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History of Physics as a Tool to Detect the Concalifficulties Experienced by
Students: The Case of Simple Electric CircuitsimBry Education

Abstract The present paper advocates the use of Historgien& (HoS) into the teaching of science in primar
education through a case study in the field ofte@@ty. In this study, which provides both histal and experimental
evidence, a number of conceptual difficulties falogearly nineteenth century physicists are shanreta useful tool to
detect §' grade pupils’ conceptions about the simple elecircuits. This result was obtained through themiadstration
of schematics showing circuital situation inspite@arly 1800s experiments on the effects of étectirrent on water
electrolysis and on the behaviour of magnetic cases It is also shown that the detecting of pugliisrnative ideas
about electric current in a circuit is highly degent on the survey methodology (open ended questind drawings,
multiple-choice item, connecting card work, anddng of science tasks were considered in this $tadg that the so-
called “unipolar model” of electric circuit is mopervasive than previously acknowledged. Finallyighly significant
hybrid model of electric current is identified.

1 Introduction

The advantages of introducing History of Science§Hmaterials into the teaching of science has
been advocated by a large number of scholars wili@rscience education community. As recently
emphasized by Galili (2011), the argumentatiorufsing the HoS evolves with time, reflecting the
cultural changes, and research discourse takirog gMatthews 2000, Galili 2008). Current
research seems to focus on three main thematic @vess (1) promoting science learning, (2)
understanding the nature of science, and (3) stgdyie historical approach in the institutional
instructions and the textbooks (de Hosson and Stianger 2011). Despite the intensive support
for using the HoS in science teaching, howeveg ffisue continues to be complex and
controversial” (Galili 2011; see also Monk and Osi@01997; Galili and Hazan 2001).

Under the first axis, i.e. promoting science leagnithe history of science may become a tool to
detect, and possibly overcome, the conceptuakdities of the students. This approach, recurrent
within the constructivist literature, is rootedtire recognition of a similarity — as opposed ttose
“identity” (Galili 2011) — between the ontogenesfschildren’s thinking and the phylogenesis of
scientific development throughout histdry.

In fact, a strong interpretation of a “recapitudatthesis” is not supported by the available
evidence on the actual historical development iefsific concept$,and further work is needed to
elucidate the origin of the similarity. However, @ther or not it is caused by a transition from a
perceptually dominated thinking (common to childseand early scientist’s reasoning) to a

! See for example: Dedes (2005); Driver and Eadl8yg); Hosson and Caillarec (2009); McDermott (398&mdhane
(2007); Viennot (1979); Vosniadou and Brewer (1987)

2 For discussions about important differences betveddidren’s thinking and historical developmentsofentific
concepts see, for example, Gauld (1991); VosniasolBrewer (1987); Wandersee (1985); Wiser andyGass3).



conceptually dominated thinking, as it has beegueatly argued this similarity likely makes the
history of science “a useful heuristic device fotieipating some students’ conceptual difficulties”
(Wandersee 1985). This is especially true for ikty of physics, where a number of studies have
shown that the theoretical controversies betweemssts of the past could help us to anticipate
student’s ideas in the same content area (Secairdeite 1991; Seroglou and Koumaras 2001,
Wiser and Carey 1983).

By relying on the above reported similarity betweandren’s thinking and scientific
development throughout science, this paper repdaasit an experimental study aimed at exploring
whether the construction of tasks derived from lolfkely to offer insights on students mental
models about simple electric circuits at the pryrsahool level, and therefore at studying if theSHo
is really a useful heuristic device for detectimgl,aat best, anticipating student’s ideas in thecsic
area of physics and in this specific age segmettiteo$tudent population. Since a wide variety of
diagnostic techniques have been employed by sceshagation scholars to study children’s ideas
about electric circuits, this study, besides addingsa particular mode of using HoS in the science
education field, pursued also the broader goatldfessing the influence of methodological factors
on study outcomes concerning the popularity of prinstudents’ mental models of scientific
concepts or phenomena.

In this work, the conceptual difficulties faced &grly nineteenth century physicists to study
electricity phenomena were used as the basisdardhstruction of tasks to detect and anticipate
primary school students’ conceptions about elecirizuits. These tasks, however, are not intended
to be mere transpositions of historical experimentsontroversies to an educational setting. The
approach here followed does not assume that stedemtceptions recapitulates scientists ideas
throughout history, and it is in some sense simdahat pursued by Nersessian (1992) among
others, i.e. that “the historical processes proeodel for the learning activity itself”. Rathiéan
looking at students ideas as a recapitulation e@hibtorical process, HoS should be viewed as “a
repository of knowledge of how to go about conging; changing, and communicating scientific
representations” (Nersessian 1992, 54). It is hegaed that, besides a “fundamental recasting of
how we view the role of the history of sciencehie science education context”, this approach also
calls for afundamental recasting of the history of sciencgfifer science education purposes.

An example of recasting, to arrive at the developno¢ HoS tasks that are able to inform us
about children’s spontaneous ideas, will be disetigs the “Findings” chapter below. The findings
will be preceded by a pair of background chaptersted to the two cornerstones of this
experimental study: the available evidence on okl spontaneous ideas about electric circuits,
and the account of some aspects of the early 1@8€wy of electricity.

2 Educational background: children’s spontaneous idas about electric circuits

Although the literature addressing students’ conioap about simple electric circuits has been
focusing on secondary level students, the studigstdd to primary school pupils are steadily
growing up? Most of the early studies focused on the assessoii¢ine models of electric current
circulations among children. These studies revealedmber of learning difficulties on physical
guantities (current and voltage), conceptual k{etg. the concept of closed circuit), and forms of
reasoning (the linear and sequential views of dilrsiopposed to the system view). A number of

3 Expositions of this idea can be found in, amoret, Driver et al (1985); McCloskey and Kargor8@9 Monk and
Osborne (1997); Nersessian (1989); Seroglou é198g).

* Examples of studies addressing primary schoollpapinceptions about simple electric circuits idellAzaiza et al
(2006); Cepni and Keles (2006); Cosgrove et al §)9Briver et al (1994); Galili et al (2006); Gretzand Sudbury
(2000); Jabot and Henry (2007); Jaakkola and N{@008); Kallunki (2009); Kukkonen et al (2009); Maiitsa et al
(2005); Summers et al (1998); Tiberghien and De&(b976).



studies, besides addressing these difficulties ageah to improve teaching and learning with a
focus on guiding the student to a system view ecteic circuit®

Out of this body of literature, the use of HoS mats is very rare. One notable exception is
Azaiza et al (2006), where it is briefly emphasiteat a “certain similarity between the philo- and
ontogenesis with regard to the understanding atmetal current may suggest a different approach
to teaching of electricity essentially incorpordgtithe history of science” (p. 67).

According to many authors (e.g. Driver et al 199dmmers et al 1998, Borges and Gilbert
1999, Galili et al 2006), four main models on catreirculation in a battery and bulb circuit are
identified:

1. theunipolar modelwhere the electric circuit is not closed;

2. theclashing current modeivhere the current flows from both poles of thédrg and the
light is sometimes explained in terms of the “clashthe two currents;

3. thecurrentconsumption modelvhere there is less current in wire going bacthtbattery
since it is “consumed” by the bulb;

4. the*“scientific” model of constant current throughout a closed circuit.

A number of slight variations of the above modedd been reported. For example, a further
version of the current consumption model had bééimas identified. Besides an “attenuation
model”, whose characteristics are that of the almowveent consumption model, sometimes it is also
identified a “sharing model”, where identical lampseries are predicted to be all the same
brightness, for example, but current is not regduakeconserved (e.g. Osborne 1981, 1983;
Shipstone 1984,1985).

Galili et al (2006) identified two more hybrid madsleThe first one is a sort of intermediate
between the unipolar model and the other ones $mtigin this model pupils drew a closed
circuit, but showed current flowing solely in onietloe two wires connecting the bulb with the
battery” (p. 837). The second hybrid model is iadta mixture of the clashing currents model and
the unidirectional models since “the current leabespole of the battery [and] flows through most
of the circuit whereas in a small part of the dirtlve current runs in the opposite direction” (p.
837).

Based on simulation and laboratory activities Jaikland Nurmi (2008) refined the current
consumption model by identifying four submodelsethof whom could be considered as rough
approximations toward the scientific model. Beyancbnsumption model, they found indeed a
constant-current model, a surface model, and angrelry Ohm model. Alternative classifications
of the models had also been suggested.

Grotzer and Sudbury (2000) argued for groupingtioelels “by the causal assumptions that one
needs to make in order to understand them andotheeptual leaps needed in understanding
causality in order to progress from one set taiad” (p. 4).

A large scale study about the degree of populafitile models (Cosgrove et al 1985) shows that
only about 5 per cent of a sample of 10-yrs oltbdcln use the unipolar model, while the clashing
current, current consumption and scientific modedplay comparable levels of popularity.

