The Changing Meanings of Force
1

The Changing Meanings of Force

Christos |oannides
Department of Education, University of Cyprus
and
StellaVosniadou

Department of Philosophy and History of Science
National and Capodistrian University of Athens

Please address correspondence to:
StellaVosniadou

Nationa and Capodigtrian University of Athens
Department of Philosophy and History of Science
Panepigtimioupalis, llisia, 157 71

Athens, Greece

Fax 30-1-72 75 504

svosniad@compulink.gr

Running head: The Changing Meanings of Force



The Changing Meanings of Force
2

ABSTRACT

The research reported in this paper investigated developmentd changes in the meaning of
force in 105 children ranging in age from 4 to 15 years. The subjects atended the same schoal in
Thessdoniki, in the North of Greece, and came from predominately middle class backgrounds. In
individud interviews the children were shown 27 drawings of physcad objects in combinations of
different szes and kinetic states, and were asked to determine which forces were being exerted on
these objects, if any. Children's responses to these questions were andyzed following a methodol ogy
developed by Vosniadou & Brewer (1992, 1994). The results showed that most of the children
(88.6%) made use of a smdl number of rdaivey wdl-defined and interndly consstent
interpretations of force. The discovered meanings of for ce varied sgnificantly with age. The younger
children thought that force is an internd property of objects related to their weight (internal force
meaning) while the older children thought thet force is an acquired property of objects that move, as
the result of an agent pushing or pulling them (acquired force meaning). The acquired force
meaning was well established by the age of twelve years and not subgtantialy changed despite the
gystematic ingruction in Newtonian mechanics that takes place in the Greek high schools. Under the
influence of indruction children added the force of push/ pull and the force of gravity
interpretations to the existing acquired force meaning cregting synthetic meanings of force. The

implications of these results for atheory of conceptua change are discussed.
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INTRODUCTION

The purpose of the research reported in this paper is to investigate changes in the meaning of
the word force as children are exposed to systematic science indruction, and to propose a
theoreticd framework within which these changes can be explained. This work ams at contributing
further to our understanding of the development of children's knowledge about the physica world
and of the learning of science concepts. There are two central theoretica issues in this investigation:
The firg has to do with the nature of children's initid interpretations of the word force. Is there a
core meaning of force that condtitutes a coherent explanatory framework or is it the case that
children interpret the word force in a loose and logicaly inconsstent way, ungtable over time and
context? The second has to do with the nature and mechanisms of change. Isthere a sysematic way
in which children's meaning of force change as they are exposed to science ingtruction or not, and

what are the mechanisms of change?

Initia knowledge gructures. There is genera agreement in the science education and cognitive
development literature that by the time children go to school they have acquired considerable
knowledge about the physica world (a naive physics) that exerts Sgnificant influence on subsequent
learning and particularly on the learning of science. Researchers disagree, however, on the exact
nature of naive physics. One view, expressed by diSessa (1988), is that initial knowledge Structures
about the physicd world consst of an ungructured collection of smdl and discrete knowledge
edements, known as phenomenologicd primitives (p-prims). These pieces of knowledge are
generated as abstractions of common phenomena and are activated in certain characteristic cases.

Other researchers argue that naive physcs conditutes a narrow but relatively coherent

explanatory framework that has the form of a theory. There are various interpretations of this
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proposa: One interpretation is based on the work of science educators like Novak (1977), Driver &
Eadey (1978), Viennot (1979), as well as McCloskey (1983). This work has shown that students
bring to the science learning task dternative frameworks, preconceptions, or misconceptions that are
difficult to extinguish through teaching. Misconceptions are faulty conceptions that produce
systemdtic patterns of error and can be the result of ingtruction or originate prior to learning.

Another interpretation is based on the work of cognitive/developmentd psychologigts. This
work that has shown that the knowledge acquisition process starts early on in infancy and proceeds
rgpidly to the congtruction of a conceptua system structured like a theory (e.g., Carey, 1985,
Wedlman & Gelman, 1992). According to this view, young children form naive theories that embody
causal notions, dlow didinct types of explanations and predictions, reflect basc ontologica
commitments, and are subject to modification and radica revison (Carey & Spelke, 1996; Gopnick,
1996; Vosniadou, 1994). Vosniadou has argued that the process of constructing a naive theory
about physca objects gats ealy on in infancy and results in a rdatively wdl-established
"framework theory" about the physica world by the time children go to school. This framework
theory is based on everyday observations and information provided by the culture, asthisinformation
isinterpreted by the human cognitive system (Vosniadou, 1994; Vosniadou & Brewer 1992, 1994).

The term "theory" is used rdatively fredy to denote an explanatory system with some
coherence. It is assumed that children's theories differ in many respects from scientific theories. They
lack the systematicity of scientific theories as well as other characterigtics of scientific theories such as
their abstractness, and socid/ingtitutional nature. It is aso assumed that children differ from scientists
both in terms of the representations and in terms of the cognitive mechaniams they use. Mogt

importantly, it is believed that children lack metaconceptua awareness of their framework theory,
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they do not make the explicit digtinction between theory and evidence, and do not understand how
theories guide the hypothesis testing process.

The framework theory conssts of basic presuppositions about the way physicd objects
function in the world. Some of these presuppostions are, for example, that "physica objects are
solid", that "space is organised in terms of the directions of up/down”, that "unsupported objects fdl
down", that "rest is the natura state of physical objects’ and "motion needs to be explained” and that
"abgtract entities such as force, heat, weight, etc. are properties of objects’ (see also the work of
Spelke, 1991 and Badlargeon, 1990). Specific explanations (or specific theories) of physica
phenomena are embedded within the framework theory and are constrained by it. For example, in
astronomy, there can be various specific explanations of the day/night cycle such as that the sun goes
behind the mountains, or that the sun goes down to the other dde of the earth. These specific
explanations are embedded within a framework theory in which the earth is conddered to be a
physica object (as opposed to astronomica object), space is supposed to be organized in terms of
the directions of up and down, and gravity to work in an up/down direction. It is assumed that it is
easer to change specific explanations than the explanatory framework itsdlf.

For the purpose of this paper, there is no need to pursue these arguments further. The
important prediction is that if there is a framework theory that guides children's interpretation of the
word force, then we should expect children to answer questions about force in ardaivey uniform
and interndly consstent manner. If not, we should expect logicdly inconsstent responses guided by
amultipliaty of fragmented interpretations of the meaning of force.

The students who participated in the present study were al asked if there was aforce (or
forces), acting on certain objects with which they were presented. Because the word force was

aways used we congder this study to be an investigation of the meaning of the word force. There
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are various theories in psychology regarding the meanings of words. In some the meaning of aword
is conddered to be the set of semantic features into which the world can be decomposed (e.g.,
Schaefter & Wallace, 1970). Others propose that the meaning of a word can be represented in the
form of semantic network (e.g. Collins & Quillian, 1969), or as a concrete image (Rosch, 1976).
We have adopted the podtion that the meaning of a word is not a semantic network, neither a
concrete image, but a model’, that consists of an interconnected set of beliefs and presuppositions
and has a causa explanatory structure (see aso Johnson Laird, 1987).

Mechanisms of change. Concerning the question of change, diSessa (1988) describesit asa

process of collecting and systematizing the fragments of knowledge (p-prims) into consstent wholes.
This happens as p-prims change thair function in order to be integrated into the scientific framework.
In this framework, p-prims “can no longer be sdf-explanatory but must refer to much more complex
knowledge structures, physics laws, etc., for judtification” (diSessa, 1993).

We believe that diSessa's p-prims refer to the thousands of sensory experiences that form
our experientia knowledge of the physca world (see dso Vosniadou, in press). Unlike diSessa
(1993) we think that children organize a least some of these experiences in narrow but relatively
coherent framework and specific theories in thelr attempt to make sense of the physical world. Asa
result, the process of learning involves both the enrichment of the initid theories, as wel as ther
mgor reorganization or restructuring as children become exposed to scientific information. Previous
research has shown that restructuring is difficult to hgppen. Usudly, learners assmilate aspects of the

scientific explanation into ther existing framework and specific theories, without changing conflicting

!In the psychological literature, sometimes the term “schema’ is used. We consider a schemato be an empirical
abstraction that does not usually contain a causal structure and abstract entities for providing explanations.
Models on the other hand have a causal explanatory structure and often employ abstract entities that are not
derived on the basis of observation alone.
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presuppostions, (or changing only some of them). The result is the creation of misconceptions or
synthetic models (Vosniadou, 1994, Vosniadou & Brewer, 1992, 1994).

Our view of conceptua change is in some ways Smilar to pogtion taken by Chi and her
colleagues (Chi, 1992; Reiner, Sotta Chi, & Resnick, 2000). They argue that misconceptions arise
when a person associates the wrong ontology with a scientific concept. They note, for example, that
many physics concepts, such as the concept of force and heat, are wrongly associated with a
substance ontology when in fact they belong to a process ontology. Chi and her colleagues seem to
believe that conceptua change is a radica process that happens in a short period of time, as an
individua learns the correct ontology for a given concept.

In contrast to the above-mentioned pogtion, as well as other misconceptions-based
accounts of conceptua change, we believe that conceptua change does not usualy happen suddenly
but is a gradud and time-consuming process. Thisisthe case because it involves a complex network
of beliefs or presuppostions that take a long time to change. While we agree with Chi and her
colleagues that conceptua confusions often arise in science learning from the assgnment of concepts
such as force and heat to scientifically wrong ontologica categories, we beieve that ontologica
change is only one of the many changes that need to take place in the process of learning science.
We dso think that a more complete account needs to be provided of how ontologica categories are
formed and how they develop and change in the process of learning science

If our account of the knowledge acquisition process is correct, then the development of the
meaning of force should gart with ardatively coherent initid interpretation of for ce reveding aspects
of the specific and framework theory within which the concept of force is embedded. In the process
of learning science, this initid meaning should change as aspects of the scientific theory are

assmilated into the specific and framework theories, cregting synthetic meanings. Thispredictionis
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different from what the fragmentation hypothess would predict. According to the fragmentation
hypothesis, children's initial meanings of force should be unsystematic and fragmented and we should
see increasing systematicity and coherence in these meanings with development and ingtruction.

The predictions of our theoretica framework are dso different from those based on Chi’s
theory. According to Chi we should see a change from assigning force to a substance ontology to
now assigning force to a process ontology. On the contrary, we are not predicting a sudden change
in ontological categories, but rather smdler changes in beliefs and presuppostions, that will create
gynthetic meanings of force, dowly bringing children’s conceptuad systems closer to the conceptua
system of scientificdly literate adults.

In the pages that follow we will review the exiging literature on the development of the
concept of force as well as changes in the higtory of science in order to formulate more specific
hypotheses about how the meaning of force may change with development and instruction.

Review of theliterature
The first important attempt to sudy the development of the concept of force can be traced to
the work of Piaget. In his book "Understanding Causdity” Piaget (in collaboration with R. Garcia,
Paget, 1972), argues that the development of the scientific concept of force, as well as of other
scientific concepts like weight and heet, proceeds through stages which coincide with the well known
gtages of histheory. More specifically Piaget (1972) traced the beginnings of the scientific concept of
force, a the period of formal operations (12 - 15 years). He claimed that, a the forma operation
dage, children recognize that when object fdl they accderate regularly, because of their weight.
Therefore, we can gpesk of the beginning of forceasmx a.
The firgt, undifferentiated, concept formed by the pre-operationd child iswhat Piaget cdls

"gpatio-tempora thrugt”. Spatio-tempord thrust is a combinaion of mass (which children cdl
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"weight"), speed, and distance traveled by the object. For example, when 4 to 5 years olds explain
the results of a calligon of a moving marble on a sationary one, they cal dterndively to the Sze or
the mass of the moving marble, to its gpeed, and/or to the distance traveled by it. During the next
gtage (5.5 to 6 years), children begin to differentiate mass from speed and distance. For example, in
the above mentioned situation, they stress either the mass or the speed of the moving marble. In the
next stage (7 to 8 years) they place “emphasis on the speeds and their changes that isimpetus at take
of” (in French: "prisd dan" = gathering of forces previous to take of). Thisforce or "dan" according
to Piaget, is a quantity that "stays indde the movement, in the sense that the movement or the speed
condtitutes itsdlf the force”.

Therefore, as Piaget claims, during the stage of concrete operations “force”’ does not exist
separately from movement, in the sense that every movement encompasses a “force’, in the form of
an internd motor. Later (9 to 10 years), “force is differentiated from movement and represents the
cause of the movement or of its changes’. It is only a te beginning of the period of formd
operations (11 to 12 years) that children start to form the idea that forces continue to exist in the
date of rest. As mentioned earlier Plaget dso clamed that a this age children recognize that when
objects fdl they accelerate regularly because of their weight.

Many studies conducted during the last two decades, mainly by science educators, have
confirmed Piaget’s findings thet force is closdy rdated to movement but have contradicted his clam
that the two become differentiated in older children and adults. Rather it gppearsthat children as well
as adults continue to relate force to movement and to believe that there is a force within inanimate
objects that have been set in motion, even when the objects have lost their contact with the origind
mover. It is bdieved that this force gradudly disspates and findly runs out as the object dows down

and stops. For example, in a study conducted by (Clement, 1986) first year engineering students



The Changing Meanings of Force
10

taking a physcs course were presented with a drawing depicting a coin that was thrown upwards
verticaly. Clement asked the students to draw vectors to represent the forces that are exerted on the
coin. Only 12% of the students (N=34) gave correct responses, while 90% of those who gave a
scientificaly wrong answer drew two vectors, one representing the force of gravity (towards to the
ground) and another in the opposite direction. This last force was supposed to represent-according
to subjects explanations-the “force | am giving it” or “the force of the throw”, etc®. Clement
reported thet at the end of a course in mechanics the scientificaly correct regponses to the same task
given by two other groups of engineering students (N=43 and N=37) were only 28% and 30%
respectively.

In another study, conducted in New Zealand, Osborne and Freyberg (1985) showed students
(age 7 to 19) the drawing of a golf-bdl moving in the ar, avay from the golf player who hed hit it.
The researchers asked the subjects the question: “Is there a force on the golf bal?’ More than haf of
the subjects believed that there was a force within the bal acting in the direction of its motion. Some
common explanations were: “The force from when he hit it is ill init” (13 years), “It is the force
from the golf stick which dowly dies out”. These responses show that the subjects thought that there
should be a force in the moving object to explain its motion. The cause of this force was usudly
atributed to the origind mover.

It can be derived from students explanations that the hypothesized force within moving
objects is proportiond to the speed of the object since it is believed that this force diminishes as the
object dows down. Viennot (1979) studied more sysemétically the relation between force and
gpeed. English secondary school students (last year of secondary school), as well as French and

Belgian univerdty students, participated in her studies. In one of her tasks she presented the subjects

% The scientific explanation is that the only force exerted on the coin is the force of gravity and that -according to
thelaw of inertia- the coin is moving because it tends to retain itsinitial velocity.
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with a drawing depicting sx bdls thrown by a juggler, at different points in their trgectories. The
subjects were asked to say whether the forces acting on the six bals had equa or different
magnitudes. According to Newton's second law of motion, a force exerted on an object is
proportiona to the acceleration that is acquired by the object, and not to its velocity. Although the
ax bals had different velocities, they had the same accderation, caused by the only force exerted on
them, i.e., the force of gravity. Results showed that more than half of the subjects believed that forces
of different magnitudes were exerted on the sx bals, and that ther magnitude was dways
proportiond to the magnitude of their velocities. Many subjects argued that no force was gpplied on
the bl being at the top of its trgectory where its velocity equas to zero. Many students referred to
thiskind of force as “the force of the mass’.

Children’s ideas about forces exerted on objects at rest have also been sudied (e.g. Ministrd,
1982; Clement, 1986; Oshborne and Freyber, 1985). Many children believe that if an object is not
moving there is no force exerted on it. In a sudy with high school students, Ministrell (1982)
presented students with a drawing depicting a book being at rest on the top of atable, and asked
them to draw vectors to represent the forces exerted on the book. Half of the students answered that
the only force that is exerted on the book is the force of gravity, neglecting to mention an equd to it
force in the oppodite direction exerted by the table. Smilar results have adso been reported by
Clement who gave the same task to college students (Clement, 1986).

