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Abstract 
 
This study consists of a theoretical and an empirical part. The theoretical research aims were to 
characterise students’ conceptual coherence of qualitative knowledge in the case of the force 
concept, and how it can be evaluated.  Students’ conceptual coherence can be divided into three 
aspects: representational coherence, which is the ability to use multiple representations and move 
between them; contextual coherence, i.e. the ability to apply concepts in a variety of contexts 
(familiar and novel), and conceptual framework coherence, which addresses the relations - 
integration and differentiation - between relevant concepts. Certain groupings of the Force Concept 
Inventory (FCI), the Force and Motion Conceptual Evaluation (FMCE), and the Test for 
Understanding Graphs - Kinematics (TUG-K) questions were used to probe students’ contextual 
and representational coherence of the force concept. Written extended response questions and 
interviews were also used in addition to multiple choice tests to provide complementary data. 
 
The empirical part of this dissertation consists of designing a teaching approach (Interactive 
Conceptual  Instruction (ICI)) and teaching sequences for kinematics and the force concept. The ICI 
approach involves several features or components: conceptual focus (concepts are introduced and 
rehearsed before quantitative problem solving), the use of multiple representations in varying 
contexts, classroom interactions (peer instruction), research-based materials, use of texts (reading 
before formal treatment), and concept maps. The teaching sequence for the force concept 
emphasises forces as interactions. 
 
An empirical study was conducted to test the effectiveness of the ICI teaching. The study involved 
two pilot and two study groups in Kuopio Lyseo High School: Preparatory International 
Baccalaureate (Pre-IB) students (age 16; npilot = 22 and nstudy = 23) and Finnish National Syllabus 
students (age 17; npilot = 52 and nstudy = 49). The pilot groups followed the ICI approach without a 
focus on forces as interactions whereas the study groups followed the ICI approach with a focus on 
forces as interactions. The study groups were taught to think of forces as interactions through the 
systematic use of a modified version of the ‘Symbolic Representation of Interactions’, which 
provided a bridging representation to more abstract free-body diagrams. Otherwise, introductory 
mechanics was taught in a similar manner to the pilot and study groups (i.e., the same teacher - 
author AS -  taught all the groups using the same textbooks, with generally similar exercises and 
activies,  and the same ICI approach). 
 
Average normalized gain (Hake gain) and effect size were used as measures of the practical 
significance of the overall FCI results. Hake gains for the pilot and study groups fall in the middle 
or upper end of the ‘medium gain region’ ( 0.3 < (<g>) <0.7): they were between 0.45 and 0.59. 
The effect sizes were well above the ‘high boundary of 0.8’: they were between 1.1. and 2.6. These 
indices show that the effect of both types of ICI teaching had practical significance at least as 
measured by the overall FCI results. The most impressive conceptual gains were made in Newton’s 
first law in verbal representation, Newton’s third law in verbal representation, and contact force in 
verbal representation. In almost all these cases Hake gains were above 0.50 and effect sizes above 

   



1.1. The ICI teaching enhanced the contextual and representational coherence of the force concept 
in all the probed dimensions of the force concept for the pilot and study groups. In most dimensions 
the changes were also statistically significant ( 05.0≤p ). In general, the most notable improvement  
in contextual and representational coherence occured in Newton’s first law (all groups) and 
Newton’s third law (the study groups) in verbal representation. In most groups, fewer students 
reached contextual coherence of Newton’s first law in diagrammatic representation. It can also be 
concluded that Newton’s second law proved to be harder for all groups than the first law.  
 
The study groups had much better results in Newton’s third law. More students’ in the study groups 
exhibited contextual coherence in Newton’s third law after teaching than in the pilot groups (the 
differences were statistically significant: 023.0≤p ). The differences were also practically 
significant: e.g. the effect size for the FCI questions addressing Newton’s third law for the Pre-IB 
study group was extremely high (3.3). In other dimensions of the force concept the results are not 
conclusive: the Pre-IB study group did not do better than the Pre-IB pilot group in most of the 
dimensions and representations of the force, whereas the Finnish study group was better than the 
Finnish pilot group in the majority of the dimensions and representations of the force concept. 
Hence, it cannot be concluded that focusing on forces as interactions necessarily enhances students’ 
conceptual coherence of the force concept in dimensions other than Newton’s third law. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   



 

“I don't know what's the matter with people: they don't learn by understanding; 
 they learn by some other way – by rote, or something.  Their knowledge is so fragile!  
...So this kind of fragility is, in fact, fairly common, even with more learned people.” 
 
R.P. Feynman (1991, 36-37) 
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Chapter 1 
 

Introduction 
 
 
 
1.1 Background to the Study 
 
I work as a high school physics teacher, teaching both the International Baccalaureate and National 
Finnish syllabuses. This dissertation was initially motivated by the results that a group of students 
in a preliminary International Baccalaureate year (age  16)  achieved  in  the  Force  Concept  
Inventory  (FCI; Hestenes et al. 1992)  several  years  ago.  It  was  an  eye-opener: the students had 
not learnt much in terms of conceptual understanding. The outcome was disappointing and made 
me wonder why only a few students scored well. My teaching then consisted  of  traditional  
lecturing  and  demonstrations.  Students  were  asked  questions involving conceptual 
understanding but only the most active students actually participated in the lessons; the majority 
were silent and spent their time writing down lecture notes. I realized that  something  very  crucial  
was  missing  from  the  teaching.   
 
This experience motivated me to seek for ways to improve my teaching. I had already done some 
research on teaching the force concept before (Savinainen 1994) so I knew where to look.  My 
earlier encounter with Physics Education Research (PER) had taught me to emphasise conceptual 
understanding in teaching but obviously I had not been able to do it efficiently. However, I was not 
the only one: Hake’s (1998a) results indicate that traditional lecturing does not significantly 
enhance conceptual understanding in basic mechanics whereas interactive-engagement teaching 
(IE) methods could offer much more in this respect.  
 
I wanted to find an IE method which would fit into my personal teaching style and which would be 
easy to implement in a high school physics setting. Mazur’s (1997) Peer Instruction fulfilled both 
of my criteria so I chose it as a starting point: by experimenting in my day-to-day teaching I tailored 
Peer Instruction and added several other components informed by PER into my teaching. This 
process was guided by the use of  several well-validated conceptual inventories for monitoring the 
outcomes of the teaching approach in different domains of physics, and by students’ feedback. The 
teaching approach I eventually developed was first systematically tested and documented in the 
context of thermal physics (Savinainen 2000b). This was used as a starting point for further 
refinement of the teaching approach. 
 
The teaching approach developed aimed at enhancing students’ conceptual understanding, which is 
a major goal in high school physics. But what is meant by ‘conceptual understanding’ in physics? In 
many PER articles it seems to refer to students’ ability to answer qualitative questions addressing 
different aspects of physics concepts (in contrast to traditional quantitative questions which chiefly 
address the correct use of equations). There is no doubt that this is indeed a necessary character of  
conceptual understanding. I felt, however, that it should be possible to define more precisely what 
conceptual understanding means in the context of physics. This enquiry was inspired by Sabella’s 
(1999) dissertation on the coherence of student knowledge and led to the present work, in which the 
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main aims are the characterisation and evaluation of students’ conceptual coherence1. Roughly 
speaking, the characterisation of students’ conceptual coherence can be viewed as a clarification of 
what is meant by conceptual understanding. The characterisation of students’ conceptual coherence 
is used in this study as a tool for evaluating the teaching approach (i.e., general principles and 
methods of teaching) together with teaching sequences (i.e., specific activities and the order at 
which the physical ideas are staged) in the case of the force concept. The teaching approach and 
teaching sequences together form the instructional approach.  
 
The force concept was chosen for several reasons. Firstly, several research-based conceptual 
inventories have been developed on the force concept and related kinematics. Many of these 
instruments are used in this study to measure conceptual coherence and its development. Secondly, 
all preparatory International Baccalaureate (IB) students (as well as Finnish national syllabus 
students) start studying high school physics with mechanics. This made it possible to study the 
development of preparatory IB students’ conceptual coherence from the very beginning. Thirdly, 
there is a lot of previous research in this domain, allowing some comparisons between different 
institutes and teaching approaches.  
 
 
1.2 Overview of the Dissertation 
 
This dissertation consists of a theoretical and an empirical part. The first theoretical research aim 
was to clarify what is meant by students’ conceptual coherence of qualitative knowledge in physics, 
especially in the case of the force concept. Of course students’ conceptual coherence needs to be 
somehow operationalized, and, the second theoretical research aim was to evaluate the degree of 
students’ conceptual coherence using well-validated multiple-choice tests and interview questions. 
The empirical part of this dissertation consists of designing and evaluating the teaching approach 
and teaching sequences for the force concept and related kinematics. The research questions are 
presented at the end of this chapter (Chapter 1.3). 
 
The most important research instrument used in this study is the FCI. Hence, it is crucial that its 
validity and reliability be discussed in detail: the development, structure, validation, and evaluation 
of the FCI are reviewed in Article I. It discusses the six dimensions of the force concept and the 
taxonomy of misconceptions probed by the FCI (Hestenes et al. 1992). In Chapter 2, the historical 
development of the force concept is outlined, followed by a presention of the contemporary 
versions of Newton’s laws. This is done for several reasons. Firstly, the historical treatment 
facilitates a comparison between different forms of Newton’s laws, especially in the case of the first 
law. Secondly, the historical perspective may help readers to appreciate the lengthy process of 
concept formation which was needed to formulate the Newtonian force concept. If it was very hard 
for Newton (see for instance Steinberg et al. 1990) and other great physicists to formulate the ideas, 
so it is hardly surprising that students encounter difficulties in learning the Newtonian view. 
Thirdly, sometimes students seem to hold views which resemble those presented in the history of 
physics (e.g. Boeha 1990), but this does not mean that students actually hold a systematic set of the 
ideas put forth by early scientists.  Some of the most common specific difficulties 
(‘misconceptions’) that students have with the force concept are discussed in Chapter 2.3.  A 
comparison of students’ ideas with the historical ideas is also provided in that chapter.  
 

                                                 
1 There are various notions of coherence in the literatures of various fields (Thagard 1992, 64). The notion of coherence 
in this study, however, is not derived from these.  
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A characterisation of students’ conceptual coherence is presented in Article III and further 
elaborated in Chapter 3, which outlines earlier research on the consistency or coherence of students’ 
ideas in physics, context dependency of learning, and the role of multiple representations in 
learning. The notion of the conceptual coherence of qualitative knowledge is then discussed in 
detail. It has three aspects: conceptual framework coherence, contextual coherence and 
representational coherence. Naturally the characterisation of conceptual coherence developed in this 
thesis  has many links with the earlier research; these links are made explicit in Article III and more 
links are provided in Chapters 3.1 and 3.2.  Article III also argues that the FCI can be used to 
analyse students’ contextual coherence in the force concept. This and other instruments used in this 
study to measure the degree of students’ contextual and representational coherence are presented in 
Chapter 3.3. Even though students’ conceptual framework coherence is crucial in the 
characterisation of students’ conceptual coherence, it is not directly evaluated in this study for the 
reasons explained in Chapter 3.3. 
 
Article II outlines the components of  the teaching approach (Interactive Conceptual Instruction, 
ICI) used in the empirical part of this study. The main components of the ICI are conceptual focus 
(‘concepts first’), the use of multiple representations in varying contexts, classroom interactions 
(peer discussions), research-based materials,  and the use of texts (reading before formal treatment) 
and concept maps. All these components  have the potential to enhance students’ conceptual 
coherence. The  components of the ICI are all research-based but the combination of all of them has 
not been tested elsewhere. The theoretical background of the ICI approach is presented to some 
extent in Article V and more fully in Chapter 4, which discusses theories of conceptual change and 
social constructivism. Theories of conceptual change tend to focus on the individual learner, while 
social constructive views (sometimes also called Vygotskian or neo-Vygotskian theories) focus on 
social aspects of learning, especially on talk between teacher and students as well as talk between 
students (Leach & Scott 2003). Both individual and sociocultural views are useful in understanding 
learning (Leach & Scott 2002; Duit & Treagust 2003): they are applied in Chapter 5 as well as in 
Article V. 
 
There were two pilot and two study groups in this study. The preparatory International 
Baccalaureate (Pre-IB)  and Finnish National Syllabus pilot and study groups are described in 
Chapter 5.3. The pilot groups followed the same ICI approach as the study groups. There was, 
however, a significant difference in the teaching sequence used: the concept of force was introduced 
to the study groups using the idea of interactions, i.e. they followed the ICI approach with  a focus 
on forces as interactions2. This focus was achieved using a certain diagrammatic representation 
providing a bridge, linking concrete physical situations and more abstract free-body diagrams: this 
is discussed in Article V. The details of the teaching sequences for kinematics and the force concept 
are presented in Chapters 5.2  and 5.3. 
 
Articles I and II  discuss the use of the normalized average gain (also knows as Hake gain) and 
effect size in analysing the change in pre- and post- FCI scores: they are used as indicators of 
practical significance. Chapter 6.1.2 further elaborates this discussion: for instance, the effect of 
possible ‘hidden variables’ in Hake gain is addressed. Other statistical methods applied in this study 
are discussed in Chapter 6.1.1: p-values are used as indicators of statistical significance. The 
measures of contextual and representational coherence are presented in Chapter 6.2 and 6.3. These 
measures are based on the instruments discussed in Chapter 3.3. Chapter 6 ends with a thorough 
discussion of the validity and reliability of the study.  
 
                                                 
2 This notion signifies that  forces arise from interaction between two objects and that this  interaction is symmetrical. 
This is an essential element of Newton’s third law. 
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The FCI results of the Pre-IB  pilot group are presented and evaluated in Article II.  The FCI is used 
to evaluate the contextual coherence of the Finnish study group in Article III. Article V provides a 
detailed analysis and comparison of the contextual coherence of  the Pre-IB pilot and study groups 
in the case of Newton’s third law. Article IV describes a method for probing students’ 
representational coherence of Newton’s first and second laws. It also presents findings from five 
interviews with students in the preparatory International Baccalaureate study group. Chapter 7 
makes use of the methods and results documented in the above-mentioned articles and provides a 
systematic comparison between the results of the pilot and study groups. It should be noted that 
both the pilot and study groups followed an interactive-engagement type of teaching but only the 
study groups focused on forces as interactions. Of course, it would have been interesting to compare 
the groups in this study with groups following a traditional course (i.e., lectures to passive students,  
‘recipe-following’ laboratory sessions and algorithmic quantitative problem solving examinations 
(Hake 1998a)). Nevertheless, it is possible to make some comparisons with the traditional teaching: 
this is justified in Chapter 6.1.2 and 6.4.1. The answers to the research aims and research questions 
are provided in Chapter 7.3. Finally, Chapter 8 evaluates the study, discusses its limitations and 
reflects on the results from the point of view of conceptual change.  
 
The original publications are included in an Appendix. Unnecessary duplication of the original 
publications will be avoided as much as possible. It is clear, however, that the flow of discussion 
necessarily demands some representation of the published material.  
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1.3 Research Aims and Research Questions 
 
The research aims and research questions were formulated and focused in an iterative process in the 
course of the study. The theoretical research aims address the characterisation and evaluation of 
students’ conceptual coherence. The research aims are also presented in the form of questions. 
 
1. What does students’ conceptual coherence entail? 
2. How can students’ conceptual coherence of the force concept be evaluated? 
 
The empirical  research questions address the Force Concept Inventory (FCI) as a measure of 
conceptual coherence and the evaluation of the two types of Interactive Conceptual Instruction (ICI) 
in terms of supporting conceptual gains and conceptual coherence of the force concept. ‘The two 
types of the ICI’ refer to the ICI teaching without and with the focus on forces as interactions. 
 
3. a) What was the effect of the two types of  ICI teaching on students’ conceptual gains as      

    measured by the FCI? 
b) How do the FCI results of the ICI groups compare with results in other institutions and 
    instructional settings? 

 
As pointed out in the previous overview of the dissertation this study focuses on students’ 
contextual and representational coherence so the fourth research question is formulated thus:  
 
4. What was the effect of the two types of ICI teaching on students’ contextual  and 

representational coherence of the force concept? 
 
The most significant difference between the two types of the ICI teaching was in the focus on forces 
as interactions. The last research questions address possible differences between the two types of 
ICI teaching on the students’ learning outcomes. 
  
5. a)  What was the effect of the focus on forces as interactions on students’ contextual coherence  

      regarding Newton’s third law? 
b) What was the effect of the focus on forces as interactions on students’ contextual  and 

representational coherence in other dimensions of the force concept? 
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Chapter 2 
 

The Newtonian Force Concept and Students’ Conceptions  
 
 
 
This chapter presents first a short historical overview of the force concept followed by a 
contemporary version of the Newtonian force concept. The historical outline is used to put the 
contemporary version in context, especially Newton’s first law. The physical content of Newton’s 
laws is summarised at the end of the discussion of each law. The validity of Newton’s laws is 
briefly discussed since this is also a part of high school physics. Finally, the most common students’ 
misconceptions regarding the force concept are presented. They are also compared with some ideas 
presented in  the early phases of the historical development of the force concept. Sequira and Leite 
(1991a) argue that the teachers’ knowledge about historical development of physical concepts can 
become a tool to anticipate students’ difficulties in making their ideas more scientific.  
 
 
2.1 A Historical Overview of the Force Concept 
 
2.1.1 Force and Motion Before Newton 
 
The work of Aristotle (384-322 B.C.) in physics was very influential for almost two thousand years. 
Aristotle (350 B.C.) presents his views on motion and force in Metaphysics. He categorised local 
motion as either natural or violent (Franklin 1978). He also had also two more categories of motion: 
alteration and celestial motion (Spielberg & Anderson 1995, 61). Natural motion was either ‘up’ or 
‘down’. Downward and upward motions were natural because the objects did not need to be pushed 
or pulled. Aristotle explained natural motion in terms of prime substances. For instance, a rock is of 
earth and hence it naturally moves toward the centre of the earth. 
 
Aristotle’s law of motion can be represented by (Franklin 1978):  
 

  Velocity = 
Resistance

 Force  or 
R

kFV =    (2.1) 

 
By ‘force’ Aristotle referred to ‘motive power’. According to Aristotle, velocity is directly 
proportional to force (k is the proportionality constant in equation (2.1)). The law implies that force 
is required to sustain motion: uniform force produces uniform motion. Aristotle recognised two 
kinds of forces: force inherent in matter and force as an emanation from substance (Jammer 1999, 
35-36). The latter was the force of push and pull, which caused the motion in a second object. For 
Aristotle, rest and motion were essentially different things. Rest needed no explanation since it was 
a natural state of objects whereas motion was not (Viiri 1992, 17). It is also worth noting that 
Aristotle did not have any concept of acceleration since, in his view, change of the change was 
impossible (Lehti 1987, 282) 
 
Aristotle had difficulties in explaining projectile motion which he regarded as violent motion 
(Franklin 1978). He proposed two alternative explanations: the medium provides the necessary 
force by rushing around to prevent the formation of a void (‘nature abhors a void’), or the medium 
itself acquires a power to be a mover from the original projector. Several medieval critics noted the 
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paradoxical use of the medium to both sustain and resist motion. Aristotle regarded motion in a void 
as impossible for two reasons: firstly, there is no medium to sustain the motion and secondly the 
absence of resistance due to medium (e.g. air resistance) would result in an infinite speed as implied 
by Aristotle’s law of motion. 
 
Aristotle’s ideas of motion were commented on and criticised by several medieval scholars. For 
instance, Philoponus (late fifth and early sixth century A.D.) rejected Aristotle’s law of motion and 
replaced it by . Thus motion in a void, where the resistance R vanishes, becomes possible. 
His formulation implies that velocity in void is a measure of force since . Philoponus also 
rejected Aristotle’s explanations of projectile motion, suggesting instead that projectile motion is 
caused by a force impressed into the projectile by the projector (this idea was put forward before 
Philioponus by Hipparchus, who lived in the second century B.C.). The impressed force will not 
persist indefinitely and will gradually wear out even in a void; it will also be destroyed by the 
resistance due to medium. Using the idea of a self-expending impressed force, Philophonus rejected 
infinite motion in a void. 

RFV −=
FV =

 
Buridan (1300-1358) introduced the impetus theory of motion. He regarded an impressed force as 
permanent unless acted on by resistances or other forces. Buridan also gave a quantitative definition 
of impetus: it is proportional to both the speed of the object and the quantity of matter (or mass) in 
the object.  Buridan’s impetus looks like the modern concept of momentum but Franklin (1978) 
argues that it would be a gross anachronism to equate ‘impetus’ and ‘momentum’. Buridan applied 
his impetus theory to projectile motion and falling objects. 
 
Galileo (1564-1642) arrived at the principle of inertia by examining motion in inclined planes. He 
noticed that motion down an inclined plane is accelerated and that motion upward is decelerated. 
Thus, he concluded that motion on a horizontal plane would be perpetual. Galileo stated in the 
Dialogues Concerning Two New Sciences (according to Franklin 1978): 
 

“Furthermore we may remark that any velocity once imparted to a moving body will be 
rigidly maintained as long as the external causes of acceleration or retardation are removed, a 
condition which is found only on horizontal planes;…” 

 
Franklin (1978) notes that Galileo came very close to stating the inertial principle or Newton’s first 
law of motion but he did not state it absolutely correctly, because he had previously defined 
horizontal as a surface equidistant from the centre of the earth. Galileo applied his ideas in 
projectile motion (Spielberg & Anderson 1995, 77-78). To Aristotle’s question “Why do projectiles 
keep moving?”, Galileo answered by pointing out that it is natural for a moving object to keep 
moving. He also realised that the effects of falling were independent of horizontal motion, whereas 
Aristotle had thought that motion cannot be divided. 
 
Galileo was influenced by the tradition of impressed force. When explaining what happens when a 
stone is thrown upward he regarded the impressed force as an impetus that is gradually consumed 
by the opposing force of gravity (Jammer 1999, 100-101). However, he came close to the classical 
force concept by reducing the action of force to a gradual increase of velocity. This idea was 
possible only after he had assumed the principle of inertia. Thus Galileo prepared the basis for the 
formulation of Newton’s first two laws of motion. 
 
Kepler (1571-1630) sought for a quantitative definition of force (Jammer 1999, 81-92 ). From the 
Newtonian point of view, he was not successful in this quest. Nevertheless he introduced the idea of 
reciprocity into the concept of force: the moon is attracted by the earth as is the earth by the moon. 
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It implies that force does not belong to one single object; it contains a necessary relation to a second 
object, which is expressed in Newton’s third law. Kepler did not, however, realise the equality of 
the two forces involved and their opposite directions.   
 
 
2.1.2 The Force Concept in Newton’s Principia 
 
Newton’s concept of force is historically and methodologically related to his study of gravitation 
(Jammer 1999, 116). Newton made a clear distinction between weight and mass, which he called a 
‘quantity of matter’. The notion of quantity of matter had already been conceived by Kepler, Gilbert 
and Galileo before Newton, but Newton was the first to explicitly recognise it as a basic concept in 
mechanics. This paved the way to the definition of momentum (Newton’s ‘quantity of motion’) and 
force as determined by the change in momentum.  
 
Newton’s Principia was published in 1687. In it, the term ‘force’ (vis in Latin) appears for the first 
time in Definition III (Jammer 1999, 119): 
 

“The vis insita,  or innate force of matter, is a power of resisting by which every body, as 
much as it lies, continues its present state, whether it be rest, or of moving uniformly forwards 
in  a right line.” 

 
Definition III implies that inertia, in Newton’s opinion, is a kind of force that is inherent in matter. 
This definition of force is not conceived as a cause of motion or acceleration. Jammer (1999, 120) 
explains this as a concession to pre-Galilean mechanics. Steinberg et al. (1990) argue that Newton’s 
belief in the force of a moving body (impetus) hampered his development of mechanics from 1664 
to 1685. Definition III shows that Newton did not completely abandon the belief. In contrast to 
‘innate force’, Definition IV defines ‘impressed force’: 
 

“An impressed force is an action exerted upon a body, in order to change its state, either of 
rest, or of uniform motion in a right line” 

 
Newton subscribed to  a metaphysical principle of causality, so he perceived the change in motion 
as an effect and the impressed force as its cause.  
 
In addition to the presented definitions, Newton had four definitions addresssing centripetal force. 
He presented his three axioms or laws of motion after the definitions (Jammer 1999, 123-124): 
 

“Law 1: Every body continues in its state of rest, or of uniform motion in a right line, unless it 
is compelled to change that state by force impressed upon it.” 
 
“Law 2: The change of motion is proportional to the motive force impressed; and is made in 
the direction of the right line in which that force is impressed.” 
 
“Law 3: To every action there is always opposed an equal reaction; or, the mutual actions of 
two bodies upon each other are always equal, and directed to contrary parts.” 

 
Newton credited the first two laws to Galileo and Huygens. The first law, the principle of inertia, 
can be interpreted in two ways: it can be either taken as either a qualitative definition of force or an 
empirical statement describing the motion of free bodies. The second law has also two possible 
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interpretations: it can be understood as a quantitative definition of force or as a generalisation of 
empirical facts.  
 
Newton’s statement of the second law can be written in modern terms as . Newton 

considered that this statement approaches 
∑ ∆=∆⋅ ptF rr

amF rr
=∑  as a limit when t∆ approaches zero. It has 

been noted, however, that Euler was the first to present Newton’s second law as the second 
derivative of position in 1747 (Lehti 1996, 124). Newton’s formulation of the second law in terms 
of momentum reflects his early considerations of impact and the demands of the geometry used in 
Principia. (Westfall 1977, 152). This does not imply, however, that Newton would have just 
inferred his second law from the laws of impact. As Jammer (1999, 127) says, “it was a stroke of 
genius”.  
 
The first law as stated by Newton is just a special case or corollary of the second law (Taylor 1959, 
cited in Galili and Tseitlin 2003). Why then did Newton not regard the first law as  a special case of 
the second law? He did not discard the first law even though he had discarded a number of other 
candidates for the status of fundamental principle. Steinberg et al. (1990) consider the hypothesis 
that “to do so [to discard the first law] would have obscured a conceptual issue which had been 
developmentally so important for him”. Another perspective on the issue is given by Galili and 
Tseitlin (2003), who argue that Newton’s original first law had two versions of complementary 
meaning. They argue that the quantitative form3 of the first law is ‘in a sense’ an even more general 
statement than the second law, in which Newton further refined the first one.   
 
The third law provides an important characteristic of force which is not present in the first two laws 
of motion: force is simultaneous action and reaction. Force as one side of a single interaction is 
clearly visible in the following passage (Newton 1962, 569): 
 

“It is not one action by which the Sun attracts Jupiter, and another by which Jupiter attracts 
the Sun;…but is one single intermediate action...” 

 
This statement describes forces as interaction even though the term interaction is not explicitly used 
(Viiri 1995, 63). 
 
Newton addressed the vector nature of force in Corollary I (Jammer 1999, 128): 
 

“A body acted on by two forces simultaneously, will describe the diagonal of a parallelogram 
in the same time as it would describe the sides by those forces separately.” 

 
Newton’s derivation of the corollary was based on the kinematical composition of velocities. It 
tacitly assumes that the action of one force on a body does not depend of the action of another force. 
This assumption is by no means self-evident (Jammer 1999, 132).  
 
It is interesting to note that his derivation of the parallelogram theorem of forces is not consistent 
with the second law since he explicitly spoke of a uniform motion instead of acceleration as 
resulting from a given force. As Jammer (1999, 130) points out, Newton could have reconciled this 
contradiction by considering the acceleration due to force as a series of successive increments of 
velocity. 
 