Yet, even a cursory comparative analysis of tleediure reporting data about pre-assessments
shows a remarkable degree of variation in the gojiylof the models with"3— 5" grade age-
groups across studies (Tab.1). A comprehensivegsisalf the reasons behind this variation is
outside the scope of this paper. Anyhow, cultusatdrs, methodologies of data collection, or a
combination of both, might be at origin of the atveel discrepancies. As regards the
methodological factors, a number of data collecparcedures have been indeed used to investigate
primary school children’s conceptions about eleatrcircuits. These include multiple choice tests

® For example, Azaiza et al (2006); Duit and von R¥tk (1998); Fera and Michelini (2011); Psillosq8®



(by far the predominant method), open-ended questioral interviews, drawings, laboratory
and/or simulation activities.

models Some pre-assessment experimental studiesaamrent circulation models

Grotzer& Cepni& Jaakkola

Sudbury Azaiza et al Keles Galili et al Jabot & Henry & Nurmi

(%) (%) (%) (%) (%) (%)
unipolar 37 295 125 90 93 58 10 0 2 0 2 14
clashing 41 7.5 25 0 0 4 25 17 60 64 55 41
consumpt. 7 0 0 0 2 11
* 50* 60* 18* 21* 31*

scientific 0 0 0 0 0 8
others 15 56 18.5 0 0 26 15 0 0 0 0 27
no answer 0 0 44 10 7 10 0 23 0 0 0 0

grade(size)  4(27)  3(30) 4(40) 4(80) 4(40)  5(50) O}44(40) 3(63) 4(49) 5(108) 4&5(64)

OPN | itten open  yes/no & drawings ~ MUItPIe
method interview written open questions questions . y! choice
d : questions test
rawings test

Tab 1 Popularity of models of current circulation in @mber of pre-assessment experimental studie&’p4"and '
grade children (full bibliographical details abdlse studies are listed in the references seciitwg) asterisks (*)
denote circumstances where the classification ndegidlopted does not allow to distinguish betweereciir
consumption model and scientific model. Data mankét an asterisk represent therefore the totatgraage of
children holding either a current consumption scientific model.

3 Historical background: some aspects of the earlyistory of electric circuit studies

Prior to testing for children’s understanding afiple electric circuits, a study was performed to
analyse the main early 1800s developments of eldatiamics. The goal of this study was to
provide an historical account to be qualitativetynpared with children’s spontaneous ideas, and to
be used as a source of core ideas to guide théraotisn of HoS tasks and the interpretation of
children’s ideas. It is important to emphasize tivatase of significant parallels or analogies, th
HoS inquiry is here proposed in order to help teesho anticipate some of children’s ideas about
the electric current in a circuit, rather than éhphstudents’ interpretations or ideas about casren
and circuit.

Since the main conceptual difficulties faced bydents concern the concepts of closed circuit
and electric current, it seemed reasonable to coartha historical record of the emergence of these
ideas in the context of the history of physics with outcomes of the science education studies on
students’ spontaneous ideas. Drawing on the matestant primary sources, this study focused
therefore on the immediate aftermath of two key moi®in the history of electrodynamics that is
Alessandro Volta’s development of the “pile” in B7/@evilacqua and Fregonese 2000-2003;
Pancaldi 2003) and Hans Christian Oersted’s disgayMeslectromagnetism in 1820 (Oersted 1820,
Sarton and Oersted 1928).



3.1 On the effects of the single pole of a battery

The development of Volta’s battery was motivatedh®syprevious studies carried out in Bologna
by the physician Luigi Galvani. Drawing on his gtephysiological experiments where frog’s
muscle-nerve preparations were stimulated by athmygpand static electricity, and where frog’s
legs were connected with metal arcs, Galvani dpesldhe idea that the muscle is a sort of
Leyden’s jar and that nerve conduction and musd#an are due to the presence of a form of
electricity in the animal tissues. Galvani’'s expents aroused great interest and eventually led to
major controversy on the “animal electricity”.

Among the first scientists to replicate these expents was Volta who, after having initially
supported Galvani’s theory, came up with the ideaxplaining the muscle contractions with the
effect of a “contact” electricity (as opposed toaarimal one) resulting from the use of arcs made of
two different metals. With the goal of providinganclusive proof of the correctness of his contact
electricity model, that did not require a livingwmonment, Volta devised in 1799 his “pile”, that i
an “artificial electric organ”, as he called hidtleay in his well known March 1800 letter to the
Royal Society.

As a consequence of the above experiments on thvar@@@arc and the subsequent development
of the Voltaic pile, the idea of continuously mayielectricity in a closed “voltaic circuit” entered
the domain of physics. The emergence of the corafegiectric circuit, however, was somewhat
hampered by the former static electricity knowledgeving out of experimental observations on
the interaction between charged bodies and thetefté electric discharges produced by an
apparatus such as the Leyden’s jar. One of theecquesices of the difficult transition between
static electricity domain to the novel dynamic éledy field, embodied by the idea of the Volta's
pile as a sort of self-rechargeable Leyden’s jas the attempt to produce chemical and magnetic
effects out of the single pole of a battery (Behsegnd Closset 1993; Viennot 1996/2001).

As an example of chemical effects, there was walamtrolysis, that is the decomposition of
water into hydrogen and oxygen by voltaic curréirgi obtained by William Nicholson and
Anthony Carlisle in 1800, soon after Volta’'s diseoy (for a report about a successful water
electrolysis experiment preceding the inventiovolta’s pile, by a powerfuglectrostatic
generator based on friction, see de Levie 1999).

In hisReport on the Galvanisrthe influential French naturalist Georges Cuwente about the
attempts to produce gas by the direct action okihgle pole of a battery (Cuvier 1801; Wilkinson
1804, 149). After reporting about the capabilityfaiita’s pile to yield the production of gas when
the two extremities of the battery are put into owmication with the water, the Frenshvant
reported that he was puzzled by a number of phenapmamely the fact that if we place the
extremities of a pile inside a volume of water, gaiy and hydrogen gases appear only at a certain
distance from the wires. And, most importantly, thets that the gases appear out of points
mutually far apart, and that each gas appears alwalyof a specific extremity of the pile, are not
easily explained under the assumption that oxygenhgdrogen are produced by the very same
water molecule. These observations, as reportéfiivier, led some scientists to believe to be on
the verge of a “new chemistry” and some other @aaesispend the judgement.

Yet, Cuvier remarked, whatever their beliefs, aleatists had to begin their experiments by the
same kind of research, that is by looking if ipassible “to produce the two gases in separate
waters”. These preliminary experiments led to theeovation that “if the waters are absolutely
isolated, no gases appear”. In order to producgdlses, Cuvier reported, it is necessary “to put
[the waters] into communication by a metal wireu¢@r 1801, 320). Similar observations were
repeated again, for example, by Antoine Libes,gssbr of physics at the Ecole Centrales in Paris
(Libes 1801, 402;1803), and by naturalist EugenarP@d 810). In 1811, J.D. Maycock emphasized
also that, if Humphry Davy'’s influential hypothesit chemical affinity and electrical attraction
are identical forces (a few years earlier Davyvadiat this conclusion after his experiments legdin



to the decompositions of potash and soda into ¢éliemetals of potassium and sodium through the
use of a large voltaic battery),

[it is] difficult to explain why decompaosition isener produced by a single wire, however powerfuy ma
be the battery, with which is connected; why decasitipn is never effected, either by common or
galvanic electricity, except whewo conductors, in different electrical states, arelen® act on each
other (Maycock 1811, 24-25).

Notwithstanding the negative results of above expamtal setup, still in 1825 the Geneva
physicist Auguste De La Rive, checked if the sirgite of a battery was able to produce the water
electrolysis. It is worth to remember that De LadRwas one of the key figures within the voltaic
electricity studies. He eventually became one efrttain advocates of the chemical theory of the
Volta’s pile (Kipnis 2003), that is the view thdtemical changes are necessary for the production
of an electrical tension or a current, if the cit¢siclosed. In the Nineteenth Century, a londes
controversy opposed the chemical theory to theambnheory, i.e. the view, first put forward by
Volta himself (see the beginning of section 3.Aattthe action of the pile was due only to a cantac
force arising when two different metals were pwib icontact (Kragh 2000, Kragh and Bak 2000,
Kipnis 2001).

In one of his earliest contributions to the voltalectricity studies, De La Rive reported the
available “facts ... about the necessary and favdemmnditions for the production of
decompositions by the pile” (De La Rive 1825, 192)e first of these facts was the requirement
that the solution to be decomposed is part of astdl voltaic circle” and that, as a consequence of
this, the solution is traversed by electric curréhile De La Rive did not doubt that a battery
require a closed voltaic circle to produce a cutriae still felt the need to complete his account o
the requirements to be met with a reference tdssibility that the single pole of a battery could
still produce the water decomposition. “Thus”, DeeRive, added:

| ascertained that it is impossible to produce ébalndecompositions by immersing only one polehefiiile
in the liquid, and it is not possible as well bynersing the two opposite poles of two differergpiDe La
Rive 1825, 193).

Out of this negative result, De La Rive posed thestjon about how to reconcile it “with the
idea that the decompositions are only due to tbetret tension in which the liquid is assumed to
be”. The result of this experiment and its implicas were also later reported by another advocate
of the chemical theory, the Paris physicist Ante@esar Becquerel (1835, 377).