Findly, in the study aready mentioned conducted by Osborne and Freyberg, (1985) students,
ranging in age from 7 to 19 years, were presented with a drawing depicting a man pushing acar. The
gudents were told that the car did not move and that the man was trying to move it but

unsuccessfully. They were then asked: “Is there a force on the car?” Some subjects gave negative
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responses to the question. Some common explanations were the following: “Thereis no force on the
car, because heis not forcing the car - the car won't move, it would be too heavy- etc.”.

In summary, there is much empiricd evidence that supports the argument that both children
and adults hold ideas about force and give explanations about motion and rest that are incompetible
with the Newtonian theory of mechanics. As mentioned earlier, these results come in contrast with
Piaget's clams that the Newtonian concept of force is the product of a spontaneous conceptua
reorganization tha takes place during the formd operation stage. Rather, it appears that the
perceived relation between force and motion is rather strong and does not go away even after years
of ingtruction.

Forcein the history of science

It is not our purpose here to give a complete description of the development of the concept of
force in the history of science. Rather, we will use the higtorical evidence to make two points: 1)
During the long period of its higtorical development the word force was given different meanings
most of which conddered force to be a property of physical objects. 2) before Gdlileo, force was
associated with motion. There was no ditinction between uniform motion and accelerated motion on
the grounds that both need to be explained in terms of aforce exerted.

The word force was used by Greek philosophers before Aristotle to refer to the properties
(such as cold or hot, wet or dry, soft or hard, heavy or light) that characterize the four “dements’ -
soil, water, arr, fire- out of which al materid substances were supposed to be formed. Different
combinations of these forces were believed to give specific qudlities to each dement and
consequently to the different materials created by these dements. In this respect, a Sone that is
mainly composed of the dement soil, which is “heavy”, has the tendency to move to the physicd

position of the dement, which is the center of the sphericd universe, the center of earth. That is why
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a stone left free fdls to the ground, while smoke, composed by air, which is“light”, tends to move up
to the periphery of the universe, the natural podtion of the “air” dement. These two kinds of motion -
up and down- are cdled “naturd motions’ because they are caused by forcesi.e., internd properties
of the objects.

Arigtotle shared the above-mentioned ideas about forces. He also believed that there are two
kinds of mations: natural and violent motions. As “natural motions’ Aristotle considered dl changes
that happen with the passing of time, including the fdl of objects towards the earth, the risng of
anoke, as wel as the growing of plants, or the ripening of fruits. Changes caused by externd
interventions were characterized as “violent motions’. According to Arigotle, the motion of a
projectile in the ar (e.g., ah arow) is a violent motion that has to be explained in terms of a causa
agent. Arigtotle argued that the agent that sets an object in motion causes the air that surrounds it to
vibrate. The vibrating ar has the force to move the object. This force is then transferred to the next
layer of the air, which undertakes to move the object farther. However, during the trandfer the
corresponding force is diminished gradudly causng the motion of the projectile to stop (Dugas,
1950).

The problem of the projectile s motion puzzled scientists for many centuries. In the Middle
Ages, an interesting theory was proposed known as the “impetus theory”. The most articulated view
of the theory was that of Buridan’s (1300 - 1388). According to Buridan, when an object is set in
motion an “impetus’ (or “vis’ and “forza’ in Latin) isimparted into the object. This “impetus’ keeps
the object in motion for some time after it has logt its contact with the agent. Asthe impetus gradualy
disspates, the object dows down, until it findly stops or fdls to the ground due to its weight

(Franklin, 1978).
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Gdileo conceptuaized projectile motion in a completdy different way. His idea was not to
look for a cause that makes an object retain its motion, but for the reasons that may bring the object
to asop. The “law of inertid’ explained the motion of a projectile as the result of a tendency of dl
objects to retain their sate of motion, when no force is exerted on them. In other words, when an
agent sets an object in motion the object tends to move on a sraight line and in a congtant speed.
Frictiond forces and the force of gravity are responsible for making an object stop. Although the
law of inertia solved the problem of motion, there ill was a lot of ambiguity about the concept of
force. The term was used to describe, among others, muscular strength, the power of the explosion
of a cannon, and the power of a bow. It was aso used to express the effort exerted by someoneto
move a heavy object and the potentia of the heavy and hard objects to react to an agent that tentsto
st it in motion (Wedtfal, 1971).

A few decades later, Newton with his law of gravity generdized the law of inertia to include
celestid objects. With his three laws of motion, he founded a theory in which force is the core
concept. Force is not anymore considered a property of objects but a quantity that characterizes the
interaction between two objects and the cause that can change the kinetic state of the objects on
which it is exerted. Correspondingly, weight is the force with which the earth attracts objects
towards its center. Gdlileo introduced the concept of inertia to explain the uniform motion of objects
in a graght line in te asence of externd interventions. Therefore, in the Newtonian theoretica
framework there was no need to distinguish between natural and violent motions, snce adl motions,
(except for the uniform motion in adraight line-free fal included), were caused by some force.

It took centuries for the Aristotelian concept of force to take its present Newtonian form.
These changes cannot be understood as a process isolated from the changes that happened in the

framework theory in which the concept of force was embedded. Nersessian and Resnick (1989)



The Changing Meanings of Force
15

dudied in depth the amilarities between students' ideas and the medievd theory. They andyzed
summaries of students protocols about projectile motion and free fdl, reported in the literature, and
showed that the intuitive reasoning about the above-mentioned phenomena could be generated from
an underlying conceptud dructure that included certain presuppositions (such as, “motion is a
process’ and “ processes require explanations in terms of causal agency”) and observations (such as,
“things move by an externd agent”, * some bodies continue in maotion after detachment from source’),
that give rise to beiefs such as “dl motions require causa explandions’. By examining medievd
explanations of projectile motion and free fall, Nerserssan and Resnick were able to determine that
the inference dructure that generates the medieva explanations of motion appears to have striking
amilarities with the intuitive inference sructure of sudents who provided intuitive explanations of
motion. Impetus, or force, was consdered by both medieval scholars and students to be a property
of the moving object.
The present study

The present study used the conceptual framework and methodology developed by Vosniadou
and Brewer (1992, 1994; Vosniadou, 1994) to study developmentad changes in the meaning of
force. The subjects of the study were dl Greek students ranging in age from 4 to 16 years. In
individuad interviews they were asked to answer verbdly a 27 items questionnaire developed after
extendve pilot work.

Based on previous work in this areg, it was hypothesized that force would be interpreted as

a property of physica objects and that it may be related to an object’s weight and size (Page,
1972). As mentioned earlier, much of recent science education research has shown that the currently
accepted Newtonian theory of force is difficult to be acquired and that there is a persstent

misconception according to which force is rdated to the movement of inanimate objects. On the
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basis of these findings, it was hypothesized that the students in the present sudy may aso relate force
to movement. Finally, based on previous work in astronomy (Vosniadou and Brewer, 1992,1994),
we expected that sudents would assmilate aspects of the scientific concept of force (when starting
gystematic ingruction in Newtonian theory), in their existing conceptua structures, cregting synthetic

meanings. We were not, however, clear about the exact form these synthetic meanings would take.

METHOD
Subjects
A totd of 105 students participated in this study: 15 kindergarten students, ranging in age from 4
years and 10 monthsto 6 years (mean age 5 years and 5 months), 30 fourth grade sudents, ranging
in age from 8 years and 3 months to 10 years and 1 month (mean age 9 years and 7 months), 30
gxth grade students, ranging in age from 11 years and 2 months to 12 years and 3 months (mean age
11 years and 7 months), and 30 nine grade students, ranging in age from 13 years and 8 months to
16 years and 2 months (mean age 14 years and 8 months). All the students attended the same school
in Thessdoniki, a big city in the northern part of Greece, and came from predominately middle-class
backgrounds. Approximately haf of them were boys and hdf were girls
Materials
The materids conssted of a 27-item questionnaire, based on the results of extensive pilot work
(loannides & Vosniadou, 1989). All the questions referred to respective drawings and concerned
forcesin reation to ationary and moving inanimate objects. There were 20 Smple questions and 7

comparison questions, al of which are shown in Tables 1 to 9°.

® The tables are presented in the Results section.
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Simple questions inquired about the existence of forces on smple objects in various kinetic
dates (Stationary or moving). The comparison questions asked children to compare forces gpplied in
gtuations that differed in some critical respect (i.e., in the Size of objects being compared, the sze of
the people pushing the objects, etc.). Questions about force were phrased ether usng the scientific
form “Is there a force exerted on the x? Why?” or the colloquid form “Is there a force on the x?
Why?" The kindergarten children were asked the questions in the colloquia form only, because they
gppeared to be perplexed by the scientific form and did not respond when asked. All the other
children were divided in two groups. one group received the smple questions in the scientific form
and the other in the colloquid.

The dample and comparison questions were grouped in five digtinct sets based on the
different conditions in which the objects were presented in the drawings (e.g., Saionary objects,
dationary objects pushed by a human agent, etc.). In what follows we will describe the five sets of
guestions used.

St I Stationary objects (Table 1). The four questions included in this set were designed to

provide information regarding students ideas about force in rdation to sationary objects. Following
Plaget (1972) who argued that “weight is at first a force with quantity and action undifferertiated”,
we were interested in finding out whether young children atribute force to stationary objects and
whether thisforce isrelated to their weight and size.

St 11 Stationary objects pushed by a human agent (Tables 2 & 4). The questionsin this set

were designed to explore students ideas about force in a Stuation where a human agent pushes an
object and exerts a force on it. Previous sudies (Osborne and Freyberg, 1985) have shown that
children relate force with motion and often believe that there is no force on an object that is

dationary dthough it is being pushed by an agent. Four smple questions were used in order to
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provide information about how the presence of an agent who pushes the objects affects children’s
responses (Table 2). The two comparison questions (Table 4) were used in order to sudy how the
hypothesized force is related to the szefweight of the objects or to the Szelweight of the humans
who push the objects. We hypothesized thet in attributing force to these objects children may take
into condderation only the weight or Sze of the object, while the older children may take into
condderation the possible kinetic state of the objects resulting from the agent/object interaction.

St 111 Stationary objects being on the top of ahill (Tables3 & 5). The four smple questions

of this st referred to four drawings depicting different objects Stuated at an unstable postion, on the
top of ahill. We wanted to know whether the children were able to take in consideration not only the
gze and the weight of the objects but their podition as well. Postion is important because it affects
the objects kinetic state as well as its potentid to act on other objects. With the comparison
guestions we aimed to study how factors such as the object’s height from the ground and its stability
affect children’ s idess about force.

Set 1V: Objects on a free fdl (Tables 6 & 8). The purpose of these questions was to study

children’s ideas about force in relation to faling objects. It has been argued that students do not use
the “impetus misconception” in the case of free fal. They smply refer to the weight of the object as
the cause of the fal (diSessa, 1988). It was expected that these questions would give more
information about this matter. A sngle comparison question was dso used (Table 8) in which
children were asked directly to compare forces related to two smilar objects the one being at rest
and the other fdling to the ground.

Set V: Objects that have been thrown (Tables 7 & 9). Thelast four smple questions referred

to drawings of different objects being thrown by a man and aimed at reveding sudents ideas about

force in rdation to objects that have being thrown. In the literature, there is general agreement that
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this case is a typicd example of amotion explained by the “impetus misconception”. It was expected
that the Greek children would provide explanations smilar to those given by English and French
gpeaking children. As in the case of fdling objects the comparison question (Table 9) was expected

to give more information about moving objects as compared to Smilar stationary objects.

Procedure
The students were interviewed individualy for about 20 to 25 minutes. Ther responses were
recorded, while the experimenter dso kept detailed notes. The scoring of the data was done on the
basis of both the transcribed data and the experimenter's notes. Follow-up questions like “can you
tell me more about this’, were used to daify the responses which the interviewer could not
understand.
Scoring
Children’s responses to the questions were scored twice: first for the questions comprising each of
the five sets of questions (question set level, QSL) and second for dl the questions combined (overdl
levd, OL). At thefird levd, students' responses to each set of questions were scored as a group, on
the basis of a scoring key containing a set of categories for each set of questions. Within the same
set, smple and comparison questions were also scored as separate sub-sets. The scoring categories
are presented in tables 1 to 9. They were designed to capture the range of specific responses
obtained. Agreement between two independent judges who used the scoring key to score dl the
responses was high (between 90% and 95%). All disagreements were resolved after discussion.
Following the scoring a the set of questions level, we tried to see if we could find evidence in
the data for the conagtent use of a smal number of explanatory structures or meanings of force by

the individud subject in our sample. The scoring a this, overdl leve, was done on the basis of a
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second scoring key outlining the pattern of expected responses for each meaning. The second

scoring key and the procedure for scoring the data at the overall subject leve will be described later.

RESULTS

Scoring at the question set level (QSL)

In this section we will present the categories that were used to score children’s responses at the
question st leved. We will gtart with questions sets I, 11 & 111, and will continue with sets 1V & V.
Then we will report the results of an andyds of variance on children’s reponses to  these question
sets. Tables 1, 2 and 3 present the categories of responses for Set | (Stationary Objects - Smple
questions), Set |1 (Stationary objects being pushed by a human agent-Smple questions), and Set 111
(Stationary objects being on the top of a hill-Smple questions), respectively, distinguishing between
smple and comparison questions.

(Insert Tables 1, 2 and 3 about here)

Sets|, Il and 111 - Smple questions. Responses to these three sets of questions reveded that

many children bdieved that there is a force within sationary objects. We have used the term
internal force to refer to thiskind of force that children seem to believe is a property of dationary
objects. Some children attributed an internal force to big objects and not to small objects. They
sad, for example, that “there is a force on the big sonebig bdloon” but not “on the smdl
sone/small baloon” (Tables 1,2,3; Category a). Others attributed such an internal force to the big
stone only (Tables 1,2,3; Category b), while others to the stones and not to the baloons (Tables
1,2,3; Category c). All these children judtified the existence of the internd force by saying that these
objects are difficult to move or that they are big and/or heavy. Some children bdieved that thereisa

force on dl the objects because dl of them have weight. In the case of the ample questions of Set
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I11, some children judtified the existence of internal force on the groundsthat “if they fal down they
will cause damages’ or “they may hit someone”’ (Table 3).

Another group of students answered that there is a force on dl the objects and that thisforce
isthe force of gravity or the attraction of the earth on the objects. (Table 1, Category €, Table 2,
Category h; Table 3, Category €). Of course it is not possible from these answers to find out exactly
how children interpreted gravity. A few children argued that it is the “for ce from the man” exerted on
al the objects (Table 2, Category i), while some others believed that the force of gravity aswell as
the for ce from the man are exerted on dl the objects (Table 2, Category Q).

Findly ancother force, the force from the air, was dso mentioned o be exerted on the four
objects (Table 1, Category i and Table 3, Category h), by two students (i.e., one 6" and one 9"
grader).

A number of children refused the exigence of any force on the objects. Four different
arguments, depending on the particular Stuation, were used by those children: (1) Thereis no force
on any object because the objects are not moving (Table 1 and Table 3, Category f), or (2) because
no one pushes them (Table 1, Category h; Table 3, Category i); (3) there is no force on any object
because they are a an ungtable position and they can be moved easly (Table 3, Category g), and
(4) there is no force on the big sone because it is heavy and/or the man cannot move it, while there
isaforce on the remaining objects because the man can move them (Table 2, Category f).

Sets |l and I11 - Comparison questions. Children’s responses to the comparison questions give

support to our initid interpretations of their responses to the smple questions and help us to darify
them further. Tables 4 and 5 present the categories of responses for Set |1 (Stationary objects being
pushed by a human agent - Comparison questions) and Set I11 (Stationary objects being on the top

of ahill - Comparison questions).
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(Insert Tables 4 and 5 about here)

Some children related the Size of the supposed exerted for ce to the size of the objects and not
to the Sze of the human agents who push them (Table 4, Category @) or to the position of the objects
(Table 5, Category d). They judtified their responses by referring only to the 9ze and/or weight of the
objects. It gppears that these children believe that there is an internal force within Sationary objects
and that the Sze of this for ce depends on the Size/weight of the objects.

Concerning children’s responses to the questions of Set [11 a number of students were
sendtive to the podtion of the objects. They answered that when the stones are a a more stable
position “more force is exerted on them”, or that a force is exerted only on the stonesin such a
position but not on others. All these students explained their responses by referring to the stability of
the stones. Again, it gppears that these children interpret force as an interna property of the object
affected by its sability.