                                                 
3 ”Rapidity in states exchange of the body is in proportion to the applied force”. 
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The concept of mass is briefly discussed next, since it an integral part of the Newtonian force 
concept. 
 
 
2.1.3 Concepts of Mass 
 
For Newton mass was the carrier of the vis inertiae (force of inertia), and the quantitas of materiae 
(quantity of matter) was proportional to it (Jammer 1997, 81-87). This concept of vis inertiae was 
widely used in the seventeenth and eighteenth centuries. There was, however, a notable exception: 
Euler’s Mechanica provides a logical transition from Newton’s concept of mass to the more modern 
abstract conception as a numerical coefficient which is characteristic of the individual physical 
body and determined by the ratio of (net) force to acceleration. Kant also criticised the concept of 
vis inertiae and paved the way for a more positivistic concept of mass. 
 
Saint-Venant rejected the concept of ‘quantity of matter’ in his work published in 1851 and derived 
his definition of mass from the law of conservation of mass (Jammer 1997, 90). Then in 1867 Mach 
suggested a new kinematical  definition of mass (Jammer 1997, 91-97). He considered two particles 
A and B interacting with each other but otherwise unaffected by all the other particles in the world. 
Experience shows that accelerations of the particles while interacting with each other are opposite 
in direction and their (negative inverse) ratio is a positive numerical constant (denoted by ) 
independent of the respective positions of the particles. Mach then considered a third particle C 
interacting with the other two particles separately. He showed that the numerical constants 
( ,  and ) can each be represented as the ratio of two positive numbers. If one of 
these particles is chosen as the standard particle with its relative mass taken as unity (say, 

BAm /

BAm / CAm / BCm /

1=Am ) 
then the remaining relative masses ( ) can be called the ‘masses’ of the particles B and C.  CB mm and
 
Mach’s operational definition of mass attracted some objections. Firstly, the mass ratio  
depends upon the system of reference: every observer in a non-inertial reference system arrives, in 
general, at a different value for the mass ratio.  Secondly, it was questioned if Mach’s definition of 
mass seemed to imply the existence of forces, since Mach assumed interacting particles. Mach 
defined the force concept in terms of the mass concept (Jammer 1999, 221): “The product of the 
mass and the acceleration induced in that body is called the moving force.” Mach’s approach is 
problematic in that his definitions of mass and force refer to an inertial reference frame but he does 
not consider whether the assumption of such a reference frame presupposes the concept of force and 
hence leads to a vicious circle (Jammer 1999, 240). 

BAm /

 
After Mach many attempts were made to formalize Newtonian mechanics into an axiomatic system 
(Jammer 1997, 111-121), but none using a precise explicit definition of mass has been very 
successful. Whitehead’s remark encapsulates the issue (Jammer 1997, 120): “We obtain our 
knowledge of forces by having some theory about masses, and our knowledge about masses by 
having some theory about forces.”  
 
So far only inertial mass has been considered. Newton’s law of gravitation involves the 
gravitational concept of mass, so definitions of mass in terms of weight are gravitational 
conceptions of mass. The law of gravitation addresses active gravitational mass (the mass of the 
central body, e.g. the Earth) and passive gravitational mass (the mass of the attracted body, e.g. a 
satellite revolving around the Earth).  The proportionality of these two is a consequence of 
Newton’s third law (Jammer 1997, 125-126), whereas the proportionality between inertial and
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(passive) gravitational masses is a purely empirical and accidental feature in  classical physics. In 
Einstein’s general relativity the proportionality between inertial and (passive) gravitational masses 
is a constitutive principle: it is one formulation of the equivalence principle (Jammer 1997, 203-
204).  
 
In the framework of relativity, mass and energy are identical (Jammer 1997, 188). Swartz and 
Miner (1998, 108) express this point nicely: “mass is energy is mass”. They also point out that mass 
cannot be turned into energy since mass is energy. 
 
Finally, it is interesting to note that Jammer (1997, 224) concludes that despite all the efforts no 
complete clarification of the concept of mass has been reached so far. 
 
 
2.1.4 Concluding Remarks 
 
The development of mathematical physics after Newton was essentially an attempt to explain 
physical phenomena in terms of mass points and their spatial relations (Jammer 1999, 229). This 
process of eliminating the force concept from mechanics was completed in the works of Mach, 
Kirchhoff, and Hertz (criticism of the force concept had already been started by the philosophers 
Berkeley and Hume). Newton’s metaphysical idea of force as causal activity had no place in the 
domain of empirical measurements. This does not mean, however, that the concept of force was 
merely an illusion. As Jammer (1999, 242) points out, the force concept played a most constructive 
role in the advancement of physics and therefore fully justified its existence. He concludes that the 
modern treatment of classical mechanics admits the force concept as a methodological intermediate 
(Jammer 1999, 264). However, in the field theories of modern physics the notion of ‘force’ is 
treated only as an exchange of momentum and therefore replaced by the concept of  ‘interaction’ 
between particles (Jammer  1999, V). 
 
 
2.2 The Newtonian Concept of Force 
 
In this presentation kinematics is presented before dynamics for two reasons. Firstly, it is the 
standard order in textbooks  and secondly, it was the order in which the teaching in the empirical 
part proceeded (this decision is justified in Chapter 5.2).  
 
Newton’s laws are presented using Hestenes’s (1998) modern formulation of mechanics, which  
takes into account the modifications and extensions that the Newtonian theory has undergone. 
Hestenes (1998,1) provides a formulation which allows “a smooth transition from pure particle 
mechanics to the classical theory of fields and particles”. This aspect of Hestenes’ formulation is 
utilised in the treatment of Newton’s third law. The third law has a central role in  the teaching of 
the force concept  in this study (this is discussed in Chapter 5.2.2). 
 
 
2.2.1 Underpinning Kinematics 
 
Newton’s laws are underpinned by kinematics: notions of particle, position, reference frame, 
velocity and acceleration must be developed first. Reference frame is merely mentioned in most 
high school courses on kinematics. Kinematics is usually taught in Finnish high schools before 
vectors  are discussed in mathematics. Velocity is defined in terms of the rate of change in position, 

    11



and acceleration in terms of the rate of change in velocity. Derivative gives a precise mathematical 
formulation for velocity and acceleration ( rr  is a position vector): 
 

dt
rdv
r

r
=     (2.2) 

 

dt
vda
r

r
=      (2.3) 

 
In this study, kinematics was taught without the formal concept of derivative, which is itself a very 
complex concept with its own underpinnings of concepts of limit and continuity. Graphical 
techniques can be used to determine instantaneous rate of change (slope of a tangent, i.e. graphical 
derivation) and the average rate of change (slope of a secant). In addition graphical integration can 
be introduced before symbolic integration as a tool for concept formation and problem solving in 
kinematics. 
 
Sometimes it is useful to resolve the acceleration vector into tangential and normal components 
( , respectively): nt aa  and 
 

                nntt eaeaa ˆˆ +=
r     (2.4) 

            
dt
dvat =   and  

r
van

2
=    (2.5) 

 
where  is the tangential unit vector,  is the normal unit vector, and v is the instantaneous 
magnitude of velocity (= speed). 

tê nê

 
The magnitude of tangential acceleration measures the rate at which speed changes and the 
magnitude of normal acceleration the rate at which direction of velocity changes. The physical 
meaning of the concept of acceleration can be summarised by stating all the possible cases when an 
object is accelerating: 
 
• magnitude of velocity increases while the object is  moving in a straight line 
• magnitude of velocity decreases while the object is moving in a straight line 
• magnitude of velocity is constant while the direction of velocity changes 
• magnitude of velocity increases while the direction of velocity changes 
• magnitude of velocity decreases while the direction of velocity changes 
 
Hestenes and Wells (1992) argue that introductory physics should aim for at least a qualitative 
understanding of tangential and normal acceleration, even though they acknowledge that the 
concept of acceleration is too advanced for most high schools students. They claim that many 
physics teachers don’t even understand it, and in fact a study of experts’ understanding of the 
acceleration concept by Reif and Allen (1992) revealed that not even all professors of physics 
exhibit correct understanding. 
 
Indeed, mastering kinematical concepts is not an easy task at all (for instance, see Trowbridge & 
McDermott 1980 and 1981; McDermott et al. 1987). A functional understanding entails clearly 
distinguishing between the concepts of position, velocity, change of velocity, and acceleration. In 
addition it demands the ability to make connections among the various kinematical concepts, their 
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representations, and the motions of real objects (Rosenquist & McDermott 1987). This description 
of ‘functional understanding’ is close to the central issue of this dissertation, namely  ‘conceptual 
coherence’, which is discussed in Chapter 3.2.  
 
Students cannot be expected to master Newton’s laws, especially the second law, before having a 
good grasp of kinematics. This does not mean, however, that students should fully master 
kinematics before studying dynamics. Studying the force concept allows returning to and 
reinvoking the kinematical concepts, i.e. spiralling back (Arons 1997, 10 and 45). 
 
 
2.2.2 Newton’s First Law of Motion 
 
Modern classical mechanics defines the first law with reference to an inertial system or inertial 
reference frame. Hestenes (1998, 11) defines the first law or the law of inertia in the following way: 
 

“In an inertial system, every free particle has a constant velocity. A particle is said to be free 
if the total force on it vanishes.” (Italics in the original) 

 
This defines an inertial system implicitly by specifying a criterion which distinguishes it from 
noninertial reference frames (Hestenes 1998, 12). An inertial frame can be identified in principle by 
observing the motion of free particles. Since Newton’s first law is needed to define what is meant 
by a free particle, it cannot be viewed just as a special case of Newton’s second law. On the other 
hand the first law is not independent from Newton’s other laws, because they are needed to define 
what is meant by ‘free particle’; the definition of free particle necessarily involves the concept of 
total force (net force) in one form or another.  
 
The presented formulation of the first law is not the same as the one given by Newton (see Chapter 
2.1.2) since Newton did not have the notion of reference frame (Galili and Tseitlin 2003). The first 
law is stated in high school physics essentially in the same form as Newton stated it, Giancoli 
(1998, 79), for instance, states it thus: 
 

“Every body continues its state of rest or uniform speed in a straight line unless acted by a 
nonzero net force.” 

 
I do not know any high school physics text book which would start teaching Newton’s laws by 
stating the first law as a definition of inertial reference frame. Many introductory physics text books 
at the university level also present the first law initially with no reference to inertial reference 
frames (e.g. Halliday et al. 2001, 73).  Even though Newton’s version of the first law might not be 
logically necessary (this claim was already addressed in Chapter 2.1.2), it could well be 
pedagogically very valuable; this point is elaborated in Chapter 5.2.2.  
 
The aspects of the first law can be summarised in the following way: 
 
• it is valid in an inertial reference frame (in advanced texts the first law is used to define an 

inertial reference frame) 
• rest and constant velocity are equal (i.e. in either case there is no change in velocity and hence 

no acceleration) 
• net force acting on the object is zero (no forces, or more commonly, all the forces cancel each 

other out) 
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2.2.3 Newton’s Second Law of Motion 
 
Hestenes (1998, 11) defines the second law thus:  
 

“The total force [net force] exerted on particle by other objects at any specified time can be 
represented by a vector f

r 4 such that amf rr
= , where a is the particle’s acceleration and m is a 

positive scalar constant called the mass of the particle.” (Italics in the original text) 
 
Sometimes amF rr

=∑ is considered to be a definition of force. Hestenes (1998, 12) emphatically 
rejects this notion and states that an explicit definition of force is impossible. The complete set of 
general laws is required to define (net) force implicitly; the equation amF rr

=∑  represents only 
one characteristic of force. Mass in the equation can be interpreted as a measure of strength of a 
particle’s response to a given net (or total) force. Hence, in  Hestenes’s formulation, the concept of 
force is used to define the concept of mass. 
 
The second law is formulated in different ways. It can be expressed in the differential form, which 
emphasises the dynamic nature of the second law (i.e., the derivatives with respect to time as the 
rate of change with respect to time): 
 

               ∑ == 2

2

dt
rdm

dt
vdmF

rrr
   (2.6) 

 
The second law can also be defined more generally in terms of the rate of change of linear 
momentum (e.g. Halliday et al. 2001, 177): 
 

                     
dt
pdF
rr

=∑     (2.7) 

 
where momentum is defined as vmp rr

= . It is easy to show that equation (2.7) is equivalent to 
amF rr

=∑  if mass is constant.  
 
Newton formulated the second law in terms of impulse (Chapter 2.1.2). The net impulse J

r
 can be 

derived by integrating equation (2.7) over the interval t∆  - from an initial time to a final time : it ft

                    (2.8) ( )∫∑=
f

i

t

t

dttFJ
rr

 
While the net force can be interpreted as an instantaneous measure of the strength of the interactions 
between the object and surroundings, the net impulse is a measure of the strength of the interactions 
between the object and surroundings during a time interval determined by the limits in the integral 
(Kurki-Suonio & Kurki-Suonio 1997, 184). 
 
 
 

                                                 
4 The vector f

r
denotes the total force or net force (this is elaborated in Chapter 2.2.5.)  
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Summarizing, the second law entails at least the following aspects (Chi et al. 1989; the last aspect is 
derived from Menigaux 1994):  
 
• it applies to one body 
• it involves all the forces acting on the body 
• net force is the vector sum of all the forces 
• magnitude of acceleration is directly proportional to net force 
• direction of acceleration is the same as direction of net force 
• acceleration is independent of the exact points where the forces are exerted on the body  

(the forces may or may not exert torque on the body) 
 
For pedagogical reasons one might add one more aspect: 
 
• there is no connection between net force and magnitude or direction of velocity (i.e. if only the 

net force acting on the object is known, nothing can be said about the direction or magnitude of 
velocity) 

 
The additional aspect accords with Arons’s (1997, 109) observation: “In order to understand what 
something is, one must also understand what it is not”. 
 
 
2.2.4 Newton’s Third Law of Motion 
 
Hestenes (1998, 11) defines the third law thus (the text in brackets by author AS): 
 

”To the force [ 12f
r

] exerted by any object on a particle there corresponds an equal and 
opposite force [ 21f

r
] exerted by the particle on that object.” 

 
For two interacting particles (Hestenes 1998, 13), the third law can be written: 
 

            
2112

ff
rr

−=     (2.9) 

 
This relation is satisfied by Newton’s gravitational force law and Coulomb’s law, but it fails for 
direct magnetic interactions between charged particles. The terms in equation (2.9) can be rewritten 
using equation (2.7): 
 

12
1 f

dt
pd rr

=    and   21
2 f

dt
pd rr

=                       (2.10) 

 
Hence, the third law can be rewritten: 
 

             
dt
pd 1
r

 = 21f
r

−                                   (2.11) 

 
This equation can be interpreted as a law of momentum exchange. Hence, a failure of the third law 
would be a failure of the law of conservation of momentum. The law of conservation of momentum 
is regarded as more fundamental than Newton’s laws because it holds in modern physics as well. 
Classical field theory can be used to explain magnetic interactions between charged particles by 
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attributing momentum to the electromagnetic field. This saves the third law in magnetic interactions 
between charged particles if the ‘object’ in the third law is interpreted as a field.5 
 
The third law can also be framed by stressing forces as interactions (Hellingman 1992): 
 

”A force is one side of an interaction; the interaction takes place between two bodies, working 
equally strongly in the opposite directions.” 

 
It should be noted that this formulation does not use the terms ‘action’ and ‘reaction’ forces, since 
they could imply for a student that ‘action’ comes before ‘reaction’. There is, however, another 
danger for a student in this definition. It uses the term ‘working’ which may be confusing since the 
concept of work has a definite meaning in classical mechanics. Arons (1997, 74) recommends 
replacing ‘working’ with ‘acting’.  
 
Summarizing, the third law entails several aspects (Brown 1989): 
 
• An object cannot experience a force in isolation and it cannot exert a force in isolation 
• At all moments interaction is symmetrical i.e. two interacting objects exert the same magnitude 

of force on each other 
• One implication of the above point is that neither force precedes the other force, i.e. ‘action’ 

does not come before ‘reaction’ 
• Forces arising from an interaction between two objects are always exactly opposite in direction 
 
 
2.2.5 Newton’s Fourth Law of Motion 
 
Usually only three laws of motion are presented. Hestenes (1998, 10-11) and Kurki-Suonio & 
Kurki-Suonio (1997, 80) argue that a superposition law needs to be separately stated. The fourth 
law can be formulated thus (Hestenes 1998,10): 

 
”The total force f

r
 due to several objects acting simultaneously on a particle is equal to the 

vector sum of the forces  due to each object acting independently, that is  kf
r

∑= kff
rr

.” 
 
This law is already part of the second law, but formulating it independently emphasises its 
importance. It allows the lumping of a great many forces into a single force which can be  analysed 
as a unit. 
 
 
2.2.6 The Validity of Newton’s Laws of Motion 
 
Newton’s laws of motion as presented here do not hold in noninertial reference frames. In fact, an 
inertial reference frame can be defined as one in which Newton’s first law holds. Newton’s second 
law can be extended to apply also in noninertial reference frames if an extra force - inertial force - 
due to noninertial effects is taken into account in the sum of forces. Inertial forces do not arise from 
interactions and hence they do not have the interaction ‘partner’ required by the third law (Giancoli 
1998, 1051-52). 
                                                 
5 Of course this is usually not an issue in high school physics.  Nevertheless, the motivation for this extension of the 
third law in this presentation comes from a classroom situation: a student asked me once if the third law really is always 
valid. 
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Physics textbooks frequently warn against the fallacy of thinking that inertial forces are real: for 
instance, Giancoli (1998, 1052) makes the point that inertial forces are sometimes called 
pseudoforces or fictitious forces. However, it is a matter of convenience which reference frame is 
used for descriptions of phenomena. There is never a conflict between descriptions from different 
reference frames as long as they are not mixed up (Swartz & Miner 1998, 131). Moreover, in the 
framework of general relativity, gravitation (which is definitely considered to be real in the domain 
of classical mechanics) is viewed merely as an inertial force through the principle of equivalence; 
gravitation is fictitious to the same extent as an inertial force, such as a centrifugal force, is (Jammer 
1999, 258). It can be questioned, whether it is pedagogically wise to introduce noninertial reference 
frames before a student can confidently apply Newton’s laws in inertial reference frames. 
 
Newtonian mechanics fails when the speed of an object becomes very high, i.e. at speeds 
approaching that of light (the discrepancy between the classical and relativistic predictions is not 
detectable at small speeds). Today classical mechanics is considered a limiting case of Einstein’s 
special relativity. At speeds much lower than the speed of light, the relativistic formulas reduce to 
the classical ones (Giancoli 1998, 817).  
 
 
Next we turn to the difficulties that students often have with the force concept. It is crucial that 
teachers are aware of these and can anticipate them in teaching (Viiri 1995, 159). 
 
 
2.3 Students’ Difficulties with the Force Concept 
 
2.3.1 Students’ Conceptions 
 
There is a vast body of research showing that students have many ideas, both before and after 
teaching, which differ from the Newtonian framework regarding the force concept (see 
bibliographies in McDermott & Redish 1999; Duit 2004). Many terms have been used to describe 
students’ (incorrect) ideas: 
 
• preconception (e.g. Clement 1982) 
• common sense conception (Halloun & Hestenes 1985) 
• intuitive model (Thijs & Kuiper 1990) 
• alternative conception or ideas (e.g. Sequira & Leite 1991a, b)  
• misconception (e.g. Hestenes et al. 1992) 
• p-prim (i.e. a knowledge structure that is smaller and more fragmentary than a physical concept; 

diSessa 1993) 
• knowledge facet (i.e. individual pieces, or constructions of a few pieces, of knowledge and/or 

strategies of reasoning; Minstrell 2003) 
• student view (i.e. student thinking [differing from the generally accepted understanding of a 

particular physical situation] about a limited aspect of particular area in physics; Thornton 1995) 
 
Thornton (1995) points out that different terms imply different implicit or explicit models of human 
cognition. He also criticises the use of the term ‘misconception’ arguing that ‘student thinking is not 
in general misconceived but often based on partial or incorrect information’. This may well be the 
case but in this study the term misconception means that there is a disparity between the student’s 
idea and the Newtonian force concept, regardless of the origin of the student’s idea.  
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There is no way of escaping students’ misconceptions in teaching physics since every student has 
ideas before entering the classroom. These misconceptions are very hard to change (the process 
from initial (mis)conceptions to scientific conceptions, i.e. conceptual change, is discussed in 
Chapter 4). Hence, it is useful for the teacher to know the most common misconceptions in the 
target domain. As shown in the previous chapter, even Newton himself  had misconceptions 
regarding the force concept. If the force concept was so difficult for intellectual giants like Galileo 
and Newton, it is hardly surprising that it is a problem for students today.  
 
Table 2.1 presents a comparison between the Newtonian mechanics, students’ common  
misconceptions and the history of science regarding the force concept. Sequira and Leite (1991a) 
claim that the history of science can provide help in anticipating students’ misconceptions, and can 
give physics teachers some insights into how to deal with them. It should be noted, however, that 
the comparisons are made in terms of content, not in terms of frameworks, which are different and 
probably cannot be directly compared (Sequira and Leite 1991a).  
 
Table 2.1: Newtonian mechanics, students’ common misconceptions of the force concept, and  

their equivalent ideas in the history of science (derived from Sequira & Leite 1991a). 
 

Newtonian mechanics Students’ misconception History of science 
Zero net force implies rest or  

constant velocity 
Motion implies force in the same 

direction 
Motion is maintained  

by the impetus  
(Buridan, 14th century) 

Motion and rest are similar rule- 
governed stages (zero net force) 

Motion and rest are different  
rule-governed stages: rest does 

not require an explanation, 
whereas motion does 

Rest is a natural stage which does 
not require any explanation 
(Aristotle, 4th century B.C.) 

Objects stop due to a net force 
opposite to motion 1 

Objects stop because they have 
used up all the force (i.e. force is 
seen as a property of an object) 

Objects stop when  
the impetus vanishes  

(Buridan, 14th centuty) 
Slowing down is due to a net 

force opposite to motion 2 
Slowing down is caused by the 

decrease of the force in the 
direction of motion 3 

A decrease in velocity is due to 
decrease in impetus  

(Buridan, 14th century) 
Constant net force implies 

constant acceleration 
Constant force implies constant 

speed 3 
Uniform force produces uniform 

motion  
(Aristotle, 4th century B.C.) 

Net force is proportional to 
acceleration 

Force is proportional to velocity 3 Impetus is proportional to 
velocity (Buridan, 14th century) 

Forces are due to interactions; 
force is a measure of the strength 

of an interaction between two 
objects 

Objects have/acquire forces  
(i.e. force is seen as a property of 

an object) 

Objects acquire and develop 
impetus (Buridan, 14th century) 

1 If the net force continues to act in the opposite direction to the original motion, the object does not stop:  
   it has instantaneously zero velocity and changes its direction (e.g. an object thrown vertically up). 
2 More precisely: slowing down is due to the tangential component of a net force opposite to motion. 
3 The term net force is not used here because students may not understand the distinction between ‘force’  
   and ‘net force’. 
 
Table 2.1 is does not provide an exhaustive list of students’ misconceptions regarding the force 
concept and kinematics. A thorough taxonomy of students’ misconceptions in this field is provided 
by Halloun and Hestenes (1985) and Hestenes et al. (1992): the most common misconceptions in 
kinematics, for instance, relate to the vague concept of motion that students have. Concepts of 
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distance, velocity, and acceleration are not well differentiated. Furthermore, average velocity 
(average acceleration) is not differentiated from instantaneous velocity (instantaneous acceleration). 
 
The taxonomy of misconceptions does not imply that all of them should be explicitly dealt with in 
teaching. Hestenes et al. (1992) stated that some minor misconceptions tend to disappear 
spontaneously with the treatment of the most important misconceptions and the growth of 
Newtonian concepts. They suggest that the major misconceptions are the impetus concept of motion 
(an ‘intrinsic force’ that keeps things moving) and the dominance principle (the ‘bigger’, ‘greater 
mass’ or ‘more active’ exerts the greater force in a conflict). The dominance principle is discussed 
in more detail in Articles I and V.  
 
Students’ misconceptions have been ascribed to many sources in the research literature (see e.g. the 
summaries in Sequira & Leite 1991b and Viiri 1995, 71-75). At least two of these sources have 
immediate implications for teaching: teachers and textbooks sometimes present statements and 
concept definitions which are either scientifically incorrect or can lead students to the reinforcement 
of students’ misconceptions (Sequira & Leite 1991b; Physics Textbook Review Committee 1998; 
Arons 1997, 73-74).  
 
 
2.3.2 The Use of Language in Physics 
 
Arons (1997, 73-74) warns that in everyday speech we tend to express things (e.g. saying that a 
force causes a body to ”move”) in a way which is inimical to the development of understanding of 
the force concept, and advises teachers to become sensitive to these usages, learn to avoid them, and 
divert students from their use. This is very good advice for any physics teacher. However, even 
when the use of language in physics is correct there is a danger of misunderstanding if the 
underlying assumptions are not made explicit. Sequira and Leite’s (1991a) article can be used to 
illustrate the importance of language: some of their formulations of Newtonian ideas could in fact  
mislead students (This does not, of course, imply that the authors do not understand the force 
concept).  
 
Sequira and Leite do not use the term ‘net force’ when referring to Newton’s second law (the term  
‘net force’ was added by author AS in Table 2.1). They state that ‘constant force implies constant 
acceleration’. This is not generally true if the distinction between a force and the net force is not 
made: for instance, in order to move a wooden block on a horizontal table at constant velocity, a 
constant force along the motion must be exerted on the block (this force must equal the sum of the 
resistive forces; the net force is zero). 
 
They also state that ‘slow down motion is caused by negative acceleration’ [emphasis added]. This 
statement makes no sense at all, since acceleration is the measure of the rate at which velocity 
changes, not a cause of changing velocity. What could be said is that the slowing down is caused by 
the (tangential component) of a net force acting in an opposite direction to motion. 
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To take a final example, Sequira and Leite state that “heavier objects fall with the same acceleration 
as lighter objects”6. This statement is strictly true only in vacuum where the air resistance vanishes. 
Perhaps the statement could be reformulated in the following way:  
 

Heavier objects fall with the same acceleration as lighter objects through air as long as the 
air resistance exerted on them is negligible relative to the weight of the objects. 

 
The validity of ‘the same acceleration’ depends on the sensitivity of the measuring devices used. A 
legend has it that Galileo dropped two spheres, one of wood and one of iron, from the Leaning 
Tower of Pisa. The unbelieving spectators below observed that the two spheres hit the ground at the 
same moment (Gamow 1988). There is no physical reason why the legend could not be true, since 
the measuring devices in this case - human eyes - may not be sensitive enough to detect any 
difference in the moment of impact of the spheres.  
 
It can be concluded that students’ misconception that ‘heavier objects fall faster than lighter objects’ 
is not necessarily a misconception, if air resistance plays a role. When asking students questions 
concerning this issue, enough contextual features or assumptions should be provided to allow them 
to decide whether air resistance is significant or not.  
 
 
Summarizing, it can be asserted that the force concept is indeed very complex, with many 
dimensions (these are further elaborated in the next chapter).  Hence it is no wonder that students 
have difficulties with it7.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
6 In general relativity, this is a consequence of the equivalence principle. 
7 One might add that teachers too may have difficulties with the force concept.  
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Chapter 3 
 

Students’ Conceptual Coherence in High School Mechanics 
 
 
 
Chapters 3.1 and 3.2 are based on Articles III and IV. These chapters discuss in detail what is meant 
in this study by ‘conceptual coherence of qualitative knowledge’.  
 