As for the magnetic effects to be obtained by angls pole of a battery, Oersted himself, that is
the author of the discovery of electromagnetismugh the observation of the deviation of a
magnetic needle induced by an electric currentifse@ext section 3.2), reported in 1820 that it
seemed demonstrated by his experiments that “tlgmetia needle was moved from its position by
the galvanic apparatus, but thia¢ galvanic circle must be complete, and not opdmnch last
method was tried in vain some years ago by vesbcated philosophet§emphasis added]
(Oersted 1820, Sarton and Oersted 1928).

To what celebrated philosophers Oersted referrpdesently unclear. One possible candidate is
S.P. Bouvier (1803yom Brussels who, however, could hardly be conside “celebrated
philosopher”. Bouvier attached an iron supporti top of a pile and set a magnetic needle on its
pointed end. When he touched the bottom of thevpile one hand and brought the other hand to
the needle, it moved. As remarked by Kipnis (200 circuit was evidently open, and a keen
reader could have recognized Bouvier’s effect astaistatic” (see also De Andrade Martins 2001).

Another candidate was Gian Domenico Romagnosi, mgueist and amateur physicist rather
than a celebrated philosopher. Romagnosi’'s 1802rexpnt has been sometimes considered a sort
of anticipation of Oersted’s 1820 discovery of &lemagnetism through the observation of the
deviation of a magnetic needle induced by an etectirrent. According to Romagnosi’s report:



Having constructed a voltaic pile, of thin discscopper and zinc, separated by flannel soaked in a
solution of sal-ammoniac, he attached to one optiles one end of a silver chain, the other endlath
passed through a short glass tube, and terminatedilver knob.

This being done, he took an ordinary compass-blaxeg it on a glass stand, removed its glass cover
touched one end of the needle with the silver kmdiich he took care to hold by its glass enveldyter
a few seconds contact the needle was observelldaaa new position, where it remained even #fier
removal of the knob (Romagnosi 1802a; English tedios in Stringari and Wilson 2000, 133).

Owing to the unclear description of the experimkeajpgaratus in Romagnosi’s original accounts
(Romagnosi 1802a, 1802b), sharp disagreementsiexist historiographical literature about the
legitimacy of a priority claim (e.g. Stringari aldilson 2000, De Andrade Martins 2001, Russo
and Santoni 2010, 274). Two remarks are howevevaak here: 1) Romagnosi consistently
discusses an apparatus where only one end of & chaia was connected to a Volta’s pile, and
therefore there was no electric current passingutyin it (Govi 1869); 2) Romagnosi’s remark
about the “Galvanic flow” shows that, while he ntigfave actually observed an electrostatic effect,
his experiment was not intended to be of an elstdtic nature. While the exact details remain
unclear, Romagnosi’s experiment suggests, as theogusly discussed water electrolysis
experiments do, that the relationship between diegeuit and physical-chemical effects of a pile
was not as obvious as today.

Since in all likelihood Oersted was not aware otider’'s and Romagnosi’s experiments, it is
possible that the Danish physicist was referringudlthe research on the relationship between
electricity and magnetism undertaken in early 1880esesearchers with whom he had a close
acquaintance, such as Jean Nicolas Pierre HacRetfiessor at thEcole Polytechniqueand by
Johann Wilhelm Ritter, German physicist as welDassted’s friend (Kipnis 2005).

3.2 On the “conflict of electricity” and the “dissipation of electric fluid”

As emphasized above, Oersted’s discovery of eleagmetism was the second crucial transition
between static electricity and dynamic electrisitiydies. His discovery of the effect of an electric
current upon a needle compass demonstrated tletti@ty and magnetism are not separate
phenomena, as it was strongly believed for examgand 1600, but are two manifestations of a
single effect. This reunification was made possiyliehe above discussed Volta’'s discovery of a
tool able to produce a steady flow of current eleity and by Oersted’s metaphysical speculations.
As he wrote about himself, his adherence to theiopi“that the magnetical effects are produced
by the same powers as the electrical” was indemzhaequence of his belief in the philosophical
principle “that all phenomena are produced by #raesoriginal power” (Stauffer 1957).

One of the main results that are directly conneutithl Oersted’s discovery of the mechanical
motion of a magnetic needle produced by electricetit was the emergence of the telegraph
industry. Soon after Oersted’s discovery, Andréilampere proposed indeed to construct a
telegraph by using as many conducting wires andhetagneedles as there are letters (Ampeére
1820, p. 73), and the question arose as to whithgrdistance electromagnetic telegraphy is
possible. Answering that question will prove diffic However, the efforts toward that goal
provided important knowledge about the electria@nirin a circuit.

Among the scientists who attempted to understafahiinstantaneous telegraph might be
established by means of conducting wires and coseisagigures Peter Barlow, English
mathematician well known for his invention of aamatic telescope lenses (“Barlow lenses”).

Actually, Barlow’s main goal was to throw some ligim a major controversy, dating back to
late 1700s, concerning the nature of electric agh@Barlow 1825a, 1825b). This controversy
opposed the followers of Abbe Jean-Antoine Nollews fluid theory of electricity to the ones of
Benjamin Franklin’s single fluid theory. According Nollet’s view, the two-fluid theory could
explain the existence of two distinct kind of etexties, very different from each other, formerly
discovered by Charles Francois Du Fay: the vitresestricity, produced by rubbed glass, and the
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resinous electricity, produced by rubbed ambemldna argued instead that only one electrical
fluid existed and that a “minus” or “plus” stateadéctrification reflects the state of a body havin
less or more than a normal amount of electricatlfl@ne early difficulty of Franklin’s view was its
failure to explain the repulsion between two bodi@sying resinous electricity (i.e. negatively
charged), since the one-fluid model explained ¢hestricity with a lack of fluid. Although this
difficulty was later accounted by modifying Framké model (by Franz Ulrich Theodosius
Aepinus), the controversy between the two modefgicoed into the 1800s (for an account of this
controversy for science education goals see Bi2d@s, Furio et al 2004).

The relevance of fluid theories of electricity hetinterpretation of Volta’'s battery was
authoritatively stated, a few months after Oergeliscovery, by Ampére (1820), who assumed the
electricity as consisting of two distinct fluidsdathe voltaic battery as an instrument possessiag t
power of conveying one of these fluids to the omeé @&d the other to the other end. According to
Ampeére, when the poles of a battery are connegteddmnnecting wire, “a double current results,
the one of positive electricity, the other of négatlectricity, parting in opposite directionstimo
the points where the electro-motive actions exats, reuniting in that part of the circuit opposed
those points” (Ampére 1820, p. 63Dersted’s himself had suggested that “the effdithvtakes
place in [the] conductor and in the surroundingegpahould be namedtdnflict of electricity
(Oersted 1820). As another pillar of electromagnstiidies, Michael Faraday, acutely observed,

This reunion would of course, take place in theewand one may be allowed to ask, whether the
magnetic effect depends on it, as M. Oersted s¢ehénk, who calls ithe electric confligtand also
what becomes of the electricities that accumulatbe wire. But from other parts of M. Ampere’s
memoirs, a very different idea of the electric eats may be gained; the one electricity is consitlas
continually circulating in one direction; while théher electricity circulates and moves in a curhethe
opposite direction, so that the two electricitiess gassing by each other in opposite directiotisdrsame
wire and apparatus [emphasis added] (Faraday p3222).

In 1825, by using as guides Oersted’s discoversides Johann Schwigger invention of a
“multiplier’(multi-turn coil) to increase the magtie power of a circuit, and Ampere’s idea of a
telegraph system, Barlow attempted to understaretiveh is long-distance telegraphy possible. By
measuring the angle of magnetic deviation as atimmof the length of the wire, Barlow “found
such a sensible diminution with only 200 feet ofefj as at once to convince him of the

® Alook at the 1820s and 1830s physics textbooksvshhat the poles of the pile are often considesetindefinite
sources of contrary electricities” (Pouillet 18885; Benseghir and Closset 1993, 39; see also B&@6, 541) or
“inexhaustible sources of opposite electricitied’gbster 1837, 413). In the conductors between dlesp“the
accumulated electricities meet incessantly” (La®@7] 172; Benseghir and Closset 1993, 39), or ‘mdttasion a
continual recomposition” (Webster 1837, 413), oiia, “the opposite electricities tend to destrag another and, if
the intermediate liquid is a substance incapablieecbmposition, the equilibrium would be restorad the motion of
the electricities would cease altogether” (Barz&lt808, 359-360).

As one chemistry dictionary explained, “if two metares, connected with the two ends or poles efjilte, are
brought closer to each other, the two oppositetiiditees will meet at the point of contact of thveo conductor. [After]
the contact, the two electricities kept producittha two sides of the pile, and at joining witkive conductor to form a
continuous current” (Pelletan 1824, 372).

Interestingly, if one widens the search at the emmmtorary meteorology, discovers that the meetingpafrary
electricities was thought to be the cause of ligign“the lightning is certainly due to the meetiofgtwo contrary
electricities, accumulated within close portiongwd different clouds” (Lamé 1837, 81; see alsoiReul 825, 401), in
accordance with the view that the clouds are “gomutuctors, while the air with which they are surrded is a bad
conductor”, that is “immense isolated conducto@lhfsted 1832, 164).