Some other children had a different interpretation of force. They beieved that when it is
eader for astone to be moved (stones at the pointed top of the hill), the force exerted on it is greater
(Table 5, Category c, and Category b). This interpretation of force relates force to the potential of
the object to be set in motion.

In the Stuations where human agents try to move different stones (Set 11, Table 4), some
children believe that the agent exerts a force on the stones. There were three different categories of
responses in this pudh/pull category of force. Children assgned to category b (Table 4) associated
the dze of the force of push exerted to the size of the agent. They, therefore, concluded that the
same man exerts the same force on different stones (Table 4, Question 9), but a big man exerts
more force than asmdl man (e.g., the child, Table 4; Question 10). Students grouped in category c,

used the above reasoning in the second comparison question, while in the first question related the
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force of push exerted on the objects to the effort exerted from the agent. They assumed that the
same man would exert more effort, and thus more for ce, to move the big stone, as compared to the
sndl stone. Findly, the students who were grouped in category e related the force of push exerted
by the agent to effort in their regponses to both comparison questions. According to this reasoning
the child must try harder to move the stone and therefore he must exert more force than the man,
who has abigger sze (Table 4, Question 10).

No student referred to the force of gravity in responses to the comparison questions of Set
I1, while a number of students answered that there is the force of gravity exerted on the objectsin
the case of the comparison questions of Set 11l. These dildren were grouped in two categories.
Children assgned to the category e (Table 5) seemed to have formed a scientificaly accepted
concept of gravitationd force. Others had interpreted the force of gravity in ways inconggent with
the scientific view (Table 5, Category f). Three kinds of dternative interpretations of gravity have
been identified. 1) the force of gravity is gregter on the stone on the higher hill because the earth
atracts it more, 2) the force of gravity is greater on the stone on the higher hill because the air
pressure is greater, and 3) the force of gravity is greater on the stones on the ground or on the
flattened top of the hill because there they are more stable. Findly, a few children answered that
thereisthe force from the ar, which is exerted on the objects (Table 5, Category h).

Some children believed that there is no force exerted on the stones either in the context of the
comparison questions of Set Il or of Set 1ll. They gave smilar explanations. The stones are not
moving (Tables 4 and 5, Category f), or no one pushes the stones (Table 5, Category k). One child
whose answers to the comparison questions of Set |11 could not be grouped in any of the above

categories was assgned in category i (Table 5). This child gave contradictory responses since some
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of his answers were consstent with one of the categories of Table 5 and others consstent with
another category.

SetslV & V - Smple questions. Children’s responses to the smple questions of sets 1V and

V were placed in categories presented in Tables 6 and 7 respectively.
(Insert Tables 6 and 7 about here)

Students whose responses were grouped in one of the first four categories (Table 6,
Categories a, b, ¢, and d) or one of the first three categories of Table 7 (g, b, and ¢) answered that
there is a for ce exerted on one or more objects and mainly explained their responses by referring to
the 9ze and/or weight of the objects. Some of them, aso, related the existence of this force to the
damage or noise that the objects would cause when they would fal on the ground. Again, it appears
that these children think of force as an interna property of objects associated with their size and/or
weight. As can been seenin Tables 6 and 7 these were primarily the younger children.

Some students believed that there is a force on dl fdling objects because they fdl. Some of
them referred to this force as “the kinetic force” (Table 6, Category ). In the case of the thrown
objects (Set V), students whose responses were categorized in category d (Table 7) explained the
exigence of a force exerted on dl thrown objects by saying that “it is the force from the man's
hand’ or “it is the force the man gave to it”. It seems that al these children believed that the man
gives the object a force that explains its movement. This notion gppears to be amilar to what is
known as the impetus misconception. We have caled this kind of force acquired to differentiate it
from theinternd force, identified earlier.

A group of students answered that it is the force of gravity or the attraction of the earth that is
exerted on the four falling objects (Table 6, Category €). Some students adso beieved that it is the

force from the air that is exerted on the faling objects (Table 6, Category h). In the case of thrown
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objects some students answered that there are two forces exerted on the objects: The force of
gravity and the for ce given by the man’s push (Table 7, Category €).

Findly, there were some students who did not believe that there is any force exerted on any
object either faling or being thrown. Two kinds of arguments were used. Some answered that there
is no force because no one pushes the objects. It appears that these students noted the absence of a
push/pull force and they were grouped in category f (Tables 6, and 7). The remaning children
argued that snce someone was able to move the objects there must be no force on acting on them.
We interpreted such statements to probably make reference to the absence of an internal force and
assigned these students to category g (Tables 6 and 7). In other words we think that students of the
firdt group thought of force in terms of a pudVpull of a human agent, while children of the second
group thought of force as an interna property of physica objects (reated to their weight or mass).

Sets IV _and V - Comparison questions. The categories of students responses to the

comparison questions of Sets1V and V are presented in Tables 8 and 9.
(Insert Tables 8 and 9 about here)

The interpretation of force as internal force within biglheavy objects is dso present in
sudents' responses to the comparison questions concerning moving objects. Students who held this
interpretation of force were grouped in three different categories since they gave different responses.
(1) Those who bdlieved that equal forces are exerted on both stationary and moving stones, were
assigned to category a (Tables 8 and 9). (2) Those who said that there is a greater force on the
dationary stones than on the moving stones were grouped in category b (Tables 8 and 9). (3) Those
who believed that there is a for ce exerted only on the Stationary stones were grouped in categories b
(Table 8) and g (Table 9). It appears that the first group of students did not relate the exerted force

to the motion of the stones but to their Sze and or weight, while the sudents in the other two groups
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congdered the fact that an object is moving as an indication that there is no internal force or that
thereisalittle internal force, since the object could not resst the agent who set it in maotion.

Many students bdlieved that the moving stones have an additiond force, a force that does not
exist on the stationary stones. As mentioned earlier, we have cdled this force acquired. In the case
of the faling stone, there were two categories of responses related to the interpretation of force as
acquired force. The children who answered that there is a greater force on the fdling sone than on
agmilar sationary one, explained their response by saying that the faling stone can cause damages
or that it has more weight or that it fals with greater force (Table 8, Category d). A few of the older
sudents believed thet it is the force of gravity that is exerted on both stones but, dso, that an
additiond impulse or a“propdlant” force is exerted on the faling stone (Table 8, Category ).

The interpretation of force as acquired force reated to motion is dso present in students
responses to the comparison question of Set V (Table 9 - Objects that have been thrown). In this
case, a force is conddered to have been given to the sone by the man who threw it in the first place.
The students who believed that the force given by the man is the only force exerted on the moving
stone, and that there is no force exerted on the stationary stone, were grouped in category ¢ (Table
9). The students who bdlieved that apart from the force given by the man to the stone there isdso
the force of the stone itsdf (here children are obvioudy taking about an internal force of the
stones), were placed in category d. Students who considered that the force of gravity is exerted on
both stones, while the force given by the man is exerted only on the moving stone were grouped in
category e (Table 9). Findly, afew children thought that additiondly to the force given by the man,
the force from the air is dso exerted on the moving stone (Table 9, Category h).

In the comparison question of Set 1V, a number of students answered thet it is the force of

gravity tha is exerted on both stones. Some of them believed that both forces are of equd sze and
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were placed in category e (Table 8). However, a few children seemed to have developed
interpretations of the gravitationd force which are incongstent to the scientificaly accepted concept
(Table 8, Category f). Three kinds of dternative interpretations of the force of gravity were
identified. (1) There is a greater force of gravity on the faling sone, because it fdls. (2) Thereis
more force of gravity on the fdling sone because it is farther from the center of the earth than the
gationary stone. (3) There is more force on the faling stone because there is the force of gravity
and the weight of the sone, while the stationary stone has only its weight. Findly, a few students
answered that since no one pushes the stones there is no force exerted ether on the moving or on
the stationary stone (Table 8, Category h; Table 9, Category f).

Effects of age and question type on children’s responses. The effects of age and question type

(group | vs. group I1) on students' responses were further examined using an analyss of variance on
every question set, for ample and for comparison questions separately. The andyses showed no
ggnificant effect of question type (Set |: F(1,104)=0.37, p>0.5; Set 11: F(1,104)=0.34, p>0.5;
F(1,104)=0.16, p>0.5; Set Ill: F(1,104)=0.15, p>0.5; F(1,104)=052, p>0.1; Set IV:
F(1,104)=2.88, p>0.05; F(1,104)=4.98, p>0.05; Set VV: F(1,104)=4.98, p>0.05; F(1,104)=0.12,
p>0.5), and no interaction between question type and age (Set |: F(2,104)=0.28, p>0.5; Set II:
F(2,104)=0.368, p>0.5; F(2,104)=0.29, p>0.5; Set III: F(2,104)=0.29, p>0.5; F(2,104)=0.42,
p>0.5; Set IV: F(2,104)=0.11, p>0.5; F(2,104)=0.13, p>0.5; Set. V: F(2,104)=0.34, p>0.5;
F(2,104)=0.12, p>0.5). On the contrary, age was found to be a dgnificant factor (Set I:
F(3,104)=28.41, p<0.00; Set II: F(3,104)=29.03, p<0.00; F(3,104)=6.54, p<0.00; Set III:
F(3,104)=2.77, p<0.05. F(3,104)=2.85, p<0.05, Set IV: F(3,104)=1353, p<0.00;
F(3,104)=4.54, p<0.005; Set. V: F(3,104)=5.75, p<0.00; F(3,104)=4.57, p<0.01). Based on

these results we combined the data from group | and from group Il before proceeding to further
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andyses. This means that the children placed in the overdl meanings of force, presented below,
represent the total number of children.
Scoring at the Overall Level (OL Scoring) - Meanings of Force

Expected Meanings of Force. Previous work in the area of astronomy (Vosniadou &

Brewer, 1992), showed that it is possible to assign the mgority of the children to the condgtent use
of a sandl number of rdativdy wedl-defined explanatory Structures or modds of the earth.
Correspondingly we checked to see if it would be possible to dso assgn the mgority of children in
this sample to the consgent use of a smal number of meanings of force. Indeed, the analyss of
children’ s responses at the question level reveded four possible interpretations of force, which could
be conceptudized as distinct explanatory structures. These were the following: @ Internal force an
interna property of stationary objects, related to their Sze or weight, b) Acquired force an acquired
property of inanimate objects that explains their motion and their potentia to act on other objects, €)
Force of push or pull the interaction between an agent (usudly animate) and an (usudly nor-
animate) object, and d) Force of gravity the interaction, a a distance, between physica objects and
the earth. In order to look into this posshility more systematicaly, we generated the pattern of
responses expected if the sudents had used each one of the expected meanings of force condgtently
to answer our questions. Table 10 presents this pattern of expected responses. In what follows we
will present the criteria for deciding that a given student used one of the four expected meanings of
force.
(Insert Table 10 about here)

Internal force. As can be seen in Table 10, the criteria we devised for the internal force

meaning were the following: @ Responding to Sets I, 11 and I11, Smple Questions, which refer to

dationary objects, the sudent should say that there is aforce on dl stationary objects or only on the
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“big” or “heavy” objects, because they have weight or they are big or heavy (Table 1, 2, 3;
Categories a, b, ¢, d) and not due to gravity or man’s push (Set I1) or their position (Set I11) or any
other answer. b) Concerning Set |1, Comparison Questions, students should answer that there is a
force exerted on the stones and refer to their weight/size and not to the agents sizefweight, or to
their effort to move the stones, or any other answer (Table 4; Category @). ) In Set I11, Comparison
Quedtions, students using the internal force meaning should say thet there is the same for ce exerted
on dl the stones because they ae equdly big/heavy without reference to gravity or their position
(Table 5; Category d). d) In their responses to the Set 1V, Smple Questions, students should say
that there is a force exerted on al the objects or on the big/heavy objects only, because of
sze/weight and not because of gravity or because of their motion (Table 6; Categories a, b, ¢, d). €)
Concerning smple questions about objects that have been thrown (Set 1V), students should respond
that there is a force exerted on al objects or on the biglheavy objects with reference to the
gze/weight of the objects and not to their motion or to the man's force or to the force of gravity
(Table7; a b, ¢). f) Findly, sudentsin their responses to the comparison questions of Sets 1V and
V should say thet there is the same for ce exerted on both moving and stationary stones and refer to
their equal Sze/weight and not to other reasons such as gravity (Table 8 and 9, Category ).
Acquired force. The criteria for deciding that students used this meaning were the following:
a) in their responses to the questions concerning stationary objets on the ground (Set 1) students
should say that there is no force exerted on any object because they are not moving, (Table 1,
Category f), dthough explanaions such as “because no one pushes them” (Table 1, Category h)
were aso accepted. In the later case it is not clear whether these students were talking about a force
of pus/pull (and therefore they should be placed a the push/pull meaning) or about the absence of

motion. The crucid criterion for differentiating students who should be assigned to the acquired
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force meaning from those assigned to the push/pull meaning was their answers to the comparison
questions of Set 1. b) Concerning the smple questions @out objects being pushed by a human
agent (Set 1) they should say that there is a force only on those objets which the man can move (the
“light” ones) (Table 2, Category f). However, responses according to which there is a force on dl
objects because the man pushes them were considered acceptable (Table 3, Category €). Since, it is
not clear whether these students were taking about the force exerted by the man on the objects
(force of push/pull) or an acquired force, we used as a safe criterion for assigning them to the force
of pusVpull meaning or to the acquired for ce meaning their responses to the comparison questions of
Set 1. ©) In ther responses to the smple and comparison questions of Set 111, students should say
that there is no force on any object because they are not moving (Table 3, Category f; Table 5,
Category g) or they are not being pushed (Table 3, category g; Table 5, Category k). d) In their
responses to the comparison questions of Set 11, students should say that there is no force exerted
on any stone because the man or the child cannot move them or because the stones are not moving
(Table 4, Category f). €) Students should aso answer that there is a force on dl fdling objects
because they are fdling or they gain force dueto their fal (Table 6, Category 1), and f) that thereisa
force on al objects that have been thrown by a man which isthe for ce given by the man or the force
from the man’s hand (Table 7, Category d). g) Concerning the comparison questions of Sets 1V and
V, in order for students to be assigned to the acquired force meaning they should say thet thereisa
force exerted only on the moving stone and not on the Sationary stone ether because it is fdling
(Table 8, Category c) or because the man gave it to the stone (Table 9, Category ¢) and not dueto
gravity or any other reason.

Force of Push/Pull. The criteriafor using the push/pull meaning of force are aso described

in Table 10. @ Students should say that there is no force on any dtationary object because no one
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pushes it and not because the object is not moving (Table 1, Category h; Table 3, Category i; Table
5, Category k). b) They should aso say that when a human agent pushes an object he exerts aforce
on it (Table 2, Category 1) regardless of whether the object moves or not (Table 4, Categories b, c,
€). ) In the case of fdling or thrown objects students assgned to the pushvpull meaning should
answer that there is no force exerted on them because, again, no one pushes them (Tables 6 and 7,
Category f; Table 8, Category h; Table 9, Category f). In other words, these students should not
consgder movement as a criterion for force being exerted, and should show evidence in their
explanations that they understand for ce as an interaction between an agent and an object.

Gravitational force. If sudents used this meaning they should answer that there is the force
of gravity exerted on dl the objectsin dl stuations. More specificaly according to Table 10 sudents
should answer that: @ There is the force of gravity on al stationary objects on the ground or on the
top of a hill, in dl ample (Table 1, Category € Table 2, Category h; Table 3, Category €) and
comparison questions (Table 6, Categories e and f), and b) there is the force of gravity exerted on
al moving objects (Sets IV and V) in smple questions (Table 6, Category €) and comparison
questions (Table 8, Categories e and f). In addition, students explanations should reved evidence
of undergtanding force as an interaction between physica objects and the (at least) earth which can
occur at a distance.

Obtained Meanings of Force. Having defined the criteria presented in Table 10 we

compared the actua responses given by the students to the pattern of expected responses. The
results showed that many students appeared to use the expected meanings of internal force, and
acquired force but that the expected meanings of push/pull and gravitational force were not used

by the students in our sample. Moreover, a great number of students' responses could be explained
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if we hypothesized that they had used severa synthetic meanings of force, condgting of
combinations of the above-mentioned core explanatory frameworks.

