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Messages from the Editors

Welcome to CIRCE

Imagination is central to human culture. Without it, no culture would look the way it
does today, and no learner would be able to participate in and contribute to that
culture. Nor would cultures change and evobhe way they do, in response to our ideas
and our ideals, our ethical insights and technological innovations, were it not for
imagination. And yet this essential human capacity is extraordinarily neglected in
educational thinking, practice and researdlnis is whafhe Centre for Imagination in
Research, Culture and Education CIRC[sur-see] seeks to change.

Are yau an advocate for imagination®o you believe, as we do, that
imaginationis as important for learning in the Sciences as it theénArts? At CIRCE we
believe that the imaginative engagement of students is as important at the post
secondary level as it is in primary classrooms, and as central to adult and community
SRdzOF GA2y a AG Aa G2 2yfAySictbrSHatNy Ay 3
imaginative development is crucial to the building of societies characterized by empathy
and solidarity, societies genuinely inclusive of people from different backgrounds, of
different abilities, and with different ways of seeing the worlddAwe also see
imagination as deeply interwoven in the relationships between human beings and the
rest of the living world.

These are issues of vital importance in thé'@&intury. We welcome
collaboration and partnerships with researchers and educatorsratdhe globe who
share these interests and are committed to expanding our understanding of imagination
in research, culture and education, both practical and theoretgalwelcome to CIRCE!

It has been a great pleasure working with Dr. Jailson Lineutch the CIRCE
STEAM community and tm-producethis special CIRCE STEAM Magazine. | hope you
enjoy this inspiring collection of STEAM at work in research, culture, and classrooms. If
@2dz KI Sy Qi R 2the EIREERIEAMLEAGS lget iBspidd adital get
involved! (http://www.circesfu.ca/practice/steam)

Yours in imagination,

Gillhian

Gillian Judson, PhD
Executive DirectoiCentre br Imaginationm Research, Culture & Education
(www.circesfu.ca
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Science is highly conceptual, and learning it effectively requires interconnégting
concepts such as atoms, forces, molecules, DNAtreldields, ions, electromagnetic
radiation, radicals, electrons, and photons. Although brilliant minds have undoubtedly
used their artistic talents and been inspired by art over the centuries to create scientific
knowledge, until recently we have catgloed its ramifications simply as STEM. In the
last decades, movement has been made to rectify this limited worldview by expanding
the acronym to STEAM.

As an educator who has been an enthusiast of Imaginative Education
(http://www.educationthatinspires.ca/imaginativeducation)) for over a decade, | had
the pleasure of meeting Dr. Gillian Judson and the Imaginative Education Research
Group(http://ier g.ca)) at Simon Fraser University2016. Lasyear, when Gillian
invited me to join CIRCE, | immediately knew that | wanted to contribute to this
initiative by working with STEAM. It has been a fantastic experience. We have contacted
educatorsartists, scientists, and STEAM policy makers who are passionate about the
subject. This STEAM issue of CIRCE Magazine reflects the cohesive efforts of all
participants. | have learned so much during the process.

Despite the current inherent problems ihe world, we are living in exciting
times to imagine, explore, and create. | hope this is just the beginning of a new era
where STEAM will become mainstream.

Sincerely,
Jailson LimaPhD
Vanier College, Montreal
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FEATURH:he Art of Science
By RoberRootBernstein

GwS. A2DSyS{&&a¢ ! RI'Y 2-BernstdBt@grollGyllBry, &eh doSelNi
CA, 2015 (photo by Robert ReBérnstein). An art installation/performance piece that
doubles as a functional origitd-life experiment.

When larrived at the Salk Institute for Biological Studies in La Jolla as-@lqcisiral

fellow in 1981, all sorts of rumors were circulating regarding Bob Holley. Holley was one
of three men who had been honored a decade earlier with a Nobel Prize for the
dismvery and elucidation of the function of transfer RNA, the molecule that allows all
living things to translate the genetic code into protein. Holley had since explored several
other biological fields, and was currently working on growth faatarslecules

involved in differentiation and cancers.

It was not Holley's laboratory work that was giving rise to the rumors, however;
it was his extracurricular activities. Every Friday around lunch time a beautiful woman
(not always the same one) would arrive at bfice and Holley would accompany her
into the private study which is one of the special perquisites of Fellows of the Institute.
Holley and his guest would then spend most of the afternoon in seclusion. The way in
which the Salk Institute is laid out, bothe arrival of these beautiful women and the
short trip to and from Holley's study were made in plain view of at least half of the
Institute staff. Tongues wagged.

Holley's extracurricular activity was not what most people thought, but its nature
was naetheless surprising. The women were models posing for Holley's avocation of
sculpting. Throughout the decade of the '80s, Holley turned out a series of lovely,
sometimes lyrical, sculptures of ballerinas. He also began exploring sculpture as a form
of portraiture. (My wife was one of his first subjects for these explorations). Worked in

w2 2 I
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clay, his sculptures were then cast in bronze, and some began to appear in his office,
where the true nature of his activities became apparent. The pursuit of beauty,lthe to
me, was one of théhings that motivated both his art and hisience.

| soon realized that Holley was not unique. My undergraduate advisor at
Princeton, Bob Langridge (now retired from U.C. San Francisco) published an article
comparing the aestheticpgpeal of DNA structure to that of a rose window in a medieval
cathedral. Roger Guillemin, an endocrinologist at the Institute and yet another recipient
of a Nobel Prize, had a number of his water colors displayed on his office wall. (He
moved to electronianedia becoming one of the recognized founders of that medium.)

| also knew from reding broadly in the history ofcgence that Louis Pasteur
(inventor of the germ theory of disease) had been an extraordinary painter, as had
Joseph Lord Lister (the invemtof antisepsis), Santiago Ramon y Cajal (perhaps the
greatest neuroanatomist of the past century), Frederick Banting (the Nobel prizewinning
discoverer of insulin), Wilhelm Ostwald (the Miobel prizewinner inteemistry and the
inventor of a stilpopular color theory for artists), and Albert Michelson (the man who
measured the speed of light and the United States' first Nobel laureate). Albert Einstein
had played violin, of course; Max Planck had seriously considered a career as a
professional pianistz. B. Wilson, one of America's most important tofrthe-century
embryologists, was considered the best amateur cellist in New York; Martin Kamen, the
man who had made carbon 14 dating possible, played viola at a professional level
throughout his careennolecular biologist and Nobelist Jacques Monod had nearly
ruined his scientific career by spending so much time playing and conducting music.
Virginia Apgar, for whom the Apgar score used to evaluate the health of newborn
infants is named, not only playedusic but made her own violins and 'cellos!

| began to wonder if there exists a significant connection between scientific
achievement and an artistic bent.

My appraach to the question of whether arts andisnces have any fruitful
connections has taketwo tacks. The first was anecdotal and basically historical.
Through extensive reading of biographies and autobiographies, and by means of
interviews, | have explored the incidence of combined scientific eminence and artistic
talent. | have paid particulattention to what people who practiced both sciences and
arts had to say about possible connections between their a@witPractical
applications of arts to thecgences were high on the list of rationales for combining the
two. Nobel laureate Alexisarel took lessons in lacemaking and embroidery in order to
develop the manipulative skills and invent the suturing techniques that make possible
opentheart surgeries and organ transplants. Art lessons explored the principles of
symmetry necessary for Noligt Dorothy Hodgkin to succeed in her field afay
crystallography. Mary Leakey, whose discoveries of primitive hominid skulls and
footprints revolutionized anthropology had no formal training beyond archeological
illustration, which taught her to obsee much more acutely than her colleagues.

More generally, scientists often found the arts inextricable from their identities
Fa aOASyidAradaod 9AyalSAy &alARX aL GKAY]l Ay Yd
problems at the piano keyboard. Entomgilst and Pulitzer Prize winner Bert Holdobbler
wrote to me: "After high school | was first undecided whether | should study art or
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biology. | have chosen biology and art became my hobby, only to realize during my
university career that | can fulfill my #stic desires also in biology... A scientific
publication should be a piece of art." Ethologist and surrealist painter Desmond Morris
has written that his goal has been to combine "the imagueand the analytical artist

and scientist to be both at oncé' For, as Max Planck once wrote, "the scientist needs
an artistic imagination.”

Case studies are useful, of course, for demonstrating how the arts and sciences
can work fruitfully together, but | also wanted to know whether such collaborations
were rareor common. So my second approach to studying the subject has been
psychological and statistical. The late Bernice Eiduson, a psychologist at UCLA, had
begun a longerm study of the psychology of 40 young male scientists in 1955. When
she died in 1988, mmother, Maurine Bernstein (who had been her research associate)
and | took over the study. We examined the prevalence of various artistic hobbies
among the group and, with the help of statistician Helen Garnier, correlated their
success as scientists witteir hobbies. We also explored with the scientists through
interviews and a questionnaire whether there were connections between the ways in
which they think about things mentally (e.g., visually, kinesthetically, abstractly, etc.),
their success recognimy and solving problems, and their hobbies. Four of the scientists
were eventually awarded Nobel Prizes; two others were nominated for Nobels; these six
and another five became members of the National Academy of Sciences. We also had
four scientists who @l not obtain tenure and a reasonable pool of people who had
undistinguished careers.

We found statistically significant correlations between the success of scientists
(evaluated in terms of the ratio of citations of their work to their total number of
published papers, on the one hand, and in terms of the number of high impact papers
receiving more than 100 citations per year, on the other) and having one or more active
artistic hobbies as adults. Success was also correlated with the diversity of noatsgal
these scientists employed. Scientists who used visual images, "acoustic images”,
kinesthetic feelings, and other unusual forms of thought were more likely to be
successful than those who limited themselves to verbal, logical, and mathematical
formulations of problems. Finally, the nature of the mental tools used by the scientists
was statistically significantly correlated to their avocations and interviews showed that
the successful scientists were aware of the connections and sometimes used them
knowledgeably.

We followed up this original study with two very largeale statistical studies. In
one, we compared the incidence and types of avocations of all Nobel Prizewinners to
those of members of the U. S. National Academy of Sciences and Roya},Zoaldb a
non-selective group of scientists as well as to the U. S. general public. Overall, the more
eminent the scientist, the greater the probability that she or he had an arts or crafts
avocation. In the other study, we correlated avocations to wasioutputs such as
numbers of papers, patents, companies founded, books published, etc. among a group
of 237 successful scientists and engineers. Inventors and entrepreneurs were
significantly more likely than their colleagues to have arts and crafts twasaand to
be able to explain how their arts and crafts improved their scientific or engineering
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work. We also found in this study that inventors and entrepreneurs were more likely
than their colleagues to use visual thinking and modeling skills antikelsto rely on
mathematical or verbal formulations of ideas. We have summed up our results by saying
that artistic scientists have more image in their imagination; musical ones can duet (do
it) better; craftsmen are more handy; and the creative writhewve the skills to become

the pundits of science. Seriously!

The importance of these resulismanifold. First, they suggest that effective
scientific thinking requires a complex mixture of many of what my ,viifiehele Root
Bernsteinand | call in oubook Sparks of Geniu$ools of thinking." These consist
essentially of observing, imaging, abstracting, patterning, analogizing, empathizing,
dimensional thinking, modeling, playing, transforming and synthesizing. For example, a
scientist may observe astrepancy between theory and data, visualize a model of what
that discrepancy means physically, imagine herself as part of that model to determine
what parts of it are critical, and then convert the complex of visual images, models, and
feelings back int@ formal language that can be communicated relatively
unambiguously (e.g. words and/or mathematics).

{ SO2yRfesxs 6SQ@S F2dzy R KIG &a2YS GUKAY|AYy?:Z
AO0ASyGAald 0SOldzaS GKS& FFNBE O2putheRBNER (2 0S5
4dz00SaaFdZ &aOASyiGArAada FyR SyaiaAySSNa 2F0Sy dz
scientists emulate artists in empathizing with their subjects. Nobel laureate Barbara
McClintock often talked about having a "feeling for the organism” whkilew laureate
and physicist Hans Alfven says he "becomes" electrons in order to understand their
OSKIF@A2NBE® 9AYAGSAY AAYAfFNI&@ ao0SOIYSe | fAZ
himself to be the animals whose behavior he wanted to understand. Nogatjdhese
scientists say, do not come from logic, but rather from imagination, and at the level of
imagination, scientists and artists think alike.