Ideas closer to the modern views about the baitteayclosed circuit were developed at the same éighe above
conceptions. A notable example can be found imittigngs of Leopoldo Nobili, one of the main Itatighysicists of
early 1800s (Leone, Paoletti and Robotti 20111882, he explained that “once completed the voltiacuit, we
should no longer believe that the zinc and coppds@re a permanent home of the contrary ele@sdits when they
were isolated”. As soon as the circuit is closddhe former equilibrium, nothing is left “out ofréction and velocity
of movement” (Nobili 1822, 167). As the French phist Jean Peltier said, in his 1836 address tAdalemy of
Sciences in Paris, “pile and conductor constitut@igue system where all the parts are interdepgrstethat the
electromotor is no longer under the same conditiaimsn, for example, the conductor is changed” {€eli836, 476).
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“impracticability of the scheme” (Barlow 1825a, 106ut of this negative result, he was led to
investigate the cause of the diminution and theslawwhich it is subjected, with the hope that this
could throw some light on the one-fluid vs. twoidlsi controversy.

If [...] this diminution arose from a dissipationthie electric fluid in its course, then, on the hyyesis
of a single fluid, the action ought to be much isgyer at that part of the wire nearest to the pasjpiole
of the battery, than at the other extremity. Whiléywo fluids are admitted issuing from both exties
of the battery, the action at the centre of theewstould be much less than at the parts adjacéme tiovo
poles (Barlow 1825h, 271).

Barlow managed therefore to measure, by meansed tompass needles, the magnetic
deviation at different distances along a wire cate@ with the poles of a battery. One needle was
placed at the middle of the wire (at C in figureahy the other two near the ends of the wire (at B
and D, figure 1). Besides finding that the curr@néngth was inversely proportional to the square
of the distance, Barlow discovered that, for eacigth of the wire,

it appeared that the three compasses were eqifatferd in each experiment [see figure 2]; thehdlig
differences observed being ascribed [...] eithertoreof observation, or some difference in their
respective conditions. From this it follows, thiaé diminution of effect, when a greater length okvis
employed, is not to be attributed to an accideditsdipation of the fluid; the compass, which was
upwards of 400 feet from either extremity of theewbeing equally affected as those only 7 feeadts
(Barlow 1825b, 271).

In order to compare the deviations produced witfedint lengths of the wire, it was necessary
to compensate for the systematic error introdugethé battery during the progress of the
experiment. This was done by estimating the retgpower of the battery before each
measurement, through the effect of a short condlgietire on another compass (at A, figure 1; see
also the column “deflection of standard compassfi§iire 2). As observed by Barlow, “from
thence it was computed what the deviations woulek ieeen, had the power of the battery
remained constant” (Barlow 1825b, 272).
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Fig 1 Barlow’s circuit to measure the electric currandifferent points of a wire through the measurenoéuleflection
of magnetic needles placed in B, C, and D (Barl825h).
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Fig 2 A sample of Barlow’s original measurements of neetéflection at points B, C, and D, showing ttnet intensity
of current does not change throughout the cirediaitever the length of the wire is (Barlow 1825a).

Still in 1825, Barlow’s finding about the intensiby current in a circuit was supported by the
experiments carried out by the Paris physicist Beog], aimed at establishing “[whether] the
intensity of the electro-dynamic force is the samgwhere in a wire or whether it decreases from
the poles of the pile toward the central part efwire” (Becquerel 1826, 428).

Becquerel considered a circuit where the MM’ (figure 3) was connected to the metallic wire
PN. By connecting a segment of the wire, @lg.through a couple of equal copper wires, aa.
andbg, to a galvanometer made by a magnetic needle sdegevithin a multi-turn coil, Becquerel
observed a deviation of the needle from its indiia¢ction due to the electric current circulating
the wire of the galvanometer. If a couple of wiitesn the ends of another segment of vafe
identical lengthe.g.c’d’, is connected to the galvanometer in such a watyalsecond current in
the opposite direction is produced there, Becqudereld that the needle is not displaced from its
position of normal equilibrium. As reported by Baegel, since “the difference between the
intensity of current im and inb should be equal to the difference between thegities inb’ and
a’”, it should be concluded that “the intensity ofreunt is either the same in all points of the wire,
or decreased in arithmetical progression” (Becdui826, p. 429-430).

" In his review paper about Barlow (1825a), J.-F Nnmntferrand, professor of mathematics and physidse Royal
College of Versailles, observed that Barlow’s eipent did not support the view that the electrigdldissipates along
its course and reaches the minimum at the negptikeenor the one based on two electric fluids stgrat both poles
and producing the minimum magnitude of electriaent at the middle of the circuit. However, thems®t view “is
clearly incorrect since the intensity observedadntepoint is due to the sum of the actions of Wee ¢urrents started at
both poles. In order for this sum to be constdrngs, iequired, as it was shown by Becquerel, thatntensity of each
current is either constant or changing in an aréttical progression” (De Montferrand 1825, 284).
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Fig 3 Becquerel's circuit to compare the electric curymoduced by a battery (MM’) in different segmeaotsa wire
(oa, ab, bc, oa’, a'bi, b’ through the measurement of deflection of the mméigmeedle of a galvanometer connected
with couple of wires starting from the extremit@fg¢he segments (e.g.y, d' J) (Becquerel 1826).

Thus, when George Simon Ohm entered the fieldefatvs governing the electric circuits — in
the years 1825-1827 — it was already establishadhlynthrough Barlow’s work, that the intensity
of current does not change throughout the cird¢dipriis 2009). In fact, however, Barlow’s
discovery that the effect of the electric currepbii a magnetic needle dramatically reduced after a
limited distance put at rest for a time all theeatpts to construct a long-distance electromagnetic
telegraph. Things started to change in 1830s, bgploHenry and Philip Ten Eyck’s discovery that
the current strength is actually inversely promorél to distance, not to distance squared (Schiffer
2008), and, most importantly, that Barlow’s diffigucould be overcome by employing a high-
intensity battery able to activate at distancelaoteomagnet with a coil of many continuous turns,
and the subsequent Charles Wheatstone and Will@heFill Cooke’s patent of the first practical
electric telegraph (Turner 1983).

The “dissipation of fluid” idea was, however, neeo, as evidenced, for example, in a 1854 law
report of patent case on the telegraph, where Qoigtice Taney summed up the early difficulties
in electromagnetic telegraphy by stating that teres were hampered by “the fact that the
galvanic current, however strong in the beginnbegame gradually weaker as it advanced on the
wire” (Telegraph Case — United States Supreme C@&4, 324).

3.3 General remark

The generalization of the concept of closed voltaigalvanic circle (which emerged with the
development of Volta’s pile) to the subjects of themical and magnetic effects produced by a
battery, and the emergence of the concept of coogtaf the electric current throughout the circuit
(which was made possible by the previous Oerstetemplishment) out of the theoretical
controversy about the electrical fluids, seems &&era further case for the claim that a similarity
exists between children’s thinking and historicavelopment of scientific concepts. Just as in the
history of electricity studies there was a time wihige working of the battery was understood
without resorting to one or both of the above cpteésections 3.1 and 3.2), also the scientific
model of electric circuit among children seemsaitofv earlier spontaneous models lacking
concepts that bear strong similarities with thednisal counterpart (section 2).

A word of caution is in order. The historical acobabove provided does not prove rigorously
that the same steps occurred in the evolutioniehiic concepts among the scientists of the past
and among the children of today (dealing moreow#r different phenomena, theoretical
backgrounds, goals, materials and so on). It is @essible that problems like the effects of the
single pole of a battery and the equality of curiera circuit were considered trivial or
uninteresting by the majority of scientists. Whathains, however, is a suggestive similarity, whose
significance might lie, as it has been sometimesiagd, in the fact that the shift from the thinking
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of the naive to the thinking of the expert practigr involves “the same kinds of conceptual change
as does theory change in the history of sciencas¢and Carey 1983). And, if a certain degree of
similarity between the two domains exists, we mighpect that HoS driven materials could help us
to enrich our appreciation of children’s spontareieas with respect to the standard methods of
detecting such ideas without paying attention &ltistorical dimension of science. This
expectation will be verified in the experimentatioglow.

4 Aims of the study

A small sample of Italian primary school studentswhosen to carry out an analysis of some
aspects of their understanding of simple electrmuds. Through this analysis, it is expected to
explore what is the role of methodological factorgletermining study outcomes concerning the
popularity of the models on current circulationsiges addressing the role of methods as written
tasks, open questions and discussion/interviewssthdy will also explore to which directions
does the use of ideas from HoS for the construafdasks within established methods affect the
research results concerning the students’ altemateas. To this goal, this study will drew on
materials derived by the history of some relevanmlyel 800s researches on the electricity produced
by batteries.

5 Material and methods

The participants to the experimental study wer&f#é@grade students (10 yrs old), from four
classes of one average urban Italian primary schioai had no prior formal education on
electricity before the study took place. It is imjamt to emphasize that, at time of this study, the
Ministry of Education national guidelines for thempary school mainly listed “learning goals” to
be achieved by children at the end of grades 3Pl 2007). The new guidelines do not
substantially alter the earlier ones (MIUR 2012} aas for the natural and experimental sciences,
do not mention the electricity as one of the phg/§ield through which achieve the stated goals.
Unlike the recent guidelines, the former 1985 Eletary School Program®PR 12 February

1985, n. 104), explicitly suggested experimentingetectricity and magnetism, building batteries
and bulbs electric circuits, and studying the ddfee between insulating and conductive materials
through direct tests. The programs also includedatbrking principles — electricity included — of
household appliances.