Table 11 presents the obtained pattern of responses and the way they were categorized into
meanings. In what follows we will present the criteria for assigning the sudents in each one of the
obtained meanings of force presented in Table 11. Table 12 presents examples from the responses
of children placed in these different meanings of force.

(Insert Tables 11 and 12 about here)

1. Internal Force. This meaning, which was found mogly in kindergarten and a few fourth
grade students, is smilar to the expected internal force meaning, described on p. 28. All the
children usng this meaning of force argue tha there is a force ether within dl objects or only on
objects that are “heavy” (as opposed to “light”). These children could dso say that there is “more
force” on “heavy” objects as compared to “light” objects. We have cdled this the internal force
meaning because children seem to conceptuaize force as an interna property of physicd objects
affected only by their weight and/or sze (and not by their movement). This meaning of forceisclose
to the interpretation of force as strength or power. A typicd example of an internd force meaning is
presented in Table 12 (Kiriaki, Kindergarten).

2. Internal Force Affected by Movement. Only four children used this meaning (two
kindergartners and two fourth graders). These children believed that thereis an internal force ondl
objects affected by their weight and/or size. In contrast the previous group, however, these children
thought that there was no force or less force on an object if the object was in motion or in an
ungtable pogition and thus likely to move and/or fall. It gppears that the movement of an object was
interpreted to mean lack of interna force (strength or power). In some cases, lack of interna force

was asociated with the object’s “failure’ to resst the actions of an externd agent trying to affect the
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object in some way. A typicd example of a student who used this meaning is Katerina (Table 12),
who believed that the balloon does not have force because “if we kick it, it will be broken”,
(Quedtion 3) and that there is no force on the big sone standing on the pointed top of the hill
because “if someone pushed it, it may fdl” (Question 22), and that there is a force only on the
second stone in Question 27 (the stationary), “because he (the man) cannot throw it”.

3. Internal and Acquired Force. This was a popular meaning obtained in a totd of 24
children mostly from grades 4™ and 6". The characteristic pattern of responses for children using this
meaning was to say that there is a force on stationary objects affected by their weight/size and that
these objects dso acquire an additiona force when set in motion. In other words the children
interpreted the motion of an object to sgnify the exisence of an additiond acquired force, in
contrast to the previous children who had interpreted the motion of an object to Sgnify the absence
of aninternd force. For example Anna (this meaning) says in response to question 27 (Table 12)
that there is more for ce on the first stone “ because the man threw it and it leaves with great force”, in
contrast to Katerina (previous meaning) who said that there is a force only on the second stone
because the man “cannot throw it”.

The children in this group were ambivaent about how to interpret the Stuation where an
object was in an ungtable position. Most children interpreted the unstable position (and therefore the
great likelihood of an object to fal) as lack of internd force and said, like Anna (Table 12, Grade 4,
Question 17, 3a. Internd and Acquired Force @) that there is “no force on the first sone because it
is not stable. There is a force on the second stone because it is more stable’. Four children
interpreted the ungtable position, however, as likelihood of the object to acquire an additional force.
For example, Michad (Table 12, Grade 4, Question 17, 3b. Internal and Acquired Force, b) sad in

response to the same question that “there is more for ce on the first sone because it may fdl”.
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4. Acquired force. Students who used the acquired force meaning met dl the aiteria
described in page 29. These students believed that there is no force exerted on any Stationary
objects at dl, and clearly related force to motion: inanimate objects acquire a for ce when moved by
an agent. This force disappears when the object stops. According to these students, force is
imparted to the objects by the agent (eg., the man) who threw them, or is acquired as a result of
their fal to the ground. Two students, one of the 4th and the other of the 6th class, thought that force
is acquired only by those objects they consdered as “heavy” and not by the “light” ones (Tables 6
and 7, categories b, ¢). We think that this response is not redly a deviaion from the meaning, but
that these students related the acquired for ce to the weight of the objects as well as to their motion.

The students in this group were dso ambivaent about how to interpret the Stuation of an
object placed in an ungtable position. Most students focused on the lack of movement and thus
assgned more force to the stationary stones in ungtable postions (see for example Domna, Table
12, 4a. Acquired Force a). However, a group of five students thought that there is a force on dl
objects that are sanding on the pointed top of a hill. They judtified the existence of this force by
saying that it is due to the fact that they would easly fdl down the hill and thus be st in motion
(Table 3, Category d). An example can be found in Pavlos (Table 12, Question 11) who says that
there is a force “because the stone is in a high podtion”. He further explains that the stone “has
kinetic energy. Its potentid energy is transferred into kinetic energy and the stone may fal down”.
The same student says in Question 22 that there is a “kinetic force” on the fdling done. As it
becomes clear from this example, many children in this group mixed up energy with force.

5. Acquired Force and Force of Push/Pull. Asin the case of the acquired force meaning
the interpretation of force as acquired force isin the core of this meaning aso. However, thereisan

essentid difference between the students who were assigned to the present meaning compared to
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those assigned to the acquired force meaning. The students who were assigned to the present
meaning said that when an agent (eg., a man) tries to push an object he exerts a force on it,
regardless whether the object moves or remains dationary. Therefore, for these students, the
exigence of a force exerted on an object is not related only to the motion of the object (asin the
case of the acquired force meaning), but dso to the presence of a push/pull.

Three students, one 6™ grader and two 9" graders, who were placed in this meaning
referred dso in their responses to a force exerted from the ar on al the objects. Elizabeth, for
example, a6™ grader, in responding to question 1 which is about forces exerted on a Sationary
gtone said that there is the “force from the air above it” that is exerted on the stone. These students
a0 bdieved that in the case of moving objects the for ce from the air is added to the acquired force.
Giannis, a 9" grader, for example, said that there are two forces exerted on a thrown stone: “The
force of the man who threw it and the force from the air .

It must be stressed here that the students who used this nmeaning were congstent in their
interpretation of force both as push/pull and as acquired force. They used the pudVpull meaning in
cases where an agent pushes an object regardless of whether it moves or not and the acquired force
in Stuaions relaed to moving objects. Therefore, we can spesk of a representation with internd
congstency and not of a mixed category.

Findly, it should be mentioned here that it does not appear that the present sudents consider
the force of pudvpull as an interaction. It ssems more likdy that they relate the force of puspull to
the effort of the agent, and that they mix up force with energy.

6. Force of Push/Pull. This meaning was used only by one 9" grader. He answered that
there is no force exerted on any objects moving or Sationary, except in Stuations where aman tries

to push an object. The responses of the child placed in this meaning are presented in Table 12
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(Giorgos, 9" grade, group 1). This pustVpull meaning seems closer to the scientifically accepted
concept compared to the previous synthetic acquired force and force of push/pull meaning.
Neverthdess, it isagan difficult to say on the basis of the available evidence exactly how the for ce of
push/pull isinterpreted by this sudent and whether is confused with effort or energy.

7. Gravitational Force and Other Forces. The OL scoring reveded that no student could
be assigned to the expected gravitational force meaning. All sudents who gave gravity responses
mentioned other kinds of forces as wel. This is why they were placed in a category we caled
Gravitational and Other Forces. Their responses are described in Table 13.

(Insert Table 13 about here)

The firgt observation that can be made is that dl students who mention the force of gravity
also believe that in the case of thrown objects there is an additiond for ce that comes from the agent
who throws the object - an acquired force. See for example, the response to Question 27 of
Andress, Table 12, Gravitational and Other Forces.

Gravity agppears to be associated firs with fdling objects (Gravity and Acquired, and
Gravity, Pus/pull, and Acquired a Table 13) and then with Stationary objects (Gravity, Push/pull,
and Acquired b, ¢, d; Table 13). When gravity is assgned to stationary objects as well asfdling
objects, some students believe that there is “more force of gravity” exerted on faling objects or on
objects placed in ungtable positions (Gravity, Push/pull, and Acquired b; Table 13). Two subjects
mention the co-existence of ‘force of gravity and weight” in the case of fdling objects (Gravity,
Push/pull, and Acquired ¢; Table 14). The majority of the subjects (mostly 9" graders) belong to the
Gravity, Push/pull, and Acquired d sub-meaning. These sudents assign force of gravity to Sationary

as wdl as thrown/faling objects, but think that when an object is moving an additiond (acquired)
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force is added to the force of gravity. When there is a force of Push/pull, gravity is usudly not
mentioned, except in afew cases.

We interpreted these findings to mean that the acquired force meaning continues to be the
man meaning of force in this case as well. The notion of gravity is added to this core meaning. It is
not clear exactly how gravity is understood. It is important, however to notice the Smilarity between
the various gravity meanings and the internal and acquired force meaning where moving objects
areinterpreted to have “ more force exerted on them” than Stationary objects. It gppears that some of
the cases where the internal force meaning was used earlier are now reinterpreted in light of a
gravity meaning of force.

8. Mixed (interndly inconggtent). Students were assigned to a mixed category if thar
responses showed internal inconsstency. Table 14 shows the response categories to which each one
of these students was placed in the different sets of questions used in this sudy. Ascan beseenindl,
except the last two students, the inconsstency can be traced in their ambivalence regarding forcesin
objects placed in unstable postions, in faling objects and in thrown objects. More specificdly, dl
these students believe that there is a force in Sationary objects affected by weight/size and cannot
decide how to interpret movement asin meaning 2 (movement means less or no force exerted) or as
in meaning 3 (movement means more for ce exerted). The last two studentsin Table 15 show greater
inconsistency in their responses and cannot be placed in a consstent category.

(Insert Table 14 about here)

Effects of age and question type on meanings of force
An andyses of variance showed that there was a ggnificant effect of age on students

responses (F(3,104)=3.28, p<0.05), while there was no dgnificant effect of question type
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(F(1,104)=1.38, p>0.05). There was aso no interaction between question type and age
(F(2,104)=1.101, p>0.05). Table 15 shows the frequencies and percent of meanings of force as a
function of grade.
(Insert Table 15 about here)
As can be seen, the younger children used dmost exclusively only the firgt four meanings. The
kindergarten children tended to use meanings 1, 2 and 3, while the older dementary school children
tented to use meanings 3 and 4. Meaning 5, was used by the 6" and 9" graders, while meanings 6

and 7 were used dmost exclusvely by high schoal children.

DISCUSSION

M eanings of force
The andysis reveded that it was possible to explain the responses given by 88.6% of the students by
assuming that they were conagtent in using one out of a smal number of meanings of force. The
observed meanings can be grouped in two categories. Those that appear to be based on everyday
experience and show no influences from Newtonian theory, and those that have been influenced by
the scientific theory. Following Vosniadou and Brewer (1992, 1994) we will cal the first group of
meanings “initid” and the later “synthetic’. In this sudy we discovered two kinds of initid meanings
of force, not influenced by indruction: the internal force meaning and the acquired force meaning.
We aso discovered some combinations of the internal and acquired meanings thet will be cdled
hybrid. There were no meanings of force in the present sample that showed a complete
understanding of the Newtonian framework.

Initial meanings. There seemed to be two initid meanings of force: internal force and
acquired force. As was mentioned earlier, most of the kindergarten children (46.7%) used the

internal force meaning, according to which force is exerted either on dl objects because they have
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weight, or only on “heavy or big objects™. There is dso an additiond interpretation according to
which there is more force exerted on heavier objects. In dl these interpretations, force is
conceptudized as an interna property of physical objects, affected only by their weight and/or size.

A destription of the hypothetica conceptud structure underlying this meaning of force appears
in Figure 1. We hypothesze that sudents interpret observations such as that big/heavy
people/objects can cause damage on other people/objects, or can resst the pudvpull of other
objects, and relate these descriptions to the presence of force. This interpretation of force is
embedded within a framework theory of physica objects with force being consdered as a property
of physca objects. It appears that the meaning of force for these students is closer to what is
expressed by the word strength.

(Insert Figure 1 about here)

The results showed that between the ages of 8 to 12, the internal force meaning is replaced
by the acquired force meaning. In the acquired force meaning the criterion for deciding whether a
force has been exerted or not, is movement. The students talk about objects being pushed/pulled by
agents but they do not assign a for ce to them unless they move. The acquired force meaning, which
is the mogst gtable interpretation of force in the sudents in our sample, is amilar to the “internd
motor” idea of force reported by Piaget (1972), to the “force of mass’ reported by Viennot (1979),
and to the “impetus’ notion reported by McCloskey (1983), Clement (1982), and di Sessa (1988).

Figure 2 presents the hypothesized conceptua structure that underlies the aquired force
meaning. This sructure is based on Nersessan and Resnick’s (1989) analysis of the impetus
misconception. According to this andyss force is tied to motion in an explanatory framework in

which the motion of an inanimate object requires explanation in terms of a causd agent (this causal

* Thisisaqualitative not a quantitative understanding of “heavy” or “big”.
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agent being force). Force is not consdered any more an inherent property of inanimate objects
athough we assume that this continues to be true in the case of animate objects. Rather, it is an
acquired property of those inanimate objects that move, in the context of the explanatory
framework mentioned earlier, that is, that the pudvpull of an agent is wha usudly causes the
inanimate object to move. It gppears that the children who adopted this meaning of force had
differentiated force from weight.

(Insert Figure 2 about here)

Hybrid meanings of force not influenced by instruction. The change from the internal to
the acquired force meaning observed in the present study is a change in explanatory framework that
appears to happen gontaneoudy without influence from indruction. How can this change happen
during ardatively short period of time?

The presence of the hybrid meaningsinternal force affected by movement and internal and
acquired force, provide information regarding the process of conceptua change. It appears that
students become sensitive to movement and the rlaionship between movement and force early ort,
but have difficulty explaining this rdationship. In the context of the internal force meaning, the
natura interpretation of the movement of an inanimate object isto consder it as “weskness’, i.e, as
a fallure of this object to redst to the push/pull of other objects, and thus to lack of force, or less
force (see the hypothesized conceptua structure for the internal force meaning described in figure
1). This is exactly the interpretation of movement present in the hybrid meaning, internal force
affected by movement. On the other hand, from the point of view of the acquired force meaning,
the movement of an inanimate object is an indication that a force is being exerted. In this context, the

presence of movement implies an additiond force, which when combined with internal force

® About half of the kindergarten children were placed in one of these two synthetic meanings (see Table 15).



The Changing Meanings of Force
1

produces "more force'. Thisis exactly the interpretation of movement in the hybrid meaning internal
and acquired force.

Thereis, however, an interna inconsstency that characterizes this interpretation of force. If we
think of an object that has been st in motion by an agent as having an acquired force, such an
object cannot be thought of as having an internal force dso, because if it did, the agent should not
have been able to move it (following the logic of the argument given by the students placed in the
internal force meaning). It is maybe the redization of the internd incongstency implicit in the attempt
to combine the internd and acquired interpretations of force, that this hybrid meaning is evertudly
abandoned in favor of the acquired force meaning. To have an internal force means that an object
cannot be moved, while acquired force is related to moving objects only. Therefore, acquired and
internal force cannot coexid. It is not uncommon in the developmentd literature to have cases
where conceptua change occurs from the need to solve internd inconsstencies (eg., Vygotsky,
1962; Karmiloff-Smith, & Inhelder, 1974).

In the acquired force meaning, it appears that force has been differentiated from weight, at
leest in the case of inanimate objects. Weight remains an internd property, but force is now
consgdered an acquired property rdated to the push/pull of an agent (usudly animate), when that
push/pull causes the inanimate object to move. Smilar cases where two concepts are differentiated
from a parent concept, have been reported by Piaget (1972) and Smith, Carey & Wiser (1985), and
are, of course, common in the history of science (Kuhn, 1977).

It is interesting to observe that mogt of the students placed in the mixed category did so
because they were caught between the internal and acquired force meanings and were unsure
about how to interpret movement. Ten of the twelve students placed in the mixed category

sometimes interpreted movement in the context of the internal force meaning - as an indication of
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“less’ internal force - and sometimes in the context of the acquired force meaning - as an
indication for the gpplication of an externd force (Table 14 presents al cases of incondgstency
obtained).

Synthetic meanings of force. We have argued that while the first four meanings of force do
not show an influence of the Newtonian theory presented through ingtruction, the remaining three do
show such an influence. As in the case of the astronomy studies conducted earlier (Vosniadou &
Brewer, 1992; 1994) these synthetic meanings result from the assimilation of scientific information
into the exigting explanatory framework.

