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Abstract: Informal learning environments such as exhibitions in museums and
science centres have the potential to promote public engagement in the societally
important fields of nanoscience and nanotechnology (NST). This study contributes to
research-based development of an NST exhibition by mapping educational,
communicational and museographical challenges in illustrating nanoscale science.
For the methodological framework, the study employs a previously suggested model
based on the Model of Educational Reconstruction. Potential visitors’ perspectives
were analysed by reviewing research literature on NST learning, and by interviewing
science centre visitors. On the basis of the results, the study suggests strategies for
illustrating the nanoscale in an exhibition: ways of supporting visitors’ scale
conceptualisation, presenting images and visualisations deliberately, and using scale
models and macroscopic analogies. The study examines how the educational role of
science centres may be enhanced by informing exhibition development with visitor-
oriented research.
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1 Introduction

The fields of nanoscience and nanotechnology (NST) continue to develop rapidly and
bring about societally and environmentally significant applications and implications.
These emerging fields have also gained growing public interest and media attention.
However, and perhaps paradoxically, results of surveys and polls have shown that
despite the public’s interest in and somewhat positive attitudes towards NST, people’s
awareness and knowledge of the fields has remained at a rather low level (Crone,
2010; Sahin & EKkli, 2013; Waldron, Spencer, & Batt, 2006). Citizens have no firm
foundation for understanding NST due to the many conceptual challenges, e.qg.
concerning relative size of the nanoscale and nanoscale interactions (Schoénborn,
Host, & Lundin Palmerius, 2015). This state of affairs has aroused some concerns,
since it is likely that in the near future, citizens will have to make more and more
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decisions on NST-related issues — both at the personal level, as consumers, and also
at the societal level (Jones, Blonder, Gardner, Albe, Falvo, & Chevrier, 2013).
Therefore, it has been suggested that some level of understanding of these fields is
relevant concerning scientific literacy (Gardner, Jones, Taylor, & Forrester, 2010;
Gilbert & Lin, 2013; Laherto, 2010; Sabelli et al., 2005; Stevens, Sutherland, &
Krajcik, 2009). In these suggestions, the ambiguous concept of scientific literacy takes
a functional and contextualised interpretation, focusing on citizens’ ability to identify,
to form opinions about and to make reasoned decisions on personal, social, and global
iIssues related to science and technology. Such an emphasis appears in the highly
influential PISA definition of scientific literacy (OECD, 2007), recommendations for
European science education policies (European Commission, 2015; Osborne & Dillon,
2008), and “Vision I1” for scientific literacy proposed by Roberts (2007; cf. Roberts &
Bybee, 2014). In accordance with these, both the public’'s awareness of NST and the
public’'s engagement in NST has been called for. In particular, the important ethical
iIssues related to these fields have given rise to the need to engage the public in a
deeper discourse on NST and its relations to society (e.g. Cameron & Mitchell, 2007;
Jones et al., 2013).

Consequently, methods and strategies for public communication on NST have
been increasingly discussed in the fields of social sciences, science education and
science communication (e.g. Gardner et al. 2017; Sweeney & Seal, 2008). It has been
suggested that informal learning environments such as exhibitions in museums and
science centres have significant potential not only to educate the public about
emerging science and technology, but also to contribute to the science-technology-
society dialogue (Castellini et al., 2007; Crone, 2010; Gilbert & Lin, 2013; Zenner &
Crone, 2008). Given that such high educational value flow from science centres and
museums, the process of developing exhibitions — typically governed by practical and
financial aspects and constraints — should be informed by educational knowledge and
expertise. In particular, educational research might support the educational function
of those learning environments (see Laherto, 2013, for further discussion).

This paper draws on and expands on a research project that created a design
framework! Edelson, 2002) for the development of an exhibition on NST. The purpose

1 According to Edelson, design frameworks are a type of theory design research can develop. Design
frameworks “describe the characteristics that a designed artefact must have to achieve a particular set
of goals in a particular context” (Edelson, 2002).
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of the project was to analyse the fields of NST from an educational perspective, in
particular from the viewpoint informal learning settings, in order to find well-
grounded approaches for exhibition design. The present paper focuses specifically on
the issues related to “the nanoscale”. A literature review and an empirical survey were
carried out to map the challenges in understanding “the nanoscale”, and to find
effective approaches for illustrating it in an exhibition. The term “nanoscale” here
refers not only to measurement units but essentially also to its objects and
phenomena, the tools with which the nanoscale (or the “nanoworld”) can be accessed,
and the models that describe the phenomena at that scale (cf. Stevens, Sutherland, &
Krajcik, 2009).

Size and scale are only a few of the several educationally significant features of
NST. In fact, it can be argued that the most essential ideas — involving the important
applications and implications of nanotechnology — involve scale only indirectly (see
Kahkonen, Laherto, Lindell, & Tala, 2016; Laherto, 2011; Laherto, Tirre, Parchmann,
Kampschulte & Schwarzer, in press; further discussion on this follows in the paper).
However, since the scale and the smallness of “nano-objects” pose several
communicational and museographical challenges regarding exhibition development,
they are worth focusing on in this paper.