A subset of the sample (Group 1, n = 37 students two classes — Group 1a and Group 1b —
taught by two different science teachers) was stlily this author in the classroom jointly with the
class’ science teachers in Fall 2011. Both teadmisabout 15 years of teaching experience in
primary school. They got a permanent position eetbe current mode of appointment through a
MA degree course in Primary Education Sciencesrbedally operational, but had participated to
a large number of in-service training courses,i@aldrly on science education topics. Another
subset (Group 2, n = 41 students) was studiedllrRB4a2, upon this author guidance, by a young
substitute teacher as a part of her master’s tieslamary Education Sciences devoted to electric
circuits and learning. Since the experimental &as on this second subset turned out to be only
partially overlapped with that of the subset diestudied by this author, only the results disedss
in section 6.1 below concern the whole sample.i@rcontrary the results presented in sections 6.2
— 6.4 are entirely based on Group 1 students.

In order to provide an assessment of the role ahauwlogical factors, four different diagnostic
methods were employed: drawings, work with conmectiards, multiple choice item, yes/no and
open question about electric circuit schematice fblurth method was constructed upon the basis
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of the historical development of electricity stuglia early 1800s. The whole sessions were taped
with a digital recorder, and the relevant discussiaere later transcribed.

In each subset of the sample the unit began wattesentation of the materials to be used, i.e.
one standard C battery (1.5 V), one flat battery ), a 2.2V, 0.25 Abulband a4.8V, 0.3 A
bulb, without providing any relevant cue about théfter a brainstorming session, in which the
students discussed and shared opinions about jet®names, daily life uses, nature, functions,
etc.), each battery and bulb was closely inspdayeebch child.

At the end of the presentation phase, the childrere asked to consider only a pair of objects,
the C battery and the 2.2 V bulb. They were pravidéh sheets of paper and instructed to “draw
the battery and the bulb”, to “show how the bulbyrba lit”, and to “make use of symbols to help
understanding what happens” (the assignment wasnaailgen on the classroom chalkboard). The
same procedure was followed with the second pasbfEcts, the flat battery and the 4.8 V bulb.
The content of the message was designed to makengutral as possible, in order to not influence
the children, and nonverbal cues were kept to timnmum. The sheets of paper were collected and
the drawings were categorized in classes, accotditige electric circuit model that can be deduced
by the information contained in the drawings anbdewpresent, in written explanations, captions
and so on. The drawings were later digitized.

The second session of work started with a multiplgice question on alternative graphic
representations of the electric current in a ctr@@osgrove et al 1985; Kallunki 2009), which was
readily collected and categorized, and continuatl eisimulation work with connection cards (for
applications of this methodology see Testa, Michelnd Sassi 2006, Kallunki 2009). The classes
were subdivided in small, 4-pupils, groups. Asitvell known, small groups offer indeed “ample
opportunity for students to share their ideas amdd on promising strategies to solve learning
tasks” (Huber 2003).

Each group was handed over b/w pictures of bastemel bulbs glued on supports of cardboard
and was asked to show how the bulb and the battenyld be connected in order to lit the bulb. A
number of copper wires with alligator clips wag Egide, on the teacher desk: each group could
take as many wires as desired, without any cues fhis author or the teachers. At the end of the
connection work, each artefact was photographedeanld group was asked to explain the reasons
why it was connected in a given way. In case dedénces between the cardboard circuits
constructed by a given group and the previous drgwiade by a member of the group, a call for
explanations followed.

Afterwards, the whole session was devoted to theahconstruction of the models of circuits,
drawn by the children and built with the connectoainds by the groups, and to the collective
analysis of the outcomes. The whole set of modals pveviously scrutinised and subdivided in
classes of similar circuits. Each class was byilthe children, subdivided again in small groups.

Finally, in the fourth session, the children werevided with two sheets of paper, one at a time,
each one containing a schematics of a battery-titdhital setup, derived from the above discussed
HoS study, a yes/no written question, and the requent to give reasons for their choices. Also in
this case, the sheets were in turn collected, oatsgl and, eventually, digitized. To each
administration followed the experimental test af tircuit and the analysis of the outcomes, which
was, as the previous three sessions, wholly taped.

6 Findings
As discussed in the “Educational background” sectiour main models on current circulation in a
battery and bulb circuit are identified in litereguunipolar, clashing currents, current consunmptio

and scientific. The reported data about pre-assastsobtained through multiple choice tests,
open-ended questions, oral interviews, drawingmritory and/or simulation activities shows a
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remarkable degree of variation in the popularityhaef models with "8 — 5" grade age-groups across
studies (Tab.1).

With goal of assessing the role of methodologieatdrs in determining study outcomes on the
popularity of the models on current circulation amahildren, the sample of this study was studied
through a number of these diagnostic techniquesvidgs, multiple-choice item, simulations with
connecting cards, yes/no and open question abectriel circuit schematics. This later technique
consisted in the construction of tasks based osithgarity, discussed in section 3, between
children’s thinking and historical development loé tscientific concepts of closed circuit and of
constant electric current in a circuit.

6.1 Drawing and multiple-choice item phase

As outlined in the previous section, at the end pfesentation phase on the materials to be used
(batteries and bulbs), the children were instrutbeiraw the battery and the bulb”, to “show how
the bulb may be Iit", and to “make use of symbolf¢lp understanding what happens”.

The advantages of using a drawings technique foloexg children’s spontaneous ideas,
avoiding the use of cues associated with a givedemdave been addressed in a large number of
studies. Among the different reasons given arevighog the children a quick and enjoyable
method; providing alternative form of expressiondbildren who have difficulty expressing their
thoughts verbally; avoiding the children feel coasted to match their knowledge with that of the
researcher (e.g. Kdse 2008).

As a matter of comparison, the drawings phase wlsifed by the administration of a multiple
choice question on alternative graphic represeantatof the electric current in a circuit formerly
used in large scale study about the degree of papubf the models (Cosgrove et al 1985).

Each drawing produced by the children following finesentation phase was inspected and then
placed into one of four categories according toékel of understanding about the current
circulation it displayed (unipolar, clashing cun®rcurrent consumption, scientific).

In agreement with part of the sample of Israeliifsugtudied by Azaiza et al (2006) through a
guestionnaire, and the sample of Turkish studentiedd by Cepni and Keles (2006) through open-
ended questions and drawings, this study showedrket preference for the unipolar model
among 5 grade children that had no prior formal educatiarelectricity (over 70% both in Group
1 and 2: see table 2). Significantly, a large propo of the Group 2 children displayed their
preference for the unipolar model by drawing adsgtnd a bulb within a flashlight. Furthermore,
many of the drawings classed as “others” (sincg Were not easily categorized in a class or
another, or did not follow the assignment) showigdssof an underlying unipolar model.

This outcome was observed after the pupils weredask consider the C battery and the 2.2 V
bulb (for two typical examples of drawings showthg unipolar model see figure 4). A second
situation was presented to the students with tlaé¢ @foexploring the possible effects of drawing a
scenario based on a battery of different symma@iiter the first step was completed, the students
were therefore instructed to consider a flat bgtéerd a 4.8 V bulb. In this second situation, the
unipolar, clashing currents, and scientific modglscomparable results (between 10 and 20% of
Group 1). Actually, most of the children (about 60%ihe subsample) did not provide enough data
(e.g. direction of electric current) to place tlawing into one specific model of current
circulation. This latest result is largely an effetthe experimental protocol: since the focus was
on the reliability at the expense of completen#ss message delivered to the children kept
conceptual cues to the minimdm.

8 E.g., Cepni & Keles (2006, p. 277) made use ohap®led questions containing keywords as “eletstti¢tircuit”, “series
connection”, “direction of current”, “pole of thatbtery”, and leading questions as “does the amufumirrent change?”.
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Fig 4 Drawings made by Lorenzteft) and Laurarfght) showing a unipolar view of the battery-bulb syste

Several days after the drawing phase, a multipbécehquestion on alternative graphic
representations of the electric current in a ctragis administered to the children. In the itenk tas
adapted from Cosgrove et al (1985, p. 249), thiel@dn were asked which of the submitted
alternatives best represented their view of thetetecurrent in a circuit.

The whole set of alternatives showed a batteryaandlb connected by two wires. If a given
pupil selected the answer “there will be no eleattrrent in the wire attached to the base of the
battery”, he was classed as a unipolar model stgp@®ther possible answers were: “the electric
current will be in a direction toward the bulb iotbh wires” (clashing currents); “the current wié b
less in the ‘return’ wire” (current consumptiondhé current will be the same in both wires”
(scientific).

As it is shown in table 2, the administered iteroduced sharply different results from the
previous drawing phase. The most popular modeetliout to be the clashing currents one (about
50% of the sample), while the consumption and ¢hensific models were found in about 20% of the
sample, and the unipolar answer was chosen byugikqut of ten. In fact, Cosgrove et al’s large
sample cross-age study gave comparable result® fgns old children, most notably as regards a lack
of popularity of the unipolar model (5%) as compki@the other three (each one close to 30% of the
sample).