The students who used the acquired force and force of push/pull meaning interpreted force
as an acquired property of moving inanimate objects but added to it the force of push/pull (in the
case where an animate agent was shown to exert a push/pull force). These students showed some
progress towards the scientificaly accepted meaning, to the extent that they interpreted the push/pull
action of an animate agent as force exerted, regardless of whether the pusVpull results in the
movement of the affected object or not. The hypothetica conceptud Structure that underlies the
acquired force meaning (see Figure 2) could be part of the underlying structure of this synthetic
meaning of force dso with the exception that force is now consdered to be exerted not only when
the object moves but aso when an agent Smply pushes or pullsit.

This meaning is synthetic because the force of push/pull is added to the existing acquired
force meaning. Moreover, the push/pull force does not appear to be conceptudized in ways
consgent with the scientific theory (for ce as interaction between two objects), but in ways that show
a confuson between force, effort, and internal strength or energy. Although, it was not the
purpose of this study to investigate the students confusion between force, effort and energy it was

clear from students statements that such a confuson existed. For example, in response to question 9
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(Where aman of the same size pushes a big stone and asmall stone), Vasilis, a 9" grader saysthat in
pushing the firg stone “the man consumes more force because the stone is bigger”, showing a
confuson between force, effort and energy. On the other hand, Hardambos (grade 9) says in
response to question 10, that “the child exerts more force than the man (to move the same stone)
because he is weaker and has less force than the man’, implying a confuson between force and
internal strength/energy. It was common for sudents to use terms like “kinetic force” (to
characterize the movement of an object being pushed by aman) or “dynamic force” (to characterize
the potentid energy of an object in an ungtable postion) and in generd to atribute force in the cases
where the scientific concept of energy should be used. Characteristic are the responses of Manolis
who says in response to questions 9 and 10 that there is no force exerted on the stones because
thereis no energy. These apply to al occasions where the push/pull meaning of force is used.

As mentioned in the Results section, there were two students who used this meaning but dso
mentioned the force of the air to be exerted on dl the objects. We consider this to be another case
of assmilation of new information into existing knowledge structures. It gppears that these students
were informed, probably in school, about the atmospheric pressure exerted on dl objects being
indde the aamosphere. This information does not contradict any of ther prior beliefs: A force, such
as the force from the air, can be exerted on an object without causing it to move (the same istrue for
the force of pudh/pull exerted on gationary objects). Thus, in their regponses, these students smply
added the ‘force from the ar” to the meanings of acquired force and the force of push/pull.
Instead of answering that no force is exerted on the Stationary objects they said that it is the force
from the ar that is exerted on them, and in the case of thrown objects the “force fromthe air” was

added to the aready acquired force.
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Findly, another synthetic meaning is the gavitational and other forces meaning. Asit is
shown in Table 13, the gravity meaning of force starts to gppear first in the case of faling objects
(Question 22) and thrown objects (Question 27 - with acquired force) and then generdizes to
dationary objects as well. In the mgority of the regponses in our sample, gravity was mentioned as a
force that operates both in the case of moving and of dationary objects, except in the case of
push/pull. It appears that in the later case students focus on the pushV/pull action and forget about
gravity.

In summary, it appears that students start with a meaning of force not differentiated from
weight (force as an internd property of big/heavy objects). This meaning is eventudly replaced by a
different meaning according to which force is the acquired property of objects that move (acquired
force meaning). The acquired force meaning iswell in place in the conceptud system of the 11-12
year old child (6™ grader) and is not substantialy changed through instruction until the age of 15 (9"
grade). Under the influence of ingruction, students add the force of push/pull and the force of
gravity to the dready exigting acquired force meaning creating various synthetic meanings.
Relationship to prior research

The relationship between force and weight has been mentioned by Piaget (1972) but has not
been reported in more recent sudies with English-speaking subjects. One reason could be that these
sudies have used older subjects than the ones used in our sample. There may be dso important
linguigtic and/or culturd differences. As mentioned earlier, in the Greek language there is only one
word for force, the word “dynamis’ that denotes not only force but also strength and power. The
internal force meaning appears to be closer to the "strength” meaning of the Greek word "dynamis’.
A cross-culturd study comparing Greek to English speaking students could provide some answers to

this question.
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The most stable interpretation of force in our sample was that of the acquired force meaning.
As mentioned earlier, this meaning is Smilar to the impetus idea of force identified by many science
educators, as well as o the “internd motor” idea reported by Piaget (1972). Unlike Piaget’s clams
that the forma operationd child spontaneoudy differentiates for ce from motion, this did not happen
in the older sudentsin our sample, despite the fact that considerable ingtruction in mechanics takes
place in the Greek high schoal.

The confusion between force and energy has been noted in previous studies. Piaget (1972)
reported that some students at the stage of forma operations spoke of a suspended force on
marbles which were ready to go down adope, something “that brings to mind the idea of energy, but
which is as yet only the generdization of the ideaformed at this stage, namdly, that for ces continue to
exig in the immobile state’ (Piaget, 1972, p. 49). Many students in the present sudy were likely to
atribute a force to a gationary stone in an ungtable position (Questions 11 and 17), clearly showing
a confusion between energy and force in this case (Note, for example, Katerina s response to Q11
“Yes, dynamic (orce). Because it is not stable and it may eeslly fdl”, Table 16). The reationship
between force and energy is currently the subject of an ongoing invedigation (Megdakaki,
loannides and VVosniadou, in preparation).

Another difference between the present study and previous studies has been the finding that
many students reported an acquired force in the case of fdling objects (Question 22) aswell asin
the case of objects thrown (Question 27). This finding does not agree with diSessa's findings with
American sudents and comes in conflict his dam that the impetus misconception is not gpplied in the
case of free fdl because sudents mention the force of gravity as the cause of this motion (diSessa,

1988). A possible explanation for this discrepancy may be that diSessas data come from subjects
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older than 10 years. Indeed, in the present study also the older students mentioned the force of

gravity to account for freefdl.

Towardsatheory of conceptual changein childhood

In what follows we will discuss some of the theoreticd implications of this sudy with repect
to the two main questions raised a the beginning of this paper: (@) the nature of childrens initid
knowledge structures and (b) the mechanisms of conceptud change.

Initial Knowledge Structures. The results of this study do not agree with diSessa's (1988;
1993) pogtion that initid knowledge about the world congsts of an unstructured collection of smal
and discrete knowledge eements. On the contrary our findings showed that the mgority of even the
youngest children in our sample had collected their intuitive observations and information they
recaived from the culture to form ether @ one of two initid meanings of force-the internal force and
the acquired force meanings-or, b) two hybrid meanings showing a trangtion from the internal
force to the acquired force. These two meanings of force represent two distinct explanaory
frameworks consgting of a complex network of beliefs, presuppositions, observations, and causa
relations that go beyond what isimmediately perceived.

The results of the present study are in generd agreement with the position developed by Chi
and her colleagues (Chi, 1992; 1994; Reiner et d, 2000) in that force is associated with the "wrong"
ontology. Indeed it gppears that in the conceptua system of children (as well as lay adults) forceis
categorized either as a property of physical objects (internal force) or as an acquired property of
inanimate physca objects that move (acquired force). Unlike Chi, however, we do not bdieve that
conceptua change conssts amply of adopting a different ontology. Rather, the conceptua system is

a dynamic one with changes in representations and beliefs taking place al the time preparing the
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ground for more radica re-organization in ontology or epistemology. More specificaly, the meaning
of acquired force isadifferent explanatory framework for interpreting the stuations where for ce has
been exerted, than that of internal force different both in terms of the specific theory adopted and in
terms of the framework theory. It is a different explanation, addressed to different phenomena (e.g.,
the motion of inanimate objects), and where the individual concepts have been radicadly modified
(clifferentiation between force and weight) °. Neverthdess, this conceptua change till happens in
the context of an explanatory framework where force continues to be categorized as a property of
physica objects, rather than as a process.

Mechanisms of Change. Unlike our previous studies in astronomy, where the observed
changes in the concept of the earth and in explanations of the day/night cycle were the product of
ingtruction, the findings of the present study show that considerable change can happen prior to the
beginnings of systematic ingruction. The effects of ingtruction, while consderable, do not succeed in
producing radical changes in the established acquired force meaning. The results of the present
sudy show that the meanings of gravitational force and force of push/pull are added on to the
exiding explanatory framework, destroying its coherence ingtead of restructuring it. The finding is
contrary to predictions of the diSessa (1993) postion that the learning of science should be
associated with the creation of greater systematicity and coherence. Rather, the results of the present
study support those of previous experiments showing that conceptua change is a dow and gradud

dfar’ that proceeds by destroying rather than increasing the coherence of childrens initid

® We know on the basis of research with infants that the distinction between mechanical and psychological
causality develops during the first years of life (e.g. Leslie, 1988). What we are claiming hereis not that children
understand that the movement of inanimate objects is caused by an agent pushing or pulling them, but that they
associate the word force with this explanatory structure.

" Although cross-sectional data seriously constraints the kinds of inferences that can made about the knowledge
acquisition process, the age effects on the use of the different meanings of force and the existence of synthetic
meanings provide strong support to the argument that conceptual changeis slow and gradual .



The Changing Meanings of Force
48

explanatory framework, thus preparing the ground for a new restructured conception that may or
may not be findly achieved.

The present findings show that the mechanisms of conceptua change are in many respects
amilar in the case of gpontaneous change as in the case of change produced through ingruction. In
both cases, a new representation gppears in a specific context of use to explan a limited
phenomenon (e.g., gravity to explain free fdl, acquired force to explan the mation of inanimate
objects, etc.) but is otherwise assmilated to the existing explanatory framework. It may then proceed
to generdize its contexts of use within the same framework, as in the case of gravity in the present
gudy, remaining a synthetic meaning. Or, it may overtake the previous meanings of force, creating a
new explanatory framework that amounts to radical conceptua change. This is what happens when
the explanatory framework behind the meaning of acquired force overtakes that of the internal
force, causng a differentiation between weight and force and a digtinction between inanimate and
animate objects as far as the gpplication of force is concerned.

It should not be surprisng tha the development of the meaning of force isagradud and time-
consuming process. It took hundreds of years to develop the current theory of mechanics in which
force is consdered an interaction between two objects. What is most interesting is that the term
force has been used both in the history of science and by children to express smilar meanings Asan
interna property of inanimate objects expressing the potentia of the objects to act or react on other
objects, and as an agent that makes an object move or retain its motion

There dso seem to be some Smilarities between children and scientists in the way conceptud
change is achieved. For example, the spontaneous change from the internal to the acquired force
meaning, where a new meaning of the term force replaces an existing one, seems to be motivated by

issues of explanatory coherence. Explanatory coherence seems to be amagor cause of revolutionsin
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science (see Thagard, 1992). Moreover, the addition and deletion of concepts, the differentiation of
concepts, the absorption of a new theory into an old framework, have dl been observed in the
historical process of theory change in science (Thagard, 1992). Although, evidence for amilar
processes has been found in the present sudy, we cannot clam that the students in our sample are
metaconceptudly aware of these theory change processes, or that they are in any way engaged in
systematic hypothesis testing. It appears that such changes are produced by an adaptive cognitive
system designed to incorporate new information into existing conceptud structures, while a the same
time aming a keeping these structures as free from interna contradictions as possible.

Conclusions

The present study investigated aspects of the development of the meaning of force in students
ranging in age from 4 to 15 years. The reaults showed that Sudents are consgtent in ther
interpretation of the gdtuaions in which a force is supposed to be exerted, and that these
interpretations vary sgnificantly with age producing different meanings of force. Only asmall number
of meanings of force were obtained. It gppears that students start with a meaning of force asan
internal property of physica objects related to their weight and change to a meaning of force asan
acquired property of inanimate objects that explains their motion. This becomes the mgor
explanatory framework for interpreting force until the age of 15. By that time, as a result of
ingruction, various synthetic meanings of force have been created through assmilation of the notions
of gravitational force and the force of push/pull to the existing explanatory framework resulting in

increases in fragmentation.
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Table 1. Categories of responsesfor
Set | Stationary objects- Smple questions (QSL Scoring)

Questions

Response

categories

2 Y5

Thestoneis
standing on the
ground.
-Isthere aforce
exerted on the
stone? Why?

"R

Thestoneis
standing on the
ground.
-Isthere a force
exerted on the
stone? Why?

Q3. % Q
Theballoon is
standing on the
ground.
-Isthere aforce

exerted on the
balloon? Why?

Q4. L

Theballoon is
standing on the
ground.
-Isthere aforce
exerted on the
balloon? Why?

a. Force only on the
big stone and big
balloon.

(K: 26.7%, 4™: 6.7%,
6" 0%, 9™ 0%)*

Yes.

Becauseitisbig
and/or heavy and/or
you cannot move it.

No.

Because it is small
and/or light, and/or
you can move it
easily.

Yes.

Becauseitisbig
and/or heavy and/or
you cannot move it.

No.

Because it is small
and/or light and/or
you can move it
easily.

b. Force only on the
big stone.

(K: 73.3%, 4™
43,3%, 6™ 10%, 9™:
0%)

Yes.

Becauseitisbig
and/or heavy and/or
you cannot move it.

No.

Because it is, light
and/or you can move
it easily.

No.

Because itis light
and/or you can move
it easily.

No.

Because it is small
and/or light and/or
you can move it
easily.

c. Force only on the
big and small stone.
(K: 0%, 4™: 13.3%,
6" 13.3%, 9™ 0%)

Yes.

Becauseitishig
and/or heavy and/or
you cannot move it

Yes.
Because it is heavy
or it has weight.

No.

Because it is light
and/or you can move
it easily.

No.

Because it is small
and/or light and/or
you can move it

easily. easily.
d. Force on al the Yes. Yes. Yes. Yes.
objects. Becauseitishig Becauseit has Becauseit has Becauseit has
(K: 0%, 4™ 6.7%, and/or heavy or it weight. weight. weight.
6" 16.7%, 9™ has weight.
3.3%)
e. Force of gravity Yes. Yes. Yes. Yes.

on al the objects.
(K: 0%, 4™ 10%,
6™ 6.7%, 9™
43.3%)

It isthe force of
gravity or the earth’s
attraction.

It isthe force of
gravity or the earth’s
attraction.

It isthe force of
gravity or the earth’s
attraction.

It isthe force of
gravity or the earth’s
attraction.

f. No force on any
object because they
are not moving.

(K: 0%, 4™ 0%,
6" 0%, 9™ 26.7%)

No.
Because it is not
moving.

No.
Because it is not
moving.

No.
Because it is not
moving.

No.
Because it is not
moving.

g. Force on the
balloons and the
small stone, no force
on the big stone.

(K: 0%, 4™: 0%,

6™: 3.3%, 9™ 3.3%)

No.

Because it is heavy
and/or no one can
move it easily.

Yes.

Because it is light
and/or you can move
it easily.

Yes.

Because it is light
and/or you can move
it easily.

Yes.

Because it is light
and/or you can move
it easily.

h. No force on any No. No. No. No.

object because no Because no one Because no one Because no one Because no one
one pushes them. pushesiit. pushesit. pushesit. pushesit.

(K: 0%, 4™ 20%,

6" 46.7%, 9" 20%)

i. Forcefromthear | Yes. Yes. Yes. Yes.

on all the objects.
(K: 0%, 4™ 0%,
6 3.3%, 9™ 6.7%)

It isthe force from
the air above it.

It isthe force from
the air.

It isthe force from
the air.

It isthe force from
the air.
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* Percent responses for Kindergarten, 4™ grade, 6 grade, and 9™ grade respectively.

Set 11: Stationary objects being pushed by a human agent - Smple questions

Table 2. Categories of responsesfor

(QSL Scoring)

Questions

Response
categories

A man is pushing
the stone.
-Isthereaforce
exerted on the
stone? Why?

Viami

A man is pushing
the stone.
-Isthereaforce
exerted on the
stone? Why?

A man is pushing
the balloon.
-Isthereaforce
exerted on the
balloon? Why?

Q8. m

A man is pushing
the balloon.
-Isthereaforce
exerted on the
balloon? Why?

a. Force only on the
big stone and big
balloon.

(K: 26.7%, 4™ 6.7%,
6" 0%, 9™ 0%6)*

Yes.
Becauseitisbig
and/or heavy and/or
the man cannot
move it.

No.

Because it is small
and/or light and/or
the man can move it
easily.