2 Framework

To find research-based guidelines for illustrating the “nanoworld” in an exhibition,
the study employed a previously suggested methodological framework (Laherto,
2013) for informing exhibition development through educational research. That
framework builds on the Model of Educational Reconstruction (MER) (Duit, 2007).
The MER, associated with the design research tradition, combines analytical and
empirical educational research with development of practical educational solutions.
It consists of three closely interlinked components: 1) analysis of content structure, 2)
research on teaching and learning, and 3) design of learning environments. One of the
fundamental ideas of the model is that the content structure for instruction cannot be
taken directly from science content structure (that is also a human construction), but
has to be specially (re)constructed by paying attention to the educational goals, as well
as learners’ cognitive and affective perspectives (Duit, 2007; Komorek & Duit, 2004).
The methodological framework (Laherto, 2013) adopts the MER for the purpose of
informal learning environments.
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The present paper focuses on the second component of the MER, i.e. research on
teaching and learning, to find strategies for illustrating NST in an exhibition.
However, due to the close interplay between the components in the model, other part-
studies are first briefly introduced here. Figure 1 presents content-oriented and
visitor-oriented educational research conducted in order to support the choices made
in the development of the learning environment.

1. Content-centred studies 2. Visitor-centred studies
* Literature analysis on the + Literature analysis on
educational significance of <:> challenges in learning
nanoscale science nanoscale science

» Expert surveys on the « Visitor survey on potential
educational significance of visitors’ conceptions of
nanoscale science nanoscale science

3 L]

3. Development of learning environment
* Research-based strategies for illustrating
nanoscale science in an exhibition

Figure 1. The part-studies of the wider research project, situated within the Model of Educational
Reconstruction.

Component 1 of the research project (see Fig. 1), corresponding to the “Analysis of
content structure” component in the MER (Duit, 2007), included studies focused on
the scientific and technological content of the exhibition, i.e. NST. While there has
been a lot of museum research focusing directly on the visitors and their experiences
in an exhibition, the absence of content-centred studies in the field of museum
education has been pointed out by many (e.g. Gilbert & Stocklmayer, 2001). In the
approach employed in this study, analysis of content structure plays a crucial role in
setting the “target” of the exhibition, i.e. the scientific and technological ideas to be
presented in the exhibition (Laherto, 2013). The part-studies supporting this process
included literature analyses on NST from an educational perspective (Laherto, 2010;
K&hkonen et al., 2016), two surveys on science teachers’ views on the educational
significance of NST (Laherto, 2011; Kadhkdnen, Laherto, & Lindell, 2011), and an
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interview study on nanoscientists’ views on the nature of NST and its public
communication (Laherto et al., in press).

The present paper, instead, focuses on the second component in Fig. 1,
corresponding to the “Research on teaching & learning” component in the MER (Duit,
2007), aimed at understanding the potential visitors’ perspectives and learning
processes in the context of NST and then using those findings to make
recommendations for illustrating the field in an exhibition. In the literature on
museum education, knowledge about the audience is nowadays considered equally
important to the knowledge of the objects to be presented (Hooper-Greenhill, 1994,
Laherto, 2013). A successful audience-responsive approach requires that the staff
members do not only rely on their own view when choosing a subject for an exhibition,
but that they carefully study the audience’s perspectives and interests. As with the
content-centred component, the visitor-centred component also involved both
theoretical and empirical analyses.

3 Methods

The literature analysis on learning the concepts of nanoscale science (Fig. 1) involved
science education research literature on teaching and learning the nanoscale
concepts, including studies on typical learning difficulties and educational challenges
related to this content. A limited (although rapidly growing) amount of such research
has been published. The analysis spanned a comprehensive book on NST education
(Sweeney & Seal, 2008) and three review articles (Hingant & Albe, 2010; Jones et al.,
2013; Kahkonen et al., 2016), and all the science education research publications
these reviews refers to. A few common themes clearly emerged from the literature,
and the analysis focused on these.

The empirical part of the visitor-centred component consisted of a survey in order
to get a grasp of potential visitors’ perspectives on NST. The survey was conducted in
the form of a standardized open-ended interview (Patton, 1990). The sequence of
gquestions is presented in Appendix A. The beginning of the interview aimed to
determine the level of awareness of the respondent about NST. Since public awareness
of these emerging fields was presumed to be quite low, in the latter part of the
interview some descriptions were given to the respondents in order to help them to
consider the meanings of NST. These descriptions, given to each respondent, are also
presented in Appendix A. Furthermore, the aim of the survey was to learn about the
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specific communicational challenges related to the use of visualisations of nanoscale
objects. To that end, an image generated with a scanning tunnelling microscope
(STM) and a video of a computer simulation were shown to the respondents, with
some verbal explanations and questions (see Appendix A). In addition to the
interview, the respondents were asked to provide background information in a brief
guestionnaire: gender, age, educational background, general interest in science, and
general interest in technology (the latter questions had a four-point scale “very
interested”, “quite interested”, “not very interested”, “not at all interested”).