Drawing (n =77) Multiple-choice item (n = 74)

Group 1 (%) Group 2 (%)  Total (%) Group 1 (%) Group 2 (%)  Total (%)

unipolar 72 80 76 9 12 11
clashing 3 - 1 48 61 55
consumption - - - 18 15 16
scientific - - - 21 12 16
other 8 20 14 3 - 1
no answer 17 0 8 - - -

Tab 2 Comparative popularity of current circulation mtsdas obtained with free drawings and multiple-chatem.
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Since the former phase had evidenced a large nuohloeawings with just one wire between
one pole of the battery and the bulb, one mighth®ted to conclude that the comparative
popularity of current circulation models inferreg dirawings with one wire and schematics
showing two-wires circuits has little relevanceshibuld be noted, however, that this conclusion
would be valid unless such a comparative populavédyg actually used in literature, e.g in the above
mentioned Cosgrove large-scale study, to draw csiahs also about the popularity of the unipolar
model. The multiple-choice item phase was therafgentionally designed as a choice among
circuits with two wires in order to check whether sample yielded results comparable with that of
other studies using the same criteria. As aboverteg, a qualitative agreement actually exists.sThu
on the one hand we might interpret this as a $ighthe earlier studies show a certain degree of
reproducibility. On the other hand, however, welagitimated to conclude that this reproducibilgy
bought at the cost of systematically underestirtiagopularity of the unipolar model.

6.2 Connecting card and experimental work phase

At the end of the session on the administered iteenclasses were subdivided in five small, 4-
pupils, groups for carrying out the connection sasrk. Each group was asked to show how the
card bulb and the card battery should be conndmtedligator clips in order to light the bulb.
Differently of the drawing phase, at the end of¢banecting card group work all the groups had
connected the C-battery with the bulb through a plawire.

Two different solutions of similar popularity wei@und: either each pole of the battery was
connected with the bulb through a wire (e.g. tbisitson was chosen by three subgroups of Group
1a), or just one pole (the positive one) was cotatkto the bulb through two wires (solution
chosen by two subgroups).

The second strategy — two wires out of one pokeclaarly reminiscent of some of the drawings
made in the earlier session, where the unipolarentodk sometimes the form of multiple wires
going out of the positive pole of the battery. @a tontrary, the first solution — each pole
connected by its own wire — was scarcely populdnénearlier drawing session. Furthermore, this
solution does not seem to derive out of the presehtwo connectors on the card battery and the
consequent application of the principle that ewe@ng given is to be used. The card battery
supplied to the children was indeed obtained byngla b/w photograph of a real C-battery to a
cardboard base. Thus, as in the real C-battery,thalpositive pole had a easily identifiable
connector.

It should be emphasized that the wires were fraefjlable on the teacher’s desk. This was done
SO as not to predetermine the circuital setupsweuld necessarily had been if a given number of
wires was supplied to the groups. While this diaggiedool is not intended to provide a definitive
assessment of the incidence of a given circuitadlehamong children, it offers a valuable insight
into the above reported issue of the inconsistesiilts of the drawing and multiple-choice testing.
A significant example of this is provided by thdéldaving exchange between this author and some
of the children (here and elsewhere in this pagpéotations are translated from the original Italian
language to English):

Author [A.]: Here we have the group made by Lorer@erardo, Stefani and Laura. By analyzing the
drawings we see that Lorenzo drew one wire goiagnfthe pile to the bulb. Gerardo drew two wires
going from one side of the pile to the bulb. Laalso drew two wires from the plus of the pile te th
bulb. Finally, Stefani drew three wires, still frdtre plus of the pile to the bulb. Now [by the ceation
cards], you have made a project where you seeaaldoe going mysteriously from...

Lorenzo: ... the minus of the pile to the bulb.

A.: How did you come out with this brilliant idea?

Lorenzo: Because maybe, we thougfthe bulb] takes from both sides it can take menergy
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Laura: Because in the bulb there are two sort césviAnd so, these ones can be the plus and nofus |
the pile].

A: Why did you think about this now and not befol#Rat was different from now?

Laura: It came to my mind looking at this [the ceating card], and then | saw that it had two maesh
[within the bulb]. [...]

A.: And instead done in this way here, with theasithat stem from the same side? According totyeu,
bulb may light if connected according to the draysin

Lorenzo:Yes, but maybe the bulb will light a little mdifeconnected as the connection cards].

Since both free drawings and multiple-choice atiégiwere carried out on the same sample of
pupils in sequence (in order to avoid working vatttessively small samples), the detected
transition toward more mature views (i.e. lessdeoice of the unipolar model) might be taken to be
a case of “learning by testing”. An analysis ofildten’s explanations out of their no-experimental-
feedback connection cards activity provide compgllieasons to think otherwise.

The interviews with the children show that the @ierg view is that one connection wire
between battery and bulb is enough to obtain titgitig of the bulb. This agrees with what found
in the drawings. However, “better two wires tham’bfas rendered by another pupil, Simone). That
is, as Lorenzo said, “if the bulb takes from battes it can take more energy”. Not surprisingly,
therefore, when the children were shown, in thetimlel choice item phase, a schematics of a
battery and a bulb connected by two wires mosheifrt saw no reason to believe that “there will be
no electric current in the wire attached to thesbafsthe battery”. It is therefore legitimate to
conclude that the multiple-choice test dramaticatigerestimated the popularity of the unipolar
model.

In the following session of work, each group adslechthe circuital setups, suggested during the
former activities, with real batteries and bulbhisTwas the first time when the children had the
possibility to carry out actual experiments, toiegwthe evidence from such experiments, to try
alternative connections, to discover by themsetasa closed circuit was required to light the
bulb, and to collect notes in their notebooks okkgwithout saying that this experimental work was
of the utmost importance in the development ofdrkih’s own thoughts about the concept of
electric current in a circuit.

6.3 De La Rive task

Previous studies show that challenging studenésisiis not an easy task since the new concepts
often coexist with spontaneous ideas rather thplaceng them, and the students’ responses to
empirical evidence often does not yield long-lag#ffects (e.g. on this latter point see Gauld
1989). Rather than studying the effect of the abeperted didactic sequence, the following
session of this study focused on using HoS masgiiaspired by the history of electricity studias i
early 1800s, to elicit further details on childresigsontaneous ideas about battery-bulb connections.

The starting point, of course, is the observatiat,tas elsewhere, also in the field of
electrodynamics a certain degree of resemblanatsaxetween children’s thinking and the
development of scientific ideas throughout hist@action 3.3). To become an heuristic tool in
science education, however, the HoS device shabible to anticipate some new facts about
students ideas rather than merely producing witkd$ight episodes or moments of history
resembling to students ideas.

It is important therefore to emphasize that by He8erial it is not meant neither a faithful
diachronic reconstruction of a given experimenth@ory nor its rational synchronic reconstruction.
Under the first approach, the account providecestien 3.1 is of no direct use in primary school
science education on electric current since Cuviand De La Rive’s experiments are placed within
the very exotic context of explaining how Voltagpdould produce the water electrolysis. And if the
second approach is followed, the account of se@&itns just, at best, a footnote of a rational
reconstruction of history (Lakatos 1971) sincéhitws a number of scientists struggling with a
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false problem given the internal history of Volttery (where a galvanic circle must be closed);
but a rational reconstruction of history just reme¥hose developments sometimes paralleled by
children’s thinking and therefore deprives thedmgtof its heuristic potential. By HoS materiaist
instead meant, in some sense, the “deconstructibistory”, through reference to specific
conceptual knots, and the construction of taskg@tiese knots are adapted to a different
historical and mental context.

The first activity was aimed at answering the failog question: given the above reported didactic
sequence, should we expect that the unipolar mededlly over among the children involved in this
study? The children were given the schematic afcaig, inspired by De La Rive (1825), where “the
two opposite poles of two different piles” are ceated with a bulb, and were asked “would the bulb
light?”. The schematic, which is adapted from Bghg#eand Closset 1993 (for a similar task see also
Asami et al 2000), is shown in figure 5 jointly vihe answer provided by Roxy.

Rox s
4

La lampadina si accende?

@ NO| Perché? A&. DUE ... L., SO €

Fig 5 Roxy’'s answer to the De La Rive’s task (“two baée are like a single battery. If one connectsra o the plus
of the first pile and the other one to the minushefsecond pile is like connecting both wiresre pile”).

In spite of the fact that the circuit was open, tadghe students responded affirmatively to the
guestion about whether the bulb will light if thatteries are connected as in the De La Rive task (n
=29, 83% of Group 1). Among those who said théi xould not light, only one pupil — Aurora —
explained that to light the bulb “the piles shob&lconnected by a [second] wire”. Other pupils
gave the correct answer for the wrong reason. ¥ample, Lory explained that the bulb would not
light “because both wires should start from thetpaspole”. Independently of the numerical
outcome, the major interest of the test lies inekig@anations given by the children (table 3).
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Main classes of explanation % Examples

“To light the bulb it requires a plus and a minasd the piles offer them to
it”

“It is like having just one rotated pile”

“Two batteries are like a single battery. If oneno@cts a wire to the plus of
the first pile and the other one to the minus efshcond pile is like

Two different battery poles / 46  connecting both wires to one pile”

energies are required

“It lights because one connects one wire to theslnd one to the minus.
However, if one connects both wires to the minastiib would not light”

“The bulb requires positive energy (+) and negatérergy (-)”
“A+ has more energy than B-"

“A wire connects the plus of the pile with the sidehe bulb, and the other

Two different bulb poles are wire connects the minus of the pile with the bdsb@bulb

. 31

required “The connection is correct because B wire conneatder the bulb and the
other wire to the side [of the bulb]”
“If one turns upside down the piles the energy comg the same”

No matter if a pile is turned 9
“Bulbs light even if one is turned upside down”
“Since the copper is a good conductor of electyicit sends [the electricity]

: to the bulb”
It is a matter of copper 9

“It lights if one put two pieces of copper wire”

“It could also light by putting both wires at thease of the bulb rather than

Two equal bulb poles are 6 one at the side and one at the base”

required

“Both wires should be connected either to the side the base”

“The bulb would not light because to light the bbltith piles should be at
Only the positive pole works 6  the plus”

“Both wires should start from the plus [of the hait]”

Tab 3 Classes of explanations given by the childreustify their answer to the “De La Rive task”.

