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Preface 

The GIREP-MPTL International conference on Teaching/Learning Physics: Integrating Research into 
Practice [GIREP-MPTL 2014] was held .  from 7 to 12 July 2014, at the University of Palermo, Italy. 

The conference has been organised by the Groupe International de Recherche sur l’Enseignement de la 
Physique [GIREP] and the Multimedia in Physics Teaching and Learning [MPTL] group and it has been 
sponsored by the International Commission on Physics Education [ICPE] – Commission 14 of the 
International Union for Pure and Applied Physics [IUPAP], the European Physical Society – Physics 
Education Division [EPS-PED], the Latin American Physics Education Network [LAPEN] and the Società 
Italiana di Fisica [SIF]. 

The theme of the conference, Teaching/Learning Physics: Integrating Research into Practice, underlines 
aspects of great relevance in contemporary science education. In fact, during the last few years, evidence 
based Physics Education Research provided results concerning the ways and strategies to improve student 
conceptual understanding, interest in Physics, epistemological awareness and insights for the construction of 
a scientific citizenship. However, Physics teaching practice seems resistant to adopting adapting these 
findings to their own situation and new research based curricula find difficulty in affirming and spread, both 
at school and university levels. The conference offered an opportunity for in-depth discussions of this 
apparently wide-spread tension in order to find ways to do better.  

The purpose of the GIREP-MPTL 2014 was to bring together people working in physics education research 
and in physics education at schools from all over the world to allow them to share research results and 
exchange their experience. 

About 300 teachers, educators, and researchers, from all continents and 45 countries have attended the 
Conference contributing with 177 oral presentations, 15 workshops, 11 symposia, and around 60 poster 
presentations, together with 11 keynote addresses (general talks).  

After the conference,  147 papers have been submitted for the GIREP-MPTL 2014 International Conference 
proceedings. Each paper has been  reviewed by at least two reviewers, from countries that are different to 
those of the authors and on the basis of criteria described on the Conference web site. Papers were 
subsequently revised by authors according to reviewers’ comments and the accepted papers are reported in 
this book, divided in 8 Sections on the basis of the keywords suggested by authors. The other book section 
(actually, the first one) contains the papers that six of the keynote talkers sent for publication in this 
Proceedings Book.   

We would like to thank all the authors that contributed with their papers to the realization of this book and all 
the referees that with their criticism helped authors to improve the quality of the papers. 

        

Palermo, 30th June 2015         Rosa Maria Sperandeo Mineo and Claudio Fazio 
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Considering Physics Knowledge as a Culture – an App roach to Physics 
Curriculum Matching Interests and Needs of Contempo rary Learners  

 
 

Igal Galili  
The Amos de Shalit Science Teaching Centre, The Hebrew University of Jerusalem 
 

There are very few, if at all, new things in this world. 
Therefore, the agenda of a person is to find a new, fresh 
interpretation of those familiar. 

Giorgio Morandi   
Italian Artist 

 
 
Abstract  
Common physics curricula present the subject of physics as a scientific discipline - clearly 
and univocally. This presentation usually leaves in shade several aspects of this knowledge 
which are especially important for the contemporary culture in a wider sense. Those 
emphasize plurality and polyphonic discourse taking place in physics as a living body 
producing knowledge in the process of construction, debate and refutation in the ongoing 
practice and across the time. In structuring physics curriculum we suggest to emphasize its 
basing on a few fundamental theories which comprise a conceptual dialogue, specify the 
difference among them as well as their commonality (family resemblance). This goal can 
be reached through structuring the contents of each theory according to triadic affiliation: 
nucleus, body, and periphery. Such approach may frame the inclusion of history and 
philosophy of science in school curriculum and create cultural content knowledge (CCK) in 
students.  CCK creates appropriate space for meaningful learning leaving the options of 
preferable interest to its certain area by different individuals, provides options of emphasis 
on particular area of knowledge, yet within the big picture of physics. We have applied this 
approach within the European project HIPST in creating special units – historical excurses 
presenting conceptual discourses regarding several physics concepts that we illustrate here. 
 
Keywords  
CCK-cultural content knowledge in physics education, physics discourse, structure of 
physics curriculum, discipline-culture, nucleus, body knowledge, periphery knowledge, 
cognitive preference of the learners, structure of scientific revolution, structure of 
individual conceptual change.  

1. Introduction 
Back in the 60s, Josef Schwab, one of the founders of science education research, determined this area as 
comprised of four thematic commonplaces: subject matter, teachers, students, and environment (Schwab, 
1962).  Establishing motivation of this study, we first observe and very briefly mention characteristic 
features of the obtained understanding of each of the commonplaces.   
With regard to the commonplace of students, it is common to adopt the perspective of constructivism which 
states the establishment of individual knowledge in the extended developmental process of interaction of the 
personal cognition with various external factors (e.g. Duit & Treagust, 2003).  It is understood that in the 
process of learning students ubiquitously produce alternative to scientific conceptions either totally different 
and/or of hybrid nature (e.g. Vosniadou & Brewer, 1992; Galili et al., 1993).  Students are extremely prolific 
in such conceptions and the studies documenting those are extremely numerous (e.g., Viennot, 1979; Driver 
& Erikson, 1983; Driver et al. 1985; Duit, 2003). Constructivist teaching suggests taking into account this 
plurality by addressing it this or other way in instruction in order to overcome them as barriers to the 
understanding of scientific contents.   

With regard to the commonplace of teachers, their ability to address the plurality of different conceptions of 
students and recognize their cognitive preferences (e.g. Tamir, 1985) establish, in view of Schulman (1986), 
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a special kind of knowledge required in teaching science – Pedagogical Content Knowledge (PCK).  
Teachers serve as mediators of the collective, socially possessed knowledge in the complex process of 

knowledge assimilation.  Clearly, this process is much beyond a mere transmission.   
With regard to the commonplace of environment, the great variety of suggested forms of supporting effective 
learning is also extremely wide.  This veracity reflects the variety of populations, social contexts of learning, 
curricula and levels of instruction (e.g. Fraser et al. 2014).  Introduction of computer tutorials, simulations, 
intelligent databases caused a flood of variations of changing traditional classroom environment.  
So far one may observe significant conceptual variety with respect to each of the three considered 
commonplaces of science education.  This is not what we may say regarding the fourth commonplace, the 
commonplace of subject matter.  Normally, the curriculum of physics presents what is called disciplinary 
curriculum (Tseitlin & Galili, 2005).  It usually contains topics, concepts and conceptions unfolding to the 
learner in a traditional sequence and accompanied with extensive solving of standard problems.  In applying 
this approach, such essential features as structure of physics knowledge, its hierarchy, interrelationship 
between the components, reduction to a few fundamental theories, concept construction often remain in 
shade of intensive practicing of physics knowledge application and its utilization in problem solving.  In such 
teaching physics, one of the major epistemological issues – the conceptual discourse regarding the 
construction of physics knowledge, as we possess and consume it now, is not always addressed.  
In our study, we considered the way to reveal the conceptual discourse in educational context. We framed 
this discourse in the triadic structure of knowledge which we previously suggested to represent the 
relationship among the fundamental theories of physics. Within this framework, we see physics knowledge 
as a culture (Tseitlin & Galili, 2005), naming such knowledge cultural content knowledge (CCK).  We have 
suggested two ways to accrete such knowledge in educational process.  Firstly, we will mention the produced 
series of historical excurses to the discourse regarding physical concepts, such as motion and weight (Galili, 
2011).  Secondly, we suggested and tried to apply a summative lecture as a delayed organiser of knowledge, 
following regular learning (Levrini et al, 2014) as a new format of teaching seeking CCK.  In the following, 
we will briefly present the rationale of the CCK approach and illustrate how it emerges in physics discourse.  
 
