L. (2000). Determining validity in qualitative inquiry. Theory Into
Practice, 39(3), 124–130. https://doi.org/10.1207/s15430421tip3903_2

Deleuze, G., & Guattari, F. (2013). A thousand plateaus: Capitalism and schizophrenia. Routledge.
Demastes, S. S., Good, R. G., & Peebles, P. (1996). Patterns of conceptual change in evolution.

Journal of Research in Science Teaching, 33(4), 407–431. https://doi.org/10.1002/(SICI)1098-
2736(199604)33:4<407::AID-TEA4>3.0.CO;2-W

diSessa, A. A. (1993). Toward an epistemology of physics. Cognition and Instruction, 10(2–3), 105–
225. https://doi.org/10.1080/07370008.1985.9649008

diSessa, A. A. (2002). Why ‘conceptual ecology’ is a good idea. In M. Limon, & L. Mason (Eds.),
Reconsidering conceptual change: Issues in theory and practice (pp. 29–60). Kluwer.

diSessa, A. A. (2014). The construction of causal schemes: Learning mechanisms at the knowledge
level. Cognitive Science, 38(5), 795–850. https://doi.org/10.1111/cogs.12131

diSessa, A. A. (2017). Conceptual change in a microcosm: Comparative learning analysis of a
learning event. Human Development, 60(1), 1–37. https://doi.org/10.1159/000469693

diSessa, A. A., & Sherin, B. L. (1998). What changes in conceptual change? International Journal of
Science Education, 20(10), 1155–1191. https://doi.org/10.1080/0950069980201002

Dykstra, D. I., Boyle, C. F., & Monarch, I. A. (1992). Studying conceptual change in learning
physics. Science Education, 76(6), 615–652. https://doi.org/10.1002/sce.3730760605

Epstein, L. C. (2009). Thinking physics. Insight Press.
Flyvbjerg, B. (2006). Five misunderstandings about case-study research. Qualitative Inquiry, 12(2),

219–245. https://doi.org/10.1177/1077800405284363
Frankenberg, C., Knebel, M., Degen, C., Siebert, J. S., Wahl, H.-W., & Schröder, J. (2022).

Autobiographical memory in healthy aging: A decade-long longitudinal study. Aging,
Neuropsychology, and Cognition, 29(1), 158–179. https://doi.org/10.1080/13825585.2020.
1859082

Gelman, S. (2003). The essential child: Origins of essentialism in everyday thought. Oxford
University Press.

Georghiades, P. (2000). Beyond conceptual change learning in science education: Focusing on
transfer, durability and metacognition. Educational Research, 42(2), 119–139. https://doi.org/
10.1080/001318800363773

Guba, E. G. (1981). Criteria for assessing the trustworthiness of naturalistic inquiries. Educational
Communication and Technology Journal, 29(2), 75–91. https://doi.org/10.1007/BF02766777

Hammer, D. (2000). Student resources for learning introductory physics. American Journal of
Physics, 68(7), S52–S59. https://doi.org/10.1119/1.19520

Hammer, D., & Elby, A. (2003). Tapping epistemological resources for learning physics. Journal of
the Learning Sciences, 12(1), 53–90. https://doi.org/10.1207/S15327809JLS1201_3

Hammer, D., Elby, A., Scherr, R. E., & Redish, E. F. (2005). Resources, framing, and transfer. In J.
Maestre (Ed.), Transfer of learning from a modern multidisciplinary perspective (pp. 89–120).
Information Age Publishing.

Hestenes, D., Wells, M., & Swackhamer, G. (1992). Force concept inventory. The Physics Teacher,
30(3), 141–158.

Hoffman, A. B., & Rehder, B. (2010). The costs of supervised classification: The effect of learning
task on conceptual flexibility. Journal of Experimental Psychology: General, 139(2), 319–340.
https://doi.org/10.1037/a0019042

Koponen, I. T. (2014). Systemic view of learning scientific concepts: A description in terms of
directed graph model. Complexity, 19(3), 27–37. https://doi.org/10.1002/cplx.21474

Koponen, I. T., & Huttunen, L. (2013). Concept development in learning physics: The case of elec-
tric current and voltage revisited. Science & Education, 22(9), 2227–2254. https://doi.org/10.
1007/s11191-012-9508-y

Koponen, I. T., & Kokkonen, T. (2014). A systemic view of the learning and differentiation of
scientific concepts: The case of electric current and voltage revisited. Frontline Learning
Research, 2(3), 140–166.