As the table shows, a number of different reasagre\provided by the children. Two thirds of
them suggested one of the above reasons, whiketh&ning children suggested a couple of
explanations at the same time. The most frequeetigrted explanation stressed the need of
connecting both a plus and a minus pole of theeha#t with the bulb (Ignacio: “to light the bulb it
requires a plus and a minus, and the piles offemtto it”), and emphasized that the battery poles
are the actual sources of electricity/current/epengierever these poles may be (Roxy: “two
batteries are like a single battery”; see figure@3garly, such an explanation suggests that aline
causal effect between battery and bulb is in actibrder this effect, an agent, variously named
“electricity” (e.g. by Mara), “current” (Oussamand “energy” (Simone)”, is believed moving
between the battery and the bulb.
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As it is well known, “the linear causal effect bewwn battery and bulb does not imply a closed
circuit” (Duit and von Rhoneck 1998). This latemddtion is rarely mentioned by the children (in
fact, just one pupil, Aurora, emphasized the needfclosed circuit), notwithstanding the previous
experimental activity. On the whole, the closedwircondition is far less important to these
children than connecting the bulb to two differsigin poles. The main significance of this
historically-derived task lies therefore in its myrevealed that a closed circuit setup can hide a
firmly held unipolar view.

About one third of the children paid attentiontie polar nature of the bulb (e.g., as reported by
Stefani, the bulb lights because “a wire conndwspius of the pile with the side of the bulb, and
the other wire connects the minus of the pile i base of the bulb”). This kind of explanation is
likely a consequence of the previous experimentakwvith bulbs lacking lamp holders.

In the final part of this task each group, afteiuanber of attempts, assembled De La Rive’s
circuit and eventually arrived to the closed citeaguirement for obtaining the lighting of the lbul
The children were asked about the reasons behanddmoice. One pupil that had given a positive
answer to “De La Rive task” explained that the sHbuld light “since one wire started from the
plus [pole] and the other one from the minus [pabele arrived at the base and the other one to the
side [of the bulb]”. Another pupil that had answeeregatively explained instead that “the bulb
should take energy from the plus and the minuseflmattery and from the plus and minus of the
other battery”. Following a class brainstormingg tildren concluded that in order to light the
bulb, both poles should be on the same battergradtively, another pupil, Ignacio, suggested that
the bulb might light by adding a third wire betwebg free poles of the batteries.

6.4 Barlow task

The second historically-guided activity was aimédraderstanding the electric current models
being used by the children when considering a saliershowing a closed circuit. As for the
preceding task, also this one is subject to theesalmservations concerning the status of the HoS
materials submitted to the children. Thus, the antabove (section 3.2) was intended to
summarize some of the early 1800s ideas about &lyethve current circulates within a closed circuit
connected to the poles of a battery. Of coursestifadegy adopted by Barlow and Becquerel to
solve the issue were part of a well-defined sciengnvironment, deeply influenced by the recent
Oersted’s discovery of the effects of the eleattirent on a magnetic needle.

Independently of the experimental strategy, howeBarlow’s experiment is of particular
interest since, differently of Becquerel's expennét was motivated by the long-standing one-
fluid vs. two-fluids controversy that began in fre-Volta pile years. The available data about
children’s spontaneous ideas on the electric ctirnea circuit, where clashing currents out of two
poles and consuming current out of one pole figuoeninently among the accepted models
(sections 2), suggest that it is just the theoaéfloid controversy, motivating Barlow’s experinten
rather than the actual Barlow’s (or Becquerel'gcglomagnetic methods, that has the potential to
cast at least some light on children’s ideas. s tkin Barlow’s task, rather than being the fairly
accurate blueprint of Barlow’s experiment, was irepby its conceptual structure.

The children were given the classic schematic@faiit conceptually inspired by Barlow
(1825a, 1825b), whose goal was just to estimatelgwtric current magnitude in different parts of a
closed circuit. Differently of Barlow’s setup, wigehe measured the angle of magnetic deviation as
a function of the length of the wire between thtdyg poles and the needles, the children were
asked what were their expectations about the bréagst of a number of bulbs (four bulbs, in fact)
connected in series with a battery and, therefdrdifference distances from the battery poles (the
schematic is shown in figure 6 jointly with the aes provided by Aurora).

The rationale of this approach is that, on thelvar&d is desirable to avoid the unnecessary
complications that might derive from the use ohamomenon involving the relationship between
electricity and magnetism to understand the childrelectric current models (for a teaching
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sequence at the middle school level making useagfn@tic needles within a similar context see
Benseghir 2004). On the other hand, the relatiieslorightness can serve as a powerful analogy
for a twofold goal: first, to provide the childran easy-to-understand tool to spell out the
consequences of their electric current model; aadond, to provide the experimenter a way to give
a whole new meaning to a standard circuital schématorder to change it into a novel diagnostic
tool to detect children’s spontaneous ideas

As Barlow was confident that his experimental setags able to settle the one-fluid vs. two-
fluids controversy by measuring where the actiothefelectric current upon a magnetic needle was
much stronger (that is, near the positive poléhefliattery or near the negative pole), it is fedit &
conceptually similar circuit, where a number oftmulre connected in series with a battery, might
shed light on the circuital models of the childr&éhe conceptual similarity lies in the fact thadtju
as in Barlow’s experiment the expected outcomeawesnsequence of the effect of a given length
of wire upon the dissipation of the electric flumdits course, in this task the expected relative
lighting of the bulbs was a consequence of thaqaar model of circuit used by the children.

/&‘”\‘u (25} TA

PILA 4,5V

Le quattro lampadine producono tutte la stessa luce

Fig 6 Aurora’s answer to the Barlow’s task (“the outelds will receive more light than the central obesause [the
outer ones] retain all the brightness”).

About half of the sample (n = 16, 46% of Groupe&gponded affirmatively to the question of
whether one might expect that the four bulbs walilémit the same light. Most of these children
provided explanations consistent with the scientriodel (n = 10, 29% of Group 1). As a matter of
fact, the whole set of answers to this task revktiieee models of current circulation — current
consumption, clashing currents, and scientific €ahparable popularity (table 4), in agreement
with Cosgrove et al (1985) large sample cross-agysin one instance, the current consumption
model reduced in fact to a “source-sink” unipolardal: Matteo reported indeed that “only the first
three bulbs give the same light. If each bulb kgike with a 1,5 V C-battery: 1,5V x 3 =4,5".
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Models of current

0,
circulation & Examples

“Only the first three bulbs give the same lighte#fich bulb lights like with a
1,5V C-battery: 1,5V x 3 = 4,5. Thus, only thstfihree”

Current consumption 34 “The bulbs do not receive the same energy. lbtsemough for all the bulbs”.
“It could be that a bulb absorbs power from another

Clashing currents 29 If the bulbs are lit |t"means that the plus- anéhoms- electricity must pass in
all the bulbs evenly.

Scientific 29  “All four bulbs produce the same light. Howevegddight will be produced.”

Tab 4 Main models of current circulation revealed by tBarlow task”.

A close analysis of the answers provided by th&lodm, however, revealed also a number of
interesting and unexpected “hybrid” models coveabgut 30% of the sample (table 5). Of a
special significance is a hybrid model displayimgperties of both the current consumption and the
clashing currents models. About one out of threkledn belonging either to the current
consumption or the clashing currents classes (@detually belong to both classes since their
response to the Barlow task contain structural etfgmof both models. For example, according to
Marco “almost all electricity is taken by the twaoter bulbs, and the inner ones will get less
electricity”, that is clashing currents consumedtlog bulbs. In a similar fashion, according to
Aurora “the outer bulbs will receive more light théhe central ones because [the outer ones] retain
all the brightness”.

Models of current

. ) % Examples
circulation

“The outer bulbs will receive more light than thentral ones because [the

Current consumption + 1 outer ones] retain all the brightness.”

clashing currents “Almost all electricity is taken by the two outeulbs, and the inner ones will
get less [electricity].”

Clashing currents + 11 “There are two wires, one that starts from the mnsl another from the minus.

asymmetry Thus, they make a different light. The plus malas fight than the minus.”

“The energy is passed from one bulb to another [thé bulbs that are at the
Other 9 beginning and at the end are lit more, but thezytpass the energy to the
other [inner] bulbs and therefore [the energy] bewss equal.”