2. Physics knowledge as a culture 
Physics knowledge is comprised of a few fundamental theories (Heisenberg, 1958; Weizsäcker, 1985; 
Bunge, 1967).  Each such theory establishes an inclusive cluster of numerous elements – principles, 
concepts, conceptions, models, experiments, explained phenomena, etc., which are coherent with certain 
conceptual framework and can be represented using dual codification as shown in the diagram of Fig. 1a.  It 
possesses two areas of knowledge elements.  The first area � nucleus � includes basic principles and the 
second one – body � incorporates numerous applications in the form of elements mentioned above 
comprising the normal knowledge of the theory. This structure represents a disciplinary curriculum which 
draws on certain theory, such as classical mechanics.  
What makes this structure representing a cultural knowledge is the adding of the third type of knowledge 
elements – the periphery (Fig. 1b).  This area includes conceptions, problems, phenomena which are 
inconsistent, contradict or unexplained by the considered nucleus.  These elements may suggest alternative 
accounts for the same subjects that were already explained and as such belong to the body.  The unsolved 
problems of the periphery challenge the particular theory, its nucleus. This structure may represent a 
discipline-culture curriculum which observes the relationship of different physical theories.1  
 
 
 
 
 
 
 
     
 
Figure 1. (a) The structure of a fundamental theory or a disciplinary course. (b) The structure representing the cultural 
knowledge of a theory or a discipline-culture teaching. 

���������������������������������������� �������������������
1 The triadic codification was applied by Lakatos in 1978 (to depict Scientific Research Program of a fundamental theory.  In that 

use, however, the meaning of the components (the contents of the areas of the triadic diagram), as well as their labels, will be 
different.   
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One, thus, faces a choice in the construction of physics curriculum: disciplinary versus culture-disciplinary.  
The latter presumes making explicit the basic tenets of each theory in comparison with other possible 
theoretical accounts.  Thus, within the cultural knowledge perspective the classical mechanics is not a special 
case of the relativistic mechanics because the nuclei of both theories are essentially different and contradict 
each other (time, space, interaction, speed of light, conservation laws, etc.) (Fig. 2).  Similarly, one can 
address the relationship between quantum mechanics and classical mechanics: classical mechanics is not a 
special case of quantum mechanics.    

 
Figure 2. Discipline-culture structure of two fundamental theories. 

 
 
This perspective refines the meaning of incommensurability of different scientific paradigms often ascribed 
to different scientific paradigms (Kuhn, 1962/1970).  The overlaying bodies of knowledge may depict 
treating the same problem by different approaches and so shows, in a sense, the commensurability of 
different physical theories.  At the same time, the nucleus of each theory is in the periphery of the other 
showing essential contradiction.  This approach allows visualizing the polyphony of physical theories in their 
accounting for the reality by family-like theories. This picture represents the reality of numerous materials 
produced by research activities of the normal science.    
Let me add why this perspective is termed cultural.  The term culture is frequently used in a very wide span 
of meaning.  This because, speaking generally, it represents all possible products of human society (Tylor, 
1920).  Other researchers name by culture separate clusters of human products which distinguish among 
different areas of human activities such as Art, Science, Literature (Hofstede, 1991).  Within the culture of 
science, one may focus on human behaviour in doing science (Latour, 1987) or on the specific perception of 
science in light of local culture by a specific ethnic group (Aikenhead, 1997, Aikenhead & Jegede, 1999).   
There is, however, a different perspective of one considering the knowledge of physics itself.  One may see 
that physics knowledge presents a discourse, which interprets (beyond describing) reality, is selective in 
adoption ideas, conceptions, standards of verification and method of inquiry in accounting for the reality, 
establishes rules and performs experiments.  Physics has its values, ethos and ethics.  All these imply that the 
physics knowledge, by itself, presents a culture (Lotman, 2001).  Of two possible types of culture – the 
culture of rules and the culture of texts – physics presents a culture of rules.  Our focus in this study, 
however, is on the content knowledge and the conceptual discourse which makes physics knowledge 
cultural.  So, in our use, culture implies explicit addressing of this discourse.  
 
3. Implications of considering physics as a culture 
As mentioned, the cultural content knowledge (CCK) presumes making explicit the conceptual dialogue of 
science, addressing the conceptual variety in the account for certain subject.  One can illustrate this aspect by 
considering the fragment of a regular school curriculum presenting the "world organization".  Usually, it 
focuses on heliocentric world view as overcoming the geocentric one adopted in the past.  Its emergence is 
often termed Copernican revolution.  Within the cultural approach, a teacher would present a picture of the 
continuous debate from the beginning of physics between the geocentric view – a part of Aristotelean 
physics – and the alternative views suggested by Pythagoreans prior to Aristotle and by Aristarchus 
immediately after Aristotle.  So placing Aristotle in the nucleus (Fig. 3), one mentions other views of the 
periphery. One proceeds to the Hellenistic science in which the geocentric theory was essentially 
strengthened by its fundamental elaboration by Ptolemy in his Almagest placed in the body of geocentric 
theory.  In the following the teacher may emphasize the non-stopping contributions developing and 
correcting the geocentric conception by Muslim scholars (Alhazen and Al-Tusi) and criticizing it during the 
medieval period, those by Buridan, Oresme and Nicolas of Cusa eventually arriving to the modern time.  
Then, the hybrid view of Tycho Brahe appeared as a strong challenge of the central idea from the periphery.  
Finally, the wave of critiques started from Copernicus, Kepler and Galileo caused a breakthrough � radical 
conceptual change of the Copernican revolution.  All the process may be framed and visualized by the 
exchange of elements between the nucleus and periphery in the triadic structure (Fig. 3).   
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Figure 3. Discipline-culture structure of the geocentric theory of the world order. Arrows show the exchange of 
knowledge elements between the nucleus and periphery representing the radical conceptual change during the scientific 
revolution. 
 
 
The cultural perspective on this subject would include mentioning the more advanced views which upgraded 
the picture as held in our days and considers by physicists as the correct one.  The theory of modern 
astrophysics left the "helio-centric" perspective in favour of the concept of expanding universe without 
unique centre, the view that introduces freedom of the choice of an observer depicting the world in his frame 
of reference.  
 
3.1 Individual conceptual change 
The suggested triadic structure can be applied to visualize the individual conceptual change in the process of 
leaning science.  The process of exchange between the nucleus and periphery is the conceptual change.  We 
have depicted the conceptual change in the collective knowledge of science (Fig. 3), but if one put the initial 
conception of the learner in the nucleus and the physics conception taught � in the periphery, a parallel 
process emerges with regard to personal knowledge.  Moreover, Posner and colleagues (1982) specified the 
conditions for such change (dissatisfaction with the old knowledge together with plausibility, intelligent and 
productive nature of the new conception).  These conditions apparently imitate the conceptual change in 
science.  This similarity might indicate certain relevance of recapitulation as a developmental phenomenon 
introduced to educational psychology in early twentieth century (Kofka, 1925).  One may observe certain 
similarity of onto- and phylogenies of knowledge, limited but existed.  Further use of this similarity for 
promoting the individual conceptual change could be through involving learning materials involving 
historical conceptual change in the subject matter taught (Galili & Hazan, 2000b).  Whether or not the initial 
view and the educational goal are similar, the important fact is that the educational conceptual change 
presents the important change of knowledge status.  Using the three world idea of Popper (1978), one may 
say that the educational conceptual change is, in a way, a transition from the World 2 of individual 
conceptions to the World 3 of physical theories.   
 
The impact of the social environment on the individual learning is very significant.  Vigotsky (1994) stated it 
as process of enculturation.  Following intensive research, we also know much more about the features of 
individual conceptual change (Vosniadou, 2007; Duit & Treagust, 2003; Limon, 2001).  The naïve 
knowledge is stated to be based on basic self-explanatory patterns of spontaneous reasoning rooted in 
personal experience (Schemata � in Piaget, 1972; and p-prims � in diSessa, 1993).  The context dependent 
patterns of reasoning were suggested by Minstrell (1992) as facets-of-knowledge.  Combining the two levels 
of context independent with context dependent patterns of reasoning, one may obtain a two – level structure 
of scheme-facets (e.g. Galili & Lavrik, 1998, Stein & Galili, 2014).  The latter included also the impact of 
teaching.  We might then depict the conceptual change of students in science by a diagram showing the 
consolidation of the knowledge in specific area possessing triadic structure (Fig. 4).  I may represent learning 
in a whole domain (mechanics, optics) or concept (weight, image).  Even in the best case of successful 
learning the original conceptions of students do not disappear but preserved in memory and can reappear 
when students are challenged with a novel problem (Galili & Bar, 1992).  This preservation might be 
depicted by placing the initial conceptions in the periphery of the resultant knowledge.  
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Figure 4. Schematic representation of individual conceptual change in certain domain of physics knowledge. It starts 
from scheme-facet structure and transfers to triadic structure resulting formal learning. 
 