Interviews were carried out in the lobby of the Heureka Finnish science centre.
The interviewees were selected randomly from among the adult visitors. The
interviews averaged about ten minutes, including completion of the background
guestionnaire. The number of the interviewees was 28, with 15 women and 13 men.
The age of the respondents varied from 20 to 62 years, with a quite even distribution.
The educational background varied from secondary school to university level. The
great majority (93%) were at least “quite interested” in both science and technology,
as could be anticipated for science centre visitors.

The interviewees’ responses were analysed by identifying a few answer categories
per question and categorizing the respondents’ answers in these categories (Miles &
Huberman, 1994, Patton, 1990). Due to the small sample, no strong generalisations
can be made concerning the general public nor even the visitors to the science centre.
However, in conjunction with the results of the literature analysis, the results are
useful in gaining tentative insight into the awareness and interest of laypersons
regarding NST and some idea about the educational and communicational challenges
concerning nanoscale issues. In this paper, only the interview results that deals with
an understanding of the nanoscale have been reported. Questions about the
applications and implications of nanotechnology are beyond the focus of this paper.

4 Results

4.1 Literature analysis

Analysis of the literature on NST teaching and learning revealed that various studies
have pointed out quite coherently certain challenges in understanding the nanoscale
and its concepts. Several studies have shown that people of all ages have major
problems in understanding the scale of NST (Castellini et al., 2007; Tretter, Jones,
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Andre, Negishi, & Minogue, 2006; Taylor & Jones, 2008). Furthermore, this does not
concern only children and the young; it is natural that all humans — including also
scientists working in related fields — have difficulties in conceptualising at the
nanoscale because of the change in reasoning it requires (Jones et al., 2013). These
challenges are elaborated in what follows, as well as strategies for addressing them.

In their study on the understanding of the size and scale of objects among students
(of various ages) and experts, Tretter et al. (2006) concluded (not surprisingly) that
students tend to have greater problems with scales for which they have no direct
experience, especially microscopic and sub-microscopic scales. Prevalent
misunderstandings seem to surround the size of the nanoscale (Schénborn, Host, &
Lundin Palmerius, 2015). However, the size conceptualisation seems to be easier
using relative comparisons than absolute sizes. Taylor and Jones (2008) suggested
that by strengthening these relative size perceptions, science education can support
gualitative understanding of scale. Quantitative size differences may be added later as
mathematical skills develop with age and education. Moreover, size landmarks, or
points of reference, seem to be an important tool for anchoring perceptions of the
spatial scale (Tretter, 2008). The size of a human appeared to be the clearest reference
point, the other common ones being e.g. the width of a hand, the size of an ant, the
thickness of a piece of hair or grain of rice, continuing to submicroscopic landmarks
like the size of an atom. However, the younger the children are, the lower is their
ability to use microscopic and especially the submicroscopic landmarks. In order to
solidify these landmarks, education should provide a variety of experiences and
reinforcements (Taylor & Jones, 2008).

An efficient strategy of conceptualising scales that are normally inaccessible to
humans, such as the nanoscale, is unitizing. Unitizing means using existing objects to
mentally create a new unit that can then be used to measure some other object (for
examples, see e.g. Tretter et al., 2006). In order to develop such unitizing skills,
science education should provide proportional reasoning abilities (Taylor & Jones,
2008; Tretter, 2008).

Besides the fact that the scale itself is difficult to comprehend, an additional
challenge in NST communication arises because the public does not have a good grasp
of the terminology and concepts regarding atoms and molecules and lacks knowledge
of the atomic structure of matter (e.g. Crone, 2010). It is common to conceptualize
matter as being continuous rather than particulate (Margel, Eylon, & Scherz, 2008).
Children use the terms “atom”, “molecule”, “cell” ambiguously, and have many

109



LAHERTO (2018)

misconceptions (Murriello, Contier, & Knobel, 2006; 2009). Additionally, students
tend to use “scaling” erroneously and assume that atoms/molecules have the same
properties as the macroscopic substance they are part of. The use of macroscopic
models for nanoscale phenomena may also contribute to the perception of
atoms/molecules as shrunken versions of their macroscopic manifestations (cf.
Margel, Eylon, & Scherz, 2008).

Castellini et al. (2007) argue that one of the fundamental challenges in the public
communication of NST is that scientists and also educators tend to assume
erroneously that lay people are familiar with the basic ideas of the structure of matter
and able to comprehend the size scale. An understanding of nanoscale phenomena,
however, can only be built on a comprehension of atoms as building blocks, and the
size of them. Therefore, although it may be argued that the most essential ideas of
NST involve scale only indirectly, learners need to familiarize themselves with the
basics of the scale and the structure of matter before going into actual topics of NST.