 
3.1 Earlier Research on Students’ Conceptual Coherence 
 
There is a body of research showing that students’ views are not ‘consistent’ or ‘coherent’ after an 
introductory course in mechanics (see the references in the following presentation). Most of the 
studies do not, however, provide a detailed definition of what is meant by consistency or coherence. 
Generally speaking, lack of coherence or consistency seems to mean that students respond 
differently to different types of tasks involving the same concepts. The following discussion mainly 
focuses on the research in the domain of physics. 
 
 
3.1.1 Consistency of Students’ Ideas 
 
Clough and Driver (1986) investigated the consistency with which students used ideas in different 
contexts. The tasks were posed in contexts which were familiar to the students interviewed. Clough 
and Driver found that generally students did not use their alternative (incorrect) ideas as 
consistently as their scientifically correct ideas.  
 
Finegold and Gorsky (1991), who investigated consistency in students’ concept of force, found that 
many students did not understand, or had great difficulty in applying, Newton’s laws. They found 
that no alternative framework was consistently used by students. A Newtonian framework was 
consistently used across different tasks by a few students. The same conclusions were drawn by 
Halloun and Hestenes (1985) from their study of over 4000 college students’ concept of force. 
 
Reif (1987) investigated physics students following traditional teaching, and concluded that ‘they 
[students] rely on various special knowledge elements stored in memory, try to achieve one of 
these, and apply it without much subsequent reasoning’. Reif also points out that many students are 
unable to identify particular instances of general laws and the important elements in a system. 
McDermott (1993) concluded that ‘a coherent framework is not typically an outcome of traditional 
instruction’. These conclusions are well supported by Hake’s (1998a; 2002) more recent large 
survey, which strongly suggests that traditional courses (i.e. passive-student lectures, ‘recipe-
following’ laboratory sessions and algorithmic quantitative problem-solving examinations) fail to 
convey much basic conceptual understanding of Newtonian mechanics to the average student. 
 
It is possible, however, that sometimes students’ views may be consistent but flawed from the point 
of view of science. Many researchers have interpreted research data as evidence of theory-like 
alternative (i.e. scientifically incorrect) explanatory frameworks which appear to be consistent or 
coherent and applicable across a range of phenomena (e.g. Vosniadou 1992) Interestingly, it seems 
there are data both for and against the notion that students have stable coherent conceptual 
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frameworks. Taber (2000) suggests that neither view is likely to be exclusively right. He presents a 
case study which demonstrates that an individual learner can simultaneously have several 
alternative stable and coherent explanatory schemes - multiple frameworks - that are applied to the 
same concept area. The debate on the nature of alternative frameworks is not, however, the issue in 
this study, which explicitly concentrates on investigating the degree of students’ conceptual 
coherence with respect to the Newtonian framework.  
 
All the cited studies on the consistency of students’ ideas address different contexts. The context 
dependence of learning and multiple representations are discussed next in greater detail, since they 
are central in defining conceptual coherence in this study. 
 
 
3.1.2 Context and the Context Dependence of Learning 
 
The word ‘context’ has a variety of meanings in the research literature (Finkelstein 2001). Context 
can have a micro meaning referring to how a specific problem is represented (e.g. verbal, pictorial 
or symbolic representation) or the setting of a problem (e.g. an inclined plane). Macro meanings of 
context address the macrocultural influences of various disciplines in western culture and their 
implications for student learning. Finkelstein proposes three levels of context: 
 
• task formation: the particular form a task takes 
• the situation in which such action takes place: e.g. working alone or with other students 
• idioculture: the broader setting that creates the circumstances of the situation (e.g. working with 

other students could take place in a high school class) 
 
Bao (2002) also proposes three major categories of context factors (the first two categories resemble 
Finkelstein’s levels of context):  
 
• content-based context factors: the actual scenarios and specific features of context scenarios 

employed in or related to the learning of a particular piece of knowledge 
• learning environment context factors: specific educational settings and features of such settings 

used in teaching and learning 
• student-teacher internal cognitive status: the students’ and instructors’ general views and 

attitudes on the learning and teaching of a particular context and the background knowledge of 
the content area.  

 
While the possible usefulness of different levels or categories of context is acknowledged, this 
study analyses context dependence from the point of view of task formation in physics. 
Furthermore, representations involved in tasks are discussed separately from context in the next 
chapter.  
 
Many contextual features in task formation can have an effect on students’ responses. A student 
may show correct understanding in some exercise involving e.g. the force concept but fail to apply 
this in other contexts (Steinberg & Sabella 1997). These investigators argued that ‘different contexts 
and presentations can trigger different responses from a given student, even if the underlying 
physics is identical’. Even varying the magnitudes of the quantities involved can trigger different 
responses in the same context (Mildenhall & Williams 2001). Clough and Driver (1986)  noticed 
that the inclusion of scientific terminology in questions can generate a different distribution in the 
pattern of response. 
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Students may respond to physically irrelevant contextual features of the question, such as the type 
of object in motion or the direction of the motion (Palmer 1997). Another example is provided by 
Bao et al. (2002), who identified four contextual  features that students use in their reasoning 
regarding Newton’s Third Law: velocity, mass, pushing and acceleration. For instance, ‘pushing’ 
can imply for a students that the object that ‘pushes’ exerts a larger force. So the students recognise 
that both objects exert force on each other but they fail to appreciate the fact that the forces arising 
from an interaction are always symmetrical.  Furthermore students may use combinations of 
different contextual features in their reasoning and may think that they have different levels of 
significance for specific questions. Even slight changes in context can make a difference.  
 
Bao and Redish (2001) state that strong context dependence in student responses is very common, 
especially when students are just beginning to learn new material. Students are not sure of the 
conditions under which the rules they have learned apply, and tend to use the rules either too 
broadly or too narrowly. These conclusions are in good agreement with research on experts and 
novices (see for instance Chi et al. 1981). 
 
 
3.1.3 Multiple Representations in Learning 
 
Multiple representations (such as texts, pictures, diagrams, graphs, or mathematical) have many 
functions in learning (Ainsworth 1999). First, multiple representations can complement each other 
because they differ either in the information each expresses or in the processes each supports. A 
single representation may be insufficient to carry all the information about the domain or be too 
complicated for learners to interpret if it does so. Multiple representations can also encourage 
students to use more than one strategy to solve a problem. A second function of multiple 
representations is to help students develop a better understanding of a domain by using one 
representation to constrain their interpretation of a second one. For instance, graphs can be used to 
constrain the interpretation of equations. Thirdly, multiple representations can support the 
construction of deeper understanding when students integrate information from more than one 
representation.  
 
The combination of representations that both complement and constrain each other can have 
synergetic effects, since they enable students to deal with the material from different perspectives 
and with different strategies (Seufert 2003). However, this synergy does not emerge easily. Even 
though introducing multiple representations in teaching has great potential benefits, it can also 
jeopardise the learning process due to an increased cognitive load (de Jong et al. 1998, 34). There 
are a number of cognitive tasks that students have to perform to cope successfully with multiple 
representations:  students must (Ainsworth et al. 1998, 123-125): 
 
• learn the format and operators  of each representation 
• understand the relation between the representation and the domain it represents 
• understand how the representations relate to each other 
 
To help students to perform the cognitive tasks, Ainsworth et al. (1998, 131) recommend that a new 
representation should be supported by a familiar complementary one.  
 
Given the cognitive tasks required, it is not surprising that many studies show that students rarely 
use multiple representations effectively (van Someren et al. 1998) and that they have difficulty 
moving across or connecting multiple representations (Kozma 2003). And yet these are the very 
skills required for constructing coherent knowledge structures: moving within a representation (e.g. 
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moving from one kinematics graph to another) and between different representations (e.g. from 
verbal description of motion to graphical representation) (Seufert 2003). 
 
The importance of multiple representations has  also been realized in physics education (Larkin & 
Simon 1987; Hestenes 1996; Van Heuvelen & Zou 2001; Meltzer 2002a; 2003). Hestenes (1996) 
argues that students’ ability to understand physics depends on the representational tools at their 
disposal. Van Heuvelen and Zou (2001) give several reasons why multiple representations are 
useful in physics education: they 

 
• foster students’ understanding of physics problems since, as visual aids, they automatically 

enhance human perceptual reasoning (Larkin & Simon 1987) 

• build a bridge between verbal and mathematical representations 

• help students develop images that give mathematical symbols meaning 

 
Van Heuvelen and Zou further argue that an important goal of physics education is to help students 
to learn to construct multiple representations of physical processes, and to learn to move in any 
direction between these representations. This notion is supported by Gardner (1991, 13), who says 
that “Genuine understanding is most likely to emerge...if people possess a number of different ways 
of representing knowledge of a concept or skill and move readily back and forth among these forms 
of knowing...”.  
 
However, Meltzer’s (2002a, 2003) preliminary results in physics suggest that there are possible 
discrepancies in student learning abilities when using oral and written representations compared 
with diagrammatic and mathematical representations. His results also suggest that certain 
representations may pose particular learning difficulties in physics. For instance, after the 
introduction of microcomputer-based laboratory tools in an inquiry-based elementary physics 
course, Meltzer et al. (1997) found that students’ ability to give correct responses to questions 
involving Newtonian dynamics in graphical representation seemed to have significantly increased. 
However, no corresponding improvement was found when the questions were posed in the form of 
ordinary language.  
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3.2 Conceptual Coherence of Qualitative Knowledge 
 
The conceptual coherence of students’ qualitative knowledge can be divided into three aspects: 
representational, contextual and conceptual framework coherence (Figure 3.1). Each aspect is 
defined in terms of skills they entail. Naturally there is some overlap between the aspects of 
conceptual coherence. 
 
 

CONCEPTUAL COHERENCE OF 
QUALITATIVE KNOWLEDGE IN PHYSICS 

Being able to 
 apply in 

Contextual 
coherence 

Novel
 context 

Representational 
coherence 

Graphical
representation 

Verbal 
representation 

Diagrammatic
representation 

Being able to  
differentiate and 
integrate between 
 related concepts  

Familiar 
context 

Conceptual  framework
coherence 

Being able to 
 apply in 

For instance 
acceleration and 

velocity moving 
between 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1:  Dimensions of the conceptual coherence of qualitative knowledge in physics.  
 
 
1) Representational coherence 
 
Representational coherence entails the unification of multiple representations based on correct 
conceptual understanding (Bao 2001). The student is able to use multiple representations correctly 
and move between representations. Verbal (written and oral), diagrammatic (free-body diagrams, 
other vector representations, motion maps, path diagrams) and graphical (graphs, e.g. velocity 
against time) representations are efficient tools in analysing physical situations (Van Heuvelen 
1991). Mathematical representation is naturally also very important but it is not within the scope of 
this study. This characterisation of representational coherence is closely linked with expertise which 
can be viewed as the possession and coordinated use of multiple representations of the same domain 
(de Jong et al. 1998). 
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Meltzer (2002a) illustrates the significance of representation in assessing student understanding in 
physics. He gives examples of test items addressing Newton’s Third Law in the context of 
gravitational forces between the Earth and other heavenly objects. Similar questions were framed in 
verbal and vector diagram representations. The proportion of correct responses was halved when 
vector diagram representation was used. Meltzer concludes that the question ‘was measuring not 
only students’ knowledge of Newton’s third law of motion and law of gravitation, but also (in part) 
students’ understanding of vector diagrams’. While I agree with the conclusion I would also infer 
that the students lacked representational coherence in their understanding of Newton’s third law. 
 
2) Contextual coherence 
 
The student can apply a concept (e.g. acceleration) or a physical law (e.g. Newton’s Laws) in a 
variety of familiar and novel contexts. The context here refers to the circumstantial features in 
which a task is posed. Contextual coherence cannot be evaluated in isolation, since the student must 
use some representation to express his/her understanding in given situations. The effect of 
contextual factors can be probed if a representation is kept the same while the context changes.  
 
Even slight changes in a general context or contextual features within the same general context can 
make a difference for students who lack contextual coherence. For instance, Schecker and Gerdes 
(1999) found that when certain Force Concept Inventory (FCI) questions were posed in slightly 
different general contexts, i.e. a golf ball was replaced by a soccer ball or a steel ball thrown upward 
was replaced by a vertical pistol shot, student responses were significantly different. The FCI also 
provides an example of varying contextual features in the same general context of a car pushing a 
truck: in one question the car is pushing the truck with increasing speed, whereas in the next 
question the car continues pushing the truck at constant speed. This change in contextual features 
(acceleration vs. constant speed) is irrelevant from the point of view of Newton’s third law but it 
proved to be a crucial difference for many students as described in Article II. 
 
3) Conceptual framework coherence 
 
This aspect addresses relations between concepts and overlaps the other aspects to some extent. In 
order to apply a concept in a variety of contexts, the student must relate (integrate) a concept to 
other concepts. The student also needs to differentiate that concept from related concepts 
(McDermott 1993). It is worth noting that Rosenquist and McDermott (1987) use the term 
‘functional understanding’ in the context of kinematics in a way which is very close to the 
characterisations of conceptual framework and representational coherence in this study (see Chapter 
3.2) 
 
Evaluation of conceptual framework coherence is possible if the given tasks demand the use of 
many related concepts at the same time. This can be done in many levels of the hierarchical 
structure in mechanics. For instance, answering questions on Newton’s second law demands 
framework coherence, since Newton’s second law includes the concept of acceleration. 
Furthermore, acceleration is underpinned by the concept of velocity. The force concept is central 
also in higher levels of the hierarchy:  it is involved in the concepts of work and momentum, for 
example.  
 
Conceptual understanding in a certain representation and context implies that the student has 
reached at least some degree of conceptual framework coherence. A student may have achieved 
framework coherence in some representation and context and still fail in other representations and 
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contexts. Hence, the framework coherence is a necessary but not sufficient condition for 
representational and contextual coherence. 
 
Figure 3.2 presents example questions derived from Hake (2002) to illustrates how the aspects of 
conceptual coherence can be used in categorising a question.  
 
 

 
A student in a lab holds a brick of weight W in her outstretched horizontal palm and lifts the  
brick vertically upward at a constant speed. All the following questions refer to the situation  
of the brick moving vertically upward at a constant speed. 

 
1.  The magnitude of the force on the brick by the student’s hand is: 

A. constant in time and zero. 
B. constant in time, greater than zero, but less than W. 
C. constant in time and W. 
D. constant in time and greater than W. 
E. decreasing in time but always greater than W. 

 
2.  Draw a free-body diagram showing all the forces acting on the brick. 
 
3.  a) Graph velocity against time. 
 b) Graph position against time. 
 c) Graph acceleration against time. 
 
 
Figure 3.2:  Conceptual questions derived from Hake (2002) to illustrate analysis in terms of  

conceptual coherence. 
 
The questions in Figure 3.2 are framed in one context for all three parts. Question 1 involves 
application of Newton’s first law in verbal representation whereas question 2 involves moving 
between representations (from verbal to diagrammatic representation), as does question 3 a (from 
verbal to graphical representation). Questions 3 b and 3 c address moving within graphical 
representation. In addition to representational coherence questions 3 b and 3 c also address 
conceptual framework coherence, since the successful performance demands integration of position, 
velocity and acceleration. 
 
Contextual coherence could be addressed by framing another set of similar questions in different 
contexts: for example, in terms of a metal ball moving vertically upward at constant speed on a 
hydraulic platform (Steinberg & Sabella 1997). Of course, this change in context is irrelevant from 
the point of view of physics. Contextual coherence could also be addressed by changing a 
contextual feature within the original context, e.g. reversing the direction of the motion of the brick.  
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3.3 Instruments for Measuring Students’ Conceptual Coherence of  
        the Force Concept 
 
This study aimed at measuring students’ contextual and representational coherence in the case of 
Newton’s laws and related kinematics. No attempt was made to measure conceptual framework 
coherence directly. Of course, conceptual framework coherence underpins both contextual and 
representational coherence since it is not possible to exhibit good understanding of the force 
concept without well-differentiated and integrated relations between the key concepts. It would be 
possible to evaluate students’ conceptual framework coherence separately from other aspects of 
conceptual coherence if the representation and contextual factors were kept the same. However, this 
would demand the lengthy process of designing and validating a new set of questions. It was 
decided to make use of the existing questions which were already validated. 
 
 
3.3.1 The Force Concept Inventory 
 
Since the Force Concept Inventory (FCI) is central to this dissertation, it is discussed in more detail 
than the other instruments used to evaluate students’ conceptual coherence. Article I also  discusses 
the history, validation, and critique of the FCI.  
 
Characterisation of the FCI 
 
The original version of the Force Concept Inventory (FCI) was published in 1992 (Hestenes et al. 
1992). A revised version was developed and placed on the web in 1995 (Halloun et al. 1995) and 
later appeared in Mazur’s book (Mazur 1997). This revised version has 30 items whereas the 
original FCI had 29. All the FCI questions have five possible responses. In every question, four of 
the responses are distracters which representing common student misconceptions. One of the 
authors of the 1995 version of the FCI (Hake 1998a) claims that it has ‘fewer ambiguities and a 
smaller likelihood of false positives’ than the earlier version. Since the earlier version has been 
shown to be relatively free from the tendency towards false positives (correct answers for incorrect 
reasons), it is very reasonable to assume that this is also the case with the 1995 version. 
 
 
The FCI and Conceptual Coherence 
 
Hestenes and Halloun (1995) have argued that the entire FCI test should be used for the purposes of 
evaluating courses and teaching. They argue that ‘the total FCI score is the most reliable single 
index of student understanding, because it measures coherence across all dimensions of the 
Newtonian force concept’. Single FCI items cannot be used to make reliable conclusions but several 
items addressing the same dimension of the force concept can provide valuable information about 
specific learning difficulties that students may have (Article II). It may well be the case that the total 
score is the best single measure of a student’s overall conceptual coherence of the force concept, but 
I believe that a more detailed analysis in terms of aspects of conceptual coherence is possible.  
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Hestenes et al. (1992) classified the FCI questions in terms of the six dimensions of the force 
concept: 
 
• Kinematics 
• Newton’s First Law 
• Newton’s Second Law 
• Newton’s Third Law 
• The Superposition Principle 
• Kinds of Forces: solid and fluid contact forces (combined together as contact forces in this 

study), gravitational forces 
 
In addition to the classification by Hestenes et al. (1992) we use the categories of representational 
coherence in classifying the FCI questions. Table 3.1 presents the classification in terms of the 
dimensions of the force concept and representation for the 1995 version of the FCI (Halloun et al. 
1995). Some questions were classified into two dimensions by Hestenes et al. (1992). These 
questions were carefully considered in order to decide the most appropriate dimension. Question 27 
(about slowing down due to friction) is classified in the Newton’s Second Law dimension in Table 
3.1 whereas Hestenes et al. classified it as Kinds of Forces (solid contact). Two solid contact 
questions (5 and 18) have a dynamic situation and hence at least implicitly address Newton’s 
second law. In addition, question 8 demands quite complex reasoning at first in terms of Newton’s 
second law, then in terms of the vector nature of velocity and finally in terms of Newton’s first law. 
To answer this question correctly with correct reasoning demands conceptual framework coherence. 
It is clear that the classifications in Table 3.1 are not mutually exclusive.  
 
Table 3.1:  The classification of FCI questions in terms of dimensions and representations of the  

force concept. This classification can be used to measure students’ contextual  
coherence of the force concept. 

  
Kinds of Forces Kinematics Newton’s First Law Newton’s 

Second Law
Newton’s 

Third Law Gravitation Contact 
Diagram Verbal Diagram Verbal Verbal Verbal Verbal 

12, 14 
19, 20 

10, 17 
24, 25 

6, 7 
8, 23 

22, 26, 27 4, 15,  
16, 28 

1, 2 
3, 13 

5, 11 
18, 29, 30 

 
The superposition question (9) and diagrammatic Newton’s Second Law question (21) are not 
included, since one question  in those domains is not enough to allow the evaluation of conceptual 
coherence. Questions 15 and 16 (Newton’s Third Law) and also questions 26 and 27 (Newton’s 
Second Law) have the same general context but the contextual features (states of the systems) are 
different: for instance, in question 15 the velocity of the car pushing the truck increases while in 
question 16 the velocity is constant. This change of contextual feature, which is irrelevant from the 
point of Newton’s third law, was crucial for many students in a previous study (Article II). 
 
Several questions in the FCI are framed in the same contexts but fall into different categories of 
dimension and representation of the force concept. From the point of view of the classification used 
a clear majority of the FCI questions have different contexts. Hence, the FCI results can provide 
information on contextual coherence within verbal and diagrammatic representations in different 
dimensions of the force concept. Interestingly, critics of the FCI lend support to this conclusion 
when they argue that determinations of students’ understanding of the force concept and of 
students’ familiarity with the context are inextricably tied together in the case of the FCI (Huffman 
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& Heller 1995). I would add that students’ contextual coherence implies correct responses even in 
novel contexts.  
 
 
3.3.2 The Test of Understanding Graphs - Kinematics 
 
Beichner (1994) has developed a multiple-choice test for evaluating the understanding of graphs in 
kinematics: the Test of Understanding Graphs - Kinematics (TUG-K). Answer distracters represent 
typical incorrect student responses. Most test questions are framed with as little contextual 
information as possible. Hence, the test is not suitable for the evaluation of students’ contextual 
coherence. Beichner strove to ensure that only kinematics graph interpretation skills were 
measured: for instance, no questions regarding the components of the velocity of a ball tossed in the 
air were designed, since they would also test knowledge of projectile motion.  
 
 
9. An object starts from rest and undergoes a positive, constant acceleration for ten seconds. It then  
    continues on with a constant velocity. Which of the following graphs correctly describes this  
    situation? 
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P
os

iti
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0

(E)+++++

Time (s) Time (s) Time (s) Time (s)
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15

 
 
Figure 3.3: A sample question from the TUG-K test (Beichner 1994). 
 
The TUG-K has 21 items. Figure 3.3 presents a sample item from the test. The questions which 
address moving between representations (Questions 3, 8, 9, 12, 19, 21) can be used for evaluating 
students’ representational coherence in kinematics. Naturally these questions involve conceptual 
framework coherence as well. 
 
 
 3.3.3 The Force and Motion Conceptual Evaluation 
 
Thornton and Sokoloff (1998) have developed a research-based, multiple-choice assessment of 
student conceptual understanding of Newton’s laws of motion and kinematics: the Force and 
Motion Conceptual Evaluation (FMCE).  It consists of 43 questions (actually, a new version of the 
FMCE test has 47 questions but the last four questions address work and energy which are not part 
of this study). The questions involve verbal and graphical representations and they are formed into 
groups, and each group of questions share the same general context and a story line to introduce the 
questions. Contextual features are varied within the same general contexts in the groups. Hence the 
FMCE can be used to evaluate contextual coherence within verbal and graphical representations. 
The FMCE also has questions which demand moving between representations. 
 
It is worth noting that the FMCE differs from the FCI in that the FMCE has far fewer general 
contexts than the FCI. Another major difference between them is that the FCI does not address 
graphical representation. Thornton and his collaborators have found, however, that there is a very 
strong correlation (r = 0.8) between the FCI and FMCE results, but the FMCE appears to be harder 
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than the FCI for low scoring students, i.e. their scores on the FMCE are significantly lower than 
their FCI scores (Redish 2003, 104). The strong correlation between them suggests that both tests 
seem to measure the same target domain, namely the Newtonian concept of force and related 
kinematics. 
 
Figure 3.4 shows sample questions from the FMCE, and Table 3.2 presents the categorisation of the 
FMCE questions used to measure students’ contextual and representational coherence.  
 

Questions 8-10 refer to a toy car which is given a quick push so that it rolls up an inclined ramp.  
After it is released, it rolls up, reaches its highest point and rolls back down again.  Friction is so 
small it can be ignored.   

 

                      
 
 
Use one of the following choices (A through G) to indicate the net force acting on the car for each 
of the cases described below.  Answer choice J if you think that none is correct. 
 

Net force zeroD
Net constant force down rampA
Net increasing force down rampB

Net decreasing force down rampC

Net constant force up rampE

Net decreasing force up rampG
Net increasing force up rampF

 
 
 8. The car is moving up the ramp after it is released. 
 9. The car is at its highest point. 
 10. The car is moving down the ramp. 
 
Figure 3.4: Sample questions from the FMCE  test (Thornton & Sokoloff 1998). 
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Table 3.2:  FCME questions used to measure students’ contextual and representational 

coherence. 
 

Dimension Representation Context Questions 

Verbal 1 Sled 
2, 5 

Newton’s 

First law 
Verbal to Graphical 2 Car 14, 15, 17, 21 

Sled 1, 3, 4, 6, 7 
Car ramp 8, 9, 10 

Verbal 1 

Coin toss 11, 12, 13 
Newton’s 
Second Law 

Verbal to Graphical 2 Car 16, 18, 19, 20 
Car Collision 30, 31, 32, 33, 34 
Car Push 35, 36, 37, 38 Newton’s  

Third Law 

 
Verbal 1 

 Student pushing 39 
Verbal 1 Coin toss 27, 28, 29 

Kinematics Verbal to Graphical 2 Car 22, 23, 24, 25, 26 
40, 41, 42, 43 

 1 Evaluates contextual coherence. 
 2 Evaluates representational coherence. 
 
 
3.3.4 Survey on Newton’s Third Law 
 
Bao et al. (2002) developed the Survey on Newton’s Third Law to study the effects of contextual 
(or physical, as they call them) features. Since each multiple-choice question in it measures 
students’ reasoning related to a single contextual feature of the third law, the Survey addresses 
contextual coherence in the case of Newton’s third law, using verbal representation with some 
pictures to clarify the situations. The Survey is discussed in Article V. 
 
 
3.3.5 Interview Questions 
 
A set of interview questions were used to measure students’ representational coherence of Newton’s 
first and second laws and contextual coherence of Newton’s third law. They are presented and 
analysed in Articles IV and V. Another set of interview questions was designed to measure 
students’ contextual coherence of Newton’s laws within verbal representation (Figures 3.5a, 3.5b 
and 3.5c). 
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1. A bug hits the windshield of a car driving at 80 km/h along a highway.  
 
a) Is the magnitude of the force exerted on the bug by the car larger than, smaller than, or equal to 

the magnitude of the force on the car by the bug? Describe your reasoning in reaching your 
answer. Consider three instants of time: 

 
(i) just when the collision starts 
(ii) in the middle of the collision 
(iii) just before the collision ends. 
 
b) As a result of this collision, is the acceleration of the bug larger than, smaller than, or equal to the 

acceleration of the car? Describe your reasoning in reaching your answer. 
 
Figure 3.5 a:  Interview question on contextual coherence of Newton’s third law   

 (derived from Reif 1995a). 
 
 
2. Two crates, A and B, are in the elevator (crate A on the top of crate B). The mass of crate A is 

greater than the mass of crate B. 
 
a) The elevator moves upward at constant speed. 
 
(i) How does the acceleration of crate A compare to that of crate B? Explain. 
(ii) Draw and label separate free-body diagrams for the crates.1 
(iii) Rank the forces on the crates according to magnitude, from largest to smallest. Explain your 

reasoning. 
(iv) Consider the direction and magnitude of the net force acting on crate A.  

Consider the direction and magnitude of the net force acting on crate B. 
Compare the magnitudes of the net forces. 
 

b) As the elevator approaches its destination, its speed decreases while it continues to move 
downward. The same questions were asked as in case a). 