The difficulty that scientists (and artists!) face is how to translate their personal,
non-verbal insightsnto forms communicable to other people, a process that they speak
of as being an explicitly secondary stage in the process of discovery, after, as Nobel
Prizewinner Richard Feynman once said, the visual images have been sufficiently
developed. Oddly, the, our studies reveal that most scientific teaching occurs only in
these secondary languages of words and equations, with little or no mention, and often
less training, in the use of nererbal, nonmathematical modes of thought or the
importance of percefual thinking tools, intuition and emotion. These are exactly the
kinds of tools that artists have excelled at developing.

Indeed, our studies suggest that since most scientific education ignores non
verbal and nommathematical forms of thought, the maijty of scientists appear to have
developed facility with such intuitive "tools for thinking" through artistic and musical
endeavors, mechanical hobbies, or other ptisges. An unrecognized dependence of
scientific education upon noescientific skills matherefore exist that is being
undermined as arts, crafts, and shop classes are eliminated from more and more
schools. As one of my colleagues has asked rhetorically, "How are students in the future
going to understand mechanisms if they never have thenchdo take apart a spring
wound watch and try to put it together again?" Hand and body knowledge is as
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important as mental knowledge as any experimenter knows. Intuition, both physical and
mental, is developed only through experience with the world artd are the disciplines
that best train that kind of experience.

Another point we have been able to demonstrate is that these-werbal, non
mathematical tools of thought can be taught. Einstein recounted the impact on his
research of his highchool traning in visual and kinesthetic thinking techniques (based
on a curriculum developed by the great Swiss educator Pestalozzi). Nobelprizag
physicist Luis Alvarez wrote about how his father, an eminent physiologist, purposefully
enrolled Luis in a tédmical high school instead of the academic one, in order to train his
hands as well as his mind. Alvarez claimed that his knowledge of how to think with tools
was as important as his ability to use equations. And, as one final example, James
Bonner, a biagist at Caltech who participated in the Eiduson study mentioned above,
told about how he began college unable to "see" anything in his mind, but was taught to
visualize and to physically model what was going on inside chemical reactions by his
mentor Rosoe Dickerson. Such manipulation and visualization courses, which are now
formal parts of the curriculum at M. I. T., Stanford and some other universities, are not
uncommon components in the training of engineers as well.

The one thing that | have learnglarough all my studies is that all important
discoveries, whether in the sciences or the arts, are synthetic. It should come as no
surprise, then, that the thinking that creates innovations is also synthetic, transcending
disciplinary ideas and integratimqyactices across perceived boundaries. Training
scientists, technologists, engineers and mathematicians how to make such integrative,
transdisciplinary leaps of imagination by training them in and with the arts is the first
step in training them to innoua. We could do worse than to emulate the best of the
best and they tell us that arts and sciences belong together!

Robert RootBernstein, Professor of Physiology,
Michigan State University, East Lansing, M| 48824 USA;
rootbern@msu.edu
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Picturing Science: Ads aWindow to the Invisible
By Jailen Lima
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Art does not reproduce the visible;
rather, it makes visible.
Paul Klee

After finishing my undergraduate studies in 1986, | worked as an industrial chemist
improving the quality of organic pigments for plastics. Due to the poibrerence and
shabby color of a red diazo pigment from the production line, our research group
RSOARSR (2 AyOfdzRS adaNFIFOGlFyda Ay GKS a
dish detergent, surfactants, whose basic structure is seen in Figare Inolecules that
contain both polar and nopolar fragments. The head of the surfactant molecule is

polar and interacts well with water but not with grease (i.e., it is hydrophilic and
lipophobic). On the other hand, the tail fragment is nonpolar ardracts well with

grease but not with water (i.e., it is lipophilic and hydrophobic). The two parts coexisting

in the molecular structure of the detergent enables grease and water to mix, resulting in
spotless, clean dishes.

e A
7

Figurel: Basic structure of surfactants: The head is hydrophilic and the tail is hydrophobic.

N
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Since plastics are nonpolar, the expectation was that the interaction between
the surfactant and the organic red pigment would improve its adherence and result in a
uniform shiny reecolored plastic. However, the experiment had the opposite result: The
pigment did not spread evenly in the plastic, whose appearance became even shabbier.
| was flabbergasted: It did not make sense at all! After spending weeks trying to wrap
my head around this unexpected outcome, | triedriaginehow these molecules
interacted during the synthesis of the pigment. The surfactant was added after the
pigment formed in water, and then the mixture was filtered and dried. Later, the dried
powder was mixed with the plastic resin. But why, contrary to our prediction, did adding
the surfactant make things worse?

Byimaginingthe pigment and the surfactant interacting in water, | had an
epiphany: Since the pigment was synthesized in water, the hydrophilic heads of the
surfactant would naturally bind to water while the hydrophobidgavould be inserted
into the pigment. Because plastic is nonpolar, it would not interact with the polar heads
GKFG ¢6SNBE adAOlAy3a 2dzid ¢KIFIiQa ¢Keé | RRAYy3I (K
speculated that synthesizing the pigment in a polar solvent liaeemvas the origin of
the problem. Since replacing water was not an option, | decided to add a tiny amount
(1% of the total volume) of xylemea nonpolar solvertt before adding the surfactant.

The result was astonishing: the pigment spread evenly in thesprarent plastic giving a
bright, homogeneous, red color as was originally expected. Perhaps the rationale was so
obvious that no one in the whole research group had thought of it before | came up with
the proposal. The explanation was too simple: Polagfinents interact well with polar
compounds but not with nonpolar ones.

Experiencing the power of imagery associated with imagination to solve complex
problems like this was a transformative experience for me, and | started thinking about
the shortcomings bmy own schooling. Although scientific knowledge relies heavily on
mental models and their visual representations, traditional approaches to teaching
scienceare based mostly on algorithmic problem solving and procedural knowldtdge
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often neglect the wicial role of imagination in the learning process. | was taught in this
traditional way and despite believing in the power of imagination in learnminigund it
difficult to think outside the box to reinvent my teaching practice.
Decades later, | stumbldd ONR & & Y A S Ndn ¥nadnative/iicatiolh RS I &
Egan and hisolleagues & { AY2y CNJ} ASNJ ! YyABSNBAGEQA LYl 3AA
Group fow the Centre for Imagination in Research, Culture and Education, or)CIRCE
emphasize the crucial role of thé NNJ G A @S Ay LINRBGARAY3 Sy3Il ISYS
narrative is a continuous account of a series of events or facts that shapes them into an
SY20Az2ylftfte alraAaFTrOuz2NE ¢K2f Sé-nmivE | vy Hanp:2
revolutionary idea: Insteadfestarting with what studentslreadyknow, we should start
with what they carimagine The idea that imagination can open the doors of perception
so that creativity and effective learning can occur spoke volumes and resonated well
with my own beliefs and past experiences as a science student, professional chemist,
and teacher.
9 3| y Qs(Egan? 97; Egan, Stout, & Takaya, 20@ve me direction on
how to develop both the curriculum and the instructional strategies employed in my
science courses. Because of my interest in painting, the mention that artmaking fosters
imagination made a@werful link with my past experiences with surfactants. | was able
to solve the puzzle by creating an abstract painting of those molecules in my mind.

The art of painting aims to perfect vision, thanks to a pure visual perception of
the outside world thraigh the sense of sight alone. When a picture is conceived
with this aim in mind, it is a means of replacing natural scenes where the eyes
function mechanically, because of habit, which masks these sights which are
always the same or always what we expé¢btagritte, 2016, p. 121)

The opportunity to explore imaginative approachegeachingarose in 2009, the first

time | taughtHistory and Methodology of Scien@ecourse for Liberal Arts students at
Vanier College. | proposed a major assignment in wstiatients used the visual arts to
portray some of the scientific concepts studied in the course (Lima & ‘Bottos,

2018). Over the years, | have tweaked the format by including asynchronous dialogues
outside the classroom to flesh out ideas and bring emts to the expected level of
complexity (Lima, 2016). | also felt the need to include art(gimsa, 2017) and sought

the participation of art teachers in the process. After a couple of years working with
Liberal Arts cohorts, | proposed a similar assignt in my General Chemistry, Solution
Chemistry, and Organic Chemistry courses. Science students were asked to express the
big ideas (Lima, 2016) and threshold concepts in Chemistry through visual arts, and they
were required to write a rationale explang the links between the course content and

the visual representations in their final procts. Examples of their artwodan be seen

in Figures 2 and 3.
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Figure2: Taste the Science! (by Jacklyn Di Genova, 2!

The conceptual framework of this project was
also inspired by the collaborative developmental
studies conducted by Jerome Bruner (Efland, 2002;
Gardner, 2006). Bruner outlined three ordered ways
in which children represent the world: the enactive
level (through action), the iconic level (through
mental imagery), and the symbolic level (through the
manipulation of symbols). Although early childhood
education curricula intertwine a variety of learning
strategies from these three ordered levels, similar
approaches are not available in the teaching of
science at the college level. It seems that teachers
(especially those in the natural sciences) have been
trained to look down on imaginative approaches for
students who are older than toddlers, as if
:! imagination § inferior to rational, Cartesian thought.
[S—— oo Instead of starting with the iconic level, traditional
Figure3: The Wonder of Science approaches overemphasize symbolic representation,
(by Kristina Esposto, 2010) which leads to rote learning. In the traditional

teaching of science, it is way too common to mistake
the ideas for their symbolism: Being able to read the symbols has no direct correlation
with reaching the knowledge they represent. As Greene (1995, p. 74) points out:

2 KFG aSSya ONHzOAIIE AaXGKS | OGAGS AyaSNIA?z
G2NI RX ¢2 LI2YRSNIGKAA Aa G2 0S02YS O2y dAy
know it is an education of forgetfulness. Distracting the young from their own

perceived landscapes amsthapes, we teachers insist on the givenness of

predetermined explanatory frames. We loosen the connections between the

young and the objects, images, articulations, and other people with which they

havebeen enmeshed.


http://www.circesfu.ca/

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 19

Asking students to portray abstradh@mical concepts such atomic models,
energy, or chemical bonding using visual representations nurtures their imagination and
creative thinking skills. Representing scientific knowledge at the iconic level might help
them make the transition fronthe abstrect to the concrete. The abstract character of
the visual arts has the potential to open a window onto the invisible world of chemistry
by providing new insights and shedding light on counterintuitive scientific concepts that
stem from formal, conceptual gictures that do not arise spontaneously in the
everyday experiences of learnefis reflects the necessity of academic concepts to be
linked with spontaneous concepts as showrhe grassroots works of Vygotsky
(Connery, Johisteiner, & MarjanoviShare, 2010) Dewey (Jackson, 1998; Taber,

2009), and Freire (1998).

By envisioning learning as an interpretive, recursive, nonlinear building process
accessed through physical and social interactions, the STEAM curriculum can combine
images and narrativeskthi. 02y ySOG 2y SQa AYIFIAAYyLFGAZ2Y YR A
material. This might be especially useful for learners who are struggling to form a
cohesive map of science in their minds. Including art in STEM might help science
students see the world in new wagsd enlarge their intellectual profile (Gardner,

2006) beyond the prevalent logiealathematical and verbdlnguistic domains that are
commonly explored in science courses.

There is a misconception that creativity in school is only about artistic expness
(Resnick, 2017). The inclusion of art in STEM entails more than seeing and creating
objects that appeal aesthetically. Instead, art informs the world in unique ways by
developing creative thinking while refining perception to enhance understanding
(Eisier, 1998). The process of artistic creation requires active engagement, imagination,
trial-and-error, the ability to integrate concepts, and the use of higleel cognitive
domains. Those skills are useful as illustrated by the story at the beginninig afticle:

Job markets are constantly expressing their need for creative workers who can think
outside the box and propose innovative approaches to grapple with new challenges.

Due to the stringent character of the science curriculum, not enough isme
allocated to explain the role of imagination in developing groundbreaking theories such
a4 CINIRIFéQa StSOUNRYIF3AYySGAAY YR St SO0{NROKS
the paramount importance of imagery in developing scientific models, schetdsate
the false dichotomies that science and art as well as imagination and reason lie in
opposition to each other. These misconceptions also reinforce the dualistic view of
knowledge possessed by most college students since, instead of emphasging th
intrinsic limitations of models, teachers often present the scientific method as an almost
infallible way of knowing. At this level, students tend to believe that scientific
knowledge represents an absolute truth and that scientific discoveries arethut of a
mere flash of insight of extremely gifted individuals (Resnick, 2017) rather than being
part of a slow and meticulous process.

Luckily, in the last decades, the connections between art and science (Castel &
Sismondo, 2008; Henderson, 2008; Keln@016; Lemons, 2017; Miller, 2000;

Parkinson, 2008) and science and imagination (James & Brookfield, 2014; Kandel, 2012;
Rocke, 2010; Rod@ernstein & RoeBernstein, 1999; Vignale, 2011) have received a
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great deal of attention as attestet by the graving number of publications on the

topic. The ambition of developing a STEAM curriculum that nurtures imagination and
creative thinking on a national scale is achievable. It can be a powerful tool to engage
21stcentury students with a world in flux as theonstruct knowledge in a meaningful
way.