Kosso, P. (2002). The omniscienter: Beauty and scientific understanding. International Studies in
the Philosophy of Science, 16(1), 39–48. https://doi.org/10.1080/02698590120118819

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 17



Lakoff, G. (1987). Women, fire, and dangerous things. University of Chicago Press.
Levering, K. R., & Kurtz, K. J. (2019). Concepts: Structure and acquisition. In R. J. Sternberg & J.

Funke (Eds.), The psychology of human thought (pp. 55–70). Heidelberg University
Publishing. https://doi.org/10.17885/HEIUP.470.C6667

Mazzone, M., & Lalumera, E. (2010). Concepts: Stored or created?Minds and Machines, 20(1), 47–
68. https://doi.org/10.1007/s11023-010-9184-0

Medin, D. L., & Rips, L. J. (2005). Concepts and categories: Memory, meaning, and metaphysics. In
K. J. Holyoak, & R. G. Morrison (Eds.), The Cambridge handbook of thinking and reasoning (pp.
37–72). Cambridge University Press.

Murphy, G. L. (2002). The big book of concepts. MIT Press.
Nail, T. (2017). What is an assemblage? SubStance, 46, 21–37.
Novak, J. D. (1966). The role of concepts in science teaching. In H. J. Klausmeier & C. W. Harris

(Eds.), Analyses of concept learning (pp. 239–254). Academic Press. https://doi.org/10.1016/
B978-1-4832-3127-3.50020-1

Parnafes, O. (2012). Developing explanations and developing understanding: Students explain the
phases of the moon using visual representations. Cognition and Instruction, 30(4), 359–403.
https://doi.org/10.1080/07370008.2012.716885

Parnafes, O., & diSessa, A. A. (2013). Microgenetic learning analysis: A methodology for studying
knowledge in transition. Human Development, 56(1), 5–37. https://doi.org/10.1159/000342945

Piaget, J. (1929). The child’s conception of the world (J. Tomlinson & A. Tomlinson, trans).
Routledge & Kegan Paul.

Potvin, P., & Cyr, G. (2017). Toward a durable prevalence of scientific conceptions: Tracking the
effects of two interfering misconceptions about buoyancy from preschoolers to science teachers.
Journal of Research in Science Teaching, 54(9), 1121–1142. https://doi.org/10.1002/tea.21396

Reif, F. (2008). Applying cognitive science to education. The MIT Press.
Sabella, M. S., & Redish, E. F. (2007). Knowledge organization and activation in physics problem

solving. American Journal of Physics, 75(11), 1017–1029. https://doi.org/10.1119/1.2746359
Shavelson, R. J. (1972). Some aspects of the correspondence between content structure and cog-

nitive structure in physics instruction. Journal of Educational Psychology, 63(3), 225–234.
https://doi.org/10.1037/h0032652

Sherin, B. (2021). Where are we? Syntheses and synergies in science education research and prac-
tice. In O. Levrini , G. Tasquier, T. G. Amin, L. Branchetti, & M. Levin (Eds.), Contributions
from science education research (pp. 211–224). Springer Science and Business Media B.V.
https://doi.org/10.1007/978-3-030-74490-8_17

Sherin, B. L. (2013). A computational study of commonsense science: An exploration in the auto-
mated analysis of clinical interview data. Journal of the Learning Sciences, 22(4), 600–638.
https://doi.org/10.1080/10508406.2013.836654

Sherin, B. L., Krakowski, M., & Lee, V. R. (2012). Some assembly required: How scientific expla-
nations are constructed during clinical interviews. Journal of Research in Science Teaching, 49
(2), 166–198. https://doi.org/10.1002/tea.20455

Shuell, T. J. (1990). Phases of meaningful learning. Review of Educational Research, 60(4), 531–547.
https://doi.org/10.3102/00346543060004531

Siegler, R. S. (2006). Microgenetic analyses of learning. In D. Kuhn, & R. S. Siegler (Eds.),Handbook
of child psychology. Volume 2. Cognition, perception, and language (pp. 464–510). Wiley.

Siegler, R. S., & Chen, Z. (1998). Developmental differences in rule learning: A microgenetic analy-
sis. Cognitive Psychology, 36(3), 273–310. https://doi.org/10.1006/cogp.1998.0686

Siegler, R. S., & Crowley, K. (1991). The microgenetic method: A direct means for studying cog-
nitive development. American Psychologist, 46(6), 606–620. https://doi.org/10.1037/0003-066X.
46.6.606

Simon, H. A., & Chase, W. G. (1988). Skill in chess. American Scientist, 61(4), 175–188. https://doi.
org/10.1007/978-1-4757-1968-0_18

Sliwinski, M. J. (2011). Approaches to modeling intraindividual and interindividual facets of
change for developmental research. In K. L. Fingerman, C. A. Berg, J. Smith, & T. C.
Antonucci (Eds.), Handbook of life-span development (pp. 1–25). Springer.