 
1 This is the only question addressing diagrammatic representation. Hence there are not enough questions for the  
   evaluation of students’ contextual coherence in diagrammatic representation 
 
Figure 3.5 b:  Interview question on contextual coherence of Newton’s first and second laws  

 (derived from McDermott et al. 1998). 
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3. A man is pushing two crates in contact with each other in the World’s Strongest Man  

competition. The bigger crate has mass of 140 kg and the smaller crate has mass of 70 kg.  
The mass of crate A is greater than the mass of crate B. Consider the following situations. 
 

a) The crates do not move. 
(i) Compare the forces that 140 kg and 70 kg boxes exert on each other. 
(ii) Compare the forces that the man and 140 kg box exert on each other. 
(iii) Compare the net forces acting on the crates. 
 
b) The crates are moving at constant velocity.  
(i) Compare the forces that 140 kg and 70 kg boxes exert on each other. 
(ii) Compare the forces that the man and 140 kg box exert on each other. 
(iii) Compare the net forces acting on the crates. 
 
c) The crates are moving at constantly increasing velocity.  
(i) Compare the forces that 140 kg and 70 kg boxes exert on each other. 
(ii) Compare the forces that the man and 140 kg box exert on each other. 
(iii) Compare the net forces acting on the crates. 
 
 
Figure 3.5 c:  Interview question on contextual coherence of Newton’s laws 

 (derived from Brown 1989). 
 
Verbal representations of Newton’s second and third laws are addressed in three different contexts, 
whereas Newton’s first law is addressed in two contexts. All the cases involving zero net force are 
classified under Newton’s first law. The questions have three different contexts with varying 
contextual features (e.g. constant velocity vs. changing velocity). The classification of the interview 
questions in terms of Newton’s laws is presented in Table 3.3. All the questions involve only verbal 
representation. Hence, students’ contextual coherence can be evaluated within verbal 
representation.   
 
Table 3.3:  The dimensions of the force concept addressed in the interview questions 

 (Figures 3.5 a, b, c).  
 

Newton’s First Law Newton’s Second Law Newton’s Third Law 
2 (a) (iv) 
3 (a) (iii) 
 3 (b) (iii) 

1 (b) 
2 (b) (iv) 
3 (c) (iii) 

1 (a) (i), (ii), (iii) 
2 (a) (iii); 2 b) (iii);   

3 (a) (i), (ii) 
3 (b) (i), (ii); 3 c) (i), (ii) 
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3.3.6 Overview of the Research Instruments 
 
The research instruments and the evaluated aspects of conceptual coherence are presented in Figure 
3.6. As explained above, the conceptual framework coherence is not directly measured but it is 
implicitly addressed in students’ contextual and representational coherence. The instruments 
overlap with each other, since it is not possible to evaluate students’ representational coherence 
without a context or students’ contextual coherence without a representation. When students’ 
representational coherence is evaluated the context should be kept as constant as possible. Students’ 
contextual coherence can be evaluated within one representation, so for example students’ 
contextual coherence in Newton’s first law within verbal representation means that all questions 
and students’ answers regarding Newton’s first law are provided using verbal representation. Only 
the contexts and contextual features are varied. 
 
 
 

  STUDENTS’ CONCEPTUAL COHERENCE   
 

OF THE FORCE CONCEPT   
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6:  The research instruments and their relations to the evaluated aspects of  

conceptual coherence. 
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Chapter 4 
 

Teaching and Learning Physics 
 
 
 
This chapter discusses theories of learning physics, addressing both individual and sociocultural 
perspectives. No attempt is made to provide an exhaustive description of all possible views in this 
field: rather, a theoretical background for the adopted teaching approach in this study is presented. 
Article V provides an example of how these views can be used in designing and evaluating a 
teaching sequence in the case of Newton’s third law. 
 
 
4.1 Learning as Conceptual Change 
 
4.1.1 Theories of Conceptual Change 
 
Conceptual change is a research agenda which evolved from the study of students’ alternative 
conceptions (Tyson et al. 1997; Schnotz et al. 1999). It is related to contructivistic theories of 
learning in which a metaphor of construction is central: individuals build their knowledge in a 
process involving the learners’ activity and creativity, not just through repeating and memorisation 
(Tynjälä 1999, 37-38). This view emphasises that it is not possible to acquire knowledge directly 
through observations and experiences: these always demand interpretation on the basis of earlier 
ideas and experiences (i.e., observation is ‘theory-laden’). 
 
A range of terms has been used to describe degrees or kinds of conceptual change, for instance: 
 
• assimilation and accommodation (e.g. Posner et al. 1982) 
• weak and strong restructuring (Carey 1985) 
• conceptual capture and conceptual exchange (Hewson & Hewson 1992) 
• differentiation and reconceptualization (Dykstra et al. 1992) 
• enrichment and revision (Vosniadou 1994) 
• shifts across parallel categories within a major ontological tree and shifts from one major 

ontological tree to another (e.g. matter to process) (Chi et al. 1994) 
 
The various descriptions of conceptual change imply that there are ”big” and ”small” changes 
(Tyson et al. 1997). Changes can occur in the conceptual structure involving the simple addition of 
knowledge, or some kind of revision of the existing conceptual structure. The latter type of change 
is divided by most theorists into weak and strong revision. Tyson et al. (1997) compare the 
language used by various researchers to describe degrees or kinds of conceptual change, and claim 
that there is common ground between the various perspectives. Naturally, researchers also differ on 
the nature of conceptual change. For instance, one debate concerns whether conceptual change is 
revolutionary (a sudden shift from one theory to another) or evolutionary (a gradual adjustment 
process). It has also been argued that theories of conceptual change have suffered from 
inexplicitness and imprecision in terms of what constitutes a concept and what actually changes in 
conceptual change (diSessa & Sherin 1998).  
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Conceptual change does not happen easily - students’ misconceptions are very resistant to change. 
Hewson and Thorley (1989), on the basis of the work by Posner et al. (1982), identify four 
conditions that need to be satisfied for a student to experience conceptual change:  dissatisfaction 
with existing conceptions, intelligibility of the new competing conception, plausibility (students 
also need to believe the new conception), and fruitfulness (the new conception needs to be valuable 
in a pragmatic sense). Redish (1994) claims this is a corollary of the following principle: ‘It is very 
difficult to change an established mental model substantially’. Motivational beliefs and the roles of 
individual students in a classroom learning community can also facilitate or hinder conceptual 
change (Pintrich et al. 1993).  
 
 
4.1.2 Strategies of Teaching for Conceptual Change 
 
Scott et al. (1991) identify two main groupings of strategies to promote conceptual change. The first 
consists of strategies based on cognitive conflict and the resolution of conflicting perspectives. In 
some of these strategies, the conflict must be recognised by the student in the early stages of 
teaching; in other strategies an alternative (scientific) ‘way of looking’ is introduced first and the 
conflict is highlighted later. An example of a successful conflict-based strategy for teaching the 
force concept is discussed in Chapter 4.1.3: it is also used to illustrate the process of conceptual 
change. 
 
It is not surprising that conflict-based strategies have been criticised by some science educators. It is 
clear that the success of any conflict-based strategy depends upon students’ willingness and ability 
to recognise and resolve the conflict (Scott et al. 1991). Sometimes a conflict from the teacher’s 
point of view is not a conflict for a student (e.g. Gunstone & Watts 1985; Roth et al. 1997). Dreyfus 
et al. (1990) point out that even meaningful conflicts do not always ensure the construction of the 
required knowledge. This observation gets strong support from Chinn and Brewer (1993; 1998), 
who provide a taxonomy of possible responses to anomalous data (i.e., ‘conflicts’);  most ways of 
responding do not result in an alteration of the current theory. Limon (2001) identifies three kinds 
of problems which may explain why the cognitive conflict strategy is not as successful as is often 
expected:  
 
• making the cognitive conflict meaningful for students 
• theoretical problems related to conceptual change (e.g., more refined methodological tools are 

needed to take account of students’ prior knowledge) 
• problems in implementing instructional strategies developed to promote conceptual change 
 
Dreyfus et. al. (1990) found that bright and successful students welcomed cognitive conflicts 
whereas unsuccessful students ended up, as a result of the conflict-based teaching, with diminished 
self-confidence and negative attitudes towards school tasks. However, it is not clear to what extent 
this might happen to ‘weaker’ students with any teaching strategy.  
 
The second grouping of strategies build on students’ existing ideas and extend them to a new 
domain. In these strategies conflicts may occur but they are not seen as being essential for 
promoting learning, and may even be avoided (Scott et al. 1991). Less emphasis is placed in these 
strategies on the students’ role in reorganising their knowledge and more on the design of 
appropriate interventions by the teachers than the former grouping. Use is made of analogies and 
‘anchoring examples’, which draws upon students’ intuitive knowledge (e.g. Brown & Clement 
1989; Brown 1992; Camp & Clement 1994). Brown and Clement (1989) describe four steps in the 
bridging strategy: 
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1) A target question is used to make explicit students’ misconceptions relating to the topic under 
consideration (e.g. forces acting on a book on a table).  

2) An analogous case, an anchoring example, is suggested by the instructor (e.g. a hand pushing 
down a spring). 

3) The instructor asks students to make an explicit comparison between the anchor and target cases 
in order to establish the analogy relation. 

4) If students do not accept the analogy, the instructor attempts to find an intermediate  bridging 
analogy between the target and anchor (e.g. a book on top of a spring and on top of a noticeably 
flexible board). 

 
Clement (1987) has reported significant gains in high school students’ understanding of the concept 
of force using the bridging strategy. It is noted, however, that the use of analogies has its dangers as 
well: for example, uncritical use of analogies may itself generate misconceptions (Treagust et al. 
1996 and references therein).  
 
It is argued in Article V that the notion of bridging representation is useful in linking concrete 
physical situations and more abstract free-body diagrams. A bridging representation has close links 
with the concept of the bridging analogy discussed here. The role of a bridging representation in 
fostering conceptual change is discussed and evaluated in detail in Article V. 
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4.1.3 An Example of Conceptual Change in the Case of Force and Motion 
 
An example of conceptual change in the context of the force concept in the case of college students 
is provided by Dykstra et al. (1992). Their approach can be considered conflict-based. Figure 4.1 
presents a successive series of conceptual changes in the concepts of force and motion based on 
observations made in an introductory course on mechanics. It serves at the same time as an example 
on a teaching approach used to induce conceptual change. 
 
 
 
 
 
 
 
 
 
 
 
 
 

force if motion 

acceleration 
(force if v ) ⇑ ⇑

velocity 
(force  if v ⇒ ) ⇒

            rest 
(no force if not motion) 

acceleration 
(net force  if a) ⇒

velocity 
(net force = 0 if v )⇒

rest 
(net force = 0 if v = 0) 

net force if 
acceleration 

no net force if   
no acceleration no force if  

not motion 

       initial        refined     first version   refined 
    conception  initial conception    Newtonian     Newtonian 
       conception    conception 
 
 
Figure 4.1:  A series of conceptual changes regarding force and motion. The bold, dashed line at 

the centre of the figure indicates a substantial conceptual change (i.e. strong revision)  
and the regular, vertical, dashed lines on either side indicate less substantial 
conceptual refinements (i.e. weak revision). (” ” = increases; ”⇒ ” = remains 
constant). (Dykstra et al. 1992). 

⇑

 
In Figure 4.1 ‘initial conception’ refers to the situation at the beginning of teaching. The process of 
conceptual change in this particular example starts with teaching the various interrelationships 
between various quantities used to describe motion: distance, velocity and acceleration as a function 
of time (at the beginning, no reference is made to forces). For this the students had microcomputer-
based laboratory equipment (MBL) with graphing possibilities and instruction materials from the 
Tools for Scientific Thinking Project (Thornton & Sokoloff 1990) available to them. The 
differentiation of different motions (e.g. constant velocity, acceleration) provides a basis for 
enriching their current conceptions about the causes of motion. This phase is presented in Figure 4.1 
as ‘refined initial conception’. Students still think that maintaining constant velocity requires a 
constant force and that changing velocity requires changing force. They have not yet discriminated 
‘applied force’ and ‘net force’ from each other.  
 
The next phase is based on creating a surprise due to the mismatch between students’ predictions 
and observed motion. To achieve this, Dykstra et al. use a demonstration of motion in which a 
constant net force is applied to an object and the resulting motion is recorded using the MBL 
equipment. It is worth noting that as a result of familiarity with the MBL equipment, the students 
have started to trust it as an extension of their senses. Before performing the demonstration students 
make a prediction about the motion. They are surprised to find out that a constant acceleration, not 
constant velocity, is the result (some students may predict that there will be acceleration and 
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increasing (net) force). Dykstra et al. argue that a substantial conceptual change (depicted as the 
bold, dashed line in Figure 4.1) necessarily requires cognitive disequilibration which is not the same 
as contradiction in a logical sense. It is a consequence of the surprise produced when an expected 
event does not take place. As indicated earlier, Hewson and Thorley (1989) call this requirement a 
dissatisfaction with existing conceptions. 
 
At this point, discussion between students is encouraged, in which students reach the new phase of 
the ‘first version Newtonian conception’: zero net force implies constant velocity and a constant net 
force implies constant acceleration. Students also shift their thinking from applied force to net force. 
The final step in this example of conceptual change is understanding rest as a particular state of 
constant velocity. The ‘refined Newtonian conception’ also entails differentiating between rest and 
zero instantaneous velocity. 
 
The role of the teacher in the teaching sequence is to ask leading, even provocative questions but 
not to provide the answers. The development of ideas and convincing the class is left as much as 
possible to the class. Peers try together to make sense out of the disequilibrating experiences. The 
teacher makes sure that before experiments and demonstrations are carried out, students’ beliefs and 
predictions are first examined by the individual and the group. After students have invented the idea 
- e.g. Newton’s second law - the teacher summarises the result and quotes it formally. 
 
On the basis of their empirical data, Dykstra et al. identified three types of conceptual change, 
which are compared here with the framework suggested by Tyson et al. (1997) (briefly described in 
Chapter 4.1.1): 
 
1. Differentiation: new concepts emerge from existing, more general ones (e.g. motion is 

differentiated into velocity and acceleration in the transition from initial to refined initial 
conception). Tyson et al. (1997) classify differentiation as addition of knowledge. 

 
2. Class extension: existing concepts that are considered to be different are found to be cases of 

one subsuming concept (e.g. rest becomes a special case of  constant velocity in the transition 
from initial Newtonian conception into the refined Newtonian conception). Tyson et al. (1997) 
see this as an example of weak revision. 

 
3. Reconceptualization: a significant change in the nature of and relationship between concepts 

occurs (e.g. the change from the refined initial conception into initial Newtonian conception in 
which ‘force implies motion’ changes into ‘force implies acceleration). This corresponds to 
strong revision in the scheme proposed by Tyson et. al. (1997). 

 
The interesting point to be made here is that Dykstra et al. clearly see conceptual change as a 
process in which students’ views are gradually transformed. This suggests that conceptual change in 
the case of force and motion is evolutionary rather than revolutionary. Thornton’s (1995) data 
supports this view. He used a phenomenological description (i.e. one based on empirical data 
instead of drawn from a particular model of cognition) of conceptual dynamics, i.e. the  process by 
which students’ views are transformed during instruction. Thornton’s (1995) idea of a transitional 
state between students’ initial state and the Newtonian view is utilised in the characterisation of 
students’ conceptual coherence later in this thesis (also in Article III). The transitional state can also 
be identified in Dykstra et al.’s (1992) example of conceptual change: the ‘initial refined 
conception’ and ‘first version Newtonian conception’ phases can be interpreted to constitute 
different degrees of the transitional state. 
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4.2 The Role of Classroom Interactions in Learning 
 
4.2.1 The Social Constructivist Perspective 
  
Leach and Scott (2003) refer to the theories of conceptual change as individual views of learning 
since they portray science learning fundamentally in terms of changes in individuals’ ‘mental 
structure’. These theories recognise the social nature of formal learning but do not go much further 
than that, whereas a sociocultural view (also referred to in the literature as Vygotskian or neo-
Vygotskian views)  of learning portrays learning and meaning-making as originating in social 
interactions between individuals, or as individuals interacting with books or other sources. Both 
individual and sociocultural views are useful in understanding learning: these are incorporated in a 
social constructivist perspective on learning (Leach & Scott 2002). Some aspects of this view are 
discussed here, since the teaching approach in this study emphasizes peer discussions and teacher’s 
talk (Articles II and V). 
 
Language and other semiotic mechanisms (such as mathematical symbols, diagrams, gesture, 
stance) provide the means for ideas to be talked through and communicated on the social or 
intermental plane (Leach & Scott 2002). Scott and Jewitt (2003) provide an example in the context 
of magnetic fields of how one teacher uses talk, visual communication, and demonstration to move 
from the phenomenon to the scientific theory. Their analytical approach focuses upon a range of 
communicative resources (gesture, movement, image, talk, etc.). Multiple representations, discussed 
in Chapter 3.1.3, form a subset of these communicative resources.  
 
The process in which individuals appropriate and become able to use for themselves (on the 
intramental plane) conceptual tools first encountered on the social plane is called internalisation 
(Leach & Scott 2003). This relates the sociocultural view with the individual  view: an individual 
has to come to a personal understanding of the ideas encountered in the social plane, reorganise and 
reconstruct the talk and activities of the social plane. 
 
Teaching sequences involve three key features from the social constructivist point of view proposed 
by Leach and Scott (2002):  
 
1) Staging the scientific story 
 
This concerns the way in which science is made available on the social plane of the classroom. This 
process is interactive involving both teacher and students. The teacher presents new ideas, talks 
through ideas with the whole class, and discusses ideas with individuals and groups of students. The 
whole aim of the staging process, which involves talk, other semiotic modes and various activities 
(such as experiments and demonstrations), is to make the scientific story intelligible and plausible 
(these criteria for conceptual change were addressed in Chapter 4.1.1) to students.  
 
The classroom discourse can have ‘authoritative’ and ‘dialogic’ functions (Scott 1998). The teacher 
uses the authoritative discourse to convey information and make new ideas available to the students. 
This mode of discourse is almost exclusively used in a traditional, lecture-based teaching. Dialogic 
discourse allows opportunities for the exploration of meanings. It means that the teacher asks for, 
and discusses, students’ opinions, or that the students discuss ideas with each other (peer 
discussion) (Leach & Scott 2002). Scott (1998) argues that learning in the classroom is enhanced 
through a balance between authoritative and dialogic discourse. This calls for an appropriate 
‘rhythm’ to the discourse. 
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2) Supporting student internalisation 
 
Teachers’ interventions support student internalisation of the scientific story throughout the 
teaching sequence. It is central to the teacher’s role to monitor students’ understandings and 
respond to those understandings in terms of how they relate to the physical ideas being taught. This 
can be achieved through whole class questioning and discussion, small group activities, or 
individual writing activities. Research-based exercises and well-validated multiple-choice tests can 
also be used for this purpose. Teachers’ support for student internalisation is greatly enhanced if the 
teacher has a detailed knowledge and understanding of the conceptual terrain of the subject area, 
including the canonical physics knowledge and student misconceptions (Article II). 
 
3) Handing over responsibility to the students 
 
This feature involves providing opportunities for students to ‘try out’ and practise the new ideas for 
themselves, to make the new ideas ‘their own’. At the beginning this may demand the teacher’s 
support and guidance but gradually the teacher hands over responsibility to the students when their 
competence and confidence has increased. 
 
Leach and Scott (2002) note that the presented conceptualisation of the teaching sequence is not 
typical in the research literature, where teaching sequences tend to be conceptualised in terms of 
activities, with no reference to the talk which surrounds them. Of course, there are exceptions as 
well: for instance, Dykstra et al. (1992) give a fairly good account on the role of teacher’s and 
students’ talk in the activities, as described in Chapter 4.1.3. Furthermore, Leach and Scott (2002) 
state that ‘it would certainly come as no surprise if different teachers achieved very different 
outcomes in student learning with comparable groups of students, by following the same sequence 
of activities without any attempt to stage those activities in the same way’. Hake (1998b) lends 
support to this view by concluding that effective teaching methods appear to be a necessary but not 
sufficient condition for improved learning gains: they also need to be implemented successfully in 
the classroom. 
 
 
4.2.2 Small Group Discussions 
 
Small group discussions play an important role in helping students to explore meanings in the 
framework of social constructivism. This role is examined in more detail in this chapter. 
 
Peers can assist each other in seeing how new knowledge has meaning (Jones & Carter 1998). The 
mere process of verbalising one’s thoughts may affect cognitive growth: it helps students to realise 
their own conceptions. A peer may be able to assist a confused student by rewording the teacher’s 
explanation. Peers can use metaphors and analogies to promote conceptual understanding by 
bridging a new concept to a familiar concept in the same way as the teacher may do, as discussed in 
Chapter 4.1.2 (bridging analogies). Student-generated analogies can be equally or more powerful 
than those employed by the teacher. Students can also offer other students examples from their own 
common ”everyday” experiences.  
 
Peer instruction can be valuable in creating cognitive conflict and conceptual change: it can help 
students to develop plausible new concepts which are useful in different contexts (Jones & Carter 
1998). This was utilised in, for instance, the study described in Chapter 4.1.3 (Dykstra et al. 1992). 
Peer discussions make it possible for students to express their representations and beliefs. This 
helps students to increase their metaconceptual awareness (Mason 1998; Vosniadou et al. 2001) i.e., 
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to become aware of their explanatory frameworks and presuppositions. As mentioned earlier, 
motivational beliefs and the roles of individual students in a classroom learning community can  
also facilitate or hinder conceptual change (Pintrich et al. 1993). Mason (1998) argues that in peer 
discussions the authority for learning and knowing is shared between teacher and students: this 
enhances the intrinsic motivation for learning. 
 
It should be noted, however, that just providing students the opportunity to work collaboratively 
does not ensure that learning takes place (Jones & Carter 1998). Within a sociocultural context there 
are many factors that can affect the learning in a group setting. One factor is the group size: on one 
hand, in the pair both students have an opportunity to participate in the discussion; on the other 
hand, fewer ideas may be generated in the pair than in small groups of more than two students 
(Jones & Carter 1998). Furthermore, pairing two students operating at low cognitive levels (i.e., 
‘weak’ students) is not fruitful, as there are virtually no cognitive resources available to the pair. 
Alexopolou and Driver (1996) found that students in pairs seemed to face difficulties in negotiating 
their views and dealing with their disagreements. Students in fours handled these difficulties more 
easily and recognised that different people can have different views, which fostered the negotiation 
of meanings. Gunstone et al. (1999) argue that there is evidence that three may be the optimal group 
size for balancing the constraints of too small and too large groups. Heller and Hollabaugh (1992) 
found that in addition to group size the gender and ability composition of groups, seating 
arrangement, role assignment, textbook use, and group, as well as individual testing, contribute to 
the problem-solving performance of cooperative groups. 
 
It is crucial that students in small groups are willing to work together. Consequently, Alexopolou 
and Driver suggest that there may be advantages in using self-selecting groups rather than 
groupings on predetermined factors (e.g., ability levels). Another important requirement is that 
students recognise and accept the worth of peer discussions (Gunstone et al. 1999). This is strongly 
emphasised by Crouch and  Mazur (2001), who have used Peer Instruction for more than ten years 
at Harvard University (Peer Instruction is briefly described in Article II). They have noticed that 
students can be initially skeptical about Peer Instruction since it requires students to be significantly 
more actively involved and independent in learning than does a traditional lecture format. For 
instance, when Mazur changed his method of instruction from traditional lecture to Peer Instruction, 
a student asked him: “Professor Mazur, when are we going to do some real physics?” (italics in 
original; Mazur 1998). Consequently, Crouch and Mazur (2001) argue that proper student 
motivation is essential and they recommend several ways to motivate students: for example, 
explaining the reasons for teaching the ”new way”, and grading students on conceptual 
understanding in exams. 
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Chapter 5 
 

Implementation of Teaching 
 
 
 
The detailed discussion of the teaching approach - Interactive Conceptual Instruction (ICI) - in this 
study can be found in Articles II and V, and in Savinainen (2001a). Chapter 5.1 provides additional 
details and makes links to the ideas discussed in Chapters 3 and 4. These theoretical considerations 
(i.e., students’ conceptual coherence, conceptual change and the social constructivist perspective on 
learning physics) are used to explain and theorise the instructional approach developed. Chapters 
5.2 and 5.3 outline the teaching sequences for teaching kinematics and the force concept, with 
references to the ideas discussed in Chapter 2.  
 
It is worth noting that the teaching approach (ICI) provides principles and methods which can be 
used to teach any domain of physics: its application in teaching thermal physics, for instance, is 
discussed in Savinainen (2000b). The teaching sequence presents specific activities and the order in 
which the physical ideas are staged in teaching of the force concept. The teaching approach and 
teaching sequence together describe how the teaching was implemented: this is referred to as the 
instructional approach. In this way, Leach and Scott’s (2002) advice on presenting both the 
activities and how they are staged is taken into account. 
 
 
5.1 Teaching Approach: Interactive Conceptual Instruction 
 
The teaching approach was developed to promote conceptual coherence and was based on the 
premise that developing an understanding of physics requires an interactive process in which there 
is opportunity for ideas to be thought through, and talked through, between teacher and students.  In 
other words, the process should be ongoing teaching and learning dialogues, as discussed in Chapter 
4.2. Both ‘authoritative’ and ‘dialogic’ discourse was used in ‘staging the scientific story’. 
 
Interactive Conceptual Instruction entails several features or components which overlap with each 
other to some extent (Article II): 
 
1) conceptual focus and ‘concepts first’ (concepts are introduced and rehearsed before quantitative 

problem solving as recommended by Van Heuvelen (1991)) 
2) use of multiple representations in varying contexts 
3) classroom interactions (peer discussions) 
4) research-based materials  
5) use of texts (reading before formal treatment) and concept maps 
 
The components of the ICI approach address all the aspects of conceptual coherence (Chapter 3.2). 
The second and fourth components were designed to address the representational and the contextual 
coherence in the dimensions of the force concept. While conceptual framework coherence was at 
least implicitly addressed in all the components, the concept maps were designed especially to help 
the students to see ‘the big picture’ and to foster framework coherence, i.e. differentiation and 
integration of related concepts.  
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Peer discussions were initially inspired by Mazur’s (1997) Peer Instruction, which presents students 
with conceptual questions in a multiple-choice format. In the ICI approach, only a few multiple-
choice questions were used: instead, points arising from demonstrations and laboratory experiments 
were used as a basis for oral conceptual exercises, which can be flexibly tailored to match the 
teaching situation at hand. In addition to oral conceptual questions designed by the teacher, research 
based exercises were used as a basis for peer discussions: for instance, Ranking Task Exercises 
(O’Kuma et al. 2000), CUPs (Mills et al. 1999) and the Rollerblade video (Etkina 1998). 
 
The students discussed conceptual questions mostly in pairs; only a few students preferred groups 
of three or four. The grouping was self-selective, following the suggestion of Alexopolou and 
Driver (1996). Some quiet students needed help in finding a partner. The teacher (author AS) 
monitored the pair discussions and intervened if students were not well engaged with given tasks 
(this happened very rarely). There were a few students, however, who refused to work in pairs or 
small groups. The teacher tried to persuade them to participate but did not force them to do so since 
these students seemed to be satisfactorily engaged with the given tasks by themselves. 
 