Furthermore, the relationships between nanoscale concepts and the observable
world can be counterintuitive (e.g. Jones et al.,, 2013). Since the behaviour of
nanoscale particles is governed by quantum effects, discussion of this behaviour in
proper terms requires highly sophisticated concepts. This certainly poses educational
challenges and the risk of generating misconceptions (Sabelli et al., 2005). Careless
simplification of the sophisticated concepts of NST, especially in quantum mechanics,
leads to superficiality and the risk of misrepresentation.

The extensive use of images in communicating nanoscale objects and phenomena
has recently also become an educational research interest (e.g. Landau, Groscurth,
Wright, & Condit, 2009). The common perception of nanoscience “making atoms
visible” is alleged to be problematic (Pitt, 2004), since the microscopy used in
nanoscale research is epistemologically not an outright continuation of instruments
such as the telescope or light microscope. The scanning force microscope, the atomic
force microscope and the scanning tunnelling microscope simply do not portray the
visible properties of an object in the sense of geometrical similarity and realistic
depiction of colours. Rather, these techniques serve certain theoretical models, but do
not generate an empirical database in the same sense as telescopy and light
microscopy do (Brune et al., 2006; Pitt, 2004). Brune et al. (2006, pp. 53-57) also
argue that the discourse on NST in general is replete with apparent confusion of
models with descriptions of reality due to nanoscientists who tend not to emphasise
that their representations are relevant only in the framework of certain theories,
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models, methodological decisions and purposes. Consequently, models are confused
with what is being modelled.

In order to learn about the NST-related learning challenges that are specific to
exhibitions, publications concerning nano-exhibitions were also searched for to be
included in the literature analysis. While several exhibitions on NST topics have been
launched in museums and science centres all over the world, there are few
publications reporting on the experiences of those projects from an educational
viewpoint. When discussing the Brazilian “NanoAventura” exhibition, Murriello,
Contier and Knobel (2006; 2009) stress that the most important museographical and
communicational challenge in designing exhibits on NST relates to the fact that the
objects the fields are based on are invisible to naked eye. Exactly the same notion is
stated in the evaluation of “It's a Nanoworld”, a travelling exhibition on NST funded
by the National Science Foundation in the U.S. (Batt, Waldron, & Trautmann, 2004).
While NanoAventura solved the dilemma of displaying nano-objects in an exhibition
by using computer games and virtual representations, “It's a Nanoworld” employed
concrete macroscopic models and analogies. In the following, these two approaches
among some others are discussed.

On the basis of the literature analysis on the related learning challenges, it can be
recommended that an exhibition should provide visitors with opportunities to
familiarize themselves with the basics of the scale and the structure of matter before
going into actual topics of NST.

4.2 \Visitor survey

The results of the small survey (n=28) carried out in the lobby of a science centre
provided additional insights into the aforementioned findings of the theoretical
analysis.

Almost all of the respondents (96%) had heard of or had at least read something
about nanoscience and nanotechnology, with the mass media (newspapers, television
and popular science magazines) providing the most important sources of information.
The respondents associated NST mostly to physics (71%), chemistry (43%) and
computer science (25%), but technology, medicine, astronomy, biology, materials
science and mathematics were also mentioned. When asked about their perception of
the meaning of “nanoscience and nanotechnology” (question 5, Appendix A), 71% of
the respondents coupled the terms with some kind of “smallness”. Every fourth
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interviewee even mentioned the level of atoms or molecules here. On the other hand,
50% of the respondents associated NST with new technological products, e.g. faster
computers, stronger materials and tiny robots.

As the visitor survey was expected to provide additional insight into the
educational and communicational challenges discussed in the literature analysis, the
guestions regarding visitors’ perceptions of the scanning tunnelling microscope
Image2see Appendix A) were of special interest. Firstly, without any explanation, the
respondents were asked to interpret what is depicted in the image (question 8). Only
25% of the interviewees named any nanoscale objects (molecules, atoms etc.),
whereas most of the respondents associated the image with either macroscopic
objects (35%) such as “an island” or “a waterdrop” or microscopic objects (29%) such
as “a cell”. After the respondents were told that there is a ring of iron atoms on a
copper surface and the diameter of the ring is ca. 7 nanometre, 25% of the respondents
knew that the image was created with an electron microscope, whereas 36% suggested
that it was made by computer modelling, without experimental instruments (question
9). After this, the interviewer explained that it was a scanning tunnelling microscope
(STM) image, and briefly explained the operating principle of STM, and then asked
the respondent to say something about the iron atoms or the copper surface. Even
after this attempt for a contextualisation, in question 10 most of the respondents
(57%) came up with false, macroscopic conclusions about the image, for example
suggesting that the copper surface is “rough”, “soft” or “jelly-like”, or that the iron
atoms are “sharp” or “rusty”, or that “iron is warmer than copper”. Still, many
respondents reached correct conclusions about the nanostructure, stating e.g. that
iron atoms are of equal size and symmetric, or that it is possible to manipulate matter
on an atomic scale. In the next question, 43% suggested that such images could be
used in studying the structure of matter or the behaviour of atoms, 28% said that the
STM images are helpful in manipulating matter and developing materials, 7%
mentioned the purposes of communication and popularisation, and 21% were unable
to answer to the question.