9y 3aF3aSYSyid Ay (GKS FNI&a X asSSyvya G2 LXIFOS
1 SAGKSGAO @nhable\aipdrdodid las? § senséof distance and time;

one seems to occupy a spaceless and timeless universithatrospect yields

high degrees of satisfaction. (Eisner, 2002, p. 202)

We need creative individuals to find solutions to the serious societal and
environmental problems that humans are currently facing. The inability to attract
students to science s trend that has been observed worldwide and has become a
ASNA2dza GKNBFG (G2 1SSLAY3I dzlJ 6 AGK GKS yS0OSaa
world. At a time when creativity is needed more than ever before, it is worthwhile to
explore the multiple facetsf the STEAM curriculum to enhance the quality of
instruction by providing more interactive, engaging, and rewarding lessons.

: Mk Jailson Lima teaches Chemistry at Vanier Colkege
- . Montreal, Canada. He has been involved with curriculum
development with tle aim of exploring the visual arts to
], enhance the learning of scientific concepts. He is the
recipient of the Beaumier Award from the Chemical

Institute of Canada.
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Colliding Worlds How CuttingEdge Science is Redefining

Contemporary Art(Preface)
By Arthur I Miller

Prefacereprinted with permissiorfrom Miller, A (2014) Colliding Worlds: How Cutting
Edge Sciemds Redefining Contemporary ANew YorkW.W. Norton)
(https://amzn.to/20SENpf
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Art and Science in a Transdisciplinary Curriculum
Brett Wilson and Barbara Hawkins

I am enough of an artist to draw freely upon my imagination. Imagination is more important
than knowledge(Einstein, 1929

TheWt N22SO0G 5AFf23dz2SQ | LIWINRI OK (2 LISRI 32 3¢
CKS GNIyaRA&AOALX Ayl NE (WBvpSiéchlifidgue ariidkate) Wt NB 2SO
website currently under reonstruction) was established in 2006 in the faenDepartment of

Art & Design at the University of the West of England (UK), where one of the authors (BH) was

head of the Postgraduate Schoét longterm collaborators, the founder members (Barbara

Hawking arts educator, Brett Wilsanscientist, Stuartiit philosopher and lain Biggs
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artist and cultural theorist) had developed an appreciation of the fundamental conceptual
Y2RStaz a0NHOGdINB&a |yR YSUOI LK2NER tyRSNI eAy3a S
promote a transdisciplinary forum exploring resgaqguestions across the arts, sciences and
humanities
Since its inception, Project Dialogue has employed a number of different ways of
workingt mediumsized transdisciplinary symposia, small research teams working with other
centresonspecifii 2 LJA O&aX | YR aSYAYINEBkg2N] aK2Lld oAGK R:
FEtSEAOES Yyl GdNBE 2F (KS 3INRdAIQE S6ARSNIFaazoOAl i
endeavours, resulting in journal and conference papers, a book (Wilson, Ha&/&iing
2014) andh variety of arts practice exhibitions. The consistently positive responses to our
seminar and conference contributions from young postgrads and-earger researchers,
alongside the growth of membership of Project Dialogue, confirmed for us thatithare
genuine intellectual appetite among the emerging new generation of academics and
practitioners for a broader transdisciplinary curriculum.
An early example of Project Dialogue activity within our own department consisted of
a series of fortnightly semmars shared between Hawkins and segtired scientist Wilson as
W{OASYyiAald Ay wSaAi RSy OS@detice doctoialfril masters S Yl ye 2
students were developing research interests embracing both art and science and felt they
neededad8 LISNJ dzy RSNE Gl yYRAY3I 2F YSiK2R2ft23IASa WTNP
fine artists, printmakers, graphic designers, glass and ceramic artists and other craft
practitioners alongside researchers from the physical, natural and neurological sci€ute
forum offered structured opportunities for this diverse collection of students to explore many
of the ofterthidden underlying concepts, assumptions and metaphors that their own and
other disciplines were built on. Questionnaires confirmed that pgudints felt that our
WKAZG2NE 2F ARSFaAQ FLILINRIFOK KFER 62N)] SR OSNE 4
to engage across the astience divide with greater creative confidence and insight.
Following the workshops, students began to appredmte both art and science
employ many overlapping forms of critical thinking, creativity and imagination when trying to
understand the world, and that their roles psactitioners directly engaged in reseanguld
provide an identity stronger than just thearrower traditions of their own individual fields of
practice. A transdisciplinary teaching approach benefits not only students but can also help
overturn staff misconceptions by inviting them to work with other practitioners from
dissimilar backgroundsVorking subsequently with students and staff in other settings, we
witnessed this effect firshand asa new broader language of discourse developed in the
studio, lab and seminar room.

Transdisciplinarity in action

Education should help prepare us as individuals, cultural agents and societies for a future

which will always be to some extent unknowno matter how hard particular government

inspired policies may seek to engineer specific ends. Yet modern curricighen éducation

courses are far too narrow to give participants (either students or staff) sufficient breathing

space to explore beyond fairly rigid and conventiorddiyermined boundaries. The benefits

to society of supporting a new generation of reséwns who are capable of and enthusiastic

Fo2dzi GKS LINRPAaLISOG 2F SEFYAYyAYy3d Ylyeée 2F (2RI @&
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methodologies, expertise and knowledge bases cannot be underestinvatatst it is
encouraging to see an increase in the m@mof schemes that fund arts practitioners to work
Fa WENIAAGA Ay NBAARSYOSQ | ONR&aa I OFRSYAO RAA
WAOASY(iAald Ay NBaAaARSYyOSQ aOKSYSa 2F (KS (eLls
rare.
Postgraduatestudents and earkgareer researchers, with their enthusiasm and
curiosity to find novelty, are perhaps less hidebound by old disciplinary traditions and are
certainly capable of developing significant innovation in their endeavours. However, too often
they can be intimidated by the obstacles they face when challenging the largely discipline
specific environment in which they study amdrk. During a period of increased interest in
the crossover between arts, humanities and physical and natural sciemeparipg students
for transdisciplinary research projects must become an integral part of doctoral education.
This ambition, however, implies challenges for both individual academics and the institutions
within which they work.

Institutional challenges
Encouragement and support for a curriculum that nurturassdisciplinaryalent and
expertise are vital for a successful transformation of the way in which we traditionally view
disciplinary domains and boundaries. It is important that institutions diffeitime and
opportunities researchers need to assimilate the methodological subtleties of their potential
OGN} YARAAOALE AYEFNE LI NIOYSNBRQ R2YlFAyaod {dzOK &dz
crossconnections among likeminded researchers and pragdnerst such as with the now
well-accepted hybrid research base of cultural and economic geography, for example.
Courses that examine and compare the methodologies and techniques employed by
artists, scientists and those from the humanities would fostettaerstanding of the processes
and outcomes across disciplines and serve as an introduction into a wider research
community for postgraduate students. Such a curriculum would promote a stugerted
model of pedagogy which redefines transdisciplinaryuleet staff and doctoral supervisors
as facilitators, collaborators and-coeators of knowledge. Academic staff must also be
prepared to make changes, as supporting students in a transdisciplinary research
environment requires a degree of academic hugndind selireflection more in line with
| YRSNE2Y Qa 0 H rethographicyappfoactii A OF € | dzi 2
The creation of an institutiowide Transdisciplinary Research Centre (TRC) with a
remit to nurture, support and encourage transdisciplinary scholarship eadige offers an
attractive route forward. Such a centre could consist of a small number-tiffelistaff with
AdZFFAOASY U o0dzRISG G2 WwWod2 AyQ | OFRSYAOa FTNRY
programmes and supervision, and also to offer buesaio prospective doctoral students
submitting transdisciplinary proposals.


http://www.circesfu.ca/

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 30

The Centre could provide:

1 Training programmes for eatbareer researchers interested in developing a
transdisciplinary research profile;

9 Training for doctoral supervisors ltwild the skills needed to esupervise
transdisciplinary research projects;

1 A meeting place for academics (and members of the public) to discuss potential
collaborations across disciplines and share insights;

1 A database of peereviewed publishing outlstfor scholarly work and
transdisciplinary practice;

1 A comprehensive postgraduate curriculum designed to enhance transdisciplinary
understanding and methodology.

This curriculum could include:

1 Residential weekend or short summer schools bringiggther diverse groups of
doctoral students to work on topics spanning a number of disciplines;

1 Modules delivered by staff from departments in the sciences, arts and humanities
RSaA3aIySR (G2 SELX2NB | WKAaG2NER 2F ARSlIaQ +

1 Seminarglesigned to build confidence in presenting ideas to-apecialist audiences
and potential employers;

1 Guest lectures from transdisciplinary practitioners discussing their methods and
approaches;

1 Workshops designed to explore the nature of public engagensectal
entrepreneurship and commercial opportunities for transdisciplinary project
outcomes.

A TRC of this nature would create mueeded encouragement and support for a new
generation of doctoral candidates and an environment in which emerging transdisciplinary
scholars could flourish and communicate their findings without fear of career stagn@ver
time, the centres would be able to build a rich pool of senior academics, better equipped to
supervise, support and examine the outcomes and findings of transdisciplinary research
a0dRSyGao Ly@g2t gAay3 | O RS YiacOles alsdNd¥eys | ONR aa Iy
opportunities for more established disciplifi@cused academics to explore the potential of
new ways of operating in a spirit of genuinely open intellectual experimentation.

Institutionally, a TRC would provide a distinctive auditdiase for a range of
transdisciplinary research outcomes such as témsed publications, software tools,
ArtScience works and partnerships with industrial and community ventures. Transdisciplinary
research, by its very nature, opens up exciting andutitimg motivations for researchers
from many disciplinary areas, with valuable opportunities for collaborative enterprise and
knowledgetransfer activities through a network of industrial partners willing to host research
placements exploring broader apaches to problensolving.

For a future generation of research academics to become sufficiently intellectually
agile and play a meaningful role in creating sustainable solutions to complex global problems,
institutions must evolve new ways of educatingjriing and mentoring postgraduate
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students to instil the confidence they need to operate across disciplinary domains. Centres of
the type described above would offer a fruitful intellectual and financially viable route through
an increasingly complicatedsearch landscape.

The second section of our paper offers a highly condensed outline of material taken from
aSYAYI NE RSOSt2LISR F2NJ YAESR 3INRdzB 2F | N
LI NI 2F (GKS NI yaRA & Gaithih thef stid@progiéih Ehése NB 2 F
seminars introduced many students to topics previously not encountered and were highly
successful in encouraging a healthy debate.

1
S

A<M

a
A

Enlightenment separation of Science and Art

One of the most significant disciplinaryidigns over the last century has been between

science and art. Science is usually portrayed as detached, objective and logical, whereas art is
popularly seen as creative, subjective and emotidnahese traditional forms, they often

appear to be completly incompatible and based on immiscible modes of enquiry. However,

these distinctions are increasingly being challenged as we seek a deeper understanding of

how we as humans perceive, conceive and interact with the world and each other. As
eminentphysid & . NALYy / 2E &GNBaa&dSR 6KSy LINBaSyidAiy3a
l YRNBI 2dzZ FQ& 0 A 23 NI LIKBe InRehtior of Nakine >y RESINI 32y | dzY 6
Moreover, he [Humboldt] was a polymath who was curious about everything and was a

superb commuradator. His interdisciplinary approach puts paid to the ridiculous notion that

science and the arts are separate entities , 80162 Emphasis added.)

Scientists depend just as much as artists on learning how to look and conceptualise.
{OASYGAFTFAO Wf221Ay3aQ KIa | KAadG2NE GKFG OFy o
just the idea of objectivity (Kem@006). Notions of objectivity were only adopted in scientific
SYljdZANE I NRdzy R myon3 T2t Gtandpbinfd theéiRoiSantlchd OA 2 dza Y
FYR 2yfeée fFraldSR FT2N) 2dad 20SNI I OSylddaNE 06S¥F2N
(Galison1998).Regrettably, few science students are taught that the visualisation of concepts
that are essential to their $jects is so strongly rooted in contemporary conventions, or that,

GX aOASYUGATAO 1y2e6fSR3IS A& y20 o6az2ftdzZiSs o dz
AYONRYAAO fAYAGl GA28TmmBRtos@MS.A NI I LILIX AOF 6Af Aled

Cartesian duality and dembodied realism

So how do we as individuals know and experience a world external to ourselves? Integral to
this question is whether we consider our mind and its conceptual processes to be somehow
different and separate from our physical brain, body areldatside world (i.e. disembodied),

or whether we consider the processes of thinking, reasoning and experiencing to be
intimately connected to our physical brain and body (i.e. embodied). Descartes drove a firm
wedge between the mental faculties of a reasgg mind and the experiences available via a
physical body and the world in which it is situated (Cottingham gt388). His notion of
mind-body dualism and the consequential subject/object dichotomy effectively made it
impossible under western analgtphilosophy to discuss any qualities or values that art and
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science might share, since they had been cast as orthogonal domains: the one never able to
illuminate the other.