3.2. Students' cognitive preferences 
The triadic structure of knowledge may be applied to refine and classify students' perceptions of physics 
instruction and attitude to physics.  In our empirical study (Levrini et al., 2014), we observed students with 
various interests towards physics knowledge as might be expressed in Figure 5.   
Though one may not ascribe hierarchy to the variety of interests in general sense, we do ascribe importance 
to the awareness of students' different attitudes to physics instruction in a regular class.  Indeed, very often 
the students who show the skills and interest to the body-knowledge – problem solving, modelling, 
application of the newly acquired knowledge for practical goals are usually most supported by teachers and 
different institutions known for their support to students.  We may call them "pragmatists" or "practitioners" 
(Fig. 5).  This is in contrast with those who show an interest only to the great design, major laws and 
principles of physics (the nuclei of physics theories) which empower them to understand conceptual 
explanations of the natural phenomena, technological and social applications of science.  These students � 
"philosophers" in Fig. 5 � are often perceived as not serious enough learners of physics, rather "dreamers" or 
"humanitarians". There are still the rest, the students who are interested in the controversial aspects of the 
learned knowledge, the limited justification of the basic decisions, "why this principles, laws, not other 
possible ones?"  These students might disturb the regular flow of instruction, impede the process of 
practicing the new knowledge in standard problem solving.  Yet, though sometimes annoying and disturbing, 
it is these students that may produce future researchers and creators of the new knowledge.  Therefore, we 
may call them "revolutionists".    
 

 
Figure 5. Distribution in individual interests or preferences on behalf of the students.  

 
All together, the existence of this variety among the students' interests in physics denounces and replaces the 
dichotomy of students (and people in general) stated by C.P. Snow (1961) and known as two-culture vision 
of society with respect to science: "physicists" and "poets", good and bad students of physics class.  This 
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inference possesses far reaching implications with regard to the leaning materials for physics learners.  Those 
materials have to speak at least in three epistemic dimensions.  Not less important is the inference of 
necessity of physics education research to address the students' population in its cognitive variety.  
Neglecting this reality definitely causes missing fundamental features in physics teaching-learning reality.    
Quite in parallel, one may observe similar distribution of interests in the course of history, in the kind of 
contributions of different physicists to the construction of physics knowledge.  The names of those who 
contributed to the nucleus of the constructed theories (theory of relativity, quantum theory, astrophysics etc.) 
are usually better known to the wide public.  This activity was praised by Karl Popper who emphasised the 
role of fundamentals in each physical theory (its nucleus).   
Other numerous physicists made an extensive contribution by solving great variety of sophisticated 
problems, explaining phenomena and experiments, producing various devices drawing on the principles of 
the basic theories.  This great body of knowledge was termed "normal knowledge" and it was praised by the 
philosopher of science Thomas Kuhn (1962/1970) as comprising the majority of activities in physics at each 
period of history between scientific revolutions. 
There were other contribution too. Those included interpretations which were in odds with the particular 
nucleus and challenged its claims.  For example, some physicists suggested alternative to the commonly 
adopted Copenhagen interpretation (Schrodinger, de-Broglie, Einstein, Bohm).  These contributions 
essentially motivated the growth of understanding and the progress of the quantum theory.  It was the debate 
of Einstein with Bohr (Bohr, 1949/1959) and the suggested experiment by Einstein-Podolsky-Rosen (1935) 
which was expected to show incompleteness of the quantum theory.  It, however, resulted in the discovery of 
breaking locality in the micro-world, preserving causality despite instantaneous correlation between 
entangled particles.  Paul Feyerabend (1975) – a philosopher of science � emphasized the key role of such 
elements of knowledge that went against the norm of the reigning paradigm in order to reach revolutionary 
change in the adopted scientific knowledge.  This claim points to the importance of the periphery of 
knowledge and praised this type of physics activity.    

 
4. The ways of dissemination of CCK 
We have developed two channels to implement the approach of providing cultural content knowledge to the 
students and teachers at high school level of physics instruction. In the following we briefly describe the 
approach of historical excurses.  Another approach of summative lecture (delayed organiser of knowledge) is 
described in another publication (Levrini et al. 2014).  
Historical excurse is special genre of learning material which recovers the conceptual discourse which 
produced physics knowledge of a particular concept of physics.  Such learning unit recovers in major 
features the synchronic and diachronic debate that took place in physics in the course of history.  We call 
them excurses in contrast to other close format used by our colleagues who considered historical cases. We 
have prepared several such excurses (Galili, 2011) and briefly illustrate some of them here. 
 
4.1 Motion 
The excurse to the concept of motion included the voices of two basic pre-Newtonian accounts for motion, 
that by the Hellenic theory of Aristotle and that developed by the Hellenistic and medieval scholars, 
Hiparchus, Philoponus, Buridan, Oresme, and the scholars of Merton school on Oxford. Their major 
arguments were depicted in the debate that ultimately brought to the establishment of the Newtonian concept 
of motion in classical mechanics.  The meaning of the new theory was discussed in comparison with other 
views and the approaches which converged to the Newtonian theory through approach made by Galileo and 
Descartes.  The revived discourse placed to the fore the content of the nucleus of Newtonian revolution: the 
new understanding of motion as a natural state of natural objects as opposed to the previous understanding as 
a process objects go through from one state to another.  The major change in the nucleus of the new theory of 
motion was, thus, the replacement of the rest-motion opposition with the rest-uniform motion equivalence 
(relativity principle of Galileo) (Fig. 6).   
The approach of this excurse ascribed a special importance to the First Newton's Law as the most 
fundamental principle of classical mechanics.  This is in contrast to the teaching which does not reserve to it 
more importance that being only a special case of the second law.  It is the latter that is usually in the focus 
of teaching mechanics at schools.  The excurse mentioned how inaccurate translations of the law from Latin 
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to English performed after Newton caused the impoverishing the deep meaning Newton put to that law2 
(Galili & Tseitlin, 2003).    
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 6. Symbolic representation of the Newtonian revolution with regard to the concept of motion. 

 
The relevance of the historical development of understanding of motion was argued by certain similarity of 
the historical conceptions to frequently shown students' conceptions (e.g. McCloskey, 1983a,b; Halloun & 
Hesteness, 1985). 
 
4.2 Weight 
We have dedicated a special excurse to the historical discourse regarding the concept of weight.  As a matter 
of fact, this concept, which is a subject of learning through all levels of physics curricula, is taught 
differently by different teachers in different countries.  In the US the textbooks split between the two options.  
One defines weight as the gravitational force (e.g. Sears & Zemansky, 1982; Young & Friedman, 2012) and 
the other defines weight as the force causing weighing results (e.g. Hewitt, 2006; Knight, 2013).  This 
dichotomy in weight definition implies different accounts and explanations of physical situations such as 
weightlessness and so on.  The excurse depicted the major steps in the unfolding of conceptual discourse 
through the history of weight concept (Galili, 2001).  In a simplified way this long history could be 
represented in the diagram of Figure 7.  
The two ways to teach weight split the community of physics educators, and textbook authors in each camp 
continue teaching in the way considered by them to be the correct one ignoring the other view.  This is an 
interesting feature of this situation that no textbook presents both options and compare them.  In a sense, this 
is a "disciplinary" approach to teaching which contrasts with the "cultural" one.  The excurse to weight 
conceptual history tries to bring a discourse to the fore regardless the decision taken.  We believe that 
awareness of the historical discourse, the arguments launched by physicists and philosophers of science 
together with researches in physics education might change the situation to better for the students who 
widely hold numerous misconceptions regarding weight and weightlessness.  Several studies in physics 
education reported about these problems of students (Galili & Kaplan, 1996; Galili & Lehavi, 2003; Stein & 
Galili, 2014).  
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not correct the impact of the previous publications (Newton, 1999).  
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Figure 7. Schematic representation of the development of the concept of weight.  A conceptual splitting took place 
twice: at the establishment of classical mechanics by Newton (Newton, 1687/1999) and at the time when modern 
relativistic mechanics was introduced by Einstein (Reichenbah, 1927/19580).  
 