In the next phase of the interview, a video of a computer simulation was shown to
the interviewees, together with a verbal description as explained in the “Methods”
section and in Appendix A (question 12). The respondents were asked to compare the
methods and techniques behind the STM image and the simulation. The idea behind

% The image shown was of the “quantum corral”, available e.g. at http://www.almaden.ibm.com/vis/stm.
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the question was to see how clear the fundamental difference between these two
visualisations, one based on a simulation and the other on empirical methods, is to
the respondents. 36% of the respondents mentioned this difference in some way,
while the others responded with some other differences or similarities, e.g. that in the
video, the bodies are moving while in the image they are not. 14% did not provide any
answer.

Question 13 proved to be too difficult: 54% of the respondents could not say
anything about it. On the other hand, even 32% of the respondents were able to
provide an answer that is perfectly compatible with the scientific conception, e.g. “the
laws change near the atomic level”, “at different scales there are different rules”.
Finally, 68% of the respondents were interested in learning more about NST (question
25). Most of the respondents (71%) were especially interested in applications, 21% in

scientific results and methods, and 7% in knowing the risks (question 26).

These results bring out the point that discussing the nanoscale and its phenomena
seems like a natural and necessary starting point for the exhibition, although the
potential visitors are probably interested in nanotechnological applications too.
Special attention is needed when using visualisations of the nanoscale in order to
convey the right epistemological ideas with them.

5 Discussion: strategies for illustrating the nanoscale science
in an exhibition

Based on the results from the above-reported studies, some strategies that could
support illustrating nanoscale science in an exhibition are suggested. These presented
strategies are all related to “the nanoscale” but they relate to the two aspects of the
iIssue in terms of their goals. Some of the strategies focus on supporting visitors’
(geometrical/spatial) scale conceptualisation as such, whereas others address the
scale only indirectly. The aim of the latter strategies is to illustrate “the invisible” —
the nano-sized objects that cannot be observed as such because of their smallness. It
Is argued that both approaches are needed to help museum visitors to come to grips
with nanoscale and its objects.
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5.1 lllustrating the continuum of scales & providing size landmarks

As both the literature review and the empirical survey pointed out, the “smallness” of
the nanoscale and its counterintuitive phenomena are very difficult to conceptualise.
In education, therefore, they should not be considered in isolation. Instead, an
exhibition should guide visitors there by starting from the macroscopic scale,
advancing through the microscopic range and finally to the nanoscale. This relative
approach may help visitors to construct a continuum of scales and integrate their
views of matter across scales. This was also one of the main approaches discussed in
the comprehensive workshop reported by Sabelli et al. (2005).

An effective way of displaying this continuum in an exhibition is a scale spectrum
with carefully chosen anchoring objects as size landmarks from each scale.
Proportional reasoning can be employed by illustrations such as “if a football would
be the size of the Earth, then a fullerene would be the size of a football”. Besides
pictorial presentations, even more effective way of supporting scale conceptualisation
Is provided by the “powers of ten” videos3, recommended also e.g. by Tretter (2008),
Castellini (2007) and Sabelli et al. (2005).

If a visitor understands the linear scale continuum from the macroscopic world to
the nanoscale, it does not yet mean that (s)he has an understanding of any of the key
ideas of NST, such as the size-dependent properties of matter. However, the visitor
has a good foundation on which to situate later insights of nanoscale objects and
phenomena.

5.2 Using images and visualisations

The research reviewed for this paper showed that personal experiences are essential
in understanding scales. As discussed above, people have major difficulties in
conceptualising size scales which they do not have experience of. Since it is not
possible to obtain direct experiences at the nanoscale, and quantum phenomena
cannot be replicated at the macroscale, images, visualisations and simulations must
be used instead. Furthermore, several studies pointed out that visual models are
crucial in students’ understanding of sophisticated concepts (see e.g. Tretter, 2008).
Therefore, abstract nanoscale concepts should also be taught with linkage to pictorial
representations.

® There are many popular videos available, see e.g. http://www.powersof10.com.
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Accordingly, images and visualisations are wused extensively in NST
communication. These methods are also natural for museums and science centres —
e.g. virtual representations have been common in science museums for a long time
(see Hooper-Greenhill, 1994). For an example of an NST exhibition relying completely
on virtual representations, see Murriello, Contier, & Knobel (2009).