Significant refinements to our understanding of scientific theories appearedguri
the 20" century from Popper (1959) and Kuhn (1962), the former a proponent of falsifiability
in the form of testable predictions as the major criterion of a good theory, while the latter
3 @S dzda GSNXa &adzOK |a &Ll NORAEFZE dzeyV2WH G 2 3 OR
thesocieS LIA & 1 SY2f 238 2F (GKS2NBUGAOIf NBF2NXdZ F GAZ2Y
falsifiability criterion is still employed today as our best approach to evaluating competing
scientific theoriesWhilst the nature of sciefitc theories has been studied for some time
much less attention has been paid to how our imagination helps us create such wonderful
and at times quite bizarrsounding theories in the first place. Recently, howevacond
generation cognitive science amdaging technologies have revealed tantalising glimpses of
the cognitive mechanisms by which artists and scientists see their respective worlds, and
which show that they are probably not so different after all (Cara@t1).

Kant maintained that we caiot make theoryneutral observations; a point echoed by
9AYaluSAYS aGLO Aad GKS (GKS2NER gKPOKG6RIWOARSAE oKI
new quantum world that Bohr, Einstein, Heisenberg and Schrédinger argued fiercely about in
0 KS ™ dH sindply didcavefed as a setintained and readpackaged entity; it took
many decades for worldlass scientists to create and refine the conceptual models required
to make sense of it. The quantum world as we understand it today is just as much d crafte
product of human imagination as it is a physical éhendamental scientific research is
therefore also dependent oa prioricognitive and linguistic frameworks of one form or
another, without which we cannot know anything definite about the external world or
undertake detailed experimental work.

The role of metaphor in science
How are we to reconcile the strictly literal elems of science required for dealing with the
physical world with the more imaginative aspects required for constructing new conceptual
models and theories? This is an important question as we seek imaginative new theoretical
concepts to explain the intartigje mysteries of dark matter and energy.
Intriguingly, even thoughbcience is clearly concerned with literal truth, the underlying
conceptual models from which these predictions emerge are almost certainly metaphoric in
nature (Wilson, Hawking& Sim 2015. Whilst metaphors enrich our verbal and written
communications and act as powerful linguistic techniques across the arts and humanities their
NREEfS Ay &OASYUGATAO ONBIFIGAGAGE AayQlil AYYSRALI GS
embodied realism, wich links our powers of metaphanfused thought and imagination to
our sensorimotor faculties and experiences, helps illuminate why this is so, antbwhy
literal modes of representation are required even when dealing with the physical Vibes.
arguethat metaphorical content holds true in that the cognitive content of the metaphor, in
distinction to its literal meaning, can be considered valid by virtue of successful mapping from
one domain of experience onto another. Our bodily experiences aregaelyipowerful
influence on our thought processes, providing virtually all of the domain content for one side
2F ySIENI e |ttt O23y A Seringiok S SLieashii Nz \CR INY SEF YL It
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Wuminatingl KS LINR2oOof SYQI | ydwn fiol thebgdilyesharignge obisiond S & R NJ
and touch projected onto the realm of pure cognition.
Steven Mithen (1996) maintains that conceptual metaphors are an essential part of
the mental toolkit modern humans have evolved over theirpistoric ancesta to support
abstract thought in general and that metaphors permeate our thoughts to the unconscious
level to the extent that they actually underpin many of the concepts that wegdtectively
take as literal. IMetaphors We Live Biakoff and Johnsqd980,p.c 0 F INBS & X KdzYl y
thought processeés NE t  NASf & YSOFLK2NAOIf ¢ FyR GKFG aX
YSGFLK2NROIFft& adNHOGINBR YR RSTAYSR®E
All metaphors, even the very simplest, display one essential characteristic: they
cannot be literalf true. (e.g. King Richaigh lion in battle; King Richard is human, not a lion).
Metaphors are alwaykterallyfalse, but yetrue in some different notiteral sense that
benefits our understanding by offering a new and unexpected viewpoint from wdnich
contemplate the topic under discussion. More sophisticated use of metapasin
{KF1SaLXlSIFNBEQa O2YLI N az2zy 2F WdZ ASG (G2 GKS adzy
light and vitality, for exampie still displays this crucial nditeral feature. It is evident that
truth conditions become strangely irrelevant where metaphors are concerned, as Hagberg
(2005p.oT o0 LRAYyGa 2dzis X YSGlI LK2NAO SELINBaarzy
world, a distinct perspective upon it, rather than makingueor-¥ I £ &S F Aaa SNl A 2y ®¢
The figurative language of metaphors and analogies clearly help sciemtigis
everyone else to link experience, intuition and imagination when erecting conceptual
scaffolding (an obvious metaphor, of course) for advancing/irfog NB I f Y&et2F (1 KS Wy
knownor-SELISNASYOSRQ 6KSNB tAGSNIt fFy3dzd 3S 2y Al
sustain imaginatiorA wellchosen scientific metaphor is capable of creating understanding in
a way that literal language often failsdo and can illuminate fertile new directions for stydy
until it is eventually accepted as the core of a predictive theoretical model. As Brown
highlights (2008p. 73), there are numerous historical examples of visual metaphors forming
the basisof predit A @S Y2RSfa Ay GKS LIKE&aAihlniodekolOA Sy 0S4z
gases to the planetary model of the atom. Chemistry makes wide use-ahbatick models
for molecular structures, along with the more comprehensive version built around-space
filling chemical molecular models and orbital overlapping.

Scientific theories as metaphoric equations

lff WySg glea 27F zbdelstighdic hodsRrdzotBaly générated S ¢ f &

through novel metaphoric viewpoints rather than literalttiests. Literal truth tests are of

course vital for judging the merit of any new theory through painstaking and detailed

experiments, but they cannot be performed directly on an underlying metaphor, only on a

Y2RSt Qa LINBRA O A 2 yyavirtde ¢f transfo8naticiiaeniagpioytbétwen2 Y I A y @

the embodied cognitive domain and the external physical domain a scientific theory

essentially functions as a metaphoric equation, permitting us to look beyond what (Wilson

HAMTUO (SNXa -0y o 2B AN ES NFASYyRISa ONR LIG A FS (1 NHzi
In effect we are creating a virtual equation linking our internal mental schema of

conceptual models and the external physical world of verifiable experiments via falsifiable

predictions from its associated mathematicalfarlation. The nature of the test is different
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2y SIFOK aARS 2F GKS SljdzZ G§A2yY YS{lILK2NAO Wi N
side; literal truth on the physical sidé brilliant new theory functions well in both domains
andindoingsdza KSNB Ay | FNBaK LI N}YRAIY GKNRdAAK Ada
relativity, for example. Each new sustainable paradigm will always have at its core a new and
unique metaphoricalph Y & LA NBR O2y OSLJidzr f Y2RSt ® YdKyQa WN
essentially metaphoric revolutions that create new theoretical landscapes (and language) for
viewing scientific phenomena, both existing and as yet unimagined. Deductive logic and
experimental rigour are the puzzsslving tools science uses to judge theseceptual
models; not tools for creating them.

Metaphors can be both pervasive and subtle in relation to how we create and think
Fo2dzi aOASYyOSQa dzyRSNIeAy3a O2yOSLIidz-t Y2RSf a
They have become widespreadte biological sciences, with immunology leaning on them
particularly heavily, for examplenedicine as avar against disease with the immune
response as thérst line of defencéeing a widespread figurative choice. Combat metaphors
are not the only onessed in immunology, but they are certainly amongst the most prevalent,
even in medical textbooks and research papers.

Metaphors in science are important in forming conceptual models, but an unwise
choice can hold back science either direfftigcause an unproductive path is followed) or
indirectly (because alternative paths are not explored). Our earlier cultdradigd gender
stereotyping of the active male sperm penetrating a passive female egg probably delayed
work on how the egg activeparticipates in the process of fusion and fertilisation. Similarly,
growth of a new generation of research programmes in developmental dynamics (many
associated with stersell research) was encouraged partly because the Human Genome
Projectindirecty brod K& | 62dzi | NBOGKAY] G2 GKS SIFNIASNI R
WESEFAAK , DBy SaQ oYSEt SNJ

Conclusions

In this paper, we have explored some of the underlying cognitive and conceptual factors
linking art and science and examined how an-arnsance&l STE(A)M curriculum would help
create a new generation of betténformed practitioners capable of fienagining both old

and new problems. Our present narrow attitude to science and technology means we have
made too many questionable choices for our plaared its inhabitants. We urgently need a
new generation of environmentally aware techaoientists who will not unthinkingly
perpetuate these mistakes. And for that they need a far bolder educatibe sort of

education that STEAM can help provide.
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After retiring from his scientific careeBrett Wilson moved to an Arts faculty to further
his interests in philosophy of science and transdisciplinary education.

Barbara Hawkins is a recentigtired UK academic who continues to publish in the areas
of Art, Media and Design.
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Leaning Out of Windows Into Antimatter
Art and Physics Collaborations Through Aesthetic Transformations
By Randy Lee Cutler and Ingrid Koenig

Robert BeanAir Conditioning2017)

Leaning Out of Window$ OoW?, funded by a SSHRC Insight grant (2016 to 2020) is andart
science collaboration in the form of hybrid research and a4@nm curatorial initiative? In
Leaning Out of Windowartists and physicists are brought together to share the quest to
understand the nature of reality. The aim of LOoW is to transfibrengrammar of abstract
knowledge by specifically addressing the baredgéinible phenomena studied byysics
through aesthetics, analogy, metaphor, and other inventive methods. The project has four phases
in which to coordinate, curate, assess and analyze models of collaborations between Emily Carr
' VYAOGSNBAGE YR ¢wL! aCX / & yWhaRi$ SRared Islh $pdica @ muuall O C
AVALANI GAZ2Y AYTF2NNAY3A SIFOK 20KSNRA ¢2Ndur Ay
research creation questions are twofold. In what ways can transformative methodologies of
collaboration work to engage witthe diverse languages employed by artists and physicists? And
what are possible models for interdisciplinary learning in the studio and science lab that are
creative and effective generators of new knowledge and its visualization?

LOoW is interested ithe constellation of connections, energies and conceptual
engagements that inform the project. Beyond individual artworks, what does the web of artworks

1 leaningoutofwindows.org
2 Collaborators includghysicists Dr. Jonathan Bagger Director TRIUMF, Dr. Reinexken Deputy Director TRIUMF, Lisa Lambert
TRIUMF, Dr. Tim Meyer Fermilab, Elvira Hufschmid ECU, Dr. Margit Schild ECU/UdK, Dr. Ursula Brandstaetter ABPU
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tell us about the response to a science topic? How does interdisciplinary collaboration generate
what we are calling hybrid research,-tloought and distributed cognition? We see this process as
transformative methodologies of collaboration that generate new knowledge and its visualization.
' & LIKAf2a2LIKSNI 9f AT I 0S3GK DNReiddurceskaahimiisi transtodA vy
GKS 62N] 2F GKS 20KSNJ AyGa2 Aba 2¢y ffFy3Idz 3S

The groundwork for these Art and Science interactions was a Process Design Workshop in
October 2016 that included scientists from TRIUMF, arfrem Emily Carr University as well as
graduate and undergraduate students from both institutions. This first collaborative event set the
stage for how we might work with each other developing what collaboration arthi@aght
might mean for us. We leaed ideas about diagraming, visualizohta within the discipline of
physics and ideas about creativity. Importantly the process developed and informed our working
relationship with each other. We discussed what creativity means within our respectivesrealm
and how ideas are communicated amongst a group of very diverse thinkers. Duringupllow
meetings we took ideas raised in the process design workshop and developed them further
sharing observations on metaphor, creativity and communication in our réispetisciplines. We
alsoconsideredanguage and how different our understanding was of terms such as elegance,
beauty and symmetry. Developing this working relationship and trusting each other was
foundational for learning how we would communicate withch other for the next four years.