Students were encouraged to take part in peer discussion by the teacher at the beginning of 
teaching. It was argued that knowing physics means being able to ‘talk physics’ as well as being 
able to use other representations in analysing physical situations. As advocated by Crouch and 
Mazur (2001), it was made clear that conceptual understanding is required in the exams. However, 
it was pointed out that there is no risk in terms of grades when students express their ideas in pair 
discussions and whole-class discussions (the emphasis in the teaching  was on the pair discussion). 
Indeed, students were told that ”a mistake is our friend since it shows us what we don’t master yet”. 
They were also assured that answering various conceptual instruments (described in Chapter 3.3) 
would have a minor or no effect on their marks: the students still seemed to take the tests seriously. 
A deliberate attempt was made to create an atmosphere in which the students would feel safe to 
explore their understandings. 
 
To support students internalisation (see Chapter 4.2.1) the teacher monitored their progress by 
asking them to raise their hands if they thought the answer and reasoning given by a pair for a given 
task was correct. If only few students responded correctly, the teacher continued to explain the topic 
and devised a new conceptual question or task. This strategy is a direct application of Mazur’s 
(1997) Peer Instruction. It also offers a flexible way to implement the social constructivist principle 
of ‘handing over responsibility to the students’. 
 
 
5.2 Teaching Sequences 
 
The teaching sequence used to teach the Pre-IB study group the force concept (the groups are 
described in Chapter 5.3) is the result of the author’s experimenting over several years8. The main 
idea is to take forces as interactions – essentially, Newton’s third law - as an entry point to the 
concept of force and then use the balancing metaphor in introducing Newton’s first and second  
laws. The teaching of Newton’s first and second laws relied heavily on concepts of velocity, change 
in velocity and acceleration: this is why kinematics had to precede the force concept (kinematics 
was introduced before dynamics in Chapter 2 as well). Trying to introduce forces along with 
kinematics would be too much for students to handle (Dykstra et al. 1992).  
 
                                                 
8 Teaching sequences for the Pre-IB pilot group are presented in Tables 5.1 and 5.2.  The instructional approach for the 
Pre-IB pilot group is also discussed in Savinainen (2001a) and Article II.  
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5.2.1 Kinematics Sequence 
 
At first the students in the Pre-IB study group were introduced to kinematics graphs through a 
simple walking experiment. The teacher (author AS) walked the same distance three times with 
different velocities. Students measured the time at equal distances: these measurements were 
represented in a position against time graph. They had already had some experience with graphing, 
since graphs and straight lines are part of the lower secondary school mathematics. Students then 
discussed in pairs what might be the difference between the lines and how these differences might 
relate to the motions they observed. After the differences were resolved on the qualitative level, the 
slopes of the lines were determined. It was emphasized that the students must take the unit of the 
slope into account. Once the slopes with units were determined, a new quantity (average velocity) 
was defined in terms of the slopes. Average speed was also defined and its difference from average 
velocity was elaborated using several examples, using peer discussions. 
 
The same walking data were next represented in a velocity against time graph (i.e., in a (t,v) 
coordinate system). The students had to figure out by themselves what the outcome was and then 
compare it with their neighbors’ answers. The teacher encouraged negotiation if any differences 
arose. The students were asked to figure out what would be the common factor between different 
lines; they were reminded to relate their conclusion to the observed motions. Using students’ 
responses, the physical meaning of the area in the (t, v) - coordinate system was deduced. This was 
followed by suitable exercises. 
 
The students were then asked to explain what happens to an object, when the graph in the (t, s) -
coordinate system is not a straight line. The teacher then imitated the motion which was represented 
by the graph. A graphical method was introduced for determining average and instantaneous 
velocities. These were also expressed in words as ‘average and instantaneous rates at which position 
changes with respect to time’. The mathematical formulation of instantaneous velocity (discussed in 
Chapter 2.2.1) was not given, since the students had not done any calculus in mathematics.  
 
At this point the students had an idea of what change in velocity means. This idea was quantified by 
representing uniform acceleration in the (t, v) coordinate system. The average acceleration was 
defined in words as ‘the average rate at which velocity changes with respect to time’, and also 
algebraically.  Students were asked to deduce the physical meaning of the area in the (t,v) 
coordinate system with the help of the unit consideration. The students were given plenty of 
opportunities to practice the ideas that were produced. At the end of the kinematics treatment the 
students analyzed a ticker timer data from a dropping experiment using both the (t, s) and the (t, v) -
coordinate systems. This analysis allowed several conclusions to be drawn:  
 
• uniform acceleration is represented by a parabola in the (t, s) coordinate system whereas in a  

the (t, v) coordinate system it is represented by a straight line 
• acceleration of the free fall is called ‘acceleration due to gravity’ (actually an object in the ticker 

timer experiment is not freely falling, but it is a good enough approximation) 
• the ticker timer paper offered a new representation for uniform and non-uniform motion 

(successive dots have the same time separation, whereas the distance between them may 
change) 

• changing velocities were also represented using arrows, i.e. a vector notation 
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Care was taken that the concepts developed had empirical meanings9. Either the teacher or students 
themselves produced motions corresponding to graphs (by walking, running, or moving hands) or  
represented observed motions graphically. Of course more efficient ways to do this exist: for 
instance, Dykstra et al. (1992) utilized microcomputer-based lab (MBL) equipment. 
 
The treatment of kinematics graphs was finished by giving the students the TUG-K test. This was 
followed by deriving the kinematics equations using the graphs which the students were already 
familiar with. Falling motion and horizontal projectile motion were then discussed from the point of 
view of kinematics. Algebraic representations were accompanied with graphical representations 
throughout the teaching to promote representational coherence. 
 
As mentioned earlier the above presentation concerns the Pre-IB study group. The Pre-IB pilot 
group followed a very similar teaching sequence in kinematics. For a comparison, an example 
lesson on introducing  acceleration to the Pre-IB pilot group is presented in Table 5.1. 
 
Table 5.1:  An example lesson for the pre-IB pilot group on introducing acceleration  
 (Savinainen 2001a). The students read the chapter on acceleration in the textbook  
 before the lesson. 
 
Activity Time Comments 
Checking homework on velocity (problem 
solving and conceptual exercises from the book) 

10 min Some problems are presented on a white 
board.  Conceptual homework exercises are 
first discussed in pairs. 

Teacher explains the idea of change in velocity. 5 min It is explained that magnitude or direction (or 
both) of velocity can change.  

Short demonstrations in which the teacher 
moves in different ways. Students discuss in 
pairs if the teacher is accelerating or not. 

10 min Demonstrations are used as a source of peer 
discussion questions. The questions are posed 
orally. 

Teacher explains uniform acceleration. 3 min A falling marker is used as an example. 
Students are asked to present uniform motion 
and uniform acceleration using velocity against 
time graphs. The graphs are constructed and 
discussed in pairs. 

7 min Uniform motion and the graphical 
determination of average velocity were 
introduced using data measured by the 
students. 

Velocity against time graphs are presented 
on the whiteboard. Students explain and execute 
the motions in pairs. 

10 min Graphical exercises will be continued in the 
next lesson in which students empirically 
determine acceleration of a falling object 
using ticker timer tapes. 

Conceptual and graphical homework exercises 
and/or reading tasks are set for the next lesson. 

 No calculations are carried out in the 
introduction lesson. Calculations will follow 
the qualitative treatment. 

 
 
 
 
 
 
 
 
 
                                                 
9 This emphasis was inspired by the perceptional approach to teaching physics (see for instance Kurki-Suonio & Kurki-
Suonio (1994)). The presented teaching sequence, however, is not based on the perceptional approach. 
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5.2.2 The Force Concept Sequence 
 
In many textbooks Newton’s third law is introduced after Newton’s first and second laws (e.g. 
Giancoli 1998). This does not, however, give a central role to forces as interactions. The ‘symbolic 
representation of interactions’ (SRI diagram) developed by Jiménez and Perales (2001) was adopted 
in this study in order to permit a strong emphasis on forces as interactions throughout the teaching. 
The use of SRI diagrams as a bridging representation to free-body diagrams in the study courses is 
described in Article V.  
 
The concept of force was introduced to the students at first in the context of contact interaction. 
They were asked to press a table with their thumbs and then observe what happened to the thumb. 
This touching was characterised as an interaction between the thumb and the table. The students 
were also asked to press their books and notebooks to find out if they too were deformed. This 
made it easier for them to believe that also table and even a wall do deform in an interaction with 
another object. Next the students were asked to press the table softly and hard and then observe if 
there were any differences in the deformations of the thumb. This simple activity helped them 
realize that the strength of an interaction can vary. At this point ‘force’ was defined as a measure of 
the strength of an interaction10. An ordinary scale and a spring balance were introduced as tools to 
measure the strength of an interaction, i.e. forces. A contest between the teacher and students was 
announced: who could exert a greater force on the scale? It was pointed out that the units shown by 
the scale are not units of force, whereas a spring balance shows force properly in Newtons.  
 
Next the SRI diagram was introduced as a tool to represent interactions: two-headed arrows are 
used to show an interaction between two objects. It was emphasised that both objects participate in 
the interaction and that the interaction is symmetrical: as the force is the measure of interaction, the 
same amount of force is necessarily exerted on both objects. This was the meaning given to the two-
headed arrows.  
 
Student were asked if touching is the only way to interact, and they proposed magnets, probably 
because almost all of them had played with magnets. Gravitational interaction was also identified, 
with the help of the teacher. Hence, two broad categories of interactions were used: contact and 
distance interactions (these were denoted by ‘c’ and ‘d’, respectively in the SRI diagrams as shown 
in Figure 5.1).  
 

c d 

 
BOOK 

 
 
 
 
 
 
 

 
TABLE 

 
EARTH

 
 
 
 
 
Figure 5.1:   A SRI diagram for a book on a table. Contact and distance interactions are  
                   denoted by ‘c’ and ‘d’, respectively. 
                                                 
10 Force is not the only measure of the strength of an interaction in mechanics: torque, work, and energy are also 
interaction descriptors (Reif and Heller 1982; Kurki-Suonio 2000). 
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After treating Newton’s third law via the SRI diagrams, the idea of balancing was used to teach the 
free-body diagram and Newton’s first and second laws. The students were already familiar with a 
scale as a measure of the strength of the contact interaction. A student volunteer was asked to come 
forward and step on the scale, and the reading was recorded. At this point a free body diagram was 
introduced as a tool for representing forces acting on an object (the students had already had some 
experience with vectors in the context of kinematics). The connection between the mass (strictly 
speaking gravitational mass as discussed in Chapter 2.1.3) and weight was introduced. This made it 
possible to express the normal force and gravitational force in Newtons in connection with the free-
body diagram. Then the students were asked to decide whether the vector representing the normal 
force should be less than, the same as, or greater than the gravitational force. This discussion was 
used to formulate the idea of balancing forces. A sign convention allowed the sum of forces to be 
deduced: the balanced forces imply that the sum of the forces is zero, i.e. the net force is zero. 
 
Then the teacher pushed down and pulled up the student standing on the scale, and the readings 
were recorded. The students were asked to identify the interactions in those cases and use the idea 
of balancing when constructing corresponding free-body diagrams. They were encouraged to draw 
a free-body diagram of their own and then compare and discuss it with their partners. It was stressed 
that if the forces on the object balance (zero net force), then the object is at rest or moving at 
constant velocity and hence there is no acceleration. The students were given opportunities to 
practice the use of SRI diagrams and corresponding free-body diagrams.  
 
Next the teacher demonstrated jumping and hitting the floor ‘forcefully’. First the students were 
asked whether the teacher was accelerating during the hit and if so what was the direction of the 
acceleration. After this issue had been resolved (in the peer discussions, of course) the students 
were asked whether the scale reading during the hit was smaller than, the same as, or greater than 
when the teacher just stands on the scale. Then they were asked whether the forces on the teacher 
balanced each other, i.e. cancelled, during the hit. This discussion led to the idea of non-balanced 
forces: the unbalanced force was called the (non-zero) net force or the sum of forces.  Finally, the 
idea of net force was linked with acceleration in the same way as zero net force had earlier been 
linked with zero acceleration. This  was summarised by stating that non-zero net force implies non-
zero acceleration, and in addition, the acceleration and the net force have the same direction.  
 
At this point the students were told that net force and acceleration are related to each other, but they 
did not have the formula yet. The connection between the quantities was made clear through an 
experiment with a linear air-track and a glider attached to a string. The string ran over a pulley, and 
small weights were hung on the string. Several weights were used to accelerate the glider (the mass 
of the weights was much smaller than that of the glider). Acceleration was determined using 
photogates and relevant kinematics formulas. The weight of the mass was taken as a net force 
acting on the glider11. Then the accelerations were graphed against the net forces, resulting in a 
straight line which passed close to the origin (the small intercept value was interpreted as a sign of 
small systematic error). Hence it was deduced that the net force is directly proportional to 
acceleration.  The proportional coefficient - the slope of the line - was determined and its value was 
in the same order as the mass of the glider. This analysis justified (or more precisely: made 
acceptable to the students) Newton’s second law: amF rr

=∑ .  
 

                                                 
11 Of course, the net force on the glider is due to the tension force exerted by the string but at this point in teaching this 
would have been an unnecessary complication for the analysis. However, using the mass of the attached weight as the 
net force is a reasonable approximation if the masses of the attached weights are small relative to the mass of the glider.  
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After the quantitative form of the second law had been introduced the teaching proceeded to the 
traditional end-of-chapter calculations addressing the force concept. These calculations were often 
complemented with graphical and verbal representations to promote representational coherence.  
 
 
5.2.3 Reflections on the Teaching Sequences 
 
The use of a scale and the idea of balancing as a springboard to Newton’s first and second laws can 
be seen as building on students’ existing ideas and extending them to new domains (see Chapter 
4.1.2). The balancing metaphor in the context of Newton’s laws has been criticised (Physics 
Textbook Review Committee 1998), but it is argued here that it serves as a fruitful starting point 
especially for students who are not familiar with the vector concept (Pre-IB groups had not had any 
vectors in their mathematics lessons).  
 
After the students had started applying Newton’s second law the first law could be taught as 
effectively a special case of the second law (see Chapters 2.1.2 and 2.2.2). However, the students 
continued using the first law in their reasoning, probably because of the powerful balancing 
metaphor. In the first exposure to Newton’s laws there is no point in introducing Newton’s first law 
as a definition of an inertial reference frame, as discussed in Chapter 2.2.2.  
 
The concept of mass was introduced in the context of weighing, since this was familiar to the 
students before any physics teaching. The conceptual difference between inertial and gravitational 
mass (see Chapter 2.1.3) was not mentioned: it was assumed that the same concept of mass was 
involved both in both weighing and Newton’s second law. It is worth noting, however, that the 
inertial and gravitational masses - as well as inertial and non-inertial reference frames - are 
discussed later in the International Baccalaureate syllabus (as part of the ‘Relativity Option’). 
 
The order in which Newton’s laws were presented can be compared with that reported by Dykstra et 
al. (1992). After treating kinematics, they start with experiments and demonstrations utilising MBL. 
Students together invent Newton’s second law and the teacher summarises the result and quotes it 
formally. Students figure out Newton’s first law after the second law. In this teaching sequence 
Newton’s third law is dealt with later on. Hence, the order in which Newton’s laws are treated is 
exactly the opposite to the order used in this study, where Newton’s third law was introduced  first 
via forces as interactions. This order was inspired by the earlier failure in teaching the third law to 
the Pre-IB pilot group (see Article II). The use of peer discussion is a common factor in the 
presented sequences and those used by Dykstra et al. (1992), but the role of the teacher as a 
communicator of the ‘scientific story’ was somewhat more prominent in this study. 
 
Algebraic calculations (problem solving) were practiced only after extensive treatment of motion in 
terms of graphical and verbal representations according to the ‘concepts first’ principle.  The 
students were often asked to read the relevant section of the textbook addressing new topics prior to 
the lessons, in the spirit of Mazur’s (1997) Peer Instruction. While many of the exercises used were 
invented by the teacher, research-based conceptual exercises, such as the Ranking Task Exercises 
(O’Kuma et al. 2000) and CUPs (Mills et al. 1999), were also used frequently.  
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Students’ misconceptions (discussed in Chapter 2.3) were implicitly addressed in the conceptual 
exercises used 12. Both research-based exercises and exercises designed by the teacher were used 
for this purpose. The students had plenty of opportunities to compare their explanations with those 
provided by the teacher. This most likely induced cognitive conflicts (see Chapter 4.1.2), but they 
were not highlighted by the teacher. There were, however, occasions when students’ 
misconceptions were addressed in teaching a topic: for instance, when projectile motion was taught, 
the students were told that ‘many people think there must be a force along the direction of the 
motion’. The students were then invited to analyse the interactions in the case of a projectile fired 
with initial velocity at some angle to the horizontal.  
 
 
5.3 Course Descriptions and Data Gathering 
 
5.3.1 Preparatory International Baccalaureate Groups 
 

The preparatory International Baccalaureate study group (denoted Pre-IB study group) consisted of 
Finnish students (age 16, n = 23) following a preparatory International Baccalaureate programme in 
the school year 2002-2003. A similar pilot group (denoted as Pre-IB pilot group; n = 22) was 
involved in the pilot study (Article II and Savinainen 2001a) in the school year 2000-2001. Both the 
Pre-IB study and pilot group students had encountered mechanics in their lower secondary school 
studies and were taught by the same teacher (author AS). All teaching took place through the 
medium of English. The level of the students’ English language proficiency was good enough to 
start studying in English: this had been tested in the entrance exams of the IB program. 
Furthermore, the students did not complain at any point of teaching that they did not understand 
English well enough. 
 
The Pre-IB pilot and study groups had available to them an American physics textbook based on 
algebra and trigonometry (Giancoli 1998). Both groups followed the same ICI approach and they 
had virtually the same kinematics sequence. The main difference in the teaching was in the 
emphasis on forces as interactions: the pilot group did not have the SRI diagram as their 
representational tool and hence did not have as thorough teaching on the third law as the study 
group. Partially due to the introduction of this new representational tool, slightly more time was 
devoted to teaching of the force concept with the study group than with the pilot group. In addition, 
the pace of teaching was slower for the Pre-IB study group than for the Pre-IB pilot group for the 
reasons discussed in Chapter 8.2. Consequently, the pilot group covered more topics in physics 
during their pre-IB year. In other respects both groups did generally similar exercises (for instance, 
the same end-of-chapter exercises from Giancoli (1998) were used).  
 
Concept maps designed by the present author were used. Those on the force concept are presented 
in Figures 5.2 and 5.3. The pilot group was given almost the same concept map as the study group:  
it addressed but did not emphasise forces as interactions. Both concept maps were given to the 
students and discussed at the revision phase before the force tests. A concept map on kinematics 
(not shown here) was also used for revision before the TUG-K test.  
 
 

                                                 
12 Chapter 2.3. compared students’ misconceptions with conceptions in the history of physics. Historical considerations 
were not addressed in teaching but the author believes that that the  knowledge of the historical development of physical 
concepts helped in anticipating students’ difficulties in modifying their ideas in a scientific direction. 
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Figure 5.2:  Newton’s laws and their characterisations. 
 
The two headed arrows in Figure 5.2 emphasise that the implication works both ways: for instance, 
if net force is zero, it implies zero acceleration and vice versa. 
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Figure 5.3:  The force concept and types of force. 
 
 
The outline of the course for the Pre-IB pilot group is presented in Table 5.2 and for the Pre-IB 
study group in Table 5.3. The total duration of lessons for Pre-IB pilot group on kinematics and the 
force concept was approximately 30 hours. The total duration of lessons for the Pre-IB study group 
on kinematics and the force concept was approximately 33 hours, after which the teaching 
addressed work, energy, momentum, and wave motion (see Table 5.4). The force concept was 
naturally involved in the later topics as well: for instance, the conservation of momentum was 
derived using Newton’s second and third laws. The pilot group also continued studying the same 
topics as the study group after the force concept. 
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Table 5.2:  Content of the course for the Pre-IB pilot group on the force concept, with comments. 
 Unfortunately, no exact time allocation for the lessons was recorded.  
 

Content Comment 
Pre-FCI at the beginning of the course 

Velocity, change in velocity, 
 acceleration 

utilising multiple representations; 
walking experiment;  
ticker timer practical; 

concept map on kinematics 
TUG-K test after completing graphs in kinematics 

Falling motion experiment on height of a projectile,  
end-of-chapter exercises (Giancoli 1998) 

Introduction of the force 
concept 

forces due to interactions (merely mentioned), push or pull 

Newton’s laws1 

and free-body diagrams 
net force and its connection to accelereration introduced first 

(Newton’s second law qualitatively); then  Newton’s first law as 
a special case of the second law 

Newton’s second law quantitative form of the second law was given by the teacher; 
using verbal and diagrammatic representations  

Exercises on  
kinematics and forces 

moving between verbal and graphical representations; 
ConcepTests from Peer Instruction (Mazur 1997) 

Kinetic and static friction practical with a block and spring balance  
Problem solving on forces end-of-chapter exercises from  

Giancoli (1998) 
Vector concept introduced 
(the students had had no 
vectors in mathematics) 

velocity and  force vectors; resolving vectors into components; 
inclined plane problems; horizontal projectile motion 

Revision exercises on the force 
concept 

qualitative exercises addressing Newton’s laws and free-body 
diagrams (McDermott et al. 1998; O’Kuma et al. 2000); 
concept maps (almost the same as in Figures 5.2 and 5.3) 

FMCE test as a part of course test 1 
Circular motion analysing components of acceleration and net force 

Applying the force concept and 
related kinematics 

Rollerblade video (Etkina 1998);  
end-of-chapter exercises (Giancoli 1998) 

Relative velocity motions analysed from different 
reference frames (making use of Etkina 1998) 

Newton’s law of gravitation (the study group did not study the law of gravitation  
before the post-FCI) 

Post-FCI end of teaching of  
the force concept 

Written question on Newton’s 
third law 

as a part of the course test 2 

1 Newton’s laws were given and explained by the teacher in a more direct manner than with the Pre-IB  
 study group (for instance, no experiment was carried out to justify the quantitative form of Newton’s  
 second law). Of course, peer discussions were used when students practised applying Newton’s laws. 
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Table 5.3:  Content of the course for the Pre-IB study group on the force concept, with comments.  
 

Content Comment Time (h) 
Pre-FCI at the beginning of the course 0.75 

Measurement, error and 
uncertainty 

introduction to physics 1.5 

Velocity, change in velocity, 
 acceleration 

utilising multiple representations; 
walking experiment;  
ticker timer practical; 

concept map on kinematics 

8.5 

TUG-K test five students selected  
for interviews 

0.5 

Falling motion, vector concept 
introduced (the students had 

had no vectors in mathematics); 
horizontal projectile motion 

experiment on height and range of a 
projectile, problem solving 

4.5 

Forces as interactions SRI diagrams introduced before free-body 
diagrams; linear air-track practical on 

Newton’s II law; CUPs (Mills et al. 1999);  

6 

Revision exercises on  
kinematics and forces 

moving between multiple representations; 
ConcepTests from  

Peer Instruction (Mazur 1997) 
concept maps (see Figures 5.2 and 5.3) 

1.5 

FMCE test as a part of course test 1 (0.75) 
Practice on applying Newton’s 

laws 
explicit use of SRI diagrams was 

discontinued; end-of-chapter exercises 
(Giancoli 1998) and the Ranking Task 

Exercises (O’Kuma et al. 2000) 

2 

Kinetic and static friction practical with a block and spring balance; 
free-body diagram exercises with multiple 

representations (Court 1999); 
inclined plane problems 

4 

Circular motion analysing components of acceleration and net 
force 

3 

Relative velocity; vector nature 
of velocity 

motions analysed from different 
reference frames 

0.75 

Applying the force concept and 
related kinematics 

Rollerblade video (Etkina 1998); exercises 
using multiple representations in many 

contexts 

1.5 

Summary on kinematics and 
Newton’s laws 

students asked to write a summary of their 
own as a homework 

- 

Post-FCI end of teaching of  
the force concept 

0.75 

Interview questions five students interviewed ( 0.75 per ≈
student) 

Written question on Newton’s 
third law 

as a part of the course test 2  
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Table 5.4:  Content of the course for the Pre-IB study group after finishing with the force concept,  
 with comments (the Pre-IB pilot group covered the same topics). 
 

Content Comment Time (h)
Work introduced as transfer of energy  

via forces 
2.5 

Mechanical energy,  
conservation of energy 

conceptual discussions and problem solving 5 

Power practical on work and power 1.5 
Revision exercises on work and 

energy  
problem solving 2 

Written question on Newton’s 
third law 

as a part of course test 2 (0.25) 

Linear momentum and impulse  general formulation of the second law 1 
Conservation of linear 

momentum 
practical using a linear air-track (practical 

report) 
3.5 

Writing practical reports advice on how to write a practical report 1 
Springs practical determination of the spring constant 2 
Waves no explicit references to mechanics (16) 

Survey on Newton’s Third Law as a part of course test 3 (< 0.5) 
Delayed interview questions the same five students interviewed after 1.5 

months after physics instruction 
(0.5) 

  
A Finnish translation of the 1995 version of the Force Concept Inventory (Halloun et al. 1995; 
Koponen et al. 2000) was used as a pre-test because students’ competence in English was not  
sufficiently good at the beginning of the programme. After the pre-test, all the instruments and 
questions were given in English. It should be noted that the students probably could not have 
adequately answered the Finnish version of the FCI after teaching since they had learned all the 
material in English. 
 
Five students were chosen for the interview on the basis of their success in the early part of the 
course: they represented the top, middle and bottom of the study group (see Article IV). A semi-
structured interview was used in all interviews. The students were asked ‘to think aloud’ while 
answering the interview questions. The students were free to change their answers during the 
interviews if they so wished. Some students spontaneously wrote down formulas or diagrams. The 
interviews were conducted by author AS, using neutral questions to clarify the students’ views 
according to the advice given by White and Gunstone (1992). 
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Table 5.5:   The research instruments administered to the Pre-IB study group. 
 

Research Instrument Timing 
Pre-FCI (in Finnish)  at the beginning of the teaching 

TUG-K a month after the pre-FCI 
FMCE two months after the pre-FCI 

Post-FCI (in English) after completing the course on  
the force concept (a month after the FMCE) 

Interview questions five students interviewed a week after the post-FCI 
Written question on 
Newton’s third law 

a month after the post-FCI 
(as a part of the course test 2) 

Survey on Newton’s Third 
Law  

three months after the post-FCI 

Delayed interview questions the same five students interviewed  
4 months after the first interview and  1.5 months  

after physics instruction 
 
The students were allowed to see the correct answers (except in the case of the pre-FCI) after the 
administration of the instruments but all the material regarding the instruments and answers were 
collected. Administration of the research instruments is presented in chronological order in Table 
5.5 (also shown in Tables 5.3 and 5.4). The research instruments were administered to the Pre-IB 
study group over a period of six months. The Pre-IB pilot group students answered the pre-FCI, 
TUG-K, FMCE, post-FCI, and essentially the same written question on Newton’s third law as the 
study group. They were not interviewed and did not answer the Survey on Newton’s Third Law. 
 
 
5.3.2 Finnish National Syllabus Groups 
 
Two groups of Finnish national syllabus students (the Finnish study group; combined n = 49, age 
17) followed a 27-hour course on mechanics in autumn 2001 using the same principles (the ICI 
approach and focusing on forces as interactions) as the Pre-IB study group. Two similar Finnish 
national syllabus groups (the Finnish pilot group; combined n = 52) followed the ICI teaching with 
no focus on forces as interactions in autumn 2000 in the same way as the Pre-IB pilot group. It 
should be noted that the Finnish pilot and study groups are used to provide complementary data for 
the Pre-IB groups. Hence, no detailed teaching sequences for the Finnish groups are described here. 
 