The power of visual representations in communicating NST also entails pitfalls.
The public’s understanding of these images and the impact of the images on the
public’s perceptions has become a research interest (e.g. Landau et al., 2009). The
literature review found several articles that presented discussion of the risks of
causing misconceptions — for example, it is questionable indeed what “seeing atoms”
Is by using a scanning tunnelling microscope (STM) or an atomic force microscope
(AFM) (cf. Pitt, 2004; Robinson, 2004). Our empirical findings support the
conclusion of the literature review, implying that special attention should be paid
when communicating the nanoscale using such images, in order to avoid misleading
learners into false models of direct sense perception and epistemological
misunderstandings.

5.3 Using scale models and analogies to macroscopic objects

Another strategy for illustrating nanoscale objects in an exhibition is to use
macroscopic scale models and analogies. They are popular in public communication
of NST, especially in models of the structure of matter (with macro objects modelling
atoms and molecules for example), as well as in macroscopic models of electron
microscopy (e.g. “LEGO-AFM”, see Sabelli et al., 2005). An American exhibition on
NST entitled “It's a Nano World” relied solely on macroscopic analogies and
“enlargement models” (Batt et al., 2004).

These models and analogies are powerful tools for anchoring the issues in learners’
everyday experiences. This is especially crucial in informal learning environments:
because of the free-choice-learning nature of them, it is a necessity to address visitors’
needs and interests in an exhibition in order to gain any contact. Therefore,
macroscopic points of comparison should be chosen so that they are relevant to
visitors.

Demonstrating nanoscale phenomena by using macroscopic analogies is tempting
indeed. It should be noted, however, that they do not reflect the discontinuous change
of properties at a certain size, or any other guantum phenomena. Consequently, there
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Is a major risk of causing misconceptions and, even, contradicting the major learning
goal: properties of objects change discontinuously at a certain size. This important
learning goal may become blurred when objects of a macroscopic nature and
behaviour are used to demonstrate the nanoscale phenomena that do not obey macro
laws. Due to these concerns, exhibits of this kind should be evaluated before being
used in an exhibition, in order to find out the potential misconceptions they may
generate. The nature and the limitations of the analogy should be pointed out.

Still, analogical models may be especially helpful in illuminating “scaling effects”
(as suggested by Taylor and Jones, 2008). These effects mostly follow from the simple
and classically understood way how a change in the size of an object affects the ratio
of its surface area to volume. In studies on reasoning patterns, it has been found out
that students find understanding scaling effects to be challenging. Macroscopic
analogies may help this: for an example, surface-area-to-volume experiments with
differently sized pieces of ice to illustrate heat loss.

5.4 Accessing nanoscale by instruments

Instead of drawing solely on visualisations and macroscopic analogies, it is both useful
and possible to provide visitors with a “real” access to nanoscale phenomena, for
example by using a scanning tunnelling microscope (STM) or an atomic force
microscope (AFM) (also suggested by Sabelli et al., 2005). By using real instruments
to make measurements on real nanoscale samples may support Vvisitors’
understanding of the connection of the nanometric world to its manifestations and
representations in the macroscopic world. Reasonably-priced instruments are
available for educational purposes, and applications for remote access to an AFM
placed in a university laboratory are also available. Furthermore, the use of a haptic
interface has shown promise in visitors’ learning about molecular interactions (Bivall,
Ainsworth, & Tibell, 2011). These methods have even been used in classrooms (see
e.g. Fraundorf & Liu, 2008; Jones, 2008), and the resources are better again in
museums.
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6 Conclusion

Informal learning environments have a significant potential to contribute to public
understanding and engagement in emerging fields of science and technology such as
NST. The study presented here connects to a wider project on research-based
development of such settings (Laherto, 2013). The Model of Educational
Reconstruction (Duit, 2007; Komorek & Duit, 2004) has been used as the basis,
drawing on both content analysis of the subject matter and studies on learners’
perspectives. In this paper, educational, communicational and museographical issues
related to the scale of NST have been scrutinised in order to find well-grounded
strategies for exhibition development. The challenges and the recommended
strategies are summarised in Table 1.

Table 8. Challenges in illustrating the nanoworld, and corresponding strategies for exhibition development.