During these meetings one of the scientists made the comment that this wasn't a fishing trip, in
20KSNJ g2NRa GKIFG 6S gSNByQl t221Ay3 F2N ySs
realized that in fact these eetingswerefishing trips, that we were looking for new ideas, what

we wanted to learn and innovative ways to design the process.

After many meetings between TRIUMF physicists and our LOoW research team we drafted
the first Process Design comprised afif stream$ each with a series of different relays, all
AYALANBR o0& (KS dzaS 2F CSeyYl yQa 4IRlahudrN20Y7a F 2
we organized a Science Seminar for artists and art students on a topic chosen by the physicists for
artistic responses. The physicists had dedidn a major topic in currenthyysics research. They
presentedantimatter in various formats from a lecture to demonstrations and interactive
components, ensuring that the abstract concept was activated througltipteiforms- the
standard lecture, a live interview with CERN experimentalists, visuals, diagrammatics, analogies,
and even performance. Over the next eight months, through the field @hcaght, artists took
up the unimaginable topic of antimatter.

3 Twentysix curated artists were partnered with twengjx physicists to collaborate in a proce$selays through a

Blind Stream, Dialogical Stream, Tandem Stream, and a Fieldwork Stream (with students in an experimental art class)
4 Theoreticalphysicist Richard Feynman developed visual representations of mathematical expressions that show
particle paths in quantum field theory.
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LOoW Process DésigdraWing by Ingrid koehig (20175

One ofthe great mysteries of modernkpé a A Oa Aa oKeé | YGAYlF GG4SNI RAF
beginning of time. Besides this query, other aspects of antimatter that provimsgiration for
the artists include: it has a reversed electrical charge to matter; it opens up the possibility for time
reversal; upon contact, matter and antimatter annihilate one another, leaving behind other
subatomic particles this annihilation procesresults in an explosion that emits pure radiation
traveling at the speed of light; once produced antimatter can be trapped and stored, albeit with
difficulty. During this seminar the interactive activities, though often overwhelming for the artists,
alsohelped us to understand the infinitesimally small amount of antimatter that currently exists in
the universe.

The apprehension of complex phenomena fuels our attempts to understand the world and
to develop a language to explain the universe between andrajrdiverse approaches to
knowledge formation. Bizeaning Out of Windowse had stepped out of our familiar mirskt
and codesigned with the physicists a deterritorialized structure fottltoking. The search for
antimatter is complex and the concept neasily grasped, especially as it exists in theory and
through mathematical principles, but also in unfathomable fusion processes within the sun. These
phenomena along with mutual annihilations, processes of negation, and time reversal are alien to
human ognition beyond the science lalet the results of cthought revealed a way to navigate
the unknown and the unrepresentable. The creative process enabled the subconscious,
encouraged wandering, allowed for contextualizing with our s@ilitical livesemboldened
conversing across languages and temporalities, even allowing misapprehension, all with the aim to
approach thinking in a different way, while troubling the mind with antimatter.

In January 2018 the exhibitidreaning out of Windows, Step Ooygened at Emily Carr
VA @S NAE A G & showgasSnihe @rbwdtksldudrdthe first design process of relays and
interactions between artists, art students, and physicists. Media included painting, sculpture,
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print, installation, photography, collage, drawinvideo, VR, sound composition, dance and
writing. While some ideas were lost or dropped in the relay of artists, others persevered, creating
provocative aesthetic responses to the science topic. In the exhibit, works were installed in
clusters that refleted the sequence of interactions between artists, including visual and textual
responses from their assigned physicists. The vast range of works attested to physicist Lisa
wkyRFEEEQa adl dSYSydyY &, 2dz YAIKG aIRISSE $NBo 2
2005, 73).

After the exhibition we sifted through the production streams and resulting feedback
loops. When we mapped the emerging bigger picture in response to the topic of antimatter, we
found thatthe world came rushing in. Théwpsics conept of antimatter introduced ideas of
resolution, sampling, decay and time reversal. But networked thinking also emerged connecting to
the sociaepolitical world, to philosophies, human experience, materiality, languages across time
and across nature.

The following descriptions of a few works in the exhibition underscore common themes.
{ GNHzZ33t Ay3 G2 dzyRSNREGFIYR LIKe@aAOAad t ! dZ 5ANF
the existence of antimatter, artist Elizabeth McKenzie produced a sefriepetitive drawings in
2NRSNJ G2 O2y&aARSNI I ONBLIIAO LINRLRalLt 2F az2yYs
formula dissolved and was reconfigured within this handling. McKenzie explained that her
material investigation involving the repetitiasf an action allowed a familiarity to develop and
this helped heseewhat she was thinking. Interestingly, when we showed this work to the
physicists, they exclaimed that in their process of working they also utilize a great amount of
repetition to familarize themselves with difficult ideas.

(= Y = §

Elizabeth McKenzieEquation ink on paper, 1 of 9 drawings (2017)

The guestion of embodiment and the relevance of human experience, both literally and as
metaphor, also became a common thenfelated to these ideas was a complex work by
performance artist Evann Siebens. In her aesthetic transformation of the previous works in her
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relay, Siebens used dance, movement and juxtaposition of colour with black and white film to
visually stand in fortte oscillating dance between matter and antimatter. In her film loop titled

Time Reversal Symmefrghe played with the concepts of both chargarity and time reversal
symmetrie$, as seen by mirroring and asymmetry. She was also interested in the leultip
connotationsd SKAY R (I KSNFOSMNHE YOAYYR 6KIFG GKIFG YSIEya
16mm film, as well as the aging female body.

sal Symmetd6mm film Iop colour + B&W, 8 minutes (2017)

Evann SiebensTime

Another themethat moved through various works embraced what political theorist Jane
SyySad OFffa (w016, @0y thdnliabityal thirg)dNThis Was espeéially

evident in the relay comprised of work by Giorgio Magnanensi, Marina Roy and Mima@ellm
al 3y y Soyiral Er@sialgd’ was situated on the floor, consisting of maple and cedar wood
audio resonators, and sound equipment to produce a microsonic environment. Magnanensi
maintained an approach that, while mainly focusing on sonic imaginagxplored the possibility
of dialogue, relation and transference between visceral and intellectual knowledge. He also
observed the process of consciously activating poetic and symbolic analogies while considering
the chirps generated from synthesizing #aydrogen, and their vibrations of plasma cloud@ibere
is an oscillation between antihydrogen and his apprehension of the traces of its possible, revealed,
yet impenetrable existence, all resonating from these thitly wood speakers.

5 https://vimeo.com/243407473 Time Reversal Symmetry
6 For further explanation of these concepts g&p://hyperphysics.phyastr.gsu.edu/hbase/Particles/cpt.html
7 https://vimeo.com/268131107
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Marina Roy Dirty Cloudsshellac, oil and acrylic paint on wood panel (2017)
Giorgio MagnanensiSound Crystalsti, microsonic environment for variable sound clouds +
maple, cedar flat audio resonators (2017)

The next artist in this relay, Marina Roy, began her process by responding to the material
2F ¢622R Ay al 3y DyySOoadste prodaccddgidty paidtitgk made on wood
panels. Roy was interested in reorganizing scientific ideas to aesthetiuak through how
material continues to disperse and flow. She did this through the matter of paint, mixibgsed
into water-based materials to symbolize a world understood according to material particles and
waves of energy. Driven by unconsciousl free association she made the analogy between
antimatter and alchemy, bringing centuries old human history into what is now considered a more
exact science, which does its best to do away with esoteric mysteries. Relatedly, in his book on
antimatter, physicist Frank Closmnsiderghe formation of elements that we are made of. He
gNRAGSaAaY a{2 ¢S IINB Fff adlNRdzad 2NE AF &2dz |
furnaces with hydrogen as their primary fuel, starlight their energy output assorted elements
GKSANI Ul AaKQ 2NJ g1 4GS LINRPRdzOGAa¢ o6!a HAndpI McO

Mimi Gellman, the third artist in this relay received and responded to the works of both
al 3ylFySyar yR w2eéd ¢KS AYIFISNE AYy w2eé FyR L
fromacrost KA &G 2 NASao Ddsibie Mahdé@pese Ridebriata of &chatypal
images from what she calls a collective unconscious. These diagrams gather dialogic memories
and scientific data with Ojibwe patterns and symbols of Ojibwe entities to f@wm narratives.

They reflect a coming together of seemingly disparate worldviews that in effect, Gellman says, are
YSNB YIyAFSaidliArzya 2F RAFFSNBYG RAFESOGao L
0KS I NOKAGSOGdzZNE 2F O2yalOAzdzaySaaco
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Mimi Gellmart Invisible Landscapge$ of 6 conte drawings on Japanese Obonai paper (2017)

SocieLl2 f AGAOIE O2yySOiA2ya SYSNHSR (KNERdJzAK
the first artist, Heather Kai Smith, knew the science topic. For her dralegsuction Proves its
Existenceshe utilized a strategy of working associatively, usinglogy and metaphor to explore
specific forms such as the crowd, the mass, the party, the event. These forms were raised out of
KSNJ AYGSNBald Ay ¢2YSyQa 3IIFIGKSNAy3Iaz LINRGSala
notion of a positron amplifiedrte worldconnection to a force of resistance in current movements
F2N) a20A1f 2dzaiA0OS® ¢KAA &adzA3aSeaAr Dgthetsécan8 & o f A
artist in this Blind Stream relay, and furthered by the sound work of third artist, Andoeag. In
the fourth artistin this stream, Robert Be&hseries of photographs\ir Conditioningreflect on a
term developed by philosopher Peter Sloterdijk to explain how the atmosphere as an environment
was made explicit by the implementation of gasri@ae in World War One. While picking up on
sociapolitical references, the topic of antimatter was excavated unknowingly and placed into a
different context that made a world connection to forces with profound negative impact.
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Robert Bean Air Conditioning1 of 3 inkjet prints (2017) + ddased pencil drawings (2017)

Excluding the Blind Stream, communications and feedback loops with physicists kegre a
part of the production process. Scientists were asked to offer their specific interaction (a diagram,
a drawing, an equation, a story, a metaphor, a short paper, etc.). These responses were included
in the exhibition, and one that highlights this wédtwork of physicist Ewan Hilis own research
62N Ay@g2t 03Sa SELISNAYSyida 6AGK I yidAYaK®SINIOH §
L R2 Y& LKeaAaAoOa RATFSNByilfeKé 1Attt O2y FSNISF
physics ofects as if recording a physics event. Hill thus interpreted her art as a plot of emerging
new particles, as if coming from a physics process that ATLAS would like to discover and he
designed a physics analysis to look for these new patrticles.

PhysicisEwan Hill Natalie Art Event Displayresponse to Purschwitz artwork (2017)

During the exhibit we held @ranslation Hupinviting four scholafdrom
neuroscience, music theory, physics, and art histarydiscuss what emerged for them
in thewhole fabric of artworks. Artists, art students, and physicists participated in the
conversation. One of many reflective outcomes on the collaborative approach to co
thought addressed how physicists and artists both changed the way they usually worked

8 Dr. Brian MacVicar, @irector of the Djavadlowafaghian Centre for Brain Health, UBC; Dr. Ursula Brandstaetter,
President of the Anton Bruckner Privatuniversitét (for music, dance and theater), Linz, Austria; Dr. Timothy Meyer,
CSNX¥AfTI O OKAST 2LISNIGAY3 27FFand@ieScuratétAUBE 32T 5N W2KY hQ. NRAL
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within their respective fields. Fermilab physicist Tim Meyer spoke about the artworks
helping scientists see how they themselves think, and that this collaboration brought
more diverse ways of thinking about scien@aiestions have accumulated. We
discovered he response to seemingly abstract knowledge through material matters had
a tentacular quality, and we asked the questiowhere did the many leaps in thinking
come fromWhile troubling the mind with antimatter, and by designing interactive
conditions for o-thought between artists and scientists, we could see a path towards
what feminist theorist Karen Barad calls a diffractive methodology where the spectrum

2T LKSYy2YSyl | ONRP&aa aYlFIOGSNRFEfAGEST &az20Alf LINT
accommodatel K SA NJ Ydziidzr £ Ay @2t @SYSyié¢ o6a¢! |l wnntZ
GNIyatldAz2zy 2F FYGAYFGGSNE YR YySOSNI I a02YL

responses, but rather the engagement with antimatter required movement outside of
2y SQa KI 0Aldz fdthetely wecameidske/fttie nyidas a grofess.