A Finnish physics textbook based on algebra and trigonometry (Lehto & Luoma 1999) was used 
with the Finnish groups. The level of treatment was more demanding in these groups than in the 
Pre-IB groups because the students in the Finnish groups had already finished three more-or-less 
traditional introductory courses (not taught by author AS) addressing the force concept and related 
kinematics before the ICI teaching. For instance, the Finnish groups had more practise in problem 
solving in complex situations. Many of the research-based exercises used with the Pre-IB groups 
were also used with the Finnish groups. 
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The Finnish translation of the 1995 version of the FCI was used (Halloun et al. 1995; Koponen et 
al. 2000). It was administered prior to, and on completion of, the teaching programme for both 
Finnish national syllabus groups. Six students from the Finnish study group were chosen for 
interviews on the basis of their performance in the pre-FCI, representing the top, middle and bottom 
of the groups. The Finnish pilot group students answered the pre- and post-FCI but they were not 
interviewed. Administration of the research instruments to the Finnish study group is presented in 
chronological order in Table 5.6. The Finnish pilot group answered only pre- and post-FCI. 
 
Table 5.6:   The research instruments administered to the Finnish study group. 
 

Research Instrument Timing 
Pre-FCI at the beginning of the teaching 
Post-FCI after completing the course on  

the force concept 
Interview questions six students interviewed at the end of the course 

 
The results of the Finnish study group are presented and evaluated from the point of view of 
conceptual coherence in Article III. They are not, however, compared with the FCI results of the 
Finnish pilot group: this is done in Chapter 7.2. Research methods and research design are 
discussed and evaluated in the next chapter. 
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Chapter 6 
 

Research Methods 
 
 
 
This chapter discusses methods of testing statistical and practical significance. Firstly, tests of 
inferential statistics used in the study to test statistical significance are presented. Secondly, Hake gain 
and effect size are discussed as indicators of practical significance and as an overall measure of the 
relative success of the courses. These indices were applied to pre- and post-FCI total scores as well as 
to the dimensions and representations of the force concept addressed by the FCI. Thirdly, the 
classification of the degrees of coherence is introduced. This provides complementary information to 
Hake gain and effect size on changes in students’ contextual and representational coherence. Fourthly, 
the validity and reliability of the research methods used are evaluated at the end of this chapter. 
 
 
6.1 Statistical Methods 
 
6.1.1 Tests of Statistical Significance 
 
Statistical significance provides evidence that an event did not happen by chance (McLean & Ernest 
1998).  The p-value is often used for this purpose: it is the smallest significance level ( )α at which the 
null hypothesis is rejected (Mann 1995, 450). The level of significance α  chosen in this study was 
0.05. It is very important to note that the p-value tells nothing about the magnitude of significance 
(Nix & Jackson 1998). P-value depends on sample size: even small differences in population 
parameters can be significant if the sample size is large enough.  
 
The difference between the means of two independent samples can be tested using the t-test if the 
following assumptions are met (Ranta et al. 1999, 185-186): 
 
1) samples are random 
2) samples are independent 
3) measurements taken using an interval scale 
4) populations involved are approximately normal (this is important especially when the sample  
     sizes are small) 
 
It is advisable to use a non-parametric test when the sample sizes are small and the estimated 
variances differ strongly (Ranta et al. 1999, 192). A non-parametric alternative for the t-test can be 
used if the assumptions of the t-test are violated: the Mann-Whitney U-test can be applied when two 
random samples are independent and when the random variable is continuous (Johnson 1996, 699-
700).  It has almost the same power as the t-test (Ranta et al. 1999, 195). The Mann-Whitney test was 
used in this study to compare the statistical significance of FCI results between the groups. 
 
The data in this study which will be analysed using the Mann-Whitney U-test have two limitations. 
Fistly, the test score data are not really continuous. This is not a serious limitation: the Mann-Whitney 
U-test is often used to analyse exam or test score data  (for instance, Johnson 1996, 700-701). The 
second limitation is more serious: the school setting in this study did not allow random samples from 
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one population of students. Random sampling guarantees that the units of the samples are independent 
from each other. This limitation is addressed in Chapters 6.4 and 8.2. 
 
The Chi-square test can be used to test independence between two variables arranged in a contingency 
table. It has the following restrictions regarding its use (Key 1997): 

1) data must be in frequency form (nominal data). 

2) the sample must be representative (random) 

3) the individual observations must be independent of each other 

4) sample size must be adequate.  

a) In a 2 x 2 table, the chi-square test should not be used if n is less than 20.  

b) In a larger table, no expected value should be less than 1, and not more than 20% of the 
variables can have expected values of less than 5. 

5) the distribution basis must be decided on before the data are collected. 

6) the sum of the observed frequencies must equal the sum of the expected frequencies. 
 
The data in this study satisfy the above requirements, except randomness of the samples.  
 
McNemar’s test is a non-parametric test assessing the significance of the difference between two 
dependent samples when the variable of interest is a dichotomy. It is used primarily in pre-post 
studies to test for an experimental effect (Garson 2004). It is the only test available for two 
dependent samples when the nominal scale is used (Ranta et al. 1999, 221). 
 
 
6.1.2 Hake gain and Effect Size 
 
As mentioned  above, the p-value tells something about the statistical significance but does not tell 
the magnitude of the significance: this calls for different measures. Robinson and Levin (1997, 23) 
have expressed the relationship between statistical and practical significance in the following way: 
 
“First convince us that a finding is not due to chance, and only then, assess how impressive it is” 
(italics in the original) 
 
The statistical tests discussed above are used to demonstrate that findings are not due to chance, 
while Hake gain and effect size are used to assess how impressive the findings are. 
 
Hake (1998a) introduced an average normalized gain in the context of the FCI. It is the ratio of the 
actual average gain to the maximum possible average gain: 
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where  and  are the final (post) and initial (pre) class averages.  The average gain 
provides a way to compare classes with very different FCI scores since it normalizes scores based 
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on how well the class performed before the instruction. Hake gain is practically independent of the 
students’ initial scores since there was virtually no correlation between the gain and pre-FCI 
averages in Hake’s (1998a) large survey study on high school, college, and university students. The 
individual student data in this study also support this conclusion: the correlation coefficient (r) 
between individual student g values with individual pretest scores was 0.035 (n = 146).  
 
In his survey Hake identified two broad types of instruction:  ‘Traditional/Conventional’ and 
‘Interactive–Engagement’. The traditional courses relied primarily on passive-student lectures, 
‘recipe-following’ laboratory sessions and algorithmic quantitative problem-solving examinations. 
Hake defined Interactive Engagement methods ‘as those designed in part to promote conceptual 
understanding through interactive engagement of students in heads-on (always) and hands-on 
(usually) activities which yield immediate feedback through discussion with peers and/or 
instructors’. The average normalized gain (<<g>>) in the 14 traditional survey courses observed 
(2048 students) was 0.23  0.04sd (Hake 1998a).  The 48 interactive-engagement (IE) survey 
courses yielded <<g>> = 0.48  0.14sd.  

±
±

 
On the basis of these data Hake (1998a) classified introductory mechanics courses into the 
following regions: 
 
1) ‘High-g’ courses: (<g>) > 0.7; 
2) ‘Medium-g’ courses: 0.7 > (<g>) > 0.3; 
3) ‘Low-g’ courses: (<g>) < 0.3. 
 
No course from the study reached the High-g region (the best <g> was 0.69). All the traditional 
courses fell into the Low-g region. The findings imply that gains in traditional high school, college 
and university physics courses were largely independent of the teachers’ experience and academic 
background, a result which is consistent with the findings outlined earlier in the context of the 
Mechanics Diagnostic Test (Halloun & Hestenes 1985) and the original FCI (Hestenes et al. 1992). 
 

It is also possible to determine the normalized gain for each single student in the class and 
consequently the average of the single-student gains (Hake 2001): 
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According to Hake (2001), when the number of students taking the test is greater than about 20, gave 

is usually within 5% of <g>. 
 
Hake gain provides background data for evaluating the general success of the courses in this study 
with respect to courses in other institutions.  However, this should be done with caution, as 
demonstrated by Meltzer (2002b), who studied students’ conceptual understanding in the domain of 
electricity. The students in his study followed non-traditional, interactive engagement (IE)  
instruction. He found a significant correlation between Hake gain and mathematical skill and 
concluded that ‘the observed correlations might imply that widely diverse populations taught with 
identical instructional methods might manifest different normalized learning gains [Hake gains]’. If 
it is assumed that mechanics courses would also show similar correlation, Meltzer estimated that the 
variation in Hake gain ascribable to mathematics preparation would be 07.0±  for <g> 45.0≈  (a 
typical value for mechanics courses employing IE methods).  He concludes that even though there 
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is uncertainty in comparing small differences in <g>, large differences are probably due to 
instructional method.  
 
Effect size is a family of indices that measure the magnitude of a treatment. It is strongly 
recommended by many psychologists and biologists as the preferred alternative to the usual t-tests 
and p-values associated with null-hypothesis testing (Hake 2002 and references within).  
 
Effect size can be defined as follows (there are other definitions): 
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where  and  are the final (post) and initial (pre) class averages; >< FCIPost _ >< FCIe _Pr postσ  
and preσ  are the final and initial standard deviations. Cohen (1988) defined effect sizes as “small, d 
= 0.2; medium, d = 0.5; and large, d = 0.8”. Both normalized gain and effect size are reported 
because they do not provide identical information on practical significance: the effect size depends 
on standard deviation of the sample whereas Hake gain does not.  For instance, it is possible to have 
an insignificant Hake gain (say, less than 0.30) and at the same time the effect size could be very 
impressive if the standard deviation were very small (Meltzer 2002c). 
 
 
6.2 Measures of Students’ Contextual Coherence 
 
Tests of statistical and practical significance provide valuable information on the effect of teaching 
regarding the force concept and its dimensions. A different view of the same data can be achieved 
when the notions of students’ contextual and representational coherence are applied (Articles III, IV 
and V). The test items in various instruments can be classified in terms of aspects of conceptual 
coherence along different dimensions of the force concept (Chapter 3.3). Moreover, it is possible to 
categorise the achievement levels of students’ conceptual coherence into three classes: ‘no 
coherence’, ‘partial coherence’ and ‘coherence’. Of course, the choice of the limits between the 
categories of achievement levels is somewhat arbitrary. After the data had been categorised, the chi-
square and McNemar’s tests were used (Chapter 7) to compare the coherence results between the pilot 
and study groups.  
 
It should be noted that the data gathered do not allow the evaluation of students’ contextual or 
representational coherence along all the dimensions of the force concept.  
 
 
Newton’s Laws 
 
Newton’s first law is addressed in the following multiple-choice questions:  
 
• FCI: questions 10, 17, 24 and 25 (verbal representation) 
• FCI: questions 6, 7, 8 and 23 (diagrammatic representation) 
• FMCE: questions 2 and 5 (verbal representation) 

    62



The results regarding Newton’s first law in verbal representation in the multiple-choice tests were 
classified into three levels of achievement: 
 
I. ‘No contextual coherence’: zero or one out of four verbal FCI questions correct; zero out of 

two verbal FMCE questions correct 
II. ‘Partial contextual coherence’: two or three out of four verbal FCI questions correct; one out 

of two verbal FMCE questions correct 
III. ‘Contextual coherence’: all four verbal FCI questions correct; both verbal FMCE questions 

correct. 
 
These quantitative criteria for coherence refer to a specific test and a specific representation, 
simultaneously. Hence, the criteria were applied to the FCI and FMCE results separately. 
 
The results regarding Newton’s first law in diagrammatic representation in the multiple-choice tests 
were classified into three levels of achievement: 
 
I. ‘No contextual coherence’: zero or one out of four diagrammatic FCI questions correct  
II. ‘Partial contextual coherence’: two or three out of four diagrammatic FCI questions correct  
III. ‘Contextual coherence’: all four diagrammatic FCI questions correct  
 
Newton’s second law is addressed in the following multiple-choice questions in verbal representation:  
 
• FCI: questions 22, 26, 27 
• FMCE: questions 1, 3, 4, 6, 7 (sled context); questions 8, 9, 10 (car ramp context); questions 11, 

12, 13 (coin toss context) 
 
The results of Newton’s second law in verbal representation were also classified into three levels of 
achievement: 
 
I. ‘No contextual coherence’: zero or one out of three verbal FCI questions correct; 0-3 out of 

eleven verbal FMCE questions correct 
II. ‘Partial contextual coherence’: two out of three verbal FCI questions correct; 4-9 out of 

eleven verbal FMCE questions correct 
III. ‘Contextual coherence’: all four verbal FCI questions correct; only one verbal FMCE 

incorrect or all eleven FMCE questions correct (one lapse could be due to carefulessness). 
 
Again, the above criteria were applied to the FCI and FMCE results separately. 
 
Multiple-choice questions require only the identification of correct answers. Interview questions 
were used to evaluate students’ reasoning in more complex situations. Interview responses of six 
students from the Finnish study group regarding Newton’s laws in verbal representation (see 
Chapter 3.3.5) were classified using a corresponding scheme of achievement levels in contextual 
coherence: 
  
I. ‘No contextual coherence’: zero or one answer correct. 
II. ‘Partial contextual coherence’: two answers with explanations correct and at least one 

answer or explanation incorrect. 
III. ‘Contextual coherence’: all answers and explanations correct. 
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Pre-IB study group students’ contextual coherence in the case of Newton’s third law in verbal 
representation was investigated using the following criteria: 
 
1.  all four FCI questions addressing the third law are correctly answered 
2.  at least 9 out of 10 FMCE questions on the third law are correctly answered  
    (one lapse was allowed since it could be due to carelessness) 
3.  the written question has the correct answer with correct reasoning 
4.  at least 15 out of 16 Survey questions are correctly answered 
 
The above criteria were applied to the different instruments separately. Pre-IB students’ contextual 
coherence in the case of Newton’s third law is discussed in detail in Article V. 
 
It is noted that our classification resembles Thornton’s (1995) three-fold classification (Student 
View, Transitional State and the Physicist View) to describe conceptual dynamics, i.e. the process 
by which students’ views are transformed during instruction. Thornton gathered his data using the 
FMCE test instead of the FCI.  
 
 
6.3 Measures of Student’s Representational Coherence 
 
Students’ representational coherence was classified in the same manner as students’ contextual 
coherence. Article IV provides an example of the analysis of representational coherence in the case of 
Newton’s first and second laws. It should be noted that representational coherence here refers to the 
ability to move between representations. 
 
 
Kinematics 
 
Representational coherence is addressed in kinematics in the following multiple-choice questions: 
 
• TUG-K: questions 3, 8, 9, 12, 19, 21 
• FMCE: questions 22, 23, 24, 25, 26 (car acceleration) and questions 40, 41, 42, 43 (car velocity) 
 
The results regarding kinematics in the TUG-K and FMCE were classified into three levels of 
achievement in the same way as in the case of contextual coherence: 
 
I. ‘No representational coherence’: 0-3 questions correct 
II. ‘Partial representational coherence’: more than three questions correct and at least two 

questions incorrect 
III. ‘Representational coherence’: only one question incorrect or all questions correct 
 
 
Newton’s First and Second Laws 
 
The representational coherence of Newton’s first and second laws is addressed in the following 
questions: 
 
• FMCE: Newton’s first law in questions 14, 15, 17 and 21 and Newton’s second law in questions 

16, 18, 19 and 20 
• Interview and delayed interview questions (Chapter 3.3.5) are analysed in Article IV 
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The results of Newton’s first and second laws in the FMCE were classified in the following way: 
 
I. ‘No representational coherence’: zero or one question correct 
II. ‘Partial representational coherence’: more than one question correct and at least one 

question incorrect 
III. ‘Representational coherence’: all questions correct 
 
 
 
6.4 Research Design and Validity Issues 
 
6.4.1 Research Design 
 
The research design for the Pre-IB study and pilot groups is presented in Table 6.1.  
 
 
Table 6.1:   Research design for the Pre-IB groups.  

O = measurement, X = experimental treatment. 
 
 Pretest 

(FCI) 
ICI 

teaching 
Tests during 
the course 

ICI 
teaching 

Post-test 
(FCI) 

Interviews 
and other tests 

Study group O1 X1 O2, O3 X1 O4 O5, O6, O7 
Pilot group O1 X2 O2, O3 X2 O4 O5 
1 ICI teaching with the focus on forces as interactions. 
2 ICI teaching with no focus on forces as interactions. 
 
The research design has features of a pre-experimental design: there was no real control group 
following traditional teaching instead of the ICI. Cohen et al. (2000, 213, 217) criticise the pre-
experimental design by pointing out that the effect of extraneous variables cannot be ruled out and 
these variables can offer plausible hypotheses explaining a possible difference between pre and 
post-test. It should be noted, however, that in this study multiple research instruments were used 
(see Chapter 3.3) to monitor students’ developing conceptual coherence during and after the ICI 
teaching. Hence concurrent validity (i.e. agreement of the different data collecting instruments) is 
sought through methodological triangulation (Cohen et al. 2000, 112-115). Furthermore, it is 
unlikely that the ‘effect of extraneous variables’ would be in the same direction for many groups 
over a period of almost three years. 
 
Although the research design adopted does not permit direct comparisons of learning gains between 
matched control and experimental classes subjected to ‘new’ and ‘traditional’ teaching, it is argued 
here that comparisons with FCI data gathered in research studies in Finland and elsewhere allow an 
evaluation of the relative success of the ICI teaching approach. Jauhiainen et al. (2001) sampled the 
post-FCI results of almost 400 upper secondary school students from different parts of Finland. 
They found that the distributions of the alternatives chosen by the Finnish students were largely the 
same as the alternatives chosen by a sample of over 2100 American students. Their data lends 
convincing support for the same conclusion drawn by Viiri (1995) in the case of Finnish 
engineering students. Jauhiainen et al. (2001) conclude that their results concerning understanding 
of the force concept in Finnish upper secondary schools can be generalised and can be used as a 
reference when evaluating the effectiveness of teaching experiments. Savinainen (2001a) also  
argues that comparisons between Finnish and American FCI results is possible. It is acknowledged 
that there are no published Finnish ‘baseline’ data on Hake gain regarding the FCI.  Nevertheless, in 
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the light of data by Jauhiainen et al. (2001) and Viiri (1995) it is extremely unlikely that the results 
of typical Finnish introductory courses on mechanics would differ dramatically from those of the 
traditional courses in Hake’s (1998a) large survey in the USA. 
 
The research design also has an element of a quasi-experimental design. The groups were not 
randomly sampled but the Pre-IB pilot group acts as a control group since the teaching those 
students received did not have a focus on forces as interactions. A ‘true’ experimental design which 
entails statistical sampling of students into control (traditional teaching) and experiment (the ICI 
teaching) groups would have been problematic in this study for several reasons. Firstly, a rigorous 
sampling of students into control and experiment groups would be very hard to implement in a 
Finnish high school system, where students choose their courses themselves, i.e. they are not 
assigned to a given course by the administration. Secondly, an experimental approach in which the 
author would teach the control group using conventional methods would be ethically difficult to 
justify, since the author is convinced that the teaching approach developed is better than the 
lecturing employed earlier. Using other teachers to teach control groups would have been 
problematic as well since it would have introduced possible differences in the teachers’ expertise 
(Leach & Scott 2002).  
 
The research design of the Finnish group is presented in Table 6.2. It resembles the design for the Pre-
IB groups with one exception: the Finnish groups answered only pre- and post-FCI. The Finnish 
groups act as comparison groups for the Pre-IB groups, providing additional data on the effects of the 
ICI teaching. 
 
Table 6.2:   Research design for the Finnish groups.  

O = measurement, X = experimental treatment. 
 

 Pretest 
(FCI) 

ICI 
teaching 

Post-test 
(FCI) 

Interview 

Study group O1 X1 O2 O3 
Pilot group O1 X2 O2 - 

    1 ICI teaching with the focus on forces as interactions. 
    2 ICI teaching with no focus on forces as interactions. 
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6.4.2 Reliability and Validity of the Research Instruments 
 
Reliability addresses consistency and replicability over time, over instruments and over groups of 
respondents. There are many forms of validity but roughly speaking it refers to a demonstration that 
a particular instrument measures what it purports to measure. Reliability can be seen as a necessary 
but not sufficient precondition of validity (Cohen et al. 2000, 105-133). Reliability and certain 
forms of validity regarding the research instruments used in this study are addressed next.  
 
Multiple-choice tests 
 
A summary of the validation process and the reliability for the FCI is provided in Article II. 
Additional support for the pre-post FCI design is provided by Henderson (2002), who concluded 
that giving the pre-FCI does not affect the post-FCI results. Rebello and Zollman (2004) compared 
students’ responses to four FCI questions and equivalent open-ended questions. Their results 
indicated a good agreement between the percentages of correct responses in each of the two 
formats. This finding shows that the FCI does not adversely affect performance as measured by the 
number of correct answers. However, these researchers also found that a significant percentage of 
the open-ended responses fall into categories that are not included in the FCI multiple choices. 
 
A serious concern concerning the validity of the FCI was raised by Huffman and Heller (1995). 
They claim on the basis of a (rotated) factor analysis that the FCI does not measure students’ 
coherence of the force concept but more likely ‘bits and pieces of student knowledge’. Factor 
analysis of their data revealed only few significant factors even among so called ‘confirmed 
Newtonian thinkers’ who scored over 85% on the FCI. Halloun and Hestenes (1996) answered their 
criticism by pointing out that the use of factor analysis has been severely criticised in the case of 
dichotomous variables13 (Mislevy 1986). Halloun and Hestenes (1996) also show using 
hypothetical data on near-Newtonian thinkers that the correlation coefficient used by Huffman and 
Heller (1995) can produce very misleading results. Hence, Halloun and Hestenes (1996) provide 
evidence that the statistics used for the analysis of the FCI data by Huffman and Heller (1995) are 
indeed invalid.  
 
The reliability and validity of the TUG-K was clearly established by Beichner (1994).  Thornton 
and Sokoloff (1998) also provide evidence for the validity of the FMCE. 
 
 
Interviews 
 
All the interview questions used were derived from earlier research. This is why no specific 
attempts were made to validate the interview questions, since they had already gone through a 
refinement process. It is admitted, however, that most of the interview questions were not used in 
exactly the same form as the original sources. Changes in the context of the questions (e.g. an 
elevator was replaced by a rocket) were introduced, though the structure and wording remained 
very much the same. In addition, new additions (e.g. graphs) to the interview questions were 
designed by the author. In all interviews care was taken to make sure that students understood the 
question and what they were expected to do.  
 
A semi-structured interview was used. All the students interviewed were asked the same questions 
(in almost all cases) in the same order but the students were free to come back to their answers and 
                                                 
13 The FCI data as such are not dichotomous but running a factor analysis demands that the data must be dichotomized 
(i.e., answers to the FCI items are classified as right or wrong). 
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change them if they so wished. The interview questions were highly structured: this helps to ensure 
reliability (Cohen et al. 2000, 121). In this study the researcher interviewed his own students. The 
students were assured that their answers would not have any effect whatsoever on their grades. The 
students were paid a small amount of money (5 euros) for participating: the author would otherwise 
have felt that obligating the students to participate in the research would have been unfair. 
 
Investigator triangulation (using more than one observer) was used in analysing the interview data 
in order to ensure more valid and reliable data analysis (Cohen et al. 2000, 114).  The principal 
supervisor (Jouni Viiri) analysed the interview data independently. In general, his analysis was in 
very good agreement with that of the author AS. All discrepancies were thoroughly negotiated.  
 
It can be argued the researchers inevitably have some influence on interviewees and consequently 
on the data (Cohen et al. 2000, 121). Scherr and Wittmann (2002) also discuss how research 
agendas dictate which students’ statements are considered to constitute data. This affects both the 
way the interviewer asks specifying questions such as ‘what do you mean by this?’ and the analysis 
of interview data. In this study, the research agenda addressed only conceptual knowledge of 
physical mechanism, not for instance beliefs about knowledge.  
 
Schoultz et al. (2001) argue that children’s responses in interview studies should be regarded as 
situated and as dependent on the tools available as resources for reasoning. They make a compelling 
case by  showing how children’s understanding of astronomical concepts was dramatically different 
from the reported literature when a globe was introduced as a tool for thinking. Their results are in 
good agreement with the view of context-dependent learning as discussed in Chapter 3.1.2. The 
children in the study by Schoulz et al. (2001) demonstrated good conceptual understanding 
regarding the earth as a planet in space. There is no guarantee, however, that they would have 
demonstrated the same understanding in a more abstract, verbal framework used in other studies in 
the field. In the interviews in this study, the contexts in which the questions were posed were made 
as explicit as possible by simple demonstrations where possible. 
  
 
Internal and External Validity 
 
Internal validity addresses the question whether the experimental treatment (in this case the ICI 
teaching) is really connected with the outcomes. External validity addresses the question, to what 
population or settings can the demonstrated effects be generalised? Cohen et al. (2000, 126-128) list 
several threats to internal and external validity, some of which - the most relevant in this study - are 
addressed in Tables 6.3 and 6.4. 
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Table 6.3:  Some threats to internal validity (Cohen et al. 2000, 126-127) and comments  
regarding this study. 

 
Threat to internal validity Comment 

History: Events other than the experimental 
treatments occur during the time between  
the pretest and post-test 

It is not likely that students would learn the force 
concept independently of teaching; it is also unlikely 
that test-question leakage would have taken place 
since all test material was always gathered after the 
tests. 
 

Maturation: Students change in a variety of ways 
between observations 
 

The changes in students’ command of the force 
concept was monitored during and after teaching; 
anything other than the desired ‘maturation’ (i.e. 
learning) is not likely. 
 

Statistical regression: Students scoring highest in a 
pretest are likely to score relatively lower on a post-
test; those scoring lowest on a pretest are likely to 
score relatively higher on a post-test 
 

This effect has never been reported in the research 
literature on the FCI. On the contrary, in Hake’s 
(1998a) large survey there was a positive correlation 
(+0.55) between the pre-FCI and post-FCI scores.  

Testing: Pretest can sensitize students to the purposes 
of the experiment and consequently produce higher 
post-test scores 

Henderson (2002) found that giving the FCI as a  
pretest does not affect the post-test. Besides, the 
students in this study did not know beforehand that 
there would be a post-test. 
 

Instrumentation: Unreliable test instruments can 
introduce serious error into experiments 
 

The reliability and validity of the research 
instruments used is already discussed at the 
beginning of this chapter. 
 

Selection: Bias maybe introduced if there are 
differences in the selection of students for 
experimental and comparison groups 
  

Students were not randomly sampled. Any 
differences between the groups are identified and 
evaluated in Chapters 7 and 8. 

Instrument reactivity: The effects that the instruments 
of the study exert on the students in the study 
 

This effect, if it happened in this study, was the same 
for all groups. 
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Table 6.4:  Some threats to external validity (Cohen et al. 2000, 127-128) and comments  
regarding this study. 

 
Threat to external validity Comment 

Failure to describe independent variables explicitly: 
If this is not done, future replications of the 
experimental conditions are impossible 
 

Relevant factors related to the teaching approach are 
carefully described. It is admitted, however, that the 
exact replication of the course(s) is not possible even 
by the author himself. Also factors related to the 
author’s expertise as a teacher cannot be addressed 
within this study.  
 