Challenge References Recommended strategies

invisible nano-objects: challenge to  Batt, Waldron, & Trautmann, e macroscopic models and

the “presence culture” in exhibitions  2004; Murriello, Contier, & analogies (especially in
Knobel, 2006; 2009; Taylor & illustrating scaling
Jones, 2008 effects)

e computer games and
virtual representations

e shifting to the “meaning
culture”: societal
significance of NST

no experience of sub-microscopic Bivall, Ainsworth, & Tibell, e images, visualisations
scales 2011; Fraundorf & Liu, 2008; and simulations
Jones, 2008; Murriello, Contier, e real access to nanoscale

& Knobel, 2009; Sabelli et al., with instruments
2005; Tretter et al., 2006; (remote or actual

Tretter, 2008 educational AFM/STM)
e haptic interfaces

difficulties in scale conceptualisation Castellini et al., 2007; Sabelli et e relative comparisons
al., 2005; Schoénborn, Host, & instead of absolute sizes
Lundin Palmerius, 2015; e size landmarks

Taylor & Jones, 2008; Tretter,

2008; Tretter et al., 2006 * continuum of scales

difficulties in proportional reasoning Castellini et al., 2007; Sabelli et e unitizing
al., 2005; Tretter et al., 2006; o
Taylor & Jones, 2008; Tretter,
2008

proportional illustrations

e “powers of 10” videos
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difficulties in understanding size- Sabelli et al., 2005; Taylor & e illustrations on surface-
dependent properties Jones, 2008 volume ratio

e multiple examples and
representations

misconceptions: matter as Castellini et al., 2007; Crone, e discussing the structure
continuous rather than particulate 2010; Margel, Eylon, & Scherz, of matter
2008; Murriello, Contier, & e illustrating size and scale

Knobel, 2006; 2009

misconception: atoms/molecules Jones et al., 2013; Margel, e discussing

having the same properties as the Eylon, & Scherz, 2008; Sabelli counterintuitive
macroscopic substance et al., 2005 guantum effects

risks of images and visualisations: Landau et al., 2009; Brune et e explaining the
epistemological misunderstandings, al., 2006; Pitt, 2004; Robinson, methodological and
false models of direct sense 2004 epistemological issues
perception e careful front-end

evaluation of
visualisations for
potential
misconceptions

risks of scale models and Batt et al., 2004; Brune et al., e discussing scientific
macroscopic analogies: confusion of  2006; Sabelli, 2005 modelling

models with reality; misusing e pointing out the
“scaling”, missing the discontinuous limitations of analogies
change of properties e careful front-end

evaluation of exhibit
models for potential
misconceptions

In general, exhibitions seem to fit well as learning environments on NST. Contrary to
formal education, in museums and science centres, there are no disciplinary
boundaries or other curriculum constraints that do not cohere with the
interdisciplinary nature of NST (cf. Kahkdnen et al., 2016). Also, the instrumentation
required for experimental work and “seeing” invisible nano-objects may be
unattainable for classroom purposes, but the resources are better in museums and
science centres. Moreover, given the needs discussed in the Introduction, exhibitions
can provide a quick response to the growing public interest. Yet, informal learning
environments such as exhibitions certainly bear some additional educational
challenges too. Because of the fragmental nature of the learning environment, it is
difficult to learn structured information at an exhibition. This poses major challenges
for conceptual learning, considering also complex and sophisticated concepts and
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knowledge structure of NST. Moreover, due to the diversity of learners in a science
centre, it is complicated to take visitors’ preconceptions and other perspectives into
account in exhibition development.

The axiomatic fact that nano-objects are neither visible nor tangible constitutes an
interesting museographical challenge. In the traditional view, it makes nanoscale
science a problematic topic for a museum, since it does not fit in with the idea of
materiality and “presence culture” that is considered the essence of museums
(Soderqvist, Bencard, & Mordhorst, 2009). Nanoscale objects cannot be collected and
displayed in an exhibition as such. An exhibition can include NST instruments and
macroscopic objects that nanoparticles are part of, showing the macroscopic
manifestations of nanoscale phenomena. Such exhibits, however, do not present the
scientific essence (for a discussion on the same issue in the context of biomedicine,
see Soderqvist, Bencard, & Mordhorst, 2009). Yet, this museographical challenge of
the “presence culture” is even wider and concerns all contemporary fields of science
in which social and cultural aspects are typically deeply connected to the “scientific
content”. Representing these social and cultural phenomena in an exhibition cannot
be done in traditional museographical ways, since they usually do not manifest
themselves through material artefact. This development has shifted the focus of
museums from “presence culture” towards “meaning culture” (S6derqvist, Bencard,
& Mordhorst, 2009). Due to the important social implications of nanoscience and
nanotechnology, and the limited opportunities for “presence effects”, focusing on the
meanings seems like a reasonable starting point for a nanoscience exhibition.
Accordingly, the study reported here focused on the communication of one of the
meanings of NST, i.e. an understanding of the nanoscale. Given the societal and
educational significance of NST, it should be acknowledged that social and cultural
meanings are at least equally important aspects of an exhibition.

In this paper, it has been argued that scale-related issues are a natural starting
point for development of an informal learning environment on NST. Despite several
educational challenges highlighted by the study, there are reasonable strategies to
illustrate the nanoscale and its objects in an exhibition. Supporting visitors’ scale
conceptualisation by presenting scales as a continuum with size landmarks, using
Images and visualisations, as well as using macroscopic models and analogies (only in
the context of scaling effects!) are effective tools for that. However, each of these
approaches also entail some pitfalls, so they should be used only deliberately. Also, it
should be noted that an exhibition should not focus too much on the scale itself, but
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on the properties of matter that are the essence of NST. If visitors only learn to “scale
down” their macroscopic experiences, they will end up with wrong conclusions about
the nanoscale. The discontinuously changing properties of matter should be kept in
mind.