 
4.3 Optical Image 
Another excurse addressed the optical image concept.  It depicted the major steps of the history of this 
concept and included several accounts for this phenomenon as were adopted in the course of physics 
progress.  In a regular course, optical image is elaborated within the ray theory of light (geometrical optics).  
Many studies report about numerous alternative conceptions shown by students with respect to vision, image 
creation, transfer and observation of images (e.g. Guesne, 1985; Galili & Hazan, 2000a,b).  It appears that 
the history of physics knows practically all of the ideas that contemporary students show as misconceptions 
and which are debated among scholars at different times and living in different countries.  The 
misconceptions: holistic image transfer to the observer (Atomists in Hellenic Science), Active vision by flux 
and vision rays (Pythagoreans in Hellenic science, Euclid and Ptolemy in Hellenistic science, Al-Kindi – in 
Arabic science), the image due to mapping of each point of the object to the point of its image by a single 
light ray (Alhazen in Arabic Science) (Fig. 8).  This discourse spread over the time of more than 2000 years 
and ultimately produced the account as suggested by Kepler in the 17th century and learned at our schools 
(Lindberg, 1976).  The validity of this parallelism, whether or not one adopts the idea of historical 
recapitulation, is provided by the constructivist account of learning and the inferences regarding the type of 
teaching required in order to overcome the misconceptions.  Drawing on cognitive resonance between the 
mental models held by the students and the historical conceptions the historical discourse exposed the 
argumentation of each of the accounts, not only the correct one.  This is considered to be the appropriate way 
towards establishing by students' cultural content knowledge – CCK � with regard to optical image.  
Addressing optical image allows frequent involvement of artistic images from history of art and science in 
the presentation � a feature that possesses additional appealing power for those many our students who are 
sensitive to visual presentation of scientific statements and especially by means of the artistic images (Galili, 
2013).   
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Figure 8. Schematic representation of the major accounts for optical image concept as appeared in the course of history 
of science. 
 
5. Discussion and concluding remarks 
We may now summarise our perspective on physics knowledge as a subject of learning.  Cultural knowledge 
framework provides a big picture of physics required by those who want to get its holistic view and to 
perceive its ideology.  The big structure of physics as comprised of a few fundamental theories provides 
meaning to the scientific knowledge as a cluster of a few different rational accounts for reality arranged in 
several coherent conceptual systems.  Acually, it is this feature that provides an individual with a chance to 
make sense of myriads of knowledge elements (facts, models, problems, conceptions…).  Lacking the big 
picture often frustrates especially young novices who do not see an end to the new knowledge elements 
which they continuously try to assimilate, to cover more and more.  Dealing solely with modelling – an 
extremely important tool of physics � they indeed might get an impression of endless work: the more we 
learn the more we know and the more we can proceed with modelling new situations.  It is thus important to 
point to a different perspective by which physicists do cover the whole body of physics, not in details, but in 
essence.  They know the limits of validity of several fundamental physics theories and know their periphery 
– the difference between their paradigms and something about the open problems.  Even if it might be 
possible (as physicists believe) to reduce all knowledge to one theory of everything, people will not abandon 
mechanics, thermodynamics, electrodynamics, quantum theory as separate theories with rather clear areas of 
applicability.  Facing a problem a physicist first of all identifies the theory appropriate to apply and starts to 
"dig" for the solution by creating and applying appropriate model.  So, modelling and models are 
incorporated in the structure of a fundamental theory as its important content (Fig. 9).     
 

 
Figure 9. Models may appear in all areas of knowledge structure of the theory.  This scheme shows theory-model 
relationship in terms of culture-discipline structure.  
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The common reservation against the inclusion of periphery to the scope of physics teaching is that such 
introduction would bring unnecessary complexity, causing much confusion to students whose knowledge is 
fragile and immature.  Besides the role of periphery as making physics contents interesting, dynamic and 
adequately representing the real physics (which "should be made simple but not too simple" – Einstein) and 
besides the claim of relevance of wrong (in contemporary perspective) historical ideas as causing cognitive 
resonance in the learner who possesses similar to the historical conception (Monk & Osborne, 1997, Galili & 
Hazan, 2000b), it is important to mention the substantial claim made by educational psychologists (Marton et 
al, 2004) who insisted on the necessity of creating a space of learning which should include the concept to be 
learned together with its conceptual variation.  Meaningful learning, within this perspective, presents a 
process of discerning the goal concept while contrasting it against its alternatives.  This way, through 
continuous comparison, our cognition works.  Thus, the periphery plays, it emphasises the essence of the 
concept to be learned.  In a way, it spotlights the "critical details" (Viennot, 2003) of the considered physical 
concept.    
Finally, regarding the role of history and philosophy of science (HPS), we mention that CCK clarifies the 
rationale of using such knowledge in creating the relevant periphery and required space of learning.  One 
thus arrives to a special perspective within which two types of HPS materials may be distinguished.  One 
type includes elements which are correct (verified with type) knowledge.  They may include, for example, 
Archimedes' laws of levers and buoyancy, Eratosthenes' measuring of Earth's radius, and Levenhook's 
invention of microscope.  Using these elements together with stories and anecdotes of social and 
behaviouristic nature are known as interesting and amusing.  At the same time, one cannot ascribe to them 
being essential for the learners of physics. 
There are, however, elements of other nature too.  They represent the incorrect knowledge of physics, 
alternative theoretical views and concepts.  They might contribute to the periphery of the knowledge we try 
to mediate to the students.  Such are the Aristotelian conceptions of motion or vision, medieval concept of 
impetus, caloric theory of heat and others.  They present building blocks in the process of educational 
reconstruction of the considered subject matter (Duit et al., 2005).  In the construction of our excurses these 
are relevant and essential.  Their inclusion would be considered as an important innovation of physics 
curriculum.  
We may conclude with stating that our belief is that cultural representation of physics knowledge reveals to 
the learners its conceptual meaning better than disciplinary one and as such, it is required especially for the 
prospective teachers and researchers.  This change may lead to strengthening as aspect of teaching rather 
than instruction and of training – rather than learning, an important reward in humanistic perspective.  
Acquaintance of the learners with the relevant scientific discourse performs their enculturation to the culture 
of physics replacing the low efficient indoctrination of the formal knowledge.  This aspect seems to us of 
central importance.  The famous semiotician Umberto Eco once wrote that "The beauty of the universe is 
manifested not only in the unity of varieties but also in the variety in the unity".  CCK approach applies this 
perspective to the physics knowledge aiming to replace the enormous pressure of understanding exerted on 
the modern learner of physics with much more preferable pleasure of understanding.  
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Abstract  
In public perception, the humanities (history, philosophy, art, and literature) still have a 
privileged role as subjects that can encourage students to develop their personal orientations 
and aesthetics. In contrast, physics and mathematics are school subjects that have been 
shown to put off many young people because of the strong image of authority they still 
maintain in which there is no place for arguments and personal views. In this paper, the 
following questions are considered: How can the learning of physics content support 
students in constructing their personal identities? Conversely, How does the search for a 
personal self-narrative influence students’ approaches to learning disciplinary content? 
The extended body of work I describe in this paper is based on a design experience on the 
topic of thermodynamics in a secondary school physics class (grade 12). This case is 
notable for investigating the previous questions since the students in this class came to 
appropriate, or make their own, the discourse of thermodynamics. That is, their conceptual 
understanding and disciplinary engagement were accomplished by a reflexive process of 
populating scientific discourse with personal intentions, purposes and tastes. With respect 
to this case, I will discuss possible connections between the specific model of educational 
reconstruction we used to design the teaching materials and the type of productive learning 
that sits at the nexus of disciplinary engagement and identity and that we have come to refer 
to as “appropriation.” 
 
Keywords  
Identity, Model of Education Reconstruction, Appropriation, Thermodynamics. 