18 R. BROCK ET AL.



Sloman, S. (2009). Causal models: How people think about the world and its alternatives. Oxford
University Press.

Sloutsky, V. M., & Deng, W(. (2019). Categories, concepts, and conceptual development.
Language, Cognition and Neuroscience, 34(10), 1284–1297. https://doi.org/10.1080/23273798.
2017.1391398

Smith, L. B. (2005). Cognition as a dynamic system: Principles from embodiment. Developmental
Review, 25(3), 278–298. https://doi.org/10.1016/j.dr.2005.11.001

Spivey, M., & Cargill, S. (2007). Toward a continuity of consciousness. Journal of Consciousness
Studies, 14(1–2), 216–233.

Taber, K. S. (1995). Development of student understanding: A case study of stability and lability in
cognitive structure. Research in Science & Technological Education, 13(1), 89–99. https://doi.
org/10.1080/0263514950130108

Taber, K. S. (2000). Case studies and generalizability: Grounded theory and research in science
education. International Journal of Science Education, 22(5), 469–487. https://doi.org/10.
1080/095006900289732

Taber, K. S. (2008). Conceptual resources for learning science: Issues of transience and grain-size
in cognition and cognitive structure. International Journal of Science Education, 30(8), 1027–
1053. https://doi.org/10.1080/09500690701485082

Taber, K. S. (2009). Progressing science education: Constructing the scientific research programme
into the contingent nature of learning science. Springer.

Taber, K. S. (2013). Modelling learners and learning in science education: Developing represen-
tations of concepts, conceptual structure and conceptual change to inform teaching and research.
Springer.

Tao, P. K., & Gunstone, R. F. (1999). The process of conceptual change in force and motion during
computer-supported physics instruction. Journal of Research in Science Teaching, 36(7), 859–
882. https://doi.org/10.1002/(SICI)1098-2736(199909)36:7<859::AID-TEA7>3.0.CO;2-J

White, R. T., & Gunstone, R. F. (1992). Probing understanding. Falmer Press.
Wing, E. A., Burles, F., Ryan, J. D., & Gilboa, A. (2022). The structure of prior knowledge enhances

memory in experts by reducing interference. Proceedings of the National Academy of Sciences,
119(26), Article e2204172119. https://doi.org/10.1073/pnas.2204172119

Wittmann, M. C. (2002). The object coordination class applied to wave pulses: Analysing student
reasoning in wave physics. International Journal of Science Education, 24(1), 97–118. https://doi.
org/10.1080/09500690110066944

Yin, R. K. (2009). Case study research: Design and methods. Sage Publications Incorporated.

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 19



Appendices

20 R. BROCK ET AL.



Appendix 2: A model solution to the ball in the bowl problem

Two forces act on the ball – gravitational force (the ball’s weight), which always acts vertically
downwards, and a normal reaction force which acts perpendicular to the surface the ball is
placed on.

The net force acting on the ball (ignoring frictional effects) will result from the vertical weight,
and the reaction force. The reaction force has a vertical component that increases as the slope of
the bowl surface becomes more horizontal, becoming maximumwhen the slope is exactly horizon-
tal. In addition, the reaction force has a horizontal component that is zero when the surface is
exactly horizontal, increases as the slope of the bowl becomes more vertical, then falls as the
slope approaches the vertical.

When the ball is placed on the bowl’s rim, the surface of the bowl is nearly vertical, so there is
only a small reaction force and the net force is directed downwards, slightly off vertical. The net
force causes the ball to accelerate. As the ball accelerates down into the bowl, the direction of the
reaction force changes due to the curvature of the bowl.

As the surface becomes increasingly horizontal, the reaction force (which balances the com-
ponent of weight normal to the surface) increases, and the horizontal component diminishes.

The net force on the ball decreases until, when the ball is the centre of the bowl, the normal
reaction force acts vertically upwards, perpendicular to the surface and is completely balanced
by the gravitational force that acts vertically downwards. At this point, the net force on the ball
is zero and it does not accelerate. As the ball is already in motion, it continues to move with con-
stant velocity.

When the ball moves past the midpoint of the bowl, the normal force again has a component
towards the midpoint of the bowl. The net force now causes the ball to decelerate until it is
momentarily stationary, when the net force is maximum, at its most extreme displacement. The
ball then moves off in the opposite direction to its previous motion and the cycle repeats.

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 21