Lack of representativeness of available and target 
populations 

All the available students in Kuopio Lyseo High 
School participated in this study. There may be some 
but not great variation between students from year to 
year. Kuopio Lyseo High School attracts very good 
students so the students in this study do not constitute 
a random sample of all students in the Kuopio area, 
or in Finland.  Hence direct generalisation of results 
to the whole student population in Finland is 
questionable. Nevertheless Hake gain provides a 
measure which can be used - with some care as 
discussed in Chapter 6.1.2 -   for comparisons 
between different institutes in Finland and elsewhere. 
 

Hawthorne effect: students perform better because 
they realise that they are part of an experiment 

Hawthorne effect would be expected to diminish 
when the treatment (i.e. ICI teaching) is applied as a 
regular long-term routine (three years in this study) to 
relatively large numbers of subjects (Hake 2002). 
 

Sensitization/reactivity to experimental conditions: 
the same argument as with internal threats to validity 
(see Table 6.3). 

See the comments for Testing and Instrument 
reactivity in Table 6.3. 
 
 

Invalidity or unreliability of instruments See the comments for Instrumentation in Table 6.3. 
 

Ecological validity: problems in relating 
experimental conditions to everyday life 

Not a problem in this study since the research was 
carried out as a part of day-to-day teaching 

 
One threat to internal and external validity not mentioned in Tables 6.3 and 6.4 could be that the 
teacher was simultaneously a researcher and knew what test questions the students had to answer: 
‘teaching to the test’ would indeed invalidate any results. In a sense, there was teaching to the test 
since the very aim of the teaching was to give students some understanding of the force concept. 
Conceptual understanding was much more emphasized than in the traditional approach, which 
focuses mainly on problem solving. There was also a deliberate attempt to avoid exercises and 
contexts identical to the test items. However, some overlap is bound to happen: for instance, it is 
hard to teach projectile motion without discussing thrown objects, which are addressed in some FCI 
questions. 
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Chapter 7 
 

Results 
 
 
 
This chapter presents the results achieved when ICI teaching was used with and without focusing on 
forces as interactions. Some of the results are included in the publications (see Articles II, III, IV 
and V): they are not repeated here in detail. The purpose of this chapter is to bring together all the 
relevant data needed to answer the research questions. 
 
The preparatory International Baccalaureate (Pre-IB) and Finnish study groups were taught using 
ICI with a focus on interactions, whereas the Pre-IB and Finnish pilot groups were taught using  ICI 
but with no focus on interactions. The results are presented in a way which makes comparisons 
between the pilot and study groups possible. First the FCI data were analysed using average 
normalized gain (Hake gain), effect size (indicative of practical significance), and the Mann-
Whitney U-test (test of statistical significance). Then the same FCI data and other complementary 
data were analysed from the point of view of students’ contextual and representational coherence. 
This could well be called methodological triangulation (Cohen et al. 2000, 113). 
 
 
7.1 Preparatory International Baccalaureate Groups 
 
7.1.1 Force Concept Inventory Results 
 
The FCI results, Hake gains, and effect sizes are shown in Table 7.1. The results of the Pre-IB pilot 
group are discussed in Article II. 
 
Table 7.1:  Pre- and post-FCI results, average normalized gains (<g>, Hake 1998a), and  

effect sizes (Cohen’s d). Standard deviations are shown in parentheses.  
 

Pre-IB Groups N Pre-test % 
(S. Dev.) 

Post-test %
(S. Dev.) 

<g> Effect 
size 

Pilot Group 22 28 (14) 69 (17) 0.57 2.6 
Study Group 23 31 (12) 64 (19) 0.48 2.2 

 
The post-FCI averages can first be compared with the Finnish baseline post-test average (58%, in 
Jauhiainen et al. 2001; Jauhiainen 2003).  It should be noted, however, that the students in the study 
by Jauhiainen et al. (2001) had had more courses in physics than the Pre-IB students in this study. 
The difference between the combined Pre-IB group (n = 45; %67Pr, =>< −IBepostS ) and the  
Finnish baseline group (n = 386; %58, =>< baselinepostS %) was statistically significant (p = 0.010 
in the Mann-Whittney U-test for two independent samples). The non-parametric Mann-Whitney U-
test of two independent samples was used to test statistical difference between the FCI averages. A 
non-parametric test was used rather than the t-test, because the data did not follow the normal 
distribution. The Mann-Whitney test was applied to the data sets gathered in this study and those 
provided by Jauhiainen (2003) consisting of all individual post-test scores. All statistical testing was 
carried out using the SPSS for Windows (Version 10) program.  
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Interestingly, the pilot group which followed ICI teaching without a focus on forces as interactions 
had a higher post-test average than the study group. The difference was not, however, statistically 
significant (p-values for the pre- and post-FCI results were 0.224 and 0.322, respectively).  
 
Hake gains are in the medium gain region (0.3<  (<g>) <  0.7; Hake 1998a) indicating that the ICI 
teaching was relatively successful for both groups. Effect sizes for both Pre-IB groups were well 
above the ‘large’ boundary of 0.8 (Cohen 1988). Effect sizes support the conclusion based on Hake 
gain of effective treatment (i.e. teaching).  
 
Hake gains for each student in the class (Hake 2001) were also determined. They were used to 
compare statistical significance between the averages of the single-student gains. Again, the Mann-
Whitney U-test was utilised: there was no statistically significant difference between the averages 
of the single student gains (gave,pilot = 0.582 and gave,study = 0.494; p = 0.199). It can be seen that the 
averages of the single student gains are very close to Hake gains. This result is consistent with Hake 
(2001). 
 
Hake gains and effect sizes can also be used to evaluate changes in different dimensions and 
representations of the force concept as revealed by the pre- and post-FCI (Table 7.2; see also Table 
3.1, which identifies the questions in each category). 
 
Table 7.2:  Average normalized gains (<g>, Hake 1998a), and effect sizes with respect to the  

dimension and representation of the force concept for the Pre-IB pilot and study  
group. The values were calculated on the basis of the pre- and post-FCI. 

 
Dimension and representation 

(No. of Questions) 
Pilot Group

<g> 
Study Group

<g> 
Pilot 

Group 
Effect Size 

Study 
Group 

Effect Size 
  Kinematics diagrammatic (4) 0.48 0.35 1.1 0.81 
  Newton I verbal (4) 0.69 0.63 1.9 2.0 
  Newton I diagrammatic (4) 0.30 0.37 0.71 0.71 
  Newton II verbal (3) 0.37 0.30 0.86 0.71 
  N III verbal (4) 0.67 0.91 1.7 3.3 
  Gravitational verbal (4) 0.75 0.48 1.9 1.2 
  Contact force verbal (5) 0.83 0.51 3.0 1.8 

 
It can be seen that significant improvement took place along all the dimensions and representations 
for both groups. There are, however, some differences between the groups. The pilot group clearly 
improved more in the gravitational and contact force dimensions (statistical significance will be 
detailed later on). This could be partially due to the fact that the pilot group had somewhat more 
teaching regarding the gravitational force: the study group did not encounter Newton’s law of 
universal gravitation. On the other hand the FCI did not explicitly require it. The study group 
showed much greater improvement in Newton’s third law than the pilot group. Both Hake gain 
(0.91; ‘high gain region’) and effect size (3.3) indicate that the ICI course with a focus on forces as 
interactions was exceptionally effective for teaching Newton’s third law in verbal representation at 
least at the level of identification of correct answers. There were two gains in the pilot group 
(Gravitational and Contact forces) and one gain in the study group (Newton’s third law) which were 
above the ‘high gain region’ ( . )7.0≥
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Comparisons between the combined Pre-IB groups (n = 45) and the Finnish baseline group 
(Jauhiainen et. al. 2001; Jauhiainen 2003; n = 386) were also made in terms of post-FCI averages 
across different dimensions and representations of the force concept. The Mann-Whitney test 
revealed that the combined Pre-IB group had significantly better post-FCI average in the following 
dimensions in verbal representation: 
 
• Newton’s first law (p = 0.012) 
• Newton’s third law  ( )001.0<p  
• Gravitational force  ( )001.0<p
• Contact forces ( )  001.0<p
 
In other dimensions and representations there were no statistically significant differences.  
 
Next, the results regarding Newton’s laws are analysed from the point of view of contextual 
coherence and representational coherence. It could be expected that the dimensions and 
representations of the force concept, which had showed good improvement, would also exhibit 
significant contextual coherence. 
 
 
7.1.2. Pre-IB Students’ Contextual Coherence  
 
Newton’s First and Second Law 
 
The results of the Pre-IB pilot group in terms of contextual coherence (see Chapter 6.2) of 
Newton’s first law are presented in Figure 7.1. It should be noted that the FMCE was given as a part 
of the course test 1 about 8 weeks after the pre-FCI and four weeks before the post-FCI. 
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Figure 7.1: Achievement levels of contextual coherence in Newton’s First Law for the  

Pre-IB pilot group. The FMCE test was answered between the pre- and post-FCI tests. 
 

There is significant improvement in Newton’s first law in verbal representation for the pilot group. 
At the beginning of the teaching no students exhibited contextual coherence in Newton’s first law in 
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verbal representation, whereas more than half the students did so at the end of the course. About the 
same percentage of students showed contextual coherence in the FMCE test which addressed the 
first law in verbal representation in only two questions. There was some progress from the ‘no 
contextual coherence’ to the ‘partial contextual coherence’ category.  One cannot conclude, 
however, that the course was successful in teaching Newton’s first law since less than 20% of the 
students correctly answered all the questions regarding the first law in diagrammatic representation. 
 
The results of the Pre-IB study group in terms of contextual coherence of Newton’s first law are 
presented in Figure 7.2. 
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Figure 7.2: Achievement levels of contextual coherence in Newton’s First Law for the Pre-IB  

study group. The FMCE test was answered between the pre- and post-FCI tests. 
 
The results of the study group also show that the students’ improved in the first law in verbal 
representation even though the percentage of students showing contextual coherence at the end of 
the teaching was lower than in the pilot group. On the other hand, more students in the study group 
mastered the first law in diagrammatic representation but this is not statistically significant (see 
Table 7.5).  
 
It should be noted that these differences in the distributions of contextual coherence could not have 
been directly predicted from Hake’s average normalised gains and effect sizes, which were very 
similar for the pilot and study groups in the case of Newton’s first law (both in verbal and 
diagrammatic representations). 
 
The results of the Pre-IB pilot group in terms of contextual coherence (see Chapter 6.2) of 
Newton’s second law are presented in Figure 7.3. 
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Figure 7.3: Achievement levels of contextual coherence in Newton’s Second Law for the  

Pre-IB pilot group. The FMCE test was answered between the pre- and post-FCI tests. 
 
Clearly, the second law was much harder for the students than the first law. At the end of the 
teaching, fewer than 30% of the pilot group students mastered the second law in verbal 
representation.  The evaluation of contextual coherence in the case of diagrammatic representation 
of the second law was not possible, since only one question in the FCI addresses it. 
 
The results of the Pre-IB study group in terms of contextual coherence of Newton’s second law are 
presented in Figure 7.4. 
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Figure 7.4: Achievement levels of contextual coherence in Newton’s Second Law for the Pre-IB  

study group. The FMCE test was answered between the pre- and post-FCI tests. 
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Again, the pilot group seemed to have had slightly better results (the issue of statistical significance 
of the difference is addressed below) in the FMCE and the post-FCI. However, the percentage of 
the study group students exhibiting contextual coherence of the second law in verbal representation 
(in the post-FCI) is about the same for both groups.  
 
 
Newton’s Third Law 
 
This is discussed in detail in Article V. The third law results are presented in Figure 7.5.  
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Figure 7.5: Percentage of students who exhibited contextual coherence in the questions  

addressing Newton’s third law for the pilot and study groups. The tests are in  
chronological order. 

 
The results indicate that almost all the Pre-IB study students reached contextual coherence in 
Newton’s third law at least at the level of the identification of the correct answer. In this respect the 
focus on forces as interactions in the ICI teaching was successful. The interview data of five 
students from the study group indicated, however, that the level of identification of correct answers 
addressed by the FCI is not necessarily sufficient for success in more open, complex situations (see 
Article V).  
 
 
Contextual Coherence and Statistical Significance  
 
In the above analysis it is not clear whether the observed differences are statistically significant or 
not. The main interest is in students who showed contextual coherence in various dimensions of the 
force concept. These students could be called ‘experts’ in a limited sense, since they showed 
expertise across different contexts in one dimension of the force concept at a time. To obtain 
enough data to fulfil the requirements of the Chi-square and McNemar’s tests (see Chapter 6.1), 
three achievement levels were combined into two: 
 
• non-experts: ‘no contextual coherence’ or ‘partial contextual coherence’ 
• experts: ‘contextual coherence’ 
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McNemar’s test can be used to determine whether there were statistically significant changes within 
groups when the nominal scale is used. An example of McNemar’s test data is presented in Table 
7.3: the first case (Newton’s first law, verbal representation) is statistically significant, whereas the 
second case (Newton’s first law, diagrammatic representation) is not. P-values of 0.05 or less are 
considered to be statistically significant. 
 
Table 7.3:  Example of McNemar’s test data regarding Newton’s first law for the  
 Pre-IB pilot group (using pre- and post-FCI; see Table 3.1). The change  
 from non-experts to experts is statistically significant in the case of verbal  
 representation (  but not in  the case of diagrammatic representation  )001.0<p
 (p = 0.063). The data set for diagrammatic representation is in italics. 
 

After (Post-FCI)  
Non-experts Experts 

Experts 0 0 
Non-experts 10 12 

Experts 1 1 

 
Before 

(Pre-FCI) 

Non-experts 15 6 
 
The p-values for the changes within the Pre-IB groups are shown in Table 7.4. The FCI data are 
analysed in this manner to allow comparisons with the analysis using Hake gain and effect size 
(Table 7.2). 
 
Table 7.4:  Statistical significance of the changes in the percentages of experts of 
 the pre- and post-FCI results for the Pre-IB groups, using McNemar’s test.  
 P-values of 0.05 or less (underlined) are considered to be statistically significant. 
 

Dimension and representation 
(No. of Questions) 

Pilot Group 
(Pre vs. post FCI) 

p-value  

Study Group 
(Pre vs. post FCI) 

p-value 
  Kinematics diagrammatic (4) 0.031 0.031 
  Newton I verbal (4) 001.0<  0.016 
  Newton I diagrammatic (4) 0.063 0.063 
  Newton II verbal (3) 0.016 0.016 
  N III verbal (4) 0.004 001.0<  
  Gravitational verbal (4) 0.002 0.016 
  Contact force verbal (5) 001.0<  0.031 

 
The changes in the percentages of experts in almost all dimensions of the force concept were 
statistically significant. The changes in diagrammatic representation of Newton’s first law were not 
statistically significant in terms of percentages of experts. The corresponding Hake gains in 
Newton’s first law (diagrammatic reprsentation) for the pilot and study groups were 0.30 and 0.37, 
respectively. The corresponding effect sizes were 0.71. These indices indicate that the results in 
terms of averages had moderate practical significance. This is an example of a case when an 
examination of the percentage of experts provides more detailed information on students’ success: 
significant changes took place chiefly from ‘no coherence’ to ‘partial coherence’ achievement 

    77



levels, whereas the change in the number of experts was not statistically significant (though, it was 
probably practically significant).  
 
The Chi-square test can be used to test the differences between groups, in other words to answer the 
question: were the differences between percentages of experts in the pilot and study groups 
statistically significant? There were no statistically significant differences in the pre-FCI results. In 
fact, the percentages of experts were virtually the same (very low) in both groups. This could have 
been anticipated directly from the pre-FCI averages which were about 30% (see Table 7.1). There 
were, however, some differences between the post-FCI results (Table 7.5).  
 
Table 7.5:  Statistical significance of the differences in the percentage of  
 experts between post-FCI results of the Pre-IB groups, using  
 the Chi-square test. P-values of 0.05 or less (underlined) are  
 considered to be statistically significant. 
 

Dimension and representation 
(No. of Questions) 

Pilot Group 
vs. Study Group 

p-value  
  Kinematics diagrammatic (4) 0.666 
  Newton I verbal (4) 0.102 
  Newton I diagrammatic (4) 0.208 
  Newton II verbal (3) 0.928 
  N III verbal (4) 0.023 
  Gravitational verbal (4) 0.0511 

  Contact force verbal (5) 0.011 
 1This is considered to be statistically significant. 
 
There were statistically significant differences in Newton’s third law, gravitational and contact 
force dimensions. Almost three quarters (71%) of the study group were expert students in Newton’s 
third law compared with less than half (45%) of the pilot group. The pilot group was better than the 
study group in gravitational force (55% vs. 29% were experts, respectively) and in contact force 
(59% vs. 30% were experts, respectively).  
 
 
7.1.3 Pre-IB Students’ Representational Coherence 
 
Multiple Choice Data 
 
Representational coherence was probed by the TUG-K and the FMCE tests (see Table 3.2 and 
Chapter 6.3). Figures 7.6 and 7.7 present the results for the Pre-IB pilot and study groups, 
respectively. 
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Figure 7.6: Achievement levels of representational coherence in kinematics and Newton’s first  

and second laws for the Pre-IB pilot group.  
 
As can be seen in Figure 7.6, the representational coherence of the pilot group developed positively 
in kinematics between the TUG-K and FMCE tests. The students exhibited better representational 
coherence in Newton’s first law than in Newton’s second law (according to McNemar’s test the 
difference was statistically significant: p = 0.016).  In the FMCE test, students’ ability to apply 
Newton’s first law in moving between verbal and graphical representations is somewhat lower than 
the ability to apply Newton’s first law in verbal representation (compare Figure 7.6 with Figure 
7.1). The second law was equally hard for the students both in verbal and graphical representation 
(compare Figure 7.6 with Figure 7.3).  
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Figure 7.7: Achievement levels of representational coherence in kinematics and Newton’s first  

and second laws for the Pre-IB study group.  
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The same conclusions can be drawn in the case of the study group as well. It should be noted, 
however, that the pilot group exhibited better representational coherence than the study group in all  
the areas addressed by the TUG-K and the FMCE tests. 
 
 
Interview Data 
 
The interview data of the Pre-IB study group is discussed in Article IV.  Five students were 
interviewed a week after the post-FCI and again four months after the first interview (delayed 
interview).  The students exhibited representational coherence of Newton’s first law in both 
interviews but did not do as well in the case of Newton’s second law. These results are in good 
accordance with the results of the multiple-choice tests. The interview data also revealed that the 
second law was easier for the students in verbal representation than in graphical or diagrammatic 
representation. This suggests that students’ understanding is not just context dependent, but also 
representation dependent. Viiri and Savinainen (2004) discuss the same interview data from the 
point of view of conceptual change. 
 
 
7.2 Finnish National Syllabus Groups 
 
7.2.1 Force Concept Inventory Results 
 
The FCI results, Hake gains, and effect sizes for the Finnish pilot and study groups are shown in 
Table 7.6. It can be seen that both the pre- and post-FCI averages of pilot groups A and B differ 
significantly from each other (p-values 0.000 and 0.017 in the Mann-Whitney test, respectively). In 
the Finnish high school system students choose freely which courses they attend from the available 
possibilities (in this case the same course on mechanics was offered twice). The statistical 
differences between pilot groups A and B imply that course A attracted, on average, better students 
than course B. There were no statistical differences in the pre-FCI or post-FCI results for the study 
groups A and B (p-values 0.123 and 0.565 in the Mann-Whitney test, respectively).  
 
Table 7.6:  Pre- and post-FCI results, average normalized gains (<g>, Hake 1998a),  
 and effect sizes (Cohen’s d). Standard deviations are shown in parentheses.  
 

Finnish Groups N Pre-test % 
(S. Dev.) 

Post-test % 
(S. Dev.) 

<g> Effect 
size 

Pilot Group A 32 64 (19) 81 (14) 0.45 0.96 
Pilot Group B 20 44 (13) 68 (17) 0.44 1.6 
Pilot Group 
(combined) 

52 56 (20) 76 (17) 0.45 1.1 

Study Group A 27 61 (15) 84 (20) 0.58 1.3 
Study Group B 22 53 (17) 81 (13) 0.61 1.9 
Study Group 
(combined) 

49 57 (19) 82 (14) 0.59 1.5 
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The pilot and study groups were combined into single pilot and study groups, because 
 
• the pilot and study groups had the same pre-course curriculum history 
• the pilot groups followed the same ICI teaching and the study groups followed the ICI teaching 

with a focus on forces as interactions 
• all the groups were taught by the same teacher (author AS) 
• the pilot groups as well as the study groups included all students studying physics in that age 

group (second year students, i.e. aged 17) in Kuopio Lyseo High School 
 
In the following discussion the terms ‘pilot group’ and ‘study group’ refer to the combined groups 
unless otherwise stated.  
 
Both groups had followed more or less traditional introductory courses addressing the force concept 
and related kinematics before being taught using ICI. This is reflected in the relatively high pre-test 
averages, which are very close to the reported post-teaching average (58%) in Finland (Jauhiainen 
et al. 2001). 
 
The Mann-Whitney U-test revealed that there was no statistically significant difference between the 
pre-FCI results of the pilot and study groups (p = 0.535). However, the difference between the post-
FCI averages between the groups was statistically significant (p = 0.051). Hake gain and effect size 
also indicate that the ICI teaching with a focus on forces as interactions was more successful in the 
case of  the Finnish study group than in the case of the Finnish pilot group. This conclusion is 
reinforced by an examination of the averages of the single student gains: there was a statistically 
significant difference (gave,pilot = 0.414 and gave,study = 0.625; p = 0.003). 
 
 
Table 7.7:  Average normalized gains (<g>, Hake 1998a), and effect sizes (Cohen’s d)  
 with respect to the dimension and representation of the force concept  
 for the Finnish pilot and study group. The values were calculated on the basis of  
 the pre- and post-FCI. 
 

Dimension and representation 
(No. of Questions) 

Pilot Group
<g> 

Study Group
<g> 

Pilot 
Group 

Effect Size 

Study 
Group 

Effect Size 
  Kinematics diagrammatic (4) 0.34 0.50 0.54 0.79 
  Newton I verbal (4) 0.61 0.85 0.87 1.4 
  Newton I diagrammatic (4) 0.51 0.59 0.66 0.96 
  Newton II verbal (3) 0.43 0.40 0.78 0.68 
  N III verbal (4) 0.28 0.95 0.23 1.3 
  Gravitational verbal (4) 0.34 0.55 0.53 0.89 
  Contact force verbal (5) 0.60 0.67 1.3 1.2 

 
Table 7.7 presents Hake’s average normalized gains and effect sizes for the Finnish pilot and study 
groups. The study group had greater indices of improvement in all dimensions except Newton’s 
second law: the difference is especially dramatic in the case of Newton’s third law. There were no 
‘high region’ gains ( in the pilot group, whereas the study group had two gains (Newton’s 
first and third laws, and verbal representations) above the high gain region. Incidentally, the only 

)7.0≥
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‘low region’ gain (<  0.30) was Newton’s third law in the pilot group. This was mainly due to poor 
results in pilot group B (n = 20).  
 
Pilot group A (n = 32) had almost the same post-test average as the study group. In general, Hake 
gains for pilot group A were only slightly smaller than for the study group except in two cases: pilot 
group A had a smaller gain (0.66) in Newton’s third law and larger gain in Newton’s second law 
(0.55) than the study group. It is noteworthy that pilot group B actually had a negative gain in 
Newton’s third law even though the students followed almost identical teaching sequences as those 
in pilot group A. This suggests that teaching is not the only factor that affects students’ conceptual 
gains. 
 
The difference between the Finnish baseline group (n = 386) and the combined Finnish group in 
this study (n = 101) was statistically significant (Mann-Whitney U-test, ) in all the 
dimensions and representations of the force concept. It should be noted that the combined Finnish 
group and the Finnish baseline group students had had approximately the same amount of studies in 
physics. 

001.0<p

 
 
7.2.2 Finnish National Syllabus Students’ Contextual Coherence  
 
Multiple-choice Data 
 
The results of the Finnish pilot and study groups in terms of contextual coherence of Newton’s first 
law are presented in Figures 7.8 and 7.9, respectively. The results of the Finnish study group are 
discussed in more detail in Article III. 

 
Figure 7.8:  Contextual coherence of Newton’s First Law in the pre- and post-FCI for the  

Finnish pilot group. 
 
There is a clear improvement in the contextual coherence of Newton’s first law both in verbal and 
diagrammatic representation (Figure 7.8). The pilot group students seemed to master Newton’s first 
law about equally well in verbal and diagrammatic representations.  
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Figure 7.9:  Contextual coherence of Newton’s First Law in the pre- and post-FCI for the  

Finnish study group. 
 
The same positive development is evident in the case of the study group as well (Figure 7.9). The 
Finnish study group exhibited a greater degree of contextual coherence of Newton’s first law in 
verbal representation than the Finnish pilot group. The corresponding post-FCI averages were also 
greater in the study group: 85% of for the pilot group, and 94% for the study group. The difference 
is statistically significant (p-value = 0.011, again using the Mann-Whitney U-test). It should be 
noted that even though the post-FCI average of the pilot group in Newton’s first law verbal 
representation was very high (85%) only 62% of the students exhibited contextual coherence. 
  
The results of the Finnish pilot and study groups in terms of contextual coherence of Newton’s 
second and third laws are presented in Figures 7.10 and 7.11, respectively. 
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Figure 7.10:  Contextual coherence of Newton’s Second and Third Law in the pre- and post-FCI  

 for the Finish pilot group. 
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There was a moderate improvement in the contextual coherence of Newton’s second law in verbal 
representation. Students’ contextual coherence of the third law, however, changed very little.   
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Figure 7.11:  Contextual coherence of Newton’s Second and Third Law in the pre- and post-FCI  

 for the Finish study group. 
 
The development of the contextual coherence of the second law is very similar also in the case of 
the study group. There is a dramatic difference, however, in the contextual coherence of Newton’s 
third law: almost all the students in the study group exhibited contextual coherence at the level of 
identification of correct answers at the end of the teaching. 
 
 
Contextual Coherence and Statistical Significance  
 
Statistical comparisons of the percentage of experts in the Finnish group were carried out in the 
same manner as in the Pre-IB groups. McNemar’s test showed that changes in all dimensions of the 
force concept from pre-FCI to post-FCI were statistically significant ( ), except for one 
case: there was no statistically significant change in Newton’s third law in the Finnish pilot group (p 
= 0.151; percentage of experts changed from 50% to 60%). 

05.0≤p

 
The Chi-square test showed that there were no statistically significant differences in the pre-FCI 
results between the Finnish pilot and study groups (all p-values were above 0.10).  Table 7.8 shows 
the p-values for the post-FCI results in different dimensions and representations of the force 
concept. 
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Table 7.8:  Statistical significance of the differences between the post-FCI results of 
the Finnish groups, using the Chi-square test. P-values of 0.05 or less  
(underlined) are considered to be statistically significant. 

 
Dimension and representation 

(No. of Questions) 
Pilot Group 

vs. Study Group 
p-value  

  Kinematics diagrammatic (4) 0.143 
  Newton I verbal (4) 0.006 
  Newton I diagrammatic (4) 0.793 
  Newton II verbal (3) 0.653 
  N III verbal (4) 0.000 
  Gravitational verbal (4) 0.008 
  Contact force verbal (5) 0.061 

 
The percentage of experts in the study group was significantly greater than in the pilot groups in 
Newton’s first law, verbal representation (86% vs. 62%), Newton’s third law (96% vs. 60%, 
respectively) and gravitational force (57% vs. 31%, respectively). Both Hake gains and effect sizes 
(Table 7.7) show that there were also differences in terms of practical significance. These 
differences are especially notable in the case of Newton’s third law.  
 