1. Introduction: Identity in STEM education 
In this paper I will discuss a problematic issue that the study of science at school should, in my opinion, deal 
with: how can the teaching of sciences result in making learning a transformative personal experience that 
actually impacts the construction of individuals’ personal identities? Usually it is the humanities (history, 
philosophy, art, and literature) that have the privileged role as pre-university subjects to encourage students 
to develop their identities, personal orientations and aesthetics. But, what about physics? Can learning 
physics support students in the construction of their personal identities? If so, how? 
The word identity will be used here in the sense that Sfard and Prusak and the sociologist Giddens (1991) 
give to the term: identities as stories, as opposed to something given and that can be expressed through 
stories; identities as narratives of the self which are constantly created and re-created in dialogical 
interactions between people (Sfard & Prusak 2009).  
Students’ identity has been widely investigated within STEM education, (e.g., Gee, 2001; Sfard & Prusak, 
2005) and, in particular, there is significant interest in how students’ identities affect learning (e.g. Sfard & 
Prusak, 2005; Nasir & Hand, 2008; Cobb, Gresalfi & Hodge, 2009). However, the inverse question of how 
learning disciplinary content affects the formation of students’ identities is still little explored. It is this 
direction – from the learning of a scientific discipline to the construction of identity – that attracted our 
attention. 
In order to provide a contribution towards answering the top level questions mentioned at the beginning, the 
paper will refer to an extended design experience on the topic of thermodynamics in a secondary school 
physics class (grade 12), where students came to use the words of physics for developing their own identity, 
i.e., their narratives of self. The design, implementation and analysis of the experience was a real 
collaborative effort and involved the teacher, Paola Fantini, and other scholars in math and physics 
education, Mariana Levin, Barbara Pecori, Giulia Tasquier. For all of us what came out in the class was 
somehow a surprise, a phenomenon that we did not foresee in advance and it required a long process of 
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analysis to be interpreted. In order to present what happened, I need to describe briefly the research 
framework and the context of the experience. 
This paper is articulated in three parts: a) the background on the study, including the research framework, the 
teaching materials on thermodynamics, and the class context; b) the description of what happened in the 
class and in what sense we can say that physics had an impact on the development of students’ identities, and 
c) a first-level interpretation aimed at understanding why that happened. 
 
2. Background on the study: the research framework, the teaching materials and the context of 

implementation 
This study has a long story. It started in late ’90’s when the research group in Physics Education in Bologna, 
led by Nella Grimellini Tomasini, and several other Italian research groups devoted their research attention 
to the design of teaching materials relevant from a cultural1 point of view (e.g., Busini & Tarsitani 1996; 
Grimellini Tomasini, 2004; Levrini, Bertozzi, Gagliardi, Grimellini-Tomasini, Pecori, Tasquier & Galili, 
2014a). To anticipate the end of the story, years of collaboration with teachers and plenty of classroom 
implementations led us to observe that something very special regularly happened in the classes. A “special 
atmosphere” was perceivable. Thus, in the last ten years, our research work of instructional design was 
progressively enriched by methodological concerns regarding the issue of how to capture what we perceive 
“in the air” and to explain it theoretically. 
As I already mentioned, the story of the instructional design started in late ’90. Early milestones were the 
Model of Educational Reconstruction (MER) that we encountered in the 1996 NARST conference, and an 
UNESCO report about “The reasons of students’ disaffection toward Science & Technology” that Sjøberg 
presented in the 2001 ESERA conference. 
MER became a pillar of our theoretical framework mainly for the image of physics that it gave back within 
Science Education. Also in this research domain, the necessity of problematizing the stereotyped image of 
physics as an unquestionable monolithic body of knowledge was stressed. MER, on the contrary, stressed to 
what extent science and physics, like every cultural product, were “plastic” and mouldable according to 
many different aims, among which are educational ones (Kattmann, Duit, Gropengießer & Komorek, 1996). 
For us, the idea of educational reconstruction attained a special meaning after the presentation of the 
UNESCO report by Sjøberg in Tessaloniki, where he said: “A key aspect in the lives of young is the search 
for meaning and relevance. They like areas where their voice is taken seriously, where their views count. 
Science and mathematics have an image of authority, at least as school subjects. Answers are either right or 
wrong. There is no place for arguments and personal views. […] The lack of personal meaning and the 
image of eternal truth and correct answers put off more young people today than before.”  (Sjøberg, 2001) 
Sjøberg, in stressing the problem of the relevance, was, in our opinion, shifting the main problem for Physics 
Education from making physics easier and easier to widening and enriching the perspectives.  
In the light of these milestones, the construction of the materials was oriented toward reaching the goal of 
making physics simple enough to be intelligible but not so simple to loose its relevance. In the wake of Levy-
Leblond, trivialization became the killer of the sense, the “New Medusa” to be avoided as much as possible: 
“More then the complexity of the original concepts of science, it is, on the contrary, their trivialization […] 
that, as soon as the concepts reach non-specialized public, exerts a real spell that petrifies them” (Levy-
Leblond, 2006). 
In order to design new materials able to avoid concepts’ petrification, we searched for forms of productive 
complexity to be elevated to the rank of design principles, namely principles that could orient us in producing 
materials enable to encourage secondary students both to attach a cultural value to physics and to find their 
“place for arguments and personal views” (Sjøberg). The forms of productive complexity that became the 
design principles in our MER are what we called multi-perspectiveness, multi-dimensionality and 
longitudinality. These principles were applied to design materials for teaching relativity, quantum physics 
(Levrini & Fantini, 2013) and thermodynamics (Levrini, Fantini, Tasquier, Pecori & Levin, 2014b).  
In the case of thermodynamics, which is the focus of this paper, multi-perspectiveness means that the same 
content is analyzed from two different perspectives: macroscopic and microscopic. The expected impact of 
multi-perspectiveness was to enable students to address the documented learning difficulties related to the 
confusion between macroscopic and microscopic aspects (e.g. Kautz et al., 2005) and, more in general, to 
improve their conceptual understanding by guiding them to try out the same concepts across multiple 

���������������������������������������� �������������������
1 The terms culture and cultural are used by us with a similar meaning to which Igal Galili gives to them and that he describes in his 

contribution to this volume and that is illustrated in Levrini et al, 2014a.  
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contexts and definitions (Levrini & diSessa, 2008).   
In our materials and during their implementation in class, the macroscopic and microscopic approaches were 
analyzed and compared also for their philosophical-epistemological peculiarities. This is what is meant by 
the principle of multi-dimensionality. Operationally, multidimensionality was introduced through specific 
activities: i) individual analysis of epistemological texts where different authors (Einstein, Poincaré and 
Drago) discuss their own criteria for distinguishing and comparing the two approaches, and ii) collective 
discussions where students were encouraged to confront their analyses in order to build a shared classroom 
epistemological vocabulary. The choice of multi-dimensionality was mainly motivated by the intention of 
making the learning environment inclusive and “psychologically safe” (Nasir, Rosebery, Warren & Lee, 
2006). As Nasir and colleagues argue, inclusiveness is fostered when the epistemological structure of the 
discipline is made visible and challenge the authoritative and exclusive image of science in which a unique 
point of view is legitimate (and possible).  
Finally, longitudinality means that thermodynamics was not simply introduced as a separate chapter of 
physics, but as a lens for looking “back” toward theories already studied by the students (optics, mechanics, 
relativity) and looking “forward” toward new theories (quantum physics). Operationally, longitudinally was 
implemented by focusing on modeling and by progressively guiding the students to look back toward 
mechanics and become acquainted with the analogical meaning of physical models of objects (like point-
mass or ideal fluid) when they are “borrowed” from mechanics and used in contexts like thermodynamics.  
In the case of the study reported in this paper, the materials on thermodynamics were implemented in a class 
of 20 students (17 year olds) of a scientifically-oriented secondary school in Rimini, Italy. The 
implementation took about 25 school-periods and the teacher, Paola Fantini, was involved also in the design 
and, then, in the analysis of the data.  
It was in this context that during the implementation of the thermodynamics path something that positively 
surprised us happened. Students not only showed to be able to cope with the documented difficulties in 
understanding the basic concepts of thermodynamics and felt the learning environment “psychologically 
safe,” as we hoped. They also, instead of that “schoolish” language that students usually use by borrowing 
expressions from the teacher or the textbooks, appeared to make sense of the material in personal ways and 
used, in their speech, idiosyncratic words and utterances. It was for interpreting such a phenomenon that we 
designed and realised the study presented in the next section. 
 