A new phase of LOoW weacently launched in September 2018, on the topic of
Emergence. This next production phaseslgiventeams, made up of artists, graduate
art students, scientists and other scholars bagn organized into collaborative groups
as a way to test and further activate-tisought and associative thinking for
comprehending complex phenomena. We speculate that new ways of thinking will arise
from this process of cthought. Rather than seekinigtegration, we are interested in
the idea of holding different insights, different ways of knowing in relationship (1IS 2011,
67). We envision this as an evolving or emergent, rfiatieted phenomenon,
encountered over time by holding in relationship difént understandings of the
science topicThe ways of knowing act on each othan emergent ways that we
cannot predict how but that process is often fertile, if we pay attention.

Randy Lee Cutler, a writer, cultural organizer, artist ethdcator,is a professor at Emily
Carr University in the Audain Faculty of Art.

LYaANARR Y2SyA3ds GgAradaf FNIAAG FyR SRdzOF G2 NE A
particle accelerator centre, and associate professor at Emily Carr University.
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Comic Book Chemistry: Teaching Science Using Super Heroes
By Yann Brouillette

Every year, chemical breakthroughs captivate creative minds. Novel compounds are

synthesized while new heroes are born. A great deal of science has inspired legends and

multiple sagas have stimulated scientific curiosity. Together they have evolved as

science fiction. | believe the science in fiction can be used to engage students. From the
O2yaiNHZOGAZ2Y 2F ¢NIXYATFT2NN¥SNE (G2 GKS | dzYly ¢2
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vanishing ability, key chemical concepts can be extracted from astonishing tales. The
addition of arts to STEM curriculum via lectures, videos or class projects can foster
student inquiry, dialogue and critical thinking

Introduction

Marvel Comics is the biggest editor and publisher of monthly American comic books,
featuringwell-known characters such as Captain America, the Incredible Hulk, and the
Invincible Iron Man. Since their acquisition by the Walt Disney Company in 2009, Marvel
Studios also became the world leader in superhero blockbuster films. Superhero movies
have gossed over a billion dollars worldwide in the last year, and the adaptation of
comic book characters for TV shows have materialized exponentially, reaching out to a
wide audience of scientific admirers, young and mature, as well as new science
inquirers Since shaping teaching like staglling can make knowledge more

memorable and meaningful (Json, 2016)exploring superheroteemistry is an
attention-grabbingangle for engaging students inignce from K12 throughcollege.

For examplestudents often struggle to understand the concept of chemical
bonding, which involves the linkage of atoms to form molecules. Using a Transformers
analogy where six different small robots, the Constructicons, are needed to create one
big robot, a Devastato might simplify their grasping of the law of conservation of mass
(Figure 1a). Students promptly get invested in solving the task and engage in
manipulating in their heads the robots in disguise. Although the principle is the same,
multiple small robotgor atoms) are needed to create a bigger robot (or molecule).

While some learners can show initial resilience playing with abstract atoms, fegist

these fictional icondn a chemical reaction, the reactant that has the smallest
stoichiometry amountn the reactant mixture limits the amount of product that can be
formed. The limiting reagent is an important concept in stoichiometry that can also be
AffdzAGNI 0SR 0@& ( KBEendfBldvghlCandtNaNicOMNEe présght, dnig 3 &
one Devastatocan be assembled (Figure 1b). If one of the six key Construstgcon

missing, no Devastator can be put together, even if many instances of the other
Constructicons are present.
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Reactants (Constructicons) Products (Devastators)

G d ",;
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Figure 1Using Transformers to illustrate the concept of chemical reactio
stoichiometry and limiting reagents. Six different Constructicons are needed as reagents
to make one Devastator, the product

Chemistry themes inspiring and inspired by fictional icons provide students with
a relatable introduction to complex concept fun and critical look at rational
explanations describing odf-the-ordinary events impersonated by characters seen in
movies, TV shows and graphic novels triggers dynamic discussions as preambles as well
as afterthoughts for learning. Superpowersiavative armoursand marvelous abilities
described in superhero universes offer a vast pool of cases that can be rationalized using
chemical evidence. After all, everyone knows what truly makes a good story between
heroes and villains... their chemistry!

Parallel universes in the same class

Around 420 BCE, pi®ocratic philosopher Empedocles stated that all matter was

derived from four primordial substancesearth, fire, water and air. Although these
GStSYSyidaeg KIFEgS tAGGES NBhe enmpthisithéanyS (G2 G KS
survived for the next two and half millennientil the inception of modernteemistry.

/| dzNA 2dzaf 83X 9YLISR20f SaQ OASga taz AyTFfdzsSyOSF
1961 by Marvel Comics: the Fantastic Four. Consciousigtpwriter Stan Lee and

illustrator Jack Kirby created a group of characters empowering the four elemental

substances. The Thing was a bulky muscular man with orange rocks covering his skin,
impersonating elemental earth. The Human Torch could engdihines at will to

represent fire. Mister Fantastic mimicked water with the fluidity of his body that could

stretch in any direction. The Invisible Woman could render herself indiscernible like air,

which bears an interesting analogy with the discovery-adiys by Wilhelm Conrad

Rontgen. In 1901,éehwas awarded a Nobel Prize inygics for being the first man able

to see through things.

_<

2
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Together, these versatile heroes were the building blocks of a whole fictional
universe, much like the four classicalralents were figurative concepts to explain
matter in our universe. The same creative team behind the Fantastic Four must have
realized how powerful elemental heroes were and gave rise years later to other
chemically sound super heroes based on the peritalie of the elements, such as Iron
Man (Fe, element 26), and the Silver Surfer (Ag, element 47) (Figure 2)

Figure 2lron Man and Silver Surfer, chemically sound super heroes created by writer
Stan Lee and illustrator Jack Kirby for Marvel Comics.

Multiple parallels can be made between popular illustrated adventures and the
advancement of science (Gre&hWeinberg, 202, 2005; Kakalios, 2005; Fitzgerald,
2016; Lorch, 2017). The Canadian Neuroscience and Kinesiology professor E. Paul Zehr
dedicated an entire book looking at bramachine interfaces, physical limitations and
technology necessary to create an armored ribdron Man suit (Zehr, 2011). In a
recent publication, W. D. Lubell ahexplain the hypotheticalremistry behind the
transformation of the frail soldier Steve Rogers into the superhuman Captain America
(Brouillette & Lubel] 2018) Get the articlenere. (goo.gl/aNG34p

Chemical enigeering is now catching up to sciendetibn. Researchers recently
created a polymer that can stretch to 100 times its original length, repair itself if
punctured and lead to artificial muscle (Kirl8yAbate, 2016). This super stretchy self
healing mateial is not the work of Mister Fantastic, yet the analogy serves as an
inspiring segue to introduce polymer Science.

To capture the colourful imagination of learners, leabgrabout superheroes
can be enhnced with visual support. Videos are a practinadium to convey
information and engage a generation that has grown in the digital era.
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Chem Curious: Pop Culture Laboratory Videos

The molecular makings of these superheroes merit examination through the eye of the
test tube holder. At times, it mayebimpractical to bring student groups in the lab
because of financial, logistic or safety reasons. Therefore, vitlebsepresent

chemical reactions reproducing special abilities of iconic characters in the laboratory
allows synchronous and asynchronauswing, teaching and discussion.

| have created an extensive series of short YouTube videos linking pop culture
with chemical experiments over the last four years. These are freely available on the
Chem Curious channéhttps://www.youtube.com/user/ChemCurious/videpsEach
video starts with a scene from a popular movie that is afterwards replicated in the lab,
making it easy for any teacher to visually link the fiction and Science. In only a few
minutes, entertainment can be educational.

Videos of multiple charactersay be selectetb match the teaching of basic
chemistry concepts. For example, at the college level, students are asked to predict the
outcome of redox reactions. While the electron transfer might be intangible for some,
especially in the case of disset’metals in solution, looking at ionic metals quickly
precipitaing out of an agueous solutian the hands of a hero makes it more concrete.

In this video (https:// youtu.be/FsJoWSC70EColossus, the metadoated skin hero, can

be used to demonstrate how silver ions interact with copper. In a similar manner, videos
on lceman's instant freezing toucthttps://www.youtube.com/watch?v=HgjPY5aK34

or the formation of a blue Jedi cavernan serve as examples of crystallization
(https://www.youtube.com/watch?v=013LUWKG6UWT he Green Goblin's pumpkin

bombs (https://www.youtube.com/watch?v=uW2rO0jGNpBI producing acetylene gas

from calcium carbide, is a complete scenario to study gas stoichiometry. Plasma can be
safely brought to class vihis video personifying Iron Man's energy source
(https://www.youtube.com/watch?v=pors2NhLtQ0

The more detailed examples below describe how seemingly exiirzary
phenomenon can be feasible and explained using prior knowledge. (For the concise
purpose of this article, the discussion on the-laadevideos will be limited to the
chemistry behind specific features of the Fantastic Four.)

Sue Storm, better kswn as the Invisible Woman, probably has the power to give
her body the same refractive index as her surroundings, hence letting light propagate
through her without disruption, and creating the invisibility effect. This mirage can be
reproduced in the lalby filling a pyrex beaker with glycerol (or glycerine). Since both
materials have the same refractive index, the beaker will become imperceptible once
dipped in glycerol.
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Watch: INVISIBLE WOMAN Refractive Index Invisithlitgs://goo.gl/LiYJIf

CHEMCURIOUS

Another of Sue Storm's poweis to create invisible force fields. Making large soapy
transparent spheres around figurines can be accomplished using liquid corn starch
and/or glycerol in a watery soap bubble mixture. A bubble is made of three very thin
layers of soap, water and soap. Since a bubble pops when the water that is trapped
between the layers of soap evaporates, the glycerol or corn starch mixes with the soap
to make it thicker. The thicker layer of soap prevents the quick evaporation of water,
which allows the formation of bigger bubbles.

Watch: INVISIBLE WOMAN Soap force fibt

s://g00.gl/gzX

35

GHEMCURIOUS
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The popular catch phrase "Flame on!" is shouted by the Human Eoealy time he
engulfs his body with flames. Once the fire dissipates, Johnny Storm, hiegtiehas
no burn scars. It is possible to get an actual comic book of the Human Tdtam&on
(produce vivid orange flames) and thBame off(revealing pags that never caught on
fire). The trick or should we say thehemistryt involves using a 50:50 mixture of
water and isopropyl alcohol (better known as rubbing alcohol), that we then light up.
The alcohol will burn, but the presence of water, with its reglcific heat capacity,
absorbs the produced heat. Once all the ethanol is consumed, since it is the limiting
reagent, no more flame will be formed. An intact comic book will be returned, albeit
being wet.

Watch:FLAME ONhttps://goo.gl/EvmckQ

[E5EM

P o=
Comic Book Science,

-

A similar demonstration can be done using a comic book bag, which normally melts
under a flame. But there is a way to preserve it, just like the Human Tarclpreserve

his costume. If the bag is filled with water ahead of time, the flame will not melt the
plastic because the water absorbs the heat, unlike the plastic. The temperature of the
water increases, but not enough to melt the bag. The black sooheibag is due to
impurities in the hydrocarbon used to fuel the burner


http://www.circesfu.ca/
https://www.youtube.com/watch?v=j2S0-39DboM
https://goo.gl/EvmckQ

CIRCEFfhe Centre for Imagination Research, Culture & Educatiottp://www.circesfu.ca 54

Watch:HUMAN TORCH Fireproof Comic

Book Sléies://g00.9l/zZNo9PF

By grouping comic book characters into teams, a teacher can combine chemical
concepts. For example, at the end of the Fantastic Four movie (2005), the Human Torch
and the Invisible Woman join efforts to create a fire tower to neutralize Doctor Doom.
This gquence can be recreated to display combustion and oxidation. In the video

below, using a mesh garbage can atop a turntable, alcohol was burnt in the presence of
strontium chloride to generate a tall red flame when the system was rotating.

Watch:FANTASTIC 4 Fire To\etps://goo.ql/s6Ejh

The pool of Chem Curious videos is constantly growing, with a dozen new videos added
every year. The viewing of gerpowers accessible in the laboratory motivates students

to create their own fictional characters. The following class assignment engages
Aa0dzRSyGaQ AYF3AAYyLFrGA2ya YR ONBIFGAGAGE | 3

N>
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Elemental Superhero Class Project

Elemental Superhero &class project designed for nestience college students (17 to

20 years old) registered in aisncecomplementary coursdt has been implemented

successfully in five cohorts of 42 students and can be easily adapted telitbesdence

OdzNNA Odzf dzvy® ¢ KS LINRP2S00iQa LISRFI2IAOLIE FNIF YSE
knowledge by connecting chemical basic concepts with fictional superhero characters

created during the activity. Furthermore, students pd¢s A S g (G KSA Mdtadf I aa Y+ @
ultimately create an original chemically anchored artistic product.