 
Interview Data 
 
Six students in the Finnish study group were chosen for the interview on the basis of the pre-FCI 
results. They represented the top, middle and bottom of the groups. The FCI and interview results 
regarding Newton’s laws are presented in Figures 7.12 and 7.13. The students (labeled from 1 to 6) 
are shown in the boxes and the numbers of students moving between achievement levels are 
indicated by arrows. Students 1 - 3 were interviewed before and students 4 - 6 after the post-FCI, 
which is why no arrows are shown between post-FCI and interview. The analysed interview 
questions addressed only verbal representation.  
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Figure 7.12:  Newton’s first law: achievement levels of contextual coherence in verbal  
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There was a clear improvement in Newton’s first law (Figure 7.12). Both the FCI and interview 
questions indicate that students had reached a good level of  contextual coherence in verbal 
representation of the first law. 
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Figure 7.13: Newton’s second and third laws: achievement levels of contextual coherence in   
 verbal representation. Achievement level I means ‘no contextual coherence’,  
                      level II ‘partial contextual coherence’ and level III ‘contextual coherence’.  
 The students were drawn  from the Finnish study group. 
 
 
The FCI results show that in terms of contextual coherence the teaching of Newton’s second law 
was ineffective for the students (Figure 7.13). The students did do better in the interviews than in 
the FCI. This could be partially due to the fact that the interview questions addressed the second law 
only in one dimension, whereas one FCI question (22) required the application of Newton’s second 
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law in a 2-dimensional case. It can be seen that student 5 exhibited basic understanding of Newton’s 
Second Law in the interview (i.e., if an object is accelerating, there must be a net force acting in the 
direction of acceleration) but this level of understanding was not enough to answer the 
corresponding FCI questions correctly. 
 
One student (student 4), who exhibited perfect understanding of Newton’s second law in the FCI, 
had some difficulty with the idea of net force acting on the sub-systems of the system. This is why 
the views he expressed in the interview were not classified as ‘contextual coherence’ in the second 
law. Otherwise he answered the interview questions very well. No questions in the FCI address net 
forces acting on sub-systems. This is not surprising, since one test or interview cannot exhaustively 
assess all aspects of the force concept.  
 
All the students identified the correct answers in the post-FCI regarding Newton’s third law. The 
first interview question, which involves identification of the magnitudes of the interaction pair 
forces in a collision, is analogous to the FCI question 4. It was very well answered: only one 
students gave an incorrect answer. However, the students were not as successful in more complex 
questions. Contextual coherence of the third law at the level of identification of correct answers 
demonstrated in the FCI did not guarantee mastery in the situations which addressed many related 
concepts at the same time. This result lends support to the conclusion drawn in the case of Pre-IB 
study group (Article V). 
 
The interview results revealed the same trend as the FCI results: Newton’s first law was easier for 
the students than Newton’s second law. Those who scored highly in the FCI exhibited very good 
(but not perfect) understanding in the interviews as well. The number of interviewed students was 
quite small but their interview results support the conclusion that the FCI appears to be a good 
measure of contextual coherence of the force concept at least at the level of identification of correct 
answers of correct anwers. 
 
 
7.3 Summary of the Results 
 
 
Research aims 
 
1.  What does students’ conceptual coherence entail? 
 
This research aim is analysed in detail in Chapter 3.2. As a brief summary, conceptual coherence 
can be divided into three aspects:  
 
• representational coherence, which addresses students’ ability to use multiple representations 

(such as verbal, diagrammatic, graphical) and move between them14 
• contextual coherence, which addresses students’ ability to apply a concept or a physical 

principle in a variety of familiar and novel situations, i.e. the dependency of students’ 
understanding from contextual features which are irrelevant from the physicist’s point of view 

• conceptual framework coherence. which addresses students ability to differentiate and integrate 
related concepts in a certain domain of physics (e.g. in the case of the Newtonian force concept) 

 

                                                 
14 It should be noted that only the students’ ability to move between multiple representations was explicitly tested in this 
study. 
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2. How can students’ conceptual coherence of the force concept be evaluated? 
 
Certain groupings of the FCI and the FMCE questions can be used to probe contextual coherence, 
as can written and interview questions addressing several contexts (or different contextual features 
within the same general context) in a certain representation of the same dimension of the force 
concept. A student exhibits contextual coherence in a certain dimension and representation of the 
force concept if she/he answers most of the questions addressing that dimension and representation 
correctly (see Chapters 3.3 and 6.2). 
 
Certain groupings of the TUG-K and FMCE questions can be used to probe students’ 
representational coherence in kinematics. Interview questions can be used to probe students’ 
representational coherence in other dimensions of the force concept within a certain context. A 
student exhibits representational coherence if she/he correctly answers most of the questions 
addressing that dimension of the force concept using multiple representations (see Chapters 3.3 and 
6.3). 
 
Conceptual framework coherence was not evaluated in this study. It should be noted that the 
framework coherence is a necessary but not sufficient condition for representational and contextual 
coherence.  
 
 
Research questions  
 
 
3. a)  What was the effect of the two types of  ICI teaching on students’ conceptual gains as      

   measured by the FCI? 
 
Hake gains in the FCI for all ICI groups fall in the middle or upper end of the ‘medium gain region’ 
( 0.3 < (<g>) <0.7): they were between 0.45 and 0.59. The effect sizes were well above the ‘high 
boundary of 0.8’: they were between 1.1. and 2.6. These indices show that the effect of the two 
types of ICI teaching had practical significance at least as measured by the overall FCI results.  
 
Hake gains were at least 0.3 (the lower limit of the ‘medium gain region’) and effect sizes were 
above 0.5 (‘medium’) for all the dimensions of the force concept (except in one case: see Table 
7.7). The most impressive conceptual gains were made in Newton’s first law in verbal 
representation, Newton’s third law in verbal representation and contact force in verbal 
representation. In almost all these cases, Hake gains were above 0.50 and effect sizes above 1.1. 

 
Furthermore, it can be concluded that ICI teaching is useful for groups with very different initial 
levels, since it yielded equally good results in terms of Hake gains when the students’  initial level 
was very poor (pre-FCI average about 30%) and quite high (pre-FCI average nearly 60%). 
 
b)  How do the FCI results of the ICI groups compare with results in other institutions and 

    instructional settings? 
 
Although the research design adopted does not permit direct comparisons in learning gains between 
matched control and experimental classes subjected to ‘new’ and ‘traditional’ teaching, relative 
success of ICI teaching is well justified, as shown above. The Hake gain for the ICI groups was 
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sd07.052.0 ± 15. This compares well with results reported in the USA in different institutions where 

48 interactive-  engagement (IE) survey courses yielded <<g>> = 0.48 ± 0.14sd (Hake 1998a).  It 
should also be noted that three out of four Finnish subgroups (Table 7.6 in Chapter 7.2.1) had 
results of over 80% in the post-FCI. No high school and only one college in Hake’s (1998b) survey 
exceeded 80% in the post-FCI. The pre-FCI results of the Finnish groups were also very high by 
U.S. standards (Hake 1998b). This may be explained by the fact that the students had already had 
instruction in mechanics before the ICI course. 
 
There are no Finnish data on Hake gains, but comparisons in terms of post-FCI results with the 
Finnish baseline  (Jauhiainen et al. 2001; Jauhiainen 2003) indicate that both the combined Pre-IB 
group and the combined Finnish group had better post-FCI averages; the differences were 
statistically significant (p = 0.010 and 001.0<p , respectively). 
 
4.  What was the effect of the two types of ICI teaching on students’ contextual and 
 representational coherence of the force concept? 
 
The ICI teaching enhanced contextual and representational coherence of the force concept in all the 
probed dimensions of the force concept for the pilot and study groups. In most dimensions the 
changes were also statistically significant ( 05.0≤p ). In general, the most notable improvement 
took place in Newton’s first law (all groups) and Newton’s third law (the study groups) in verbal 
representation.  
 
In most groups, fewer students reached contextual coherence of Newton’s first law in diagrammatic 
representation. It can also be concluded that Newton’s second law proved to be harder for all groups 
than the first law. This is not surprising since the first law can be viewed, at least in the high school 
level, as a special case of the second law. 
 
 
5. a)   What was the effect of the focus on forces as interactions on students’ contextual coherence  

    regarding Newton’s third law? 
 

The effect of emphasising forces as interactions resulted in much better results on Newton’s third 
law. More students in the study groups exhibited contextual coherence on Newton’s third law after 
teaching than in the pilot groups (the differences were statistically significant: ). It is clear 
that the differences were also practically significant: for example, the effect size for the FCI 
questions addressing Newton’s third law for the Pre-IB study group was extremely high (3.3).  

023.0≤p

 
b)  What was the effect of the focus on forces as interactions on students’ contextual and 
 representational coherence in other dimensions of the force concept? 

 
In other dimensions of the force concept the results are not conclusive: the Pre-IB study group did 
not do better than the Pre-IB pilot group in most dimensions and representations of the force 
concept, whereas the Finnish study group was better than the Finnish pilot group in most 
dimensions and representations of the force concept. Hence, it cannot be concluded that focusing on 
forces as interactions would necessarily enhance students’ conceptual coherence of the force 
concept in dimensions other than Newton’s third law. 
                                                 
15 To be precise, there are not enough data (n = 4) to justify the use of standard deviation (Swartz & Miner 1998, 62). 
However, it is nevertheless reported here to allow a more direct comparison with Hake’s (1998) results which are 
reported in terms of standard deviations. 
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Chapter 8 
 

Discussion 
 
 
 
8.1 The Force Concept Inventory 
 
The FCI data gathered in this study throw light onto the debate regarding the FCI as a measure of 
coherence in students’ force concept. The Finnish study group students’ post-FCI average was very 
high (82%) and 53% of these students scored over 85% (the limit for the ‘confirmed Newtonian 
thinkers’ as defined by Hestenes and Halloun (1995)). The analysis of the same post-FCI data from 
the point of view of contextual coherence revealed that most students exhibited contextual 
coherence in Newton’s first and third laws in verbal representation. About half of the students 
reached contextual coherence in other dimensions and representations of the force concept. These 
results indicate that high FCI scores and significant coherence in students’ force concept are closely 
related to each other, which suggests that the FCI does not just measure ‘bits and pieces of student 
knowledge’, as Huffman and Heller (1995) state. Their conclusion was based on a type of factor 
analysis which is not well suited to FCI data as pointed out by Halloun and Hestenes (1996) (see 
Chapter 6.4.2).  But despite their criticism, physics education research articles seem to continue 
employing “simple” factor analysis (e.g. Singh & Rosengrant 2003; Engelhardt & Beichner 2004). 
It is not argued here, however, that factor analysis is useless in analysing multiple-choice data. The 
usefulness of a more sophisticated factor analysis in the context of the FCI will be addressed in 
future research. 
 
Clearly, the FCI has merits: its reliability and validity have been well confirmed (an overview is 
provided in Article I). It should be kept in mind, however, that the FCI, like any multiple-choice 
test, also has limitations: for instance, it can directly test only the ability to choose a correct answer 
from amongst attractive distractors. It is quite a different task to demonstrate understanding in a 
more open situation. The interviews conducted in this study provide some insights to the 
relationship between students’ performance on the FCI and in situations, where they need to 
produce the answers themselves. On one hand, the interviews in this study suggest that if a student 
does well in the FCI, he/she generally demonstrates good command of the Newtonian view in the 
interview situation as well. Hence, this lends further support for the validity of the FCI. On the other 
hand, the interview results suggest that the identification of a correct answer in the FCI is not 
necessarily enough for good performance in a more open and complex situation. This should not 
come as a surprise if the FCI is really interpreted as a minimum competence test in the domain of 
the force concept: this finding is in good agreement with that of Hestenes and Wells (1992), who 
concluded that ‘a good score on the [Force Concept] Inventory is a necessary but not a sufficient 
condition for a good score on the Baseline or on other problem-solving tests on mechanics’ [italics 
by Hestenes and Wells]. The present study did not address problem solving, but the interview 
results suggest that their conclusion is also valid in the case of complex qualitative questions. It 
should be noted, however, that in this study only five or six students per group were interviewed. 
This means that great caution must be exercised when generalising. 
 
The FCI data in the present study revealed that in most groups, fewer students mastered Newton’s 
first law in diagrammatic representation than in verbal representation. Furthermore, the interview 
data (Article IV) indicate that Newton’s second law was easier for the students in verbal 
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representation than in diagrammatic or graphical representations. These findings suggest that 
students’ understanding is not just context dependent, but also representation dependent. Hence, the 
results of this study lend support to Meltzer’s (2003) findings. However, it should be noted that the 
FCI cannot be used for the direct evaluation of representational coherence, for two reasons: firstly, 
most questions are framed in different contexts (probing of representational coherence requires that 
the effects of contextual factors should be minimized), and secondly, the FCI does not involve 
graphical representation.  
 
The wide use of the FCI in different institutions at different levels of instruction provides a lot of 
data for comparison. Moreover, these comparisons are faciliated by the use of Hake gain (with 
some caution, as discussed in Chapter 6.1.2), which does not depend on the initial scores. It is worth 
noting that Hake gain is calculated in the PER literature only from average pre-post test scores: 
hence it does not reveal what dimensions of the force concept were hardest or easiest for the 
students. However, Hake gain appears to be a useful measure to analyse changes along different 
dimensions and representations as well as the total pre-post averages: the analysis of the FCI in 
terms of the dimensions and representations of the force concept can provide more detailed 
information, as shown in this study.   
 
 
8.2 Evaluation of the Study Design and the Teaching Sequences 
 
The study design made use of comparison or pilot groups, which were assumed to be approximately 
equivalent to the study groups. This assumption was tested by comparing the pre-FCI results of the 
study groups and pilot groups: the pre-FCI results were very close to each other and there were no 
statistically significant differences. It was not possible, however, to randomize the students into 
pilot and study groups since the groups were taught in separate years. This means that it is possible 
that the groups were not really equivalent despite the very similar pre-FCI results. In fact, it was 
thought almost from the beginning of the teaching that the Pre-IB study group might be somewhat 
weaker than the Pre-IB pilot group, on the basis of observing how well and how fast students 
managed the given tasks. Consequently, the pace was somewhat slower in the Pre-IB study group 
than in the Pre-IB pilot group16. This raises an interesting question: is it possible for a teacher to 
make reliable comparisons between groups just by observing them while teaching? Many 
experienced teachers would probably believe that it is. Some evidence to support the notion that the 
Pre-IB study group might be somewhat weaker that the Pre-IB pilot group was gained from the FCI 
results: the Pre-IB study group had a lower post-FCI results and smaller Hake gain. It should be 
noted, however, that these differences were not great enough to be statistically significant.  
 
The students could not be randomized, but, many other factors were kept as constant as possible to 
allow comparisons between the groups: the pilot and study groups had the same teacher and the 
same textbook, they followed the same teaching approach, and they had generally similar exercises 
and activities. It should be noted, however, that there were some differences in the teaching 
sequences (compare Tables 5.2 and 5.3).  The main difference concerns the force sequence, whereas 
the kinematics teaching sequence was virtually the same for both Pre-IB groups17. For the pilot 
groups, forces were briefly characterized as interactions along with Newton’s third law but this did 
not really act as an entry point to the force concept, since they had no efficient tool to make 
                                                 
16 It is interesting to note that despite the slower pace the Pre-IB group did not do better than the Pre-IB pilot group in 
most dimensions and representations of the force concept. 
17 This does not mean, however, that the kinematics sequences were identical since the staging of the same activities 
might have varied. This is because skilful physics teaching calls for careful listening to what students say and observing 
what they do, and then acting according to the feedback. 
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interactions visible. Instead, the concepts of acceleration and net force  (Newton’s second law) were 
taken as an effective starting point. Newton’s first law was then identified as a special case of the 
second law. Newton’s third law was addressed throughout the teaching: for instance, this was often 
done when constructing free-body diagrams.    
 
The study groups started studying forces with Newton’s third law and had a new representational 
tool  - the SRI diagram or the Bridging Representation - at their disposal. This emphasis on forces 
as interactions with the study groups significantly improved students’ contextual coherence in the 
third law: the study groups had better results than the pilot groups, with the difference being 
significant both in terms of statistical and practical significance. This implies that introducing forces 
as interaction by utilizing the bridging representation is very helpful in teaching Newton’s third law. 
The results of the Finnish study group also strongly support this conclusion. Of course, the 
introduction and use of a new representation (the SRI diagram in this case) take some extra time, 
perhaps one hour altogether18. In view of the results, this may not be a bad investement. 
 
On the other hand, focusing on forces as interactions did not produce conclusive differences in other 
dimensions than Newton’s third law: the Finnish study group did generally better than the Finnish 
pilot group, whereas the Pre-IB pilot group did generally better than the Pre-IB study group in other 
dimensions than the third law. This suggests that the teaching order might not be as crucial a factor 
in learning as is the teaching approach and representational tools at students’ disposal. The author’s 
belief is, however, that the teaching sequence used with the study groups (see Chapters 5.2 and 5.3) 
is better than the one used with the pilot groups, since it has a clearer line of development. One 
could also argue that teaching forces as interactions might pave the way for those students who will 
continue studying physics at university, since the concept of interaction is more fundamental than 
the concept of force in modern field theories. 
 
 
8.3 The ICI Approach 
 
It is worth reflecting on possible reasons why the ICI approach and the teaching sequences designed 
were relatively successful in teaching the force concept. Firstly, the ICI had a strong conceptual 
focus via  the “concepts first” -principle: students were given enough time to create meanings for 
the concepts studied before solving problem. This focus was emphasised by using exercises which 
were research based or at least informed by PER (e.g. Ranking Task Exercises). The second reason 
is related to this one:  the teaching activities and exercises were designed to address the most 
common difficulties that students have with the force concept (e.g. force as an innate property of an 
object, impetus). This design was informed by the conceptual change research tradition. It is worth 
noting that conflict-based strategies were not explicitly used: instead, the teaching activities built on 
students’ existing ideas and extended them to a new domain. For instance, the notion of interaction 
was developed using students’ sensory experiences as a starting point (i.e., pressing their thumbs on 
different objects and realising that both the thumb and the object are deformed). Apparently, 
stressing the symmetric nature of interaction convinced the students that inanimate objects can also 
exert forces. This is by no means self-evident to students as demonstrated by Minstrell (1982). The 
impetus conception was also addressed by resorting to the notion of interaction: before being asked 
whether there is a force along the direction of motion of, say a cannonball,  the students were asked 
to identify the interactions.  
 

                                                 
18 Actually, there were no significant differences between the Finnish groups in terms of the total instructional time or 
topic coverage. 
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Thirdly, the students were given plenty of opportunities to talk and think about physical situations 
in multiple contexts and representations. Careful attention was devoted to creating both contextual 
and representational coherence: the students were asked to analyse different physical situations 
addressing the same physical principles using verbal, graphical, and diagrammatic representations. 
They were also encouraged to make explicit comparisons between the representations and to 
compare their answers with those of other students. In terms of the sociocultural view, peer 
discussions supported students’ ‘internalisation of the scientific story’. Furthermore, peer 
discussions help students to increase their metaconceptual awareness , i,e. to become aware of their 
existing ideas and also question them (Mason 1998; Vosniadou et al. 2001). 
 
Fourthly, the author has been interested in improving his teaching through physics education 
research for ten years (Savinainen 1994, 1999, 2000a, 2000b, 2001a, 2001b). It is very likely that 
the author’s effectiveness in engaging with students’ thinking and staging the teaching sequences 
has improved in this process (Leach & Scott 2002). The skilful use of interactive-engagement 
methods is clearly a necessary but not sufficient condition for a significant improvement over 
traditional methods (Hake 1998b). As Reif (1995b) puts it, “even the best instructional materials 
and methods are useless if students do not actually engage in the recommended learning activities”. 
Clearly, motivational factors play a role in conceptual change (Pintrich et al. 1993): students need to 
be cognitively engaged in order to have conceptual change in the first place. The teaching approach 
relied heavily on peer discussions as ways of exploring meanings, so it was vital that students 
recognised and accepted the value of peer discussions (Mazur 1997; Gunstone et al. 1999).  
 
Student motivation was enhanced in the ICI approach through several means. Firstly, the aims of 
the teaching were carefully explained to the students, making use of a language metaphor: to know 
physics is to be able to ‘speak’ physics fluently using many alternative ways of expressing physical 
ideas (multiple representations) in many different situations (various contexts). Secondly, the 
students knew that they were supposed to demonstrate conceptual understanding in addition to 
problem solving skills in the exams. Thirdly, the students were further motivated during the courses 
when they noticed that they could correctly answer questions which had initially been designed for 
introductory physics courses at the university level (e.g. at Harvard University).   
 
Might the ICI approach be useful for other teachers than the author? This question can be partially 
answered by pointing out that the components of ICI have been field tested in many institutes and 
by many teachers in the USA. On the other hand, this particular combination of the components 
forming the ICI approach has probably been used so far only by the present author. Experiences 
from another research-based teaching approach provide some insights here. The Modeling Method 
was very successful in the case of one expert teacher, but the first Modeling Workshop was not 
successful in enhancing teachers’ effectiveness: the FCI scores of each teacher’s class before and 
after the first workshop were almost identical (Wells et al. 1995). Encouragingly, the Modeling 
Workshops have subsequently been successful, especially in the case of teachers taking two full 
summer workshops instead of a single four-week workshop (Hestenes et al. 2000). However, the 
wider dissemination of the ICI approach might not be easy, since developing the necessary 
expertise in any innovative teaching approach takes a lot of time and effort. 
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8.4 Reflections on Conceptual Change 
 
Different perspectives can be used in theorizing about students’ conceptual change: for instance, 
Chi et al’s (1994) ontological model of conceptual change offers one prominent perspective. 
Initially, students’ force concept in this study belonged to the ontological category of ‘matter’, since 
they perceived forces to be an innate property of objects (e.g. the heavier an object is and the faster 
it moves, the more ‘forceful’ it is). Conceptual change occurred when the students reassigned the 
force concept to the ontological category of ‘processes’, i.e. when they started thinking of forces as 
properties of interactions between objects. This ontological shift was supported in teaching by 
developing the idea of interaction from the very beginning of the instruction. This change would be 
called ‘reconceptualization’ in Dykstra et al.’s (1992) framework: furthermore, it would most likely 
be qualified as a ‘big’ change in various descriptions of conceptual change (Tyson et al. 1997). 
Hence, teaching was very successful in bringing about conceptual change in this dimension of the 
force concept. 
 
‘Small’ conceptual changes also took place in this study. Many students initially do not consider 
that ‘at rest’ is a special case of constant velocity: to see this requires class extension (Dykstra et al. 
1992) or weak revision of existing conceptual structure (Tyson et al. 1997). The good progress 
made by students in applying Newton’s first law in this study suggests that class extension or weak 
revision of their conceptual structure occurred. However, the teaching sequence was not very 
successful in bringing about conceptual change in all the dimensions of the force concept: only a 
relatively small percentage of the students achieved contextual coherence in Newton’s second law. 
This can be interpreted as meaning that only ‘peripheral conceptual change’ (Chinn & Brewer 
1993) took place in this respect. This would not be very surprising since the second law and also the 
acceleration concept requires a well-developed vector concept; it is worth noting that the pre-IB 
students had not had any instruction on vectors in  their mathematics lessons. Moreover, the concept 
of acceleration can be difficult even for physics professors (Reif & Allen 1992).  
 
In this study the change in students’ contextual and representational coherence was used as a 
measure of conceptual change. These measures were applied at different stages of instruction. The 
analysis suggests that the development of the two types of coherence is a gradual process (see also 
Article V and Viiri & Savinainen (2004)). Hence, this result lends support to the view that 
conceptual change is evolutionary rather than revolutionary (see e.g. Vosniadou & Ioannides, 
1998). It means that students’ learning progresses from initial, scientifically more or less incorrect 
views via some intermediate or ‘transitional states’ to scientific views (Thornton 1995). The results 
also support Harrison et al.’s (1999) conclusion that students’ conceptual change requires time and 
explicit attention to developing the concepts. 
 
Despite the relative success of the ICI approach and the teaching sequences designed, it is clear that 
the force concept poses a great challenge for students. This is not surprising when one considers 
that there are at least six dimensions involved in the Newtonian force concept (Hestenes et al. 
1992): its mastery demands expert-like conceptual coherence, which entails differentiation and 
integration of related concepts as well as the ability to apply all the relevant representational tools in 
a variety of contexts. It is also worth noting that the development of the force concept was a slow 
and difficult process, as discussed in Chapter 2. However, this and other studies in the field of PER 
show that it is possible to significantly foster students’ conceptual change in this domain. 
Furthermore, the author can testify that becoming familiar with PER (and with science education in 
general) and doing PER also constitutes an efficient way to foster conceptual change in different 
domains of physics in the teacher as well. 
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Corrections (in italics) to Antti Savinainen’s Printed Dissertation 
 
Abstract, the first page, the last paragraph:  
• “In all these cases Hake gains were..." to "In almost all these cases Hake gains were...”.  
 
Abstract, the second page, the first paragraph and page 89, the third paragraph: 
• “In general, the most notable... in Newton’s first and third laws in verbal representation.” to 
    “In general, the most notable…in Newton’s first law (all groups) and Newton’s third law  
      (the studygroups) in verbal representation.” 
 
Motto page: The second citation mark should be at the end of the Feynman citation. 
 
Page 3, the fourth paragraph:  
• “Chapter 6.1.1 further elaborates…“ to “Chapter 6.1.2 further elaborates…” 
• “…are discussed in Chapter 6.1.2:…” to “…are discussed in Chapter 6.1.1:…” 
 
Page 10, the third paragraph: 
• “…(Jammer 1997, 90-97)” to “…(Jammer 1997, 91-97)” 
• “…the particles after interacting with…” to “…the particles while interacting with…” 
• “…( )  can be called the ‘masses’ of the particles A and B.” to                    BB mm and
    “…( )  can be called the ‘masses’ of the particles B and C.” CB mm and
 
Page 13, the sixth paragraph:  
• “…at the university level also present the first law with no reference…”  to                                 
    “….at the university level also present the first law initially with no reference…” 
 
Page 32, Table 3.2, the first row:  
• “Sledge” to “Sled” 
 
Page 44, the first paragraph: 
• “Chapters 5.2 outlines the teaching sequences…” to  
     “Chapters 5.2 and 5.3 outline the teaching sequences…” 
 
Page 47:  
• Table 5.1.: The frame of the table should be bolded. 
• Remark 9: “The presented teaching sequence presented,…” to  
     “The presented teaching sequence presented,…” 
 
Page 48, the third paragraph and page 49, the second paragraph: 
• “modified SRI diagram…” to “modified SRI diagram…” 
  
Page 74, the third paragraph: 
• “…more students in the pilot group mastered” to “…more students in the study group mastered” 
 
Article V, page 9: ”BOOK” in the Figure 2  to “BLOCK” 
 
Article V, References:  
• p. 21: “Ainsworth S.E” to “Ainsworth S.E.” 
• p. 24: “Meltzer, D. (2002)….Cummings, C. “ to “Meltzer, D. (2002)….Cummings, K. “ 
• p. 26: “Vosniadou, S. & Ioannides, C. (1998).  ….Internal Journal of Science Ecucation…”  to  
     “Vosniadou, S. & Ioannides, C. (1998).  ….International  Journal of Science Education…” 
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