3. What happened in the class 
To interpret the phenomenon that we perceive in the classroom, we searched for an inspirational word and, at 
a suggestion of Paolo Guidoni, we focused on the term appropriation. Appropriation is not far from 
Vygotsky’s internalization, but, at least in Italian, it is a common word used in teaching and, because of that, 
it sounds semantically richer than the “technical” internalization. In particular, appropriation was chosen for 
the following meanings that can be attached to it: it a) appropriation indicates a process broader than learning 
and involves cognition, affect, emotion and social behaviour, ii) to appropriate means “to make something 
mine” and, hence, it includes the idea that the accountability of the appropriation process is situated with the 
students, iii) appropriation has the same etymological meaning of authenticity. Autos in ancient Greek and 
proper in Latin have the same meaning: “of one’s own”.  
Within the literature, the description of appropriation that we prefer comes from Bakhtin, who wrote: “It [a 
word] becomes ‘one’s own’ only when the speaker populates it with his own intentions, his own accent, when 
he appropriates the word, adapting it to his own semantic and expressive intention. Prior to this moment of 
appropriation, the word […] exists in other people’s mouths, in other people’s contexts, serving other 
people’s intentions: it is from there that one must take the word, and make it one’s own.” (Bakhtin, 1981, 
pp.293-4) 
That is a very evocative description but we needed something different for interpreting our phenomenon: a 
more operational construct that could help us understand if students’ discourse revealed whether they did 
appropriate thermodynamics words. Thus, we worked on our data to bootstrap our definition from them. In a 
recent paper the whole process of data analysis is described in detail (Levrini et al, 2014b). Here I simply 
report the main results so as to argue why we can infer that the learning of physics can become a vehicle of 
identity construction.   
The study was realized on the transcripts of eight individual semi-structured interviews that were conducted at 
the end of the period of data collection. Five interviews were used as core data corpus from which we built 
our first draft definition. The other three interviews, the most complicated and subtle ones, were used both as 
contrastive cases (they appeared cases of non-appropriation) and cases to check if our definition was an 
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effective operational tool to acknowledge appropriation (its application led as to discover that only one case 
out of the three was a real case of non-appropriation). The overall analysis resulted in the identification of five 
discursive markers for deciding whether students made progress in learning not only the disciplinary content 
of the teaching/learning path, but also in making the material relevant in a personal sense. In particular, the 
analysis led us to argue that appropriation can be operationally recognized when students’ discourse about a 
scientific term/utterance is:  

A. developed around a set of words or expressions repeated several times and linked together so as to 
express an personal, authentic, idiosyncratic “signature” idea with respect to physics (thermodynamics, 
in this case) ; 

B.  disciplinarily-grounded i.e. the signature idea was used by the student as a tool for selecting pieces 
of disciplinary knowledge; 

C.  thick i.e. the signature idea involved a metacognitive dimension (what learning physics meant for the 
student) and an epistemological one (what image of physics made sense to the student); 

D.  non-incidental, i.e. the signature idea was expressed in several activities throughout the students’ 
classroom experience, not just in one interaction;  

E.  carrier of social relationships, i.e. the signature idea positioned the student within the class 
community (the “engineer”, the “philosopher”, the “mediator”…)  

To exemplify the markers I will consider the case of Matteo. His interview developed around the 
philosophical words “being” and “becoming” that he repeated several times. From this evidence we could 
recognized, as idiosyncratic “signature” idea, the philosophical distinction between “being” and “becoming”. 
The signature idea is grounded in the discipline in the sense that, in the case of Matteo, it helped him to make 
sense of thermodynamics concepts themselves. Indeed, when he was interviewed about the concept of 
temperature, Matteo focused his attention on the distinction between delta T (temperature gradient) and T 
(temperature), because he saw, in this distinction, the philosophical difference between becoming (change) 
and being (a state). In particular, in the law of calorimetry (Q=mc	 T), Matteo saw an expression of 
becoming: “there is a change [because of � T] that means everything is not stable and everything is not being, 
there is something that changes.” In the Ideal Gas Law (PV=nRT) he instead saw an expression of being: 
“[There is] absolute temperature T, that doesn’t change. There is not �  [difference in temperature], there is 
not the change….” Already in the other classroom activities, Matteo showed a strong interest in philosophy 
and his learning of physics was strongly inflected by his orientation to philosophy. In this sense the signature 
idea was non-incidental and expression of a epistemological positioning within physics (thick) and a personal 
positioning – “the philosopher” – within the class (carrier of social relationship).  
Matteo, like the other students who appropriate the words and utterances of thermodynamics, didn’t repeat the 
definition of temperature provided by the teacher or textbook. Instead, he gave back what was meaningful in 
his personal sense. Specifically, he focused his attention on pieces of knowledge related to temperature and 
reassembled them according to their idiosyncratic “signature” idea. In the words of Bakhtin, Matteo, in 
selecting and reassembling pieces of knowledge, populated a disciplinary word (temperature) with personal 
intentions and purposes. It is in this process, both idiosyncratic and social, that we see students to “play” with 
the self and to explore those “patterns of ways of doing [and saying] things”, (diSessa, 2014, personal 
communication) that progressively result in what can be called identity construction.   
 
4. Why appropriation occurred 
In the current phase of the research, we are investigating the conditions and the factors that fostered students’ 
appropriation. We retain that at the very basis of the process there are some features of our MER and its 
design principles. They indeed were chosen to create a learning environment inclusive and rich enough to 
encourage each student to pursue multiple explorations within the discipline and to find out their ways to 
experience it. Nevertheless, in order to see how the materials acted for appropriation we felt the need to focus 
our attention on teacher’ actions and her orchestration’s patterns.  
In interviews, the teacher often repeated that her main teaching concern regarded the�rhythm of her lessons 
and, in particular, the issue of how to tune collective and individual paces of learning.  To describe the issue 
of how she tried to tune collective and individual paces of learning, she used a metaphor of “pulling the rope” 
and “letting it go” and we conjectured that this way of managing the class supported students’ individual 
processes of appropriation. Consistently, two types of analysis were carried out with the aims of pointing out, 
respectively, what “pulling the rope” and “letting it go” looked like in terms of data, and what role these 
orchestration patterns could be observed to play in the process of appropriation.  In order to pursue the goals, 
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we selected two contrasting lessons – one in which the teacher characterized the dynamic more in terms of 
“pulling the rope” (Lesson A) and one in which the lesson was more emblematic of what she meant by 
“letting it go” (Lesson B). The two lessons occurred at the end of the teaching/learning path, after 
approximately 20 hours of instruction on thermodynamics. 
Lesson A was a synthetic collective discussion about the major aspects of the macroscopic approach to the 
second law of thermodynamics. The lesson included topics that were very close to the disciplinary content the 
students had been explicitly studying. In this lesson, the teacher directed questions at single students who 
were responsible to provide answers. An example of a question in Lesson A was “Matteo, how are ideal 
engines connected with Kelvin’s statement? What is the formal expression of the efficiency for an ideal 
engine?”   
Lesson B was an open and reflective discussion on points related to epistemological texts (authored by 
Einstein and others) on methodological distinctions between macroscopic and microscopic approaches to 
building theories (e.g., Einstein’s distinction between “constructive” theories and “theories of principles”). 
This lesson was a specific moment where the design principles became explicit and oriented the classroom 
activities. Here, indeed, multi-dimensionality (an epistemological reflection) was applied to analyse multiple 
perspectives with a longitudinal glance. The discussion was articulated in three different moments, 
corresponding to three collective tasks introduced by the teacher through specific questions: 
1) Requirement of verbalizing one’s own view about possible criteria for distinguishing and comparing the 
macroscopic and microscopic perspectives. This requirement was formalized by the following question that 
opened the discussion: We arrived at the end of our path of Thermodynamics and you have reflected about 
these macro and micro approaches.  So, now we are asking you (all) to express your own point of view, in a 
calm way, calm but express it. What difference do you see, now, between the two approaches? 
2) Requirement of interpreting other (authoritative) positions about the difference between the two approaches 
and searching for inner and longitudinal consistency. The teacher asked: Why did Einstein include Special 
Relativity among the theories of principles and classical mechanics among the constructive theories? Are 
your criteria for distinguishing between theories of principles and constructive theories consistent with such a 
claim of Einstein?  
3) Requirement of positioning with respect to other possible views expressed by the classmates. This 
requirement was formalized by the teacher through this question: What perspective do you prefer? Which one 
is, in your opinion, more effective to reach the core of a phenomenon? We had the impression that, in the 
class, there are different positions on this issue.. 