Tab 5 Hybrid models of current circulation revealed hg tBarlow task”.

About another third of the children belonging te ttlashing currents class reported instead that
there is an asymmetry between the currents starimg the positive and negative poles. According
to Eleonora, “there are two wires, one that staot® the plus and another from the minus. Thus,
they make a different light. The plus makes magbktlthan the minus.”

Finally, three pupils showed not-easily classifialylet very worth discussing, mixed views.

Madalina’s answer is unclear since it containsiagfacontradictory statements. While the first
one’s content is consistent with the scientific lqtthe wire passes from all four bulbs and all
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give the same light”), the second statement isistarg with the current consumption model (“and
the first [bulb] turns on and makes a differenhtiy.

Valentina, instead, put forward a view curiouslgnmeiscent of Becquerel and De
Monteferrand’s remarks (see footnote 2 above). #tsareading, her answer contains one element
of the scientific model of electric circuit, thatthe view that all the bulbs emits the same light
because something (called by her “energy”) is dysalared by the bulbs: “there are two wires,
one of which starts from the minus and the othet fpam the plus, and then the energy is
distributed in all the bulbs. They will light less1owever, the above sentence was followed by a
whited out, yet barely readable, explanation: “lbseahalf half half half”. This “discarded”
explanation conveys a new meaning to the previengesace since four “halfs” make two “wholes”,
two “energies” moving through “two wires, one of ialn starts from the minus and the other part
from the plus”, and equally “distributed in all tbalbs”. In short, we have clashing currents and
constant intensity of current everywhere, just asie happen in Becquerel’s view of the two-
fluids model.

The third pupil, Teresa, is uncertain about whilteraative is best. She begins her answer by an
hypothesisa la current consumption (“the energy is passed fromkmrib to another”). Then, she
seems reasoning in terms of an hybrid clashingeatiplus current consumption model (“the bulbs
that are at the beginning and at the end are lendtitan the inner ones]”. At last, she tries to
accommodate her expectation that the brightnesddhe the same within the hybrid model by
resorting to a the concept of a transitory peribdifthen they pass the energy to the other [inner]
bulbs and therefore [the energy] becomes equal”).

In assembling the experimental circuit, as a prielary test, two bulbs were connected with the
flat battery without making use of wires. Do theotlwlbs light the same? Interestingly, one pupil
(Aurora) remarked that, had this setup been pravidehe previous task, she would have answered
that the bulbslo emit the same lights, differently of what she hadwered. Since the outer bulbs
receive more light than the inner ones (accordiniip¢ above detected hybrid clashing consuming
currents model), as both bulbs are in fact outésywne might expect — even under an hybrid
current consumption plus clashing currents modbbtboth bulbs emit the same light! Peter
Barlow would have provided the same answer, thidtdsame magnetic deflection would be
expected under his hybrid two-fluids model of eleaturrent, had he used just two magnetic
needles in the B and D positions (figure 1).

Another pupil, Lorenzo, succeeded in lighting twe bulbs without making use of wires but
suggested that such a result was an outcome obthéres setup. By this observation, a further
clarification about children’s current consumptimodel emerges: while the consumption is usually
seen as a consequence of making the current pasgtha bulb, sometimes the consumption is
associated with the current circulation throughie yas if there were, to use Barlow’s words, “a
dissipation of the electric fluid in its course”.

7 Discussion
The aim of this study was to investigate the rdlemethodological factors in determining the

popularity of the models on current circulationgam particular to explore to which directions does
the use of ideas from HoS for the constructiorasks affect the diagnostic research results. It is

° | am grateful to one anonymous referee for calitigntion to the possibility that an experimerthwiultiple bulbs
could not yield the expected result. A tiny diffece in the length of filaments in supposedly idgadtbulbs could
indeed produce a noticeable change in brightnessome extent, this effect could be reduced byustanding
property of the human eye, that is the Weber-Feclmeas applied to the power of distinguish difeces brightness
of objects. Within a reasonable experimental emdnien comparing the brightness of different souafdight, the
effect of light may be considered indeed as prapoal to the logarithm of its intensity (e.g. Hedi®24).
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therefore important to highlight here what thisdstiound about HoS, what it demonstrated, and
what it did not demonstrate.

A preliminary point to notice is that this studyrpued the approach of exploring the ways in
which HoS materials can inform us about childrespgentaneous ideas, rather than studying how
HoS may be designed to overcome students’ conddtliffieulties and measuring the efficacy of
this method. The present research, therefore shiusien only as a pilot study concentrating on
just one of the possible ways of conceiving the ldpfroach in science education. Further, this
research has focused on a topics, the electriemynvhere very rarely diagnosis of spontaneous
ideas, HoS approach, and primary school level, meet

As a first outcome, this study found that the olleesults of popularity of the current
circulation models were very sensitive to the usaifferent methods of diagnosis of children’s
spontaneous ideas, and that the use of HoS matedald seriously affect our conclusions about
student’s ideas. In studying the spontaneous idgaseans of open ended questions and drawings,
by the multiple-choice item, by the connecting caadk, and by the HoS tasks, it was indeed
found that the popularity of models strongly depead the method employed for diagnosing.

The results, when using open ended questions awdrdys, have shown that the unipolar model
far outweighs other models of current circulati@epni and Keles (2006) found similar results (see
table 1), when a sample df §rade Turkish students faced the task of conngttio bulbs and
one battery by open ended questions and drawihgsnultiple choice item was submitted to the
children, the clashing currents, current consunmpi@md scientific models prevail, at the expenses
of the unipolar model, in analogy with what wasrfdlby Cosgrove et al (1985) by the same
method.

One possible reason for discrepancy between tivsséfo methods was found through the
connection cards work and the following interviesaumber of children explained indeed that
while a unipolar connection between one batterg jpold bulb was enough to obtain the lighting of
the bulb, this is not to say that no current wdidd through a second wire from the other battery
pole and the bulb. This agrees with the findingedssed by Duit and von Rhéneck (1998) that
“the second wire to be found in working circuitseweryday life simply serves to bring more
current to the bulb”.

The results obtained by the HoS tasks somewhatrestiour understanding of children’s
spontaneous ideas. The De La Rive task evidendegihthe persistence of the unipolar model
after an instructional session aimed at experintigrahowing the closed circuit requirement. By
the Barlow task it was found a number of formemgacknowledged models about current
circulation.

Besides providing evidence of a possible methodo#bdpias in previous researches, this study
demonstrates that HoS material could help us tiebappreciate children’s spontaneous ideas. The
way in which the scientists of the past planned sgperiments to understand how the electric
current changes within an electrical circuit atesaful source of inspiration and a good teachidg ai
to help the present-day teachers to grasp therehikimodels about the electric current in a
battery-bulb closed circuit. But, what's more imamit, the history of science allows to anticipate
formerly unknown children’s mental models.

A survey of early 1800s studies about the battewy circuit has shown that the demonstration
that the intensity of current does not change thinout the circuit is due to Peter Barlow (1825).
Actually, Barlow expected that either the electiicrent was stronger close to the positive pole
than elsewhere (according to the one-fluid modethat the electric current was stronger near the
positive and negative pole than at the middle afuii (two-fluids model). It is of interest to note
that the first hypothesis closely resembles toestitel current consumption model where there is
less current in the wire going back to the battdrg,only difference being that in Barlow’s
framework the dissipation of electric fluid is digethe wire itself while in present-day students
mental models the consumption of electric curremiue to the bulb. Barlow’s second hypothesis is
instead a sort of ante-litteram hybrid model betwé® current consumption and clashing currents
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views. The current study unexpectedly revealsghah an hybrid model actually appears among a
number of & grade children.

Finally, this study also demonstrates that HoS iples/experimental strategies to settle learning
difficulties. As it was discussed above, the woithvdrawings and open questions shows that the
unipolar model is likely much more pervasive thaevpusly acknowledged. This study shows that
such a model is also firm and not very easily owere by the experimental evidence in a learning
environment. A task where the children are preskateactivity conceptually derived from the
early history of chemical effects produced by tbéep of a battery (De La Rive task) shows that
this model keeps showing up even though a ses$ior aimed at experimentally testing the
working of connections and circuits was previousdyried out.

8 Conclusion

This study is a contribution to a line of reseadlelvoted to better understanding the role of history
of science to promote science learning. The resligtaissed above highlight indeed the benefits of
using HoS materials to foster the detection ofdrkih’'s spontaneous ideas. Under the perspective
here adopted the educational role of the historgcance lies more in its heuristic power to offer
insights on children’s thinking than in its motiwatal role to make science more appealing to
children or in its power to help students progiagkeir learning of simple circuits.

However, somdémitationsof this studydeserve attention, the most notable one beingrttied
size of the sample which precludes the possilslitiegeneralizing from the findings. As a
consequence of this, the findings are tentativ®eat and call for replication on larger populations
Otherlimitationsof this studyare more theoretic in nature. Specifically, itgants to determine if
HoS may be of value in a science learning settiitigout a shared theoretical framework to assess
the similarities betweescientific development throughout history and dfg@itds thinking across
the age span from early childhood to young adulthoo

Notwithstanding these limitations, this study pd®s some empirical evidence as to the
effectiveness of history of science to science atioe and hopefully should stimulate further
investigations in this area.
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