Indeed, it remains debatable if size and scale itself is in fact the very essence of
NST. Either way, when taking an educational perspective, size and scale are definitely
Important. Scale conceptualisation is an important interdisciplinary theme of science
education in general, and also plays a significant role in scientific literacy (as defined
in the introduction; see also Gardner et al., 2010; Kahkonen et al., 2016; Tretter,
2008). It has also been suggested as one of the “Big Ideas of Nanoscience”, and its
incorporation in school curricula has been recommended (Sabelli et al., 2005; Stevens
etal., 2009). Thereby the conceptualisation of scale is nevertheless a natural starting
point for public communication and informal education in NST.

The guidelines suggested in the paper can be considered as a design framework
(Edelson, 2002) for the development of such learning environments. Creating a
prescriptive, generalized set of design guidelines such as the one in this study is a
typical theoretical outcome of design-oriented research. Besides being applied in the
research project this study is connected with, the results could also be used in research
and development on other educational solutions.
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Appendix A: Questions of the interview: science centre visitors’
perspectives on nanoscience and nanotechnology (translated
from Finnish by the author)

Have you heard or read about nanoscience or nanotechnology (NST)?
Where did you hear/read about NST?

Have you studied NST, or has your work experience concerned these fields?
In your opinion, what fields of science is NST related to?

8. In your opinion, what does NST mean?

N o oA

When the respondent has responded to question 5, the interviewer provides a simple definition of NST: “Nanoscience
and nanotechnology concern the research, manipulation and construction of very small structures. According to a
common definition, the structures of NST are in the size range of 1-100 nanometres, at least in one dimension (length,
breadth or thickness). A nanometre is one millionth of a millimetre. This means that the structures of NST can be as
small as a few molecules or atoms. At this scale, matter gains new properties that depend on size. These properties

can, for instance, be mechanical, electrical or optical.”

9. Do you know any applications or products that exploit nanotechnology?
10.Here | have talked about nanoscience and nanotechnology. Do you think that
there is a difference between them?

The interviewer shows a scanning tunnelling microscope (STM) image of a nanoscale structure. [“Quantum corral”,
image originally created by IBM Corporation and available at the STM Gallery,
http://www.almaden.ibm.com/vis/stm/gallery.html. The image is also on the cover of the printed version of this

dissertation.]

11. What do you think is presented in this image?

After the respondent has answered question 8, the interviewer explains that there is a copper surface, in which a ring is

constructed out of single iron atoms. The diameter of the ring is ca. 7 nm.

12.How and with which instruments was this image created?

The interviewer explains that the image was created with a scanning tunnelling microscope. STM has a sharp tip that

is slowly moved across the surface, measuring the properties of the surface.

13. On the basis of this image, what can you say about the iron atoms or the copper
surface?
14. For what purpose do you think images of this kind can be used in nanoscience?
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The interviewer shows a computer simulation and gives the following explanation: “In this computer simulation a

small, spherical carbon structure collides with a tubular carbon structure.”

15. When you think of the creation of this video and the recent image, what
similarities and differences come to your mind?

After the respondent has answered question 12, the interviewer explains: “The carbon nanotube shown in the video is
one important structure studied and applied in NST. It has interesting properties: a carbon nanotube is extremely
strong, and it conducts electricity and heat very well. It is a good example of a central idea of NST: below a certain

size, matter may exhibit totally new and even revolutionary properties.”

16. What do you think these new properties result from?

17. Generally speaking, what potential benefits do you think will follow from
nanotechnology?

18. What disadvantages and risks will follow from nanotechnology?

19. Which do you consider more significant, the benefits or the
disadvantages/risks?

After the respondent has answered guestion 16, the interviewer says: “Finally, | will read some statements. Please
respond on the scale 1...5 depending on how much you agree with the statement. ‘1” means you do not agree at all,

and ‘5’ means you completely agree. You can also respond ‘I cannot say’.”

20. The general public should be heard when making decisions about the
development of NST.

21. Decisions on NST should be made on the basis of expert views and advice.

22. Decisions on NST should be made on the basis of views of average citizens.

23. Decisions on NST should be based on scientific knowledge of the risks and
benefits.

24. Decisions on NST should be based on moral and ethical considerations.

25. Citizens should be told about NST and be able to decide independently whether
they want to use products developed with these methods.

26. Although nanotechnology may bear some unknown risks, it is an inevitable
part of our future, so we should just make sure that it is used as safely as
possible.

27. NST should be regulated and supervised more strictly than before.

28. | am interested in knowing more about NST.

29. What interests you the most about NST?
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