In order to investigate how pulling the rope and letting it go appeared in terms of data, “bird’s eye maps” of 
the lessons were created by recording who was speaking and for how long (in 2 second increments).  In figure 
1 and 2, segments of the two lessons are reported.  

 

 
Figure 1.  A segment of the interactional pattern in lesson A. 



)+���������������������������������������������������������������������������������������������������������������������������������������������������������������������
������
�

�

 
Figure 2. A segment of the interactional pattern in lesson B. 

 
The maps point out some structural elements that characterize the different interaction patterns: the role of 
teacher in driving the lesson (very evident in lesson A); the moments of silence (absent in lesson A and more 
and more present in lesson B); the length of continuous bars of the students (very short in lesson A and longer 
in lesson B); the student-student interaction (absent in lesson A and present in lesson B).   
In order to analyse if and how “pulling the rope and letting it go” fostered appropriation, we focused our 
attention on three focal students who were in different places with respect to the process of appropriation. The 
detailed analysis is reported in other works (Fantini 2014; Fantini, Levin, Levrini & Tasquier, pre-print). 
Here, I will focus on Matteo so as to illustrate the following results we achieved.  
a) “Pulling the rope”, when analyzed at the level of the individual focal students, emerged as an articulated 
form of revoicing (O’Connor & Michaels, 1992) that the teacher enacted in order to: i) encourage a better 
positioning of the single student with respect to physics by fixing inaccurate points, ii) reinforce a disciplinary 
concept so as to enable reasoning to proceed, iii) emotionally support the student, iv) give the student 
credibility in front of the class.  
In table 1, the teacher’s interaction with Matteo in Lesson A (Fig. 1) is reported and teacher’s revoicing is 
commented. For Matteo, the action of revoicing was particularly relevant since, in class discussions, he 
frequently tried to evade the more technical and formal aspects of physics and, for this reason, he was not 
considered a disciplinary reference in the eyes of his classmates. Despite this, and because of his ability to 
master philosophical arguments, he had a recognized intellectual position in the classroom community but, 
for the teacher, Matteo was a student who constantly needed to be kept close to the discipline.  
 

Table 1 – Commented Excerpt from Lesson A 
 

Turn Transcript Comments 
1 Teacher: We have seen that from 

here [from the second law] come 
thermal machines and that the 
efficiency… 

The teacher does not need to pose an 
explicit question.  She suspends her 
voice to check where Matteo is, 
expecting him to pick up the thread. 

2 Matteo: The efficiency in a cycle 
can not be greater than 1, but… 
However, this is also in an ideal 
cycle.  

Matteo understands and picks up the 
thread of reasoning.  

3 Teacher: Good.  It cannot be… We 
are considering an ideal cycle, an 
ideal, reversible cycle as Carnot did.  
So?  

The teacher revoices Matteo’s 
contribution following confirmation 
that his reasoning is correct.  (“Good.  
It cannot be...), but it can be more 
accurate. 

4 Matteo: It must necessarily be 
smaller than 1. 

Matteo understands and immediately 
fixes the imprecision.  

5 Teacher: Exactly. Smaller than 1, 
not higher and not even equal. 

The teacher’s re-voicing here serves 
the purpose of underlining and 
reinforcing the student’s contribution 
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(Smaller than 1 means not higher and 
not even equal). 

6 Matteo: exactly, not even equal Matteo’s re-voicing serves the 
purpose of giving feedback that he is 
following. He is now well positioned 
on the point. 

7 Teacher:  If it were equal ... Tell me, 
efficiency is equal to… 

8 Matteo: Work is equal to work over 
heat absorbed.  

9 Teacher (writing the formula Matteo 
is dictating on the blackboard): 
Good. Work is equal to… tell me it 
in terms of heat. 

10 Matteo: Heat absorbed minus heat 
lost 

The teacher invites and supports 
Matteo in grounding his argument on 
formalism. 
 
 
The teacher writes: 

 

11 Teacher:  If the efficiency were 1, 
which of these terms would be zero?   

The teacher encourages Matteo to 
complete his reasoning. 

12 Matteo: The heat lost ... and this is 
not possible. 

Matteo provides, finally, the right, 
complete and well-argued response.  

 
b) In the context of the discussion of the epistemological questionnaire, “letting the rope go” emerged, at 
individual level, as an articulated participation framework that encouraged different types of students to take 
part in the discussion. The first moment – requirement of verbalizing – encouraged mainly the participation 
of self-confident students, while the second moment was a collective puzzlement and all the students were 
asked to contribute to a collective brainstorming. Here intuitive, creative or deep thinkers students felt 
particularly comfortable. The third moment – requirement of positioning with respect to the classmates – 
invited the students, like Matteo, who like debates and who found confrontation of ideas as a useful way to 
express his own ideas.  
The combination of “pulling the rope” and “letting it go” provided all the conditions that we pointed out as 
relevant for appropriation, corresponding to our five markers. “Pulling the rope” enabled students to find their 
positioning with respect to the discipline (Marker B) and to the class (Marker E). “Letting the role go” 
allowed students to nurture their talent in seeking out and defending a personal point of view, among a range 
of possibilities (Markers A, C, D). 
 
5. Conclusions  
In the paper I went through a long process of research that progressively led us to enrich our focus on 
instructional design with learning sciences concerns. In particular, through an overview of our research 
program and results I tried to show in what sense we say that, in properly complex classroom environments, 
learning of and in a science discipline becomes a way for students to construct their personal narratives and in 
what sense appropriation stays in the nexus between productive disciplinary engagement and identity 
construction. As a last remark, probably not all the students had fun in this work. For some of them it was also 
dramatic, since a strong personal involvement touches deep issues. In any case, I feel confortable in saying 
that most of them, if not all, felt they were studying something important and worthwhile: learning physics 
was, for the class and for the single students, a transformative experience.  
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Abstract 
Quantum mechanics holds a fascination for many students, but its mathematical complexity 
can present a major barrier. Traditional approaches to introductory quantum mechanics 
have been found to decrease student interest. Topics which enthuse students such as 
quantum information are often only covered in advanced courses. The QuVis Quantum 
Mechanics Visualization project (www.st-andrews.ac.uk/physics/quvis) aims to overcome 
these issues through the development and evaluation of interactive simulations with 
accompanying activities for the learning and teaching of quantum mechanics. Simulations 
support model-building by reducing complexity, focusing on fundamental ideas and making 
the invisible visible. They promote engaged exploration, sense-making and linking of 
multiple representations, and include high levels of interactivity and direct feedback. Some 
simulations allow students to collect data to see how quantum-mechanical quantities are 
determined experimentally. Through text explanations, simulations aim to be self-contained 
instructional tools. Simulations are research-based, and evaluation with students informs all 
stages of the development process. Simulations and activities are iteratively refined using 
individual student observation sessions, where students freely explore a simulation and then 
work on the associated activity, as well as in-class trials using student surveys, pre- and 
post-tests and student responses to activities. A recent collection of QuVis simulations is 
embedded in the UK Institute of Physics Quantum Physics website 
(quantumphysics.iop.org), which consists of freely available resources for an introductory 
course in quantum mechanics starting from two-level systems. This approach immediately 
immerses students in quantum phenomena that have no classical analogue, using simpler 
mathematical tools that allow a greater focus on conceptual understanding. It allows from 
the start a discussion of interpretative aspects of quantum mechanics and quantum 
information theory.  
This article gives an overview of the QuVis resource and describes the development and 
iterative refinement process based on student feedback.  
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1. Introduction 
Quantum mechanics holds a fascination for many students, but learning quantum mechanics is difficult. The 
counterintuitive behaviour of quantum systems often disagrees with our classical ideas, leading to student 
difficulties that arise when classical thinking isapplied to quantum systems (see e.g. Singh 2001, Cataloglu 
2002, Wittmann 2005, Baily 2010 and Zhu 2012). Quantum phenomena typically cannot be observed 
directly and are far-removed from everyday experience. Complicated mathematics including calculus, 
complex numbers and differential equations are required to describe even simple phenomena. Linked to this, 
instruction often focuses on particularly simple abstract and idealized systems that are mathematically 
tractablebut may not help learners make real-world connections to quantum phenomena.  
Research-based interactive simulations can address these challenges of quantum mechanics instruction and 
support quantum mechanics learning and teaching.Simulations can help students develop mental models by 
reducing complexity, focusing on fundamental ideas and making the invisible visible (Adams 2008a, Adams 
2008b, McKagan, 2008). Through high levels of interactivity coupled with direct feedback, they can promote 
engaged exploration, sense-making and linking of multiple representations (Clark 2011).Through careful 
interaction design and accompanying activities, students can be guided towards the learning goals 
(Podolefsky 2010). Simulations can visualize complicated time-dependent behaviour such as the motion of 
wave packets that help build physical intuition but may be too complex for students to calculate themselves 
(Belloni 2006). Simulations can allow students to collect data to see how quantum-mechanical quantities are 
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determined experimentally. Simulations can help build physical intuition by allowing students to compare 
and contrast classical and quantum behaviour under the same experimental conditions(Kohnle 2014). They 
can challenge students’ classical ideas by allowing them to assess whether they can explain experimental 
outcomes. 
The QuVis Quantum Mechanics Visualization project aims to support the learning and teaching of quantum 
mechanics through the development and evaluation of interactive simulations with accompanying 
activities.This article gives an overview of the QuVis simulations and describes the research-based 
development process that aims to optimize simulations and accompanying activities in terms of clarity, ease-
of-use, promoting exploration, sense-making and linking of multiple representations.Itgives examples of 
features of the simulations that are aligned with previous work on developing effective educational 
simulations. It gives examples illustrating how student feedback from individual student interviews and in-
class trials was used to optimize the resources. Finally, itsummarizes future plans.  
 