Yes.
Becauseitisbig
and/or heavy and/or
the man cannot
move it.

No.

Because it is small
and/or light and/or
the man can move it
easily.

b. Force only on the
big stone.

(K: 73.3%, 4™ 40%,
6™ 6.7%, 9™ 0%)

Yes.
Becauseitishig
and/or heavy and/or
the man cannot
move it.

No.

Because it is, small
and/or light and/or
the man can move it
easily.

No.

Because it is light
and/or the man can
move it easily.

No.

Because it is small
and/or light and/or
the man can move it
easily.

c. Force only on the
big and small stone.
(K: 0%, 4™ 16.5%,
6" 13.4%, 9™: 0%)

Yes.
Becauseitisbig
and/or heavy and/or
the man cannot

Yes.
Because it is heavy
or it has weight.

No.

Because it is light
and/or the man can
move it easily.

No.

Because it is small
and/or light and/or
the man can move it

move it. easily.
d. Force on al the Yes. Yes. Yes. Yes.
objects. Because it is heavy Because it has Because it has Because it has
(K: 0%, 4™: 10%, and/or it has weight weight. weight. weight.
6" 13.4%, 9™: and/or the man has
3.3%) less force than the
stone.
e. Force on al the Yes. Yes. Yes. Yes.
objects because the Because the man Because the man Because the man Because the man
man pushes them. pushesiit. pushesit. pushesiit. pushesiit.
(K: 0%, 4™: 6.7%,
6" 36.5%, 9™
6.7%)
f. No force on the No. Yes. Yes. Yes.

big stone, force on
the remaining
objects.

(K: 0%, 4™ 13.4%,
6™ 6.7%, 9™ 3.3%)

Because it is heavy
and/or the man
cannot move it.

Because it is light
and/or the man can
move it.

Because it is light
and/or the man can
move it.

Because it is light
and/or the man can
move it.

g. Force from the
man and force of

Yes.
It isthe force from

Yes.
It isthe force from

Yes
It isthe force from

Yes.
It isthe force from
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gravity.
(K: 0%, 4™: 6.7%,
6" 0%, 9™ 33.4%)

the man and the
force of gravity.

the man and the
force of gravity.

the man and the
force of gravity.

the man and the
force of gravity.

h. Force of gravity Yes. Yes. Yes. Yes.

on al the objects. It isthe force of It is the force of It isthe force of It isthe force of
(K: 0%, 4™: 0%, gravity. gravity gravity. gravity.

6" 0%, 9 3.3%)

i. Force from the Yes. Yes. Yes. Yes.

man on all the
objects.

(K: 0%, 4™ 0%,

6" 23.3%, 9" 50%)

It isthe force from
the man or itisthe
kinetic force from
the man.

It isthe force from
the man or itisthe
kinetic force from
the man.

It isthe force from
the man or it isthe
kinetic force from
the man.

It isthe force from
the man or it isthe
kinetic force from
the man.

* Percent responses for Kindergarten, 4" grade, 6™ grade, and 9™ grade respectively.

Set 111: Stationary objects being on thetop of a hill - Smple questions (QSL Scoring)

Table 3. Categories of responsesfor

Questions
Qll. Q12. i Q13. Q14f/2&
Thestoneis Thestoneis Theballoon is Theballoon is
RESpOﬂSE standing on the standing on the standing on the standing on the
. top of the hill, top of thehill, but top of the hill, but | top of the hill, but
Caegones butitisnot it isnot stable. If it isnot stable. If it isnot stable. I f
stable. If someone pushed someone pushed someone pushed

someone pushed
it, it would fall
down.

-Isthere aforce
exerted on the
stone? Why?

it, it would fall
down.

-Isthere aforce
exerted on the
stone? Why?

it, it would fall

down.

-Isthere aforce
exerted on the

balloon? Why?

it, it would fall

down.

-Isthere aforce
exerted on the

balloon? Why?

a. Force only on the

Yes.

No.

Yes.

No.

big stone and big Becauseit isbig Because it is small Becauseitisbig Because it is small
balloon. and/or heavy and/or | and/or light and/or it | and/or heavy and/or and/or light and/or it
(K: 26.7%, 4™: 0%, if it fallsit can is more stable so it if it fallsit can cause | ismore stable.
6™ 3.3% , 9™3.3%)* | cause damages. cannot fall. damages.
b. Force only on the Yes. No. No. No.
big stone. Becauseit ishig Because it is, small Because it is light Because it is small
(K: 40%, 4™: 20%, and/or heavy and/or | and/or light. and/or the wind can and/or light and/or
6" 6.7%, 9" 3.3%) if it fallsit can move it and/or if it | the wind can make it

cause damages. fallsit cannot cause move.

damages.

c. Force only on the Yes. Yes. No. No.
big and small stone. Becauseitishig Becauseit has Because it islight. Because it is small,
(K: 0%, 4™: 3.3%, and/or has weight weight. light.
6" 13.3%, 9™: 0%) and/or it will fall

with impetus/force.
d. Force on al the Yes. Yes. Yes. Yes.

objects.
(K: 0%, 4™: 16.7%,

Because it is heavy
or it has weight

Because it has weight
and/or it is not

Because it has weight
and/or it is not

Because it has weight
and/or it is not

6™ 20%, 9™ 6.7%) and/or it is not stable. stable. stable.
stable.
e. Force of gravity on | Yes. Yes. Yes. Yes.

al the objects
(K: 0%, 4™: 10%,
6™ 3.3%, 9™ 43.3%)

It isthe force of
gravity or the
earth’s attraction.

It is the force of
gravity or the earth’s
attraction.

It isthe force of
gravity or the earth’s
attraction.

It isthe force of
gravity or the earth’s
attraction.
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f. No force on any No. No. No. No.

object, because they Because it is not Because it is not Because it is not Because it is not
are not moving. moving. moving. moving. moving.

(K: 0%, 4™: 13.3%,

6": 26.7%, 9™: 26.7%)

g. No force on any No. No. No. No.

object, because they
are not stable.

Because it is not
stable or it can be

Because it is not
stable or it can be

Because it is not
stable or it can be

Because it is not
stable or it can be

(K: 33.3%, 4™: 36.7%, | moved easily. moved easily. moved easly. moved easily.
6 6.7%, 9™ 0%)
h. Force from the air Yes. Yes. Yes. Yes.

on al the objects.
(K: 0%, 4™ 0%,
6" 3.3%, 9™ 3.3%)

It isthe force from
the air aboveit.

It isthe force from
the air.

It isthe force from
the air.

It isthe force from
the air.

i. No force on any
object because no one
pushes them.

No.
Because no one
pushes it.

No.
Because no one
pushesiit.

No.
Because no one
pushes it.

No.
Because no one
pushes it.

(K: 0%, 4™ 0%,
6™ 16.7%, 9": 13.4%)

Percent responses for Kindergarten, 4™ grade, 6™ grade, and 9™ grade respectively.

Table 4: Categories of responses for

Set |1: Stationary objects being pushed by a human agent-

Comparison questions (QSL Scoring)

Questions

Response categories

Qo.
A7

) A/’é] %)

The same man istrying to move
two different stones. He cannot
move either.

- Isthere aforce exerted on these
stones? Why?

(If “yes":) - Isthe force exerted
on the stones the same?

(If “no”:) - Which of thetwo
forcesisgreater? Why?

Q10. XVSMS
A man and a child aretrying to
move two similar stones. They
both fail.

-Isthere aforce exerted on these
stones? Why?

(If “yes”:) - Istheforce exerted
on the stones the same?

(If “no”:) - Which of thetwo
forcesisgreater? Why?

a. Force related to the size of the
stones.

(K: 100%, 4™ 66.7%, 6 33.4%,
9™ 6.7%)*

Greater force on the bigger stone.
Because the first stone is bigger,
heavier.

Same force on both stones.
Because the two stones are similar.

b. Force from the human agent.
(K: 0%, 4™: 6.7%, 6™ 3.3%, 9"
36.7%)

Same force on both stones.
Because it is the same man and he
cannot move either.

Greater force on the stone being
pushed by the man.

Because the man is bigger, has greater
force, is pushing with greater force.

c. Force from the human agent
related to his effort and “supply " of
force.

(K: 0%, 4™: 0%, 6™ 23.4%, 9™
36.7%)

Greater force on the bigger stone.
Because the stone is bigger and the
man is trying harder to moveit.

Greater force on the stone being
pushed by the man.

Because the man is bigger, has greater
force, is pushing with greater force.

d. Force of resistance misunderstood.

(K: 0%, 4™ 0%, 6™ 0%, 9™ 6.7%)

Greater force on the bigger stone. It
is the resistance of the stone to the
man'’ s force. Because the stoneis
greater its resistance is greater as well.

Greater force on the stone being
pushed by the man.

It is the resistance of the stone.
Because the man is pushing with
greater force the resistance will be
greater as well.
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e. Force from the human agent
related to his effort.
(K: 0%, 4™ 0%, 6™ 3.3%, 9™ 3.3%)

Greater force on the bigger stone.
Because the stone is bigger and the
man is trying harder to move it.

Greater force on the stone been
pushed by the child. Because the child
must try harder to move the stone.

f. No forceon any stone.
(K: 0%, 4™: 26.6%, 6™: 36.7%, 9™:

No force on any stone.
Because the man cannot move the

No force on any stone.
Because they cannot move the

58

9.9%)

stones, the stones are not moving.

stones, the stones are not moving.

* Percent responses for Kindergarten, 4™ grade, 6 grade, and 9™ grade respectively.

Table5. Categories of responsesfor
Set I11: Stationary objects being on the top of a hill -
Comparison questions (QSL Scoring)

Questions

Response categories

Q15. 73

PAN

These two stones are similar.
Thefirst stoneis standing on
thetop of a hill, but it isnot
stable. | f someone pushed it , it
would fall down. The other
stoneis standing on the
ground.

-Isthere aforce exerted on
these stones? Why?

(If “yes™:) - Isthe force exerted
on the stones the same?

(If “no”:) - Which of thetwo
forcesisgreater? Why?

Qi

R
These two stones are
similar. Each one of them
is standing on the top of a
hill. Thefirst hill ishigher
than the second. Neither
stoneis stable. If someone
pushed them they would
fall down.
-Isthere a force exerted on
these stones? Why?
(If “yes™:) - Isthe force
exerted on the stonesthe
same?
(If “no”:) - Which of the
two forcesis greater?
Why?

. D

VAAN

These two stones are similar. Each
one of them is standing on the top
of a hill.

Thefirst stoneisnot stable. I f
someone pushed it, it would fall
down. The second stoneisvery
stable.

-Isthere a force exerted on these
stones? Why?

(If “yes™:) - Isthe force exerted on
the stones the same?

(If “no”:) - Which of the two forces
isgreater? Why?

a. Force on the stable stones, less
force or no force on the unstable
stones.

(K: 53.3%, 4™: 53.3%,

6" 20%, 9 3.3%)*

Force only or greater force on the
stone on the ground

Because the stone on the hill will
fall easily if someone pushed it.

No force or the same force on
both stones.

Because they will fall easily if
someone push them.

Force only or greater force on the
stone on the second hill.

Because the stone on the first hill will
fall easily if someone pushed it.

b. Force on the unstable stones
only.

(K: 0%, 4™: 16.7%,

6" 13.4%, 9™ 6.7%)

Force only on the stone on the
hill.
Because it will easily fall down.

Force only or greater force the
stone on the higher hill.
Because they will both fall or
the stone on the higher hill
will fall more forcefully.

Force only the stone on the first hill.
Because it will easily fall down.
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c. Force on al the stones but
greater force on the unstable
stones.

(K: 6.7%, 4™ 3.3%,

6": 10%, 9": 3.3%)

Greater force on the stone on the
hill.

Because it is easier to be moved by
someone.

Greater force on the stone on
the higher hill.

Because it will fall more
forcefully.

Greater force on the stone on the first
hill.

Because it is easier to be moved by
someone.

d. Same force on all the stones.
(K: 40%, 4™ 13.4%,
6™ 3.3%, 9™ 0%)

Same force on both stones.
Because they are similar, equal big,
equally heavy.

Same force on both stones.
Because they are similar,
equally big, equally heavy.

Same force on both stones.
Because they are similar, equally big,
equally heavy.

e. Force of gravity on all the
stones:

Same force on all stones or
greater force on the stones at a
lower position.

(K: 0%, 4™ 3.3%,

6™ 0%, 9": 33.3%)

Same force or less force on the
stone on the hill

It isthe force of gravity. Similar
stones therefore equal forces or
less force of gravity on the stone
at a greater distance from the
centre of earth.

Same force or less force on the
stone on the higher hill.

It isthe force of gravity.
Similar stones therefore equal
forces or less force of gravity
on the stone being at a greater
distance from the centre of

the earth.

Same force on the stone on the hill.

It isthe force of gravity. Similar
stones therefore equal forces.

Similar stones and equal distance from
the centre of the earth therefore, equal
forces.

f. Alternative interpretations of
the force of gravity.

(K: 0%, 4™: 0%, 6™ 6.7%, 9™
10%)

Greater force of gravity on the
stone on the hill.

Because is at a higher position and
earth attracts it more.

Greater force of gravity on the
stone on the ground, becauseitis
more stable.

Greater force of gravity on the
stone on the higher hill.
Because earth attracts it more
or

because the air pressure is
greater.

Greater force of gravity on the first
stone, because it will fall easily.
Greater force of gravity on the second
stone because it is more stable.

g. No force on any stone because
they are not moving.

(K: 0%, 4™ 13.3%,

6" 26.4%, 9": 26.4%)

No force on any stone.
Because they are not moving.

No force on or into any stone.
Because they are not moving.

No force on any stone.
Because they are not moving.

h. Force from the air on both
stones.
(K: 0%, 4™ 0%, 6™ 3.3%, 9™
6.7%)

Greater force from the air on the
stone on the ground, because there
ismore air aboveit.

Greater force from the air on
the stone on the lower hill,
because there is more air above
it.

Same force on both stones because
they are at the same height.

i. Mixed category: Contradictory

Same force on both stones.

Greater force on the stone on

Greater force on the second stone.

answers and explanations. Because they are similar. the higher hill. Because it is more stable.
(K: 0%, 4™ 0%, 6™ 3.3%, 9™ Because it is at a higher
0%) position.

k. No force on any stone because
no one pushes them.

(K: 0%, 4™ 6.7%,

6" 13.4%, 9™ 6.7%)

No. Because no one pushesiit.

No. Because no one pushesiit.

No. Because no one pushesiit.

* Percent responses for Kindergarten, 4™ grade, 6™ grade, and 9™ grade respectively.

Table 6. Categories of responsesfor
Set 1V: Freefalling objects - Smple questions (QSL Scoring)

Questions

Response
categories

Thestoneis
falling to the
ground.
-Isthere aforce
exerted on the
stone? Why?

Q109.

-

onﬁo

Q21. ﬁ o

Thestoneis
falling to the
ground.
-Isthereaforce
exerted on the
stone? Why?

Theballoon is
falling to the
ground.
-Isthere aforce
exerted on the
balloon? Why?

Theballoon is
falling to the
ground.
-Isthere aforce
exerted on the
balloon? Why?

a. Force only on the

Yes..

No.

Yes.

No.

big stone and the big Becauseitisbig Because it is small Becauseitishbig Because it is small
balloon. and/or heavy and it and/or light and it and/or heavy and it and/or light and it
(K: 33.3%, 4™ 3.3%, | will cause will make no will make will make no

6" 0%, 9™:0%)* damages/noise. damages/noise. damages/noise. damages/noise.

b. Forceonly onthe | Yes. No. No. No
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big stone. Becauseit isbig Because it is small Becauseitislight or | Becauseitissmall
(K: 53.3%, 4™: and/or heavy and it and/or light. itisfull of air. and/or light or it is
33.3%, 6™ 3.3%, will cause damages. full of air.

9™:09%)

c. Forceonly onthe | Yes Yes. No. No.

big and the small
stone.

(K: 0%, 4™: 16.7%,
6™ 16.7%, 9":3.3%)

Becauseitisbig
and/or heavy and it
will cause damages.

Because it is heavy
or it has weight.

Because it is light
and/or you can move
it easily.

Because it is small
and/or light and/or
you can move it
easily.

d. Force on all the Yes. Yes. Yes. Yes.

objects, due to Becauseit has Because it has Becauseit has Because it has
object’s weight. weight. weight. weight. weight.