The steps of this class project succinctly presented here are aimed at motivating
students to document the potential applications and technological limits of various
elements of theperiodic table.

| divide the class into two groups. Each student chooses an element of the
periodic table to create a fictional character that personifies the chosen atom. The first
group creates superheroes while the second group design supervilldirse
descriptive properties of the elemental character must be given to highlight the
OKIF NI OG SNa I Wwiasdsiyperydowed finked Hith thepgraberties of the
chosen element). Each student must draw their character (Figure 3).

For example,on& ( dzZRSy & ONBI GSR a{dzZ FI 22YFysé |
hair due to the color of solid yellow sulfur and t8&crosslinks in the hair protein
keratin. A loner, likely due to her pungent breath that exhales SGifa Woman has
elastic powers dued the plasticizing effects of liquig-Sulfur (Tobolskg Takahashi,

1964).

With the spirit of constructive criticism, every student is asked to add two
LINPLISNIIASa G2 Fy20KSN) addzRSydda StSYSyidlt OK
improved taracter design through feedback. Each student of the first group, the
superheroes, is next required to paip with a student of the second group, the
supervillains, to engage in a hero vs. villain confrontation. Each team is required to
RSAONAOKSDE BWNB2 @il SNE 0Si dPGefampl& SuiaNJ G 62 OKI N
Woman produced hydrogen sulfide to disable Dr Hydrogen in the preparation of his
world-threatening Hbomb.

| suLFA-woMAN

=y

4 o . i
)| 87 el

o

Figure 3 Elemental Superhero class project illustration by student.
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Finally, eah student pair is asked to produce a 1600rd essay depicting the

adventures dthe two characters using théhemistry of their respective elements.

During the creative process, the instructor can ask students to complete a grid, that
summarizes the important chemical items. The instructor's quick feedback on their grid
reassures the students before the final version of the essay is written.

Important checkpoint items on the gridi{at can be sent to you by emailyibu
communicate with the authonndude:

Chemical Element

Character Name and Altétgo

Descriptive properties of the elemental character caused by the element.
Appearance the characters physical portrayal (body, face, hair, eyes, costume,
equipment, etc.)

Behaviour personality traits

Super power / Ability

Descriptive reactivity of the elemental character caused by the element.

A minimum of 3 different uses (outcomes, applications)hef ¢lement's
properties (chemical reaction or change that will occur due to the ability of the
character)

1 Chemical encounter between hero and villain

= =4 -4 -8

= =4 —a -9

Without any prior comic book knowledge, chemistry students have been engaged
successfully in this pedageogoroject that brings down boundaries between the arts and
sciencego liven up discussion about elements and their reactivity.

Conclusion

A comic book narrative differentiates itself from othmediaby having plenty of its
action taking place betweengpels, otside the box. Similarly, mucthemistry takes
place outside the lab. Chemistry is everywhere, and superhero prowess kimows
boundaries. Comic books andemistry can tearup to strengthen pedagogical
approaches to learning via STEA#ked lectues, videos and class projects. After all, if
knowledge is power, teachers can be superheroes.

. Dr. Yann Brouillette is a chemistry professor at Dawson
College in Montreal (Quebec), gudstturer and creator of
GKS |, 2dz¢6dz0 S /IONY Y &I o0&/ KSYa y2a |
a0ASyiAraildzr KSQa | Oldzrffte | KILLR

Chemistry Department, Dawson College, 3040 Sherbrooke St.
W., Westmount, Quebec, Canada H3Z 1A4
(ybrouillette@dawsoncollege.qc.ca)
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More STEAM Mterials
https://www.youtube.com/user/ChemCurious/videos

http://www.comicbookchenistry.com
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The ABCs of STEAM Culture: Establishing the Ground Rules for

Risktaking, Imagination, and Collaboration
By Brittany Harker Martin

As an arts integration specialist, the STEM vs STEAM debate has always been a bit of an
enigma to me. In my career, all of the arts (art, dance, drama, and music) have been
essential to teaching STEM because of their inherent power to represent complex
holistic, visual, and relational concepts (Eisner, 2002a; Koester, 2015; Land, 2013; Lima
& TimmBottos, 2018; Sousa & Pilecki, 2013). This is especially powerful for kinesthetic,
spatial, and second/additional language learners, often marginalized by ahehing
methods (Eisner, 2005; Gardner, 2011a; Noddings, 2005; Martin & Calvert, 2018; Rabkin
& Redmond, 2006; Stein, 2000).

STEAM educators do not see the arts as subjects to be taught in addition to
STEM (Ghanbari, 2015; Koester, 2017; Van Sickle &Kd&317). Instead, they see the
arts as ways through which students can ponder, create, express, and represent ideas;
like alternate languages beyond reading, writing, speaking, and listening (Eisner, 2002a;
Martin, 2016). The arts enrich interdiscipligdearning and engage students in ways
that traditional pedagogies do not (Gardner, 2011b; Eisner, 2002b; Martin & Calvert,
2018). To exclude the A from STEAM is to possibly exclude some students.
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| often encounter STEM educators who are interesteitegrating the arts, but
lack the training and/or experience to effectively facilitate théFhe purpose of this
article is to help teachers who want to give STEAM a try. | articulate three ground rules
FT2NJ RN YIFGAO NERf SLIX I éach@antkdutés tda STHAKM CultireK S ! . / Q3
supportive of students taking intellectual risks, imagining, and collaborating together. |
also provide sample exercises that help establish these ground rules as well a&tya var
of soft skills prized in the fields s€ience, technology, engineering and math.

Integrating Drama

Arts integration can be defined as the regular use of the arts as a tool for learning and
representing knowledge within another subject (Martin, 2016; Rabkin & Redmond,
2006).For teachers intersted in but inexperienced with the arts, my first suggestion is
often dramatic roleplay because itas empirically tested way to empower students

and increase engagement through collective action, invited student input, and
embedded student agency (Bama, 2000; Martin & Calvert, 2018; Martim pres}.

Dramatic roleplay is a form of arts integration thgs its roots in theatre games,
2NAIAYLFfte LIXIFe@SR (2 SYNAOK GKS | OG2NBRQ dzy RS
embraced by educators who abze its pedagogical merit for inquiry and imaginative
exploration of a learning context (Heathcote & Herbert, 1985; Neelands & Goode, 2000;
Norris, 2009).

Classroom drama is not about putting on a performance. It is about the
experienceandembodimentof characters and concepts for a deeper, more personalized
understanding of the context and content being studied. In roleplay, the acting is not
scripted it emerges live, as improvised scenes queued up by the teacher who is often
also in role Students then careate the unfolding drama, to make decisions that
influence the direction of the action in such a way that they are empowered and
engaged (Martin, 2018). The resulting work looks like improvised episodes, packed with
observable learner daomes. For example, the teacher might call a meeting as the
Minister of Intergalactic Relations (teacherrivle) leading a team of engineers
(students inrole) to discuss a robotic challenge on Mars. Much of the discussion in role
is similar to a typicsbTEM dialogue about robotics, but there is an added layer of fun
and complexity that requires students to apply what they know, within the action.

One common pitfall for teachers who try drama, is the stagingsiitawith
students acting in front obthers without adequate preparation for the complexity and
conventions of theatrical work. This can end in a number of negative ways from silly play
RSO2AR 2F YSIyYyAy3as 2N g2NASS (G2 SYOIl NNI aaAy:
avoid this, the rightlassroom culture needs to be created; one where students are
trusting and willing to take risks together, imaginative and willing to engage in
hypothetical scenarios, and collaborative and willing to work inclusively.

¢CKS ./ Qa 2F {¢9! a [ dz G dzNB

Facilitatng live roleplay can be intimidating; yet, outside theatrical circles, a little known
fact about improvisational roleplay is that it relies on specific structures that allow for
facilitator control. In my experience, the following three ground rules retgdhese
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structures: AAI-in, for-All; B) Believing and Beingand C)Collective Contributian
Establishing theses ground rules creates a classroom culture ripe for STds&M
activities.

Alkin, for-All. For many students, acting can feel unnatuealen embarrassing
when it is not facilitated properly. In a classroom culture that supports dramatic
roleplay, participants need tsust each otherand be willing to take risks together in a
way that no one feels individually vulnerable. To achieve #vieryone must bell-in,
andcommit to pushing past personal discomfort for the benefiathf AnAll-in, for-All
expectation can be accomplished through adequate ice breaking that builds trust as a
class. | like to us€he Questions Gantier its power b establish active, respectful
participation as the norm.

Questions GamePut students into groups of-@. Ask for two volunteers to

go first, and be in thénot seat(the active players). The rest of the group

members serve as audienceferees. The game is simple: players can only

ask questions. They cannot answer a question, make a statement, or take

morethan3p &S O2y R& (2 NBaLRYyR (BRegankeS 20 KSNJ LI
begins with the first question, and they ask each other questions, in turn.

The audienceeferees call someoneut when there is an answer, a

statement, or time violation. When a player getst, another group

member takes the heseat, and the gamresumes with his/her first

guestion. Play the game for at least 15 minutes so everyone experiences the

hot seat more than once. During play, try to spot groups that are holding

back, and coach them to actively participate. Once everyone has had a turn,

pause foramiell2 Ay i RSONRST (2 a1l GéKIG R2 &2dz
I NBTZ aLiQa KIFEINRZéE 2N aLGQ& KAf I NRA2dza ¢ ¢K;
very nature of the game is unnatural, and it only works if everyoidHs,

for All.

Throughtrust-building exercises like th@uestions Gameyou can establisAll-in,
for-All. Within a STEAM context, the benefits are that it establishes positive group
norms where students are willing to be vulnerable and protective of that
vulnerability. Creatie problem solving requires a culture that promotes voicing
novel ideas and learning from trial and error. Soft skills such as team work,
comfort with risk and ambiguity, and interpersonal skills are a natural part of a
STEM agenda, afdlkin, for-All reinforces these.

Believing and Beind\n important rule for roleplay is being able helievethat
individuals arédbeingsomeone else. In a classroom culture that supports dramatic
roleplay, participants are imaginative and willing to engagehat-if scenaios.
Believing and Beingequires students to experience the perspectives of othassif
those perspectives are their own. Imagination is required as students are asked to
empathize with, and relate to, other perspectives. One effective introduction to
perspective taking is writingn-role, as it helps individuals consider another perspective,
without the added pressure of acting in front of others.
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Writing-in-Role Choose a writing format (diary, email, etc.) and put a starter

sentence on the board (@ming line to get started). Use a sentence that

YI1Sa aSyasS F2NJ GKS F2NXYIFGEZ AdSdT a5SE N R.
AYOSNABLFEI OGAO SY3IAYSSNEDE |, ng, amylaNddzO0 & dzRSy
remind them that they are being asked to wras ifthey are their assigned

characters. Beneath the starter sentence, write the following promipts:

GKAY 1l X L TFSSt .Theskprdmptibelp studdnts geinfoR S NX

character and really consider another point of view. Following the writing,

voluntea's may share and the class can discuss the differences between the

OKI N} OGSNEQ 2LIAYA2Yya yR (GKS addRSyGaqQ 2g.
different), in a way that promotes metacognition.

Acting-in-Role When students are ready to act in front of each eththey

can turn products from writingn-role into scripts to be performed, such as

OKNRdzZZK NBIFRSNEQ (GKSIFUGNB® ! -goachifigh & LI2AY (X
in a way that encourages them stay in rolethrough gentle reminders like,

dbelievein whaté 2 dz | NB & & Mbgiaklél QKR NIFNBI SNIRE ¢ KS
emphasis is on demonstrating belief in the drama, rather than on acting

ability, through commitment to the role.

Through writing and acting in role, you can create a classroom culture rich with
imagiration. Within a STEAM context, the benefits are that it encourages and enhances
creative and innovative thinking. Roleplay connects the logical, linear aspects of STEM to
the inherent humanity, and often neglected: the empathetic, emotional, and ethical.
Soft skills such as flexibility of mind, salivareness, and ethical reasoning are a natural
part of a STEM agenda, aBélieving and Beingginforces these.

Collective ContributiorDeveloping characters and context together is
measurably effective for atdent engagement (Martin & Calvert, 2018). In a classroom
that supports dramatic roleplay, participants are collaborative and willing to work
inclusively with everyone. The ground rule foollective Contributiorequires students
to value the power of th@roup in a way that they balance generating their own ideas
with actively listening to those of others. Collective ideation exercises, such as
brainstorming together, encourage and signal a value for divergence of thought and
diversity of voice. TheyaS | yi (2 Sy 3l 3S S@SNE2ySQa O2y i NN
classroom culture that perceives holistic benefits from the whole class.