2. Overview of the QuVis interactive simulations 
The QuVis Quantum Mechanics Visualization Project (www.st-andrews.ac.uk/physics/quvis) develops 
interactive simulations for the learning and teaching of quantum mechanics concepts (Kohnle, 2010 and 
Kohnle, 2012). The QuVis website now includes over 90 research-based interactive simulations.  
Simulations are research-based, with student feedback informing all stages of the development process. 
Simulations are freely available for use online or download. Simulations cover a wide range of quantum 
mechanics topics, ranging from the introductory to the more advanced undergraduate level.Simulations 
include many topics not covered in other multimedia collections. Some of the QuVissimulations make topics 
typically covered at the advanced level (entanglement, hidden variables, quantum cryptography) accessible 
to introductory level students. The majority of simulations include an accompanying activity available for 
download from the website. Full solutions to these activities are available on the website, but password-
protected for instructor access only. Instructors who wish to obtain the password for the solutions are asked 
to email the author. 
The QuVis website groups the simulations into four collections: simulations for physics students, for 
physical chemistry students studying introductory quantum mechanics, simulations to support a new 
introductory quantum mechanics curriculum based on two-level systems and a recently-launched collection 
of HTML5simulations that run on both desktop computers and tablet-based devices. The previous three 
collections were coded in Adobe Flash. 
The“QuVis simulations for physics”collection includes mostly older simulations developed in 2009 to 2011, 
with 50 simulations in total available. The majority of simulations are aimed at the intermediate level and 
focus on wave mechanics and angular momentum. A smaller number of simulations are aimed at the 
introductory level (e.g. probabilistic analysis of classical systems, the photoelectric effect, the Bohr atom) 
and the more advanced level (e.g. the density matrix, spin clusters and spin chains).  
The “QuVis simulations for physical chemistry” collection includes 18 simulations that are less 
mathematical compared with the physics collection, and include text explanations tailored to chemistry 
students. Topics of the simulations link to Atkins’ “Physical Chemistry” textbook, with most simulations 
developed so far focusing on basic quantum theory. A number of simulations were adapted from the physics 
collection, others were newly developed specifically for physical chemistry students. 
The “New Quantum Curriculum sims” collection consists of 17 simulations with accompanying activities 
that were developed in 2012 to 2013 as part of the UK Institute of Physics (IOP) Quantum Physics resources 
(Kohnle 2014).These simulations are available both on the IOP website quantumphysics.iop.org and on the 
QuVis website. The IOP resources were developed as a national UK project. They include around 80 short 
articles centred on questions with multiple paths through the material. Articles were authored by researchers 
in quantum information theory and foundations of quantum mechanics. Problem sets, simulations and 
activities are embedded into the articles. Resources provide material for a full course in introductory 
quantum theory focusing on two-level systems. Examples of such systems are a spin ½ particle, a two-level 
atom with a ground state and a single excited state, anda single photon in an interferometer with two possible 
paths. Developing quantum theory using two-level systems has a number of advantages (Michelini 2000, 
Scarani 2010, Beck 2012, Kohnle 2014 andMalgieri 2014). It allows from the start a focus on experiments 
that have no classical explanation. It allows from the start a focus on interpretive aspects of quantum 
mechanics and quantum information technology. It is also mathematically less challenging, requiring only 
basic algebra versus differential equations and calculus for the more traditional wave mechanics approach. 
The IOP resources are freely available but require registration. The simulations cover the topics of linear 
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algebra, fundamental quantum mechanics concepts, single photon interference, the Bloch sphere 
representation, entanglement, local hidden variables and quantum information.  
The recently launched collection of HTML5 simulations includes a revised layout optimized for both 
desktop computer and touchscreen use. Controls are more widely spaced, and the active area around each 
control has been increased for ease-of-use on smaller touchscreen devices. Graphics and displayed quantities 
are mostly positioned at the top of the window and controls mostly at the bottom, in order to reduce hand 
obscuration of feedback on touchscreens. Simulations in this collection include both recoded simulations 
from other collections as well as newly developed simulations. Older simulations from the physics collection 
are being revised in terms of layout and graphics prior to the recoding. For the New Quantum Curriculum 
simulations, revisions from in-class trials are being incorporated where needed prior to recoding.  
 
3. Overview of the research-based development process 
Figure 1 depicts the stages of the QuVis simulation development and refinement process. Ideas for 
simulations come from lecturing and tutoring experience and the literature on student difficulties in quantum 
mechanics.  

 
Figure 1.Overview of the simulation development process. 

 
The development process starts by defining learning goals for a simulation. Learning goals inform the 
development of the simulation, activity and assessment instruments used to evaluate effectiveness. The 
learning goals are typically limited to a single concept per simulation (e.g. degeneracy of states or single 
photon interference). This reduces complexity and allows the simulation to focus on key ideas,reducing 
cognitive load. It also allows the simulation to lead students towards the learning goals through the 
interaction design, e.g. the number and types of controls, their ranges and layout. The initial design considers 
the literature on interaction design(Saffer 2010), research into student difficultiesand research into what 
makes a good visualization (López 2013 and Chen 2014). 
After initial drafting, simulations are coded by undergraduate physics students. These students often have 
suggestions for revisions to layout or content based on aspects they find confusing or non-intuitive. Thus, 
student input already informs the development phase. During the coding, the layout is iteratively revised 
based on experience interactingwith draft versions.  
Once the simulation is fully coded, it is refined using student feedback from the appropriate level, first in 
individual student observation sessions and then using in-class trials(Kohnle 2013). Figure 2 shows the 
research methods used in these trials and their primary focus. �
In the individual student volunteer sessions, students first interact freely with a simulation until they feel they 
are finished. The free exploration phase makes it possible to assess the implicit scaffolding, e.g. whether 
students are guided through the interaction design towards the learning goals. Students are asked to think out 
loud during this process, and to describe what they are making sense of and what they are finding confusing. 
After freely exploring the simulation, students work on the accompanying activity. This makes it possibleto 
assess whether questions are unambiguous and whether the simulation and the activity provide sufficient 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