(K: 0%, 4™: 20%, 6"

6.7%, 9" 0%)

e. Force of gravity Yes. Yes. Yes. Yes.

on al the objects.
(K: 0%, 4™ 10%,

It is the force of
gravity or the earth’s

It is the force of
gravity or the earth’s

It isthe force of
gravity or the earth’s

It isthe force of
gravity or the earth’s

6" 3.3%, 9™ attraction. attraction. attraction. attraction.
56.8%)

f. No force on any No. No. No. No.

object, because no Because no one Because no one Because no one Because no one
one pushes it. pushesiit. pushesiit. pushes it. pushes it.

(K: 0%, 4™: 3.3%,

6™ 0%, 9™ 3.3%)

g. No force on any No. No. No. No.

object, because Because someone Because someone Because someone Because someone

someone pushed

it.

(K: 6.7%, 4™ 3.3%,
6™ 6.7%, 9™ 0%)

pushed it and it fell.

pushed it and it fell.

pushed it and it fell.

pushed it and it fell.

h. Force from the air
on al the objects.

(K: 0%, 4™: 0%,

6™ 3.3%, 9™ 6.7%)

Yes
It isthe force from
the air.

Yes.
It isthe force from
the air.

Yes.
It isthe force from
the air.

Yes.
It isthe force from
the air.

i. Forceon al the
objects due to
motion.

(K: 6.7%, 4™ 10%,
6" 60%, 9™ 30%)

Yes.

Because it falls or it
falls with force or it
gainsforceasit fals
or it isthe kinetic
force.

Yes.

Because it falls or it
falls with force or it
gainsforce asit fals
or it isthe kinetic
force.

Yes.

Because it falls or it
falls with force or it
gainsforceasit falls
or itisthekinetic
force.

Yes.

Because it falls or it
falls with force or it
gainsforceasit falls
oritisthekinetic
force.

* Percent responses for

Kindergarten, 4™ grade, 6™ grade, and 9" grade respectively.

Table 7. Categories of responsesfor

Set V: Objectsthat have been thrown - Smple questions (QSL Scoring)
Questions
Q23. A Q24. _ | o Q26.

Response
categories

The man threw the
stone.
-Isthereaforce
exerted on the
stone? Why?

)

QZ%@

The man threw the
stone.

-Isthere aforce
exerted on the
stone? Why?

The man threw the
balloon

-Isthere aforce
exerted on the
balloon? Why?

D

The man threw the
balloon.

-Isthere aforce
exerted on the
balloon? Why?
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a. Force only on the

Yes.

No.

Yes.

No.

big stone and the big Becauseitishig Because it is small Becauseitisbig Because it is small
balloon. and/or heavy and it and/or light and it and/or heavy and it and/or light and it
(K: 26.7%, 4™ 3.3%, | will cause will make no will make will make no

6" 0%, 9™ 0%%6)* damages/noise. damages/noise. damages/noise. damages/noise.

b. Forceonly onthe | Yes No. No. No.

big stone. Becauseitisbig Because it is small Becauseit islight or Because it is small
(K: 46.6%, 4™: and/or heavy and it and/or light. itisfull of air. and/or light oritis
26.7%, 6™ 0%, 9 will cause damages. full of air.

0%)

c. Forceonly onthe | Yes Yes. No. No.

big and small stone.
(K: 6.7%, 4™ 16.7%,
6™ 10%, 9™ 3.3%)

Becauseitisbig
and/or heavy and it
will cause damages.

Because it is heavy
or it has weight.

Because it is light
and/or you can move
it easily or the wind
will take it away.

Because it is small
and/or light and/or
you can move it
easily or the wind
will take it away.

d. Force from the
man on all the
objects.

(K: 6.7%, 4™ 36.6%,

Yes.

It isthe force the
man gave to it or the
force from the man’s

Yes.

It is the force the
man gave to it or the
force from the man’s

Yes.

It isthe force the
man gave to it or the
force from the

Yes.

It isthe force the
man gave to it or the
force from the

6™ 83.4%, 9™ hand or because it hand. man’s hand. man’s hand.
56.6%) will fall with great

force.
e. Force from the Yes. Yes. Yes. Yes.

man and force of

gravity on all the
objects.

(K: 0%, 4™ 6.7%,

It isthe force of
gravity and the force
from the man’s hand
/the force the man

It is the force of
gravity and the force
fromthe man’s
hand/the force the

It isthe force of
gravity and the force
fromtheman's
hand/the force the

It isthe force of
gravity and the force
fromtheman's
hand/the force the

6™ 0%, 9" 26.7%) gavetoit. man gave to it. man gave to it. man gave to it.

f. No force on any No. No. No. No.

object, because no Because no oneis Because no oneis Because no oneis Because no oneis
one pushes them. pushing it. pushing it. pushing it. pushing it.

(K: 0%, 4™ 0%,

6" 3.3%, 9™ 6.7%)

g. No force on any No. No. No. No.

object, because they Because the man Because it is light Because it is light Because it is light

have been pushed.
(K: 13.3%, 4™ 10%,
6" 0%, 9™: 0%)

threw it away so it
must not be so
heavy.

and/or the man threw
it away.

and/or the man threw
it away.

and/or the man threw
it away.

h. Force from the
man and force from
the air on all the
objects.

(K: 0%, 4™ 0%,

6" 3.3%, 9™ 6.7%)

Yes.

It isthe force from
the man and the
force from the air.

Yes.

It isthe force from
the man and the
force from the air.

Yes.

It isthe force from
the man and the
force from the air.

Yes.

It isthe force from
the man and force
from the air.

* Percent responses for Kindergarten, 4™ grade, 6™ grade, and 9™ grade respectively.

Table 8. Categories of responsesfor
Set 1V: Freefalling objects- Comparison questions (QSL Scoring)

Question 22

D
]

ﬁ 7

S
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The two stones are similar. The oneisfalling, the
other isstationary on the ground.

-Isthere aforce exerted on these stones? Why?
(If “yes”:) - Isthe force exerted on the stones the
same?

(If “no”:) - Which of thetwo forcesis greater?
Why?

a. Same force on both stones.
(K: 46.6%, 4™: 13.3%, 6™: 0%, 9™ 0%)*

Same force on both stones.
Because they are similar, they are both heavy.

b. Greater force on the stationary stone or force only on
the gationary stone.
(K: 13.4%, 4™ 13.4%, 6™: 6.7%, 9™ 0%)

Greater force on the stationary stone, because people
cannot move it. No force on the falling stone, because
someone pushed it and it fell down.

c. Force only on the falling stone.
(K: 0%, 4™ 16.7%, 6™ 50%, 9™ 23.3%)

Force only on the falling stone.
Because it isfalling, it can cause damages.

d. Greater force on the falling stone.
(K: 40%, 4™: 43.3%, 6™: 36.7%, 9™: 10%)

Greater force on the falling stone.
Because it can cause damages, it is heavier, has more
weight than the stationary, it falls with greater force.

e. Force of gravity on both stones.
(K: 0%, 4™: 3.3%, 6™: 0%, 9™ 6.7%)

Same force on both stones.
It isthe force of gravity, the earth’s attraction.

f. Alternative interpretations of the force of gravity.
(K: 0%, 4™ 6.7%, 6™ 3.3%, 9™ 36.7%)

Force of gravity/earth’s attraction only on the falling
stone, because it falls. -Greater force of gravity/earth’s
attraction on the falling stone, because it is farther from
the centre of the earth. - Greater force on the falling
stone because it is the force of gravity and its weight.

g. Greater force on the falling stone: Force of gravity and
a propellant force.
(K: 0%, 4™: 0%, 6™ 0%, 9™ 13.3%)

Greater force on the falling stone.
Because it is the force of gravity and an impulse, a
propellant force because it falls.

h. No force on any stone.
(K: 0%, 4™ 3.3%, 6™ 0%, 9™ 3.3%)

No force on any stone.
Because no one is pushing them.

i. Force from the air on the falling stone.
(K: 0%, 4™ 0%, 6™ 3.3%, 9™ 6.7%)

There is the air resistance only on the falling stone. -
Greater force on the stationary stone. It is the force from
the air above the stones.

* Percent responses for Kindergarten, 4™ grade, 6™ grade, and 9™ grade respectively.
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Table 9. Categories of responsesfor
Set V: Objectsthat have been thrown - Comparison questions (QSL Scoring)

Question 27

Response categories

These two stones are similar. The man has thrown
thefirst stone. The other isstanding on the ground.
-Isthere aforce exerted on these stones? Why?

(If “yes™:) - Isthe force exerted on the stones the
same?

(If “no”:) - Which of thetwo forcesis greater?
Why?

a. Same force on both stones.
(K: 53.4, 4™ 13.3%, 6™: 0%, 9™ 0%)*

Same force on both stones.
Because they are similar, they are both heavy.

b. Greater force on the stationary stone.
(K: 13.3%, 4™: 10%, 6™ 3.3%, 9™ 0%)

Force only on the stationary stone or greater force on the
stationary stone.
Because the man could not moveit.

c. Forceonly on the moving stone.
(K: 6.7%, 4™ 43.4%, 6™ 63.4%, 9™ 33.4%)

Force only on the moving stone.
Because it is moving, it is the force from the man.

d. Greater force on the moving stone: The force of the
stone and the force from the man are exerted on the
moving stone, the force of the stone on the stationary
stone.

(K: 13.3%, 4™ 20%, 6™ 23.4%, 9™ 3.3%)

Greater force on the moving stone.
Because the moving stone has its own force and the force
the man gave to it, because it can cause damages.

e. Greater force on the moving stone: Force from the
man and force of gravity on the moving stone, only the
force of gravity on the stationary stone.

(K: 0%, 4™ 3.3%, 6™ 3.3%, 9" 50%)

Greater force on the moving stone.

Because it is the force of gravity and the force from the
man. Thereis only the force of gravity on the stationary
stone.

f. No force on any stone.
(K: 0%, 4™ 0%, 6™ 3.3%, 9™ 6.7%)

No force on any stone.
Because no one is pushing the stones.

g. Force only on the stationary stone.
(K: 13.3%, 4™: 10%, 6™ 0%, 9™: 0%)

No force on the moving stone.
Because the man is able to moveit.

h. Force from the man and force from the air on the
moving stone, only the force from the air on the
stationary stone.

(K: 0%, 4™: 0%, 6™: 3.3%, 9™ 6.7%)

Greater force on the moving stone.
Because it is the force from the air on both stones and the
force from the man only on the moving stone.

* Percent responses for Kindergarten, 4™ grade, 6 grade, and 9™ grade respectively.
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Table 10. Meanings of force: Expected pattern of responses
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Set I: Stationary | Setll: Stationary | Setlll: Set ll: Setlll: Set 1V: Set V: Set 1V: Set V: Objects
objects - Simple objects which are | Stationary Stationary Stationary Falling Objects Falling thrown by a
questions pushed by a objectson the objects which objects on objects - thrown by a | objects- man -
(Table1) human agent - top of a hill - are pushed by thetop of a Simple man - Compariso | Comparison
. Simple questions | Simple a human agent | hill - guestions Simple n questions | questions
Meenlngsof force (Table2) questions — Comparison Comparison (Table 6) questions (Table 8) (Table9)
(Table 3) questions questions (Table7)
(Table 4) (Table5)
1. INTERNAL FORCE: F on big stone and F on big stone and F on big stone F related to the Same Fon al F on big stone | Fonbig Same F on Same F on both
Forceis an internal property | bigbaloon (a)*, F | big balloon (a), F and big balloon size of the the stones and big balloon | stoneand big | both stones stones (a).
of physical objects. on both stones (b), | on both stones (b), | (a), F on both objects and not because they (a), F on both balloon (a), (a).
F on big stone (c), F on big stone (c), stones ( b), Fon | tothesize of the | areequaly stones (b), F F on both
F on al objects F on all objects (d), | big stone (c), F agents (a). big/heavy (d). on big stone stones (b), F
(d), because they because they have on all objects (c), Fonall on big stone
have weight or are | weight or are (d), because they objects (d), (c), because
big/heavy. big/heavy. have weight or because they they have
are big/heavy. have weight or | weight or are
are big/heavy. big/heavy.
2. ACQUIRED FORCE: No F on any object | Fon small/light No F on any No F on any No F on any Fon all objects | The force F on the F on the moving
Forceis an acquired property | because they are objectsonly (f). - F | object because stone, because stone because because they from the falling stone | stone only
of physical objects that not moving (f). - on all objects they are not the man/child they are not fall (i). man’ s hand only because | because the man
explain their movement. No F on any object | because the man moving (f). - No | cannot movethe | moving (g). - on all the it fals(c). gaveit (c).
because no one pushes them (e). F on any object stones (f). No F on any objects (d).
(( pushes them (h). because no one stone because
pushes them (i). no one pushes
them (k).
3. FORCE OF PUSH/PULL: No F on any object | F fromthemanon | No F on any F from the No F on any No F on any NoFonany | NoFonany | NoF onany
Force is the interaction because no one all the objects (i). object (i). human agent (b, | stone because object because | object stone stone because no
between an agent and an pushes them (h). c, e). no one pushes no one pushes because no because no one pushes them
object them (k). them (f). one pushesit | one pushes ).
). them (h).
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4. GRAVITATIONAL F of gravity on all F of gravity on all F of gravity on F of gravity on F of gravity on | F of gravity on | F of gravity F of gravity | F of gravity on

FORCE: Forceisthe the objects (e). the objects (h). all the objects both stones. all the objects all the objects on all the on both both stones.

interactior between a (e). (e). - Fof (e). objects. stones (e). -

physi “Nect and the earth. gravity on all F of gravity

@C the objects on both
alternative stones -
@ interpretations aternative
of gravity (f). interpretatio
ns of gravity
().
* Categories of students' responses for Sets | to V, described in Tables 1 to 9. The letters refer to the response categories.
Table 11. Meanings of force: Obtained pattern of responses
Set |: Stationary | Setll: Set 111I: Set |1: Set Il Set IV: Set V: SetIV: Set V:
objects- Simple Stationary Stationary Stationary Stationary Falling Objects Falling Objects
questions objects which objects on the | objects which objects on the | objects- thrown by a | objects- thrown by
(Table1) arepushed by a | top of a hill - are pushed by | top of a hill - Simple man - Simple] Compariso | aman -
Mea‘]ingsof force human agent - Simple a human Comparison guestions qguestions n questions | Compariso
Simple guestions agent - guestions (Table 6) (Table7) (Table 8) n
questions (Table 3) Comparison (Table 5) questions
(Table 2) questions (Table9)
(Table 4)

1. INTERNAL FORCE F on big stone and Fonbigstoneand | F on big stone F related tothe | SameFonall F on big stone | F on big stone | Same F on Same F on
big balloon (a)*, F | big baloon (a), F and big balloon size of the the stones and big and big both stones, both stones,
on both stones (b), | on both stones (a), F on both objectsand not | because they balloon (a), F | balloon (a), F | becausethey | because they
F on big stone (c), (b), F on big stone | stones(b), Fon | to the size of are equally on both on both aresimilarin | aresimilarin
Fon all objects (d), | (c), Fonall big stone (c), F the agents (a). big/heavy (d). stones (b), F stones (b), F size/lweight size/lweight
because they have objects (d), on all objects on big stone on big stone (a). (a).
weight or are because they have | (d), because they (c), Fonal (c), because
big/heavy. weight or are have weight or objects (d), they have

big/heavy. are big/heavy. because they weight or are
have weight big/heavy.
or are
big/heavy.

2. INTERNAL FORCE F on big stone and Fonbigstoneand | NoF onany Frelated tothe | Fonthestable | Noforceon No force on F on the Fonly on

AFFECTED BY MOVEMENT | big balloon (a), F big balloon (a), F object because size of the stones only or any object any object stationary the
on both stones ( on both stones they are not objects and not less F on the because because they stoneonly or | stationary
b), F on big stone (b), F on big stone | stable (g). to the size of unstable stones | someone have been greater F on stone (g).

B4
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(c), Fonall objects | (c), Fonall the agents (a). (a). pushed them pushed (g). the
(d), because they objects (d), (9). stationary
have weight or are | because they have stone (b).
big/heavy. weight or are
big/heavy.
3. INTERNAL and F on big stone and Fonbigstoneand | F on big stone Frelated tothe | Fonthestable | Fonbigstone | Fonbigstone | Greater Fon | Greater F on
ACQUIRED FORCE big balloon (a), F big balloon (a), F and big balloon size of the stones only or and big and big thefalling the moving
on both stones (b), | on both stones (a), F on both objects and not less F on the balloon (a), F | balloon (a), F | stone (d). stone (d).
F on big stone (c), | (b), Fonbigstone | stones(b), Fon | to the size of unstable stones | on both on both
((@ Fon all objects (d), | (c), Fonal big stone (c), F the agents (a). (a). - Fonall stones (b), F stones (b), F
because they have objects (d), on all objects the stones, on big stone on big stone
weight or are because they have | (d), because they greater on the (c), Fonall (c), because
big/heavy. weight or are have weight or unstable (c). objects (d), they have
big/heavy. are big/heavy .- because they weight or are
No F because have weight big/heavy). -
they are unstable or are F from the
(9). big/heavy. - F | man (d).
on all objects
due to motion
(OF
4. ACQUIRED FORCE No F on any object | F on small/light No F on any No F on any No F on any Fonall The force F on the F on the
because they are objects only (f). - object because stone, because stone because objects from the falling stone | moving
not moving (f). - F on all objects they are not the man/child they are not because they man’s hand only because | stone only
((@ No F on any object | because the man moving (f). - No | cannot move moving (g). - fall (i).-F on all the it fals(c). because the
because no one pushes them (e). F on any object | the stones (f). No F on any only on the objects (d). -F man gave it
pushes them (h). because no one stone because big stone (b). | only on the (©).
pushes them (i). no one pushes - Fonly on big stone (b).
- Fon all the them (k). - F the big and - Fonly on
objects because on the unstable | small stone the big and
they are not stones only (b). | (c). small stone
stable (d). (©).
5. ACQUIRED FORCE and No F on any object | F from the man No F on any F from the No F on any Fonall The force F on the F on the
FORCE OF PUSH/PULL because they are on all the objects object because human agent (b, | stone because objects from the falling stone | moving
not moving (f). - (). they are not c, e). - Fof no one pushes because they man’s hand only, because | stone only
No F on any object moving (f). - F resistance them (k). - F fall (i).- F on all the it fals(c). because the
because no one from the air (h). | misunderstood from the air from the air objects (d). - Ffromthe | man gaveit
pushes them (h).- (d). (h). (h). - F from the air (i). (c). - F from

>
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Fonly on man and F the man and
balloons/small from the air F from the
stone (g).- F from (h). air onthe
the air (i). thrown stone
- F from the
air on the
stationary
stone (h).
6. FORCE OF PUSH/PULL No F on any object | F from the man No F on any F from the No F on any No F on any No F on any NoFonany | NoF onany
because no one on al the objects object (i). human agent (b, | stone because object because | object because | stone stone
pushes them (h). (h). c, e). no one pushes no one pushes | no one pushes | because no because no
them (k). them (f). it (f). one pushes one pushes
them (h). them (f).
7. GRAVITATIONAL and F of gravity on all F from the man F of gravity on F fromtheman | F of gravity on | F of gravity F from the F of gravity F from the
OTHER FORCES the objects (e). and F of gravity all objects (e). related to size of | all stones(e). - | on all the man and F of | on both man and F of
on all objects (g). stoneand “F Alternative objects (e). gravity on all | stones(e). - gravity on
supply” (b). - F interpretation objects (e). F of gravity the moving
from the man of the F of misunderstoo | stone (e).
related to “F gravity (f). d(f). - Fof
supply” (c). - F gravity and a
from the man propellant F
related to effort on the
(e). falling stone
(9).

* Categories of students' responses for Sets | to V, described in Tables 1 to 9. The letters refer to the response categories.

Table 12. Examples of the responses of children who used different meanings of force to a set of critical questions

Q1 (Tablel) Q3 (Tablel) Q9 (Table 4) Q10 (Table 4) Q11 (Table3) [ Q17 (Table5) | Q22 (Table 8) Q27 (Table9)
— ~
o | Ao 2| AR o
H ey . Jal 4 N
Subjects L o | oD jf’\ W& Ao A
1. INTERNAL FORCE Yes, becauseitis No, itislight. It There is more It isthe same Yes, butitis It isthe same It isthe same force. Theforceisthe
Kiriaki (Kindergarten) heavy and the isaballoon not a | force onthefirst | force. Because not stable force. Because Because the stones are | same. Because they
children cannot stone. stone. Because it they aresimilar. | becausethereis | they are similar. aretwo but it does
hold it. is bigger. not much similar. not matter that it

ground.

falls dawn.
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2. INTERNAL FORCE
AFFECTED BY
MOVEMENT

Katerina (Kindergarten)

(@

Yes, becauseit is
big.

No, because if we
kick it, it will be
broken.

More force on the
first stone,
becauseitis
bigger.

It is the same.
Because they are
similar.

No, because if

someone goes

up there, it will
fall dawn.

No force on
the first stone.
Thereisaforce
on the second
becauseit is
stable.

No force on the first
stone, because
someone may pushed
it and the stone fell
down. Thereisaforce
on the second because
he cannot push it and
make it fall.

No force on the first
stone because he put
all his strength and
threw it up. Thereis
aforce on the second
stone because he
cannot throw it.

3a. INTERNAL and
ACQUIRED FORCE (a)
Anna (4th grade, group |)

Yes, because the
stoneis very strong
and it may sink in

No, becauseitis
only air and itis
very light like a

More force on the
first, becauseit is
bigger.

Same force,
because they are
similar.

No. It ison the
hill and it may
easily fall dawn,

No force on
the first stone
because it is not

There is more force
on the first stone
because it falls with

More force on the
first stone. Because
the man threw it and

the ground. feather. because it isnot | stable. Thereis | great forceand it may | it leaves with great
((@ stable. aforceonthe | sinkin the ground. force.
_— second because

itismore

stable.
3b. INTERNAL and It has force because | No, becauseitis More force on the | Same force on Yes, because it More force on More force on the More force on the
ACQUIRED FORCE (b) the man cannot light. first stone, both stones ishigand it will | thefirst stone first stone because it first stone because
Michael (4th grade, group push it. becauseitis because they are | fall down. because it may will fall and make a the man threw it
1) ((@ bigger. similar. fall. lot of noise. with force.
4a. ACQUIRED FORCE No, becauseitis No, it is not No. Because he No. They do not | No. Because No. Because no | Yes, thereisaforce Yes, thereisaforce
(a) not moving. moving. does not give a give aforce to thereis no one one pushes on the first stone on the first stone
Domna (6th grade, group force to push push them. to give aforce them. because it gives a because he gives

D)

« (ap

them.

and make it fall.

force, it fals, it has
some force.
Thereisno force on
the second stone

some force to throw
it and the stone goes
with some force.

Thereisno force on
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because it is not
moving.

the second stone
because it is not
moving.

4b. ACQUIRED FORCE

)
Pavlos (6™ grade, group I1)

c(@

No, because things
on the ground
cannot move.

No. It doesn't
move.

No, because the
man does not
move them.

No because they
cannot move
them.

Thereisaforce
becauseitisina
high position. It
has kinetic
energy. Its
potential energy
istransferred to
kinetic and the
stone falls down.

Force on the
first stone
only, because it
may fall.

Thereisakinetic
force on the fist
stone.

Thereisakinetic
force on the first
stone only.

5. ACQUIRED FORCE No, sinceit is not No, it is not Yes, since the More force on No, becauseit is No because Yes, (on the first Y es, the man exerts
and FORCE OF moving. moving. man is trying, the fist stone, not moving. they are not stone) since it fallsit | aforce on the stone.
PUSH/PULL there has to be because the man moving. has some force. Thereisno force on
Stavros (9th grade, group some force (on ishigger and he Thereisno forceon | the second stone
1) M} the stones). The | has more force. the second stone because it is not
forceisthe because it is not moving.
same, because it moving.
is the same man
(who pushes).
6. FORCE OF No. The manis No. Theman is Yes, thereisa Thefirst (exerts) | Not this No. No one No forceis exerted No. No one pushes
PUSH/PULL not pushing it. not pushing it. force from the more force moment. There pushed them. from anybody. them now. The man
Giorgos(9th group man. The same because heis is no one to push pushed the first stone
1) m force because it bigger. it. and it is leaving now.
is the same man.
7. GRAVITATIONAL and | | think it has Not much. The It is the same More force on Thereisaforce. | The same The earth attracts There is more force
OTHER FORCES gravity. The earth | balloonislight. force. Because the first stone. --What kind of force. They them. More force on | on the first stone
Andreas (6th grade, group attractsiit. the manisthe The man gives force? Dynamic. | areat the same | thefalling stone. because he threw it.
1)) same. more force. It isdueto height. Because the earth’s Thereisonly the
ﬁ’@ gravity. attraction is bigger. force of gravity on

the second stone.
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Set I: Setll: Setlll: Set I1: Set 1V: Free Set V:
Sub-Categories of | Stationar | Stationary Stationary Stationary falling Objects that
Gravitational and | y objects- | objects objects being objectsbeing | objects have been
Other Forces Simple being on thetop of a | pushed by a (Tables 6, 8) thrown
Meaning questions | pushed by a | hill human agent (Tables7,9)
(Table 1) human (Tables 3, 5) -Comparison
agent - qguestions
Simple (Table 4)
questions
(Table2)
Gr avity No force No force No fgrce +- No force Gravity Gravi.ty +
Acquired Acquired
and Acquired
(K: 0%, 4™: 3.3%,
6" 0%, 9™ 3.3%)
Gravi ty, No force Push/pull No force Push/pull Gravity Gravi.ty +
Acquired
Push/pull and
Acquired (a)
(K: 0%, 4™: 0%,
6™ 0%, 9™ 6.7%)
Gr avity, Gravity Push/pull Gravity ' Push/pull Gravity . Gravi'ty +
More gravity at More gravity Acquired
PU§’1/DU|| and higher position on falling
Acquired (b)
(K: 0%, 4™: 0%,
6" 3.3%, 9™ 6.7%)
Gr avity, Gravity Gravity + Gravity _ Push/pull Grqvity + Gravi.ty +
Push/pull More gravity at Weight Acquired
Push/pull and lower position
Acquired (c)
(K: 0%, 4™ 0%,
6" 0%, 9™ 6.7%)
Gr avity, Gravity Push/pull_ Gravity + _ Push/pull Gravi_ty + Gravi'ty +
+ /- Gravity More gravity at Acquired Acquired
Push/pull and lower position or
same gravity
Acquired (d)

(K: 0%, 4™: 3.3%,
6": 0%, 9" 26.4%)

* Percent responses for Kindergarten, 4™ grade, 6™ grade, and 9™ grade respectively.
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Subject Set |: Set ll: Set I11: Set ll: Set 1V: Free | Set V:
Stationary Stationary Stationary Stationary falling Objects
objects - objectsbeing | objects beingon | objectsbeing | objects that have
Simple pushed by a the top of a hill pushed by a (Tables 6, 8) | been
questions human (Tables 3, 5) human agent thrown
(Table 1) agent - -Comparison (Tables 7,

Simple qguestions 9)
questions (Table 4)
(Table 2)

Voula Internal Internal Internal Internal Acquired Internal

Kinder More force on More force More force

garten stable on moving on stable

Giannis Kinder Internal Internal No force Internal force | Acquired No force

garten on stable More force

stones on moving

Petros Internal Internal Internal Internal Internal + Internal

4™grade, group Force on stable Acquired More force

1 stone only on stable

Vaslis Internal Internal Internal Internal Internal Acquired

4™Mgrade, group Force on stable More force

1 stone only on stationary

Kostas Internal Internal Internal Internal Internal + Internal +

6"grade, group More force at Acquired Acquired

1 higher-stable

position

Zoi Internal Internal Internal Internal Internal + Internal

4™Mgrade, group | More force on Acquired More force

stable stone on stable

Pegy Internal Internal No force on Internal Internal Internal

4™ grade, group | unstable More force Same force

on stationary

Manolis Internal Push/pull Internal Push/pull No force Internal +

6" grade, group | More force on Acquired

stable stone

Asteris Internal Push/pull Internal Push/pull No force No force

6" grade, group | More force on

unstable stone

Dimitra Internal Internal Internal Push/pull Internal + No force

6"grade, group | Force on unstable Acquired

stone only

Makis Acquired Gravity + No force No force No force Acquired

4™Mgrade, group Force on light Push/pull No one

1 objects only pushes

Nikos Gravity No force Gravity No force Gravity Acquired

4"grade, group |
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Table 15. Frequencies and per cent of meanings of force asa function of grade

. f th th th
M eani ngS Of fOI’ ce Kind/ 4" grade 6" grade 9" grade Total
garten
1. INTERNAL FORCE: Thereis an internal force 7 4 - - 11
within objects affected by weight/size only. (46.7%) (13.3%) (10.5%)
2. INTERNAL FORCE AFFECTED BY 2 2 - - 4
MOVEMENT: Thereis an internal force within (13.3%) (6.7%) (3.8%)
objects affected both by weight/size and by
position/movel ((
3. INTERNAL and ACQUIRED FORCE: Thereis 4 10 9 1 24
an internal force affected by weight/size and/or (26.7%) (33.3%) (30%) (3.3%) (22.9%)
position. In addition there is an acquired force
within moving objects 0
((
4. ACQUIRED FORCE: Thereis an acquired force - 5 11 2 18
within moving objects only. (16.7%) (36.7%) (6.7%) (17.1%)
5. ACQUIRED FORCE and FORCE OF - - 5 10 15
PUSH/PULL: Thereis an acquired force within (16.7%) (33.3%) (14.3%)
moving objects. Thereis aforce exerted on all
objects being push?gull?i ;ess of motion.
6. FORCE OF PUSH/PULL: Thereis aforce only - - - 1 1
on objects being pushed/pulled regardless of motion. (3.3%) (1%)
7. GRAVITATIONAL and OTHER FORCES: Force | - 3 1 16 20
of gravity. Force of push/pull when objects are being (10%) (3.3%) (53.3%) (19%)

pushed/pulled. Acquired force when objects are
moving
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8. Mixed 2 6 4 12
(13.3%) (20%) (13.3%) (11.4%)

Total 15 30 30 30 105
(14,3%) (28.6%) (28.6%) (28.6%) (100%)
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Figure 1. Hypothetical conceptual structurefor the interpretation of force asan internal
property of physical objects

Presuppositions of the

Observations and I nformation Received in the Cultural Context

or inanimate.

Framework Theory (Specific Theory)
Big and heavy Big and heavy
Ontolo \ people/objects can cause peopl e/objects can
. ) . ) changes/damage in other resist the push/pull of
There are physical objects, which can be animate people/objects. other objects or people.
Physical objects have properties. . U
-~
There are states (e.g. rest) and processes Bolicls

(e.g. motion)

Epigemologi

States (like rest) do not need explanation.
Processes (like motion) need to be explained.

Processes (like motion) need to be explained
in terms of a causal agent

Physical objects have force. Force is what makes physical
objects cause changes to other physical objects or resist the
push/pull of other physical objects. Force maybe affected by the
weight and/or size of the object.

M eaning of Force

Forceisaninternal property of physical objectsrelated to
their weight and/or size.
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Figure 2: Hypothetical conceptual structurefor the interpretation of force asan acquired

property of moving inanimate objects

Presuppositions of the
Framework Theory

Ontological

There are physical objects, which can be
animate or inanimate.

Physical objects have properties.

There can beinternal properties and
acquired properties.

There are states (e.g. rest) and
processes (e.g. motion).

Epistemological

States (like rest) do not need explanation.

Processes (like motion) need to be
explained.

Processes (like motion) need to be explained

interms of acausal agent.

Observationsand | nformation Received in the Cultural Context

(Specific Theory)

J

_/

Animate objects move by Inanimate objects When an agent
themselves. move only when pulls/pushes an
pushed/pulled by an inanimate object a
agent. forceisexerted.
N
—~
Bdief

I nani mate objects move when aforce has been exerted by an agent.

M eaning of Force

Force isan acquired property of physical objects which move.
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Figure captions

Figure 1. Hypothetical conceptual structure for the interpretation of force as an internal property of physical
objects

Figure 2. Hypothetical conceptual structure for the interpretation of force as an acquired property of moving
inanimate objects