Collective IdeationProvide the group/class with a problem and open the

floor for suggestions. Encourage everyone to make atleae, and if they

FNBE RRAY3I 2yi2 Y20KSNE (2 06S3IAY 6AGK (K
phrase, this line helps participants learn howplas or buildon each

20KSNNR& ARSIFA® 5dzZNAYy3 ARSEF I OGKSNAYy3II RA&
ruling out the deas of others (or even critiquing their own). Explain that

there will be a time for narrowing ideas later, but that collective ideation

involves gatherin@ll ideas, since they may spark novel thoughts from
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others. Once ideas are adequately gathered,iit ke necessary to narrow
the list and make decisions. This can be accomplished through democratic
reduction.

Democratic ReductionAfter a list of ideas is created, open the floor for
discussion. Invite students to advocate for their preferred idedsefher or

not they originally suggested them). Discourage them from explaining what
they do not like, or comparing ideas by positioning one against the other.
Following discussion, take a vote, by raised hands or secret ballot. Teaching
students to colleavely converge on ideas through democratic reduction
helps include everyone while establishing the norm of majority rules.

The ground rule ofollective Contributiok 2 y 2 NA S@SNE a0dzRSydQa @2 A«
context, the benefits are that it creates amvironment where all ideas are valued while

developing the skills required to converge on grdagsed, timely decisions. Soft skills

such as active listening, openness to new ideas, divergemergent thinking, and

criticalanalytical thinking are a natal part of a STEM agenda, a@dllective

Contributionreinforces these.

Conclusion
@ SadlrofAakKAy3d GKS ' ./ Qa 2F {¢9! a [/ dzZ Gddz2NBX
experimenting with roleplay in a way that prepares their class to take risks,
imagine,and collaborate together. Throughll-in, for-All, Believing and Being, and
Collective Contributiorstudents are better prepared for STEAMsed activities,
including roleplay. The exercises above are starting points for teachers to lead
students throughtrust-building, working in role, and collective creation while they
foster a wide variety of soft skills essential for STEAM. These include: team work,
comfort with risk and ambiguity, interpersonal skills, flexibility of mind-self
awareness, ethical reagsing, active listening, openness to new ideas, divergent
convergent thinking; and criticdl y € @ G A OF € GKAY 1 Ay3ad T GAYFGSE
of STEAM Culture teachers will prepare students for effective roleplay and set the
stage for success.

Dr. Bittany Harker Martins an Assistant Professor at the

University of Calgary with over twenty years experience integrating
the arts into the classroom. She regularly speaks around the world
on her theories of Social Empowerment, the Artistryrafovation,

and on STEAM.
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What Does Creativity Look Like in the STEAM Classroom?

By Elaine Perignat & Jen K&aonincontro

Example of a classroom STEAM project.

Although a variety of models propose creativity as part of STEdMation (Allina,

2017; Daugherty, 2013; Partnership fortentury Skills, 2011), STEAM educators
sometimes struggle with developing student creativity (Perignat &-Batmincontro,

2018). As there are a variety of interpretations of creativity (Beghetto, Kaufman, & Baer,
2014), it can be difficult for teachets decide how to foster creativity in STEAM
classrooms (LaJdevic, 2013; Liao, 2016). Researchers, too, struggle with how to observe
complex constructs like creativity in the classroom (Gajda, Beghetto, & Karwowski,
2017). But classroom observations are Mita advancing educational research: They
allow researchers to gain insight into the uniqueness of classrooms and the complexity
of everyday life in schools (Yin, 2005), which can be hard to capture through other
means of data collection.
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This paper engges readers in a dialogue about what creativity looks like in a
STEAM classroom. We present four creativity principles coupled with examples from
preliminary qualitative observation data of a 5th grade STEAM classroom, and research
tips on how to conduct ggality classroom observations of creativity processes. The
classroom has six STEAM instructors and 50 students in a private school located in
Northeastern United States. Data was collected using a selective observation method
(focused on specific activisg (Angrosino & Mays dePerez, 2000) and an observation
protocol based on the Creativity Fostering Teacher Behaviors Index survey (CFTIndex)

0{2KZ Hnnnod {StSOGADS 20aSNBIFGA2ya 2F (S OK

matched nine CFTIndex pciple behavioral areas were recorded as written field notes
RdAdZNAY3I mH {¢9!a OflaasSazr SIFIOK flFradgay3a cn
and then discuss four of the nine CFTIndex principles most relevant to fostering

creativity in STEAM classroem

Creativity

A common definition of creativity (creative idea, product, or behavior) combines
novelty, utility,and quality (Kaufman & Sternberg, 2007; Kozbelt, Beghetto, & Runco,
2010).Fostering creativity in STEAM education is necessary for enharicidzRsS y G & Q
independent and flexible thinking, creative sefficacy, and creative problesolving

skills. Research has shown that creativity is learned through example and practice (Root
Bernstein, 2015). Therefore, teachers are expected to model the vahabehaviors of
creativity while maintaining a supportive classroom atmosphere (Runco, 2014;
Sternberg & Williams, 1996). Modeling creativity, allowing mistakes, and rewarding
creative ideas are also important (Sternberg & Willia&896) Cropley (199%elieved

that educators may find these suggestions too vague and therefore composed a
practical list of nine principles for fostering creativity in the classroom, which formed the
basis of the observation protocol used in this study. Here we discusefdiuese nine
creativity principles:

Principle 1: Motivate students to master factual knowledge, to build a solid base for
divergent thinking.

Overview: Despite the misconception that creative ideas are developed from nothing,
creativity requires a stronfpundation of subject knowledge and skills (Baer & Garrett,
2010; Soh, 2017). Mastery of knowledge allows students to think flexibly or divergently
by branching out from available information or seeing new insights that are unnoticed
by others. In turn, his helps students come up with new ideas that are both appropriate
and unique to the subject area (Cropley, 1995).

Classroom Example: An example of this principle was observed at several points
during a study of six teachers in a 5th grade STEAM ctassithe STEAM unit teaches
students about the effects of global warming, extreme weather, and their destruction of
houses and communities. Students are expected to master understanding of global
warming and extreme weather in order to design and build tieative hurricaneproof
house prototype. As students progress through the unit, teachers give students
opportunities to think critically about global warming and the impact of extreme

YAy
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weather. For instance, Ms. Andrews asked students to relate a readimgater surges
02 GKSANI K2dzaS RSaAdadya o6e lFalAay3as 4.l aSR
32K YR K& INB gAYyR264& I Kdz3S O2yaARSN
added innovative design elements like wetsuits and rubber seals to prdtentthiouses.
By asking students to connect information from a reading assignment to their house
designs, students were able to master factual knowledge about storm surges and then
apply their knowledge to their housing designs (Perignat, 2018).

Research Pt Expert knowledge is developed by offering a variety of
opportunities for student reflection, engaging prior knowledge, and practicing inquiry
and critical thinking in multiple contexts and task materials (Sawyer, 2015). In a STEAM
classroom, researcheshould avoid dependency on frequency counts of teacher
O0SKIGA2NE 6KAOK YIe y20 6S AYRAOIG2NA 2F (St
2007), but instead observe the range and quality of opportunities for student
engagement through exploration, ep-ended inquiry, selexpression, and authentic
FaaSaaySyida F2NI RSY2yaildN»XGAy3a aGdzRSyidaQ RSSL
2015).

Principle 2: Delay judging students' ideas until they have been thoroughly worked out
and clearly formulated.
hdSNIBASSY 2KSy GSIFOKSNARA RSflF& 2dzRISYSyid 2F a
suggestions, it demonstrates to students that their creative ideas are supported and
Ot dzSR® ¢KAa LISNOSAGSR GSFOKSNJ &ddzLJLI2 NI A& y S
self-efficacy, willingness to take intellectual risks, saaluation, and independent
thinking (Beghetto, 2009; Soh, 2017). If students do not feel supported in this way, they
will refrain from sharing ideas and instead only share ideas they think the teaches want
to hear (Beghetto, 2009).

Classroom Example: An example of this principle in thgrade STEAM class
occurred during a onelay design challenge in which groups of students were asked to
create an inventive prototype to solve an assigned problem usirggbag of materials.
Students designed an array of solutions using items like popsicle sticks, straws, cotton
balls, tape, and paper cups. At the end of class, students presented their solutions. One
teacher, Mr. Cellitti, facilitated the discussions aratefully delayed judgment as
students explained their inventions. The first group explained that their invention was a
az2tdziazy G2 OFNNBAY3I | KSIFI@ge 2062S00G® aNW» /S
2y (2L) 2F @& 2dzNJ A O Stypravided ahlansiNeg, antl withdut ¢ KS & G dzR S
NBaLR2yRAY3 aN¥ /SttAGGA GKSYy | a1SRE a2KIFdG ¢
gAff @2dz dzaSKé¢ ¢KS aidzRSyiGa NBalLRyRSR ¢AGK
RSaA3Iyd CAYyLtftes aNX® /wiludemhisinventionZAnddesit KS a i dzF
KFE@S + yIFYSKeé ! FGSNI GKS adGdzRSyida yagSNBRI a
praised their work and ideas, and asked the next group to present (Perignat, 2018).

Research Tip: Documentation can be used to capanreutcomes in STEAM
classrooms. But photographs and videos can be used to document the creative process,
y20 2dzad GKS FAYlLFE 2dzi02YSa 2F {¢9! a LINR2SOI
how students are working out the ideas behind their projects, ead complement the

t
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more typical documentation of creative products, such as the model of the houses
designed in the classroom example above. Maker statements allow students to
articulate the personal meaning of their work, which researchers have suggeskes!
to booststudent efficacy in creative environments with diverse student populations
(Guay, 2000; Petsch, 2000; Wielgosz & Molyneux, 2015).

Principle 3: Offer students opportunities to work with a wide variety of materials and
under many different onditions.
Overview:Recent studies have shown that classrooms where students feel that they are
encouraged to think of unique ideas, learn from their mistakes, and explore and play
with new materials and resources, enhances creative development (Craft, Jeffrey, &
Leibling, 201; Runco, 2014). Additionally, opportunities to explore with materials and
conditions can diversify student experiences and help them find creative outlets in a
variety of subject areas (Soh, 2017).

Classroom Example: The observed STEAM classroomeid@udriety of
conditions and materials for students throughout the semester. For example, the one
day design challenge assigned students to work collaboratively with limited craft
supplies. Later students made individual dioramas depicting the greentestess using
art materials and repurposed supplies brought from home. Finally, student groups are
completing a longerm project of designing, building, and testing a house prototype
that can withstand hurricane conditions in a lab. This project requinedents to use
substantial materials like wood, clay, cardboard, rubber, adhesives and other art
materials and skills to build their design (Perignat, 2018).

Research Tip: Researchers, too, use their senses when observing how teachers

use artmaterialsif ¢ 9! a aSddAy3aoe LIQA GAGFE (2 20aSN

interact with materials, such as the wetness of clay or olfactory aspects such as the

smell of wood burning using a hacksaw in a STEAM engineering woodshop. This might
include showingtudents how to use materials (Coulson & Burke, 2013; James, 1997),

how to interpret art (Budge, 2016) and make connections to-veald scenarios (Chiu,

2009). Another important aspect in classroom observations of STEAM creativity is to
discern whether thestudent initiates activities, or whether theeacherinitiates them

(Robson & Rowe, 2012) as well as describing the quality of interactions between

students and teachers (Biasutti, 2017; Budge, 2016). Maps can give a sense of classroom
interactions (Donovan, 8en, & Mason, 2014) and show how teachers move around

the desks (cf. White, 1987 in Yin, 2005) to motivate student creativity.

Principle 4: Help students to learn to cope with frustration and failure, so that they

have the courage to try the new and unual

Overview:Frustration and failure are essential elements of creative prokdeming,

design processes, artistic processes, and other processes in which failure is a means for
improvement (Petroski, 2001). However, students often perceive failureflasvand

lose confidence or interest in learning. In order to encourage student perseverance,
teachers need to model coping behaviors and incorporate failure into learning
experiences.
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Classroom Example: On the first day of the STEAM class in whibloiviran,
2yS 2F GKS (S OKSNEZ a4FAR (2 ailddRRSyida:z
SELISOG: a2YSiaySa GKFG YShya e2dXsKIlGK

G{2YS
LiQa

Sao 2dz CFLAf @ . dzi FFAfdzNE KSNBE Adsigd22RPE | 3

5 5

challenges and dioramas, the STEAM teachers encouraged perseverance by saying,

G2Sttx AF @2dzNJ FANRG FGGSYLIWW RARYQO 62NJ] X 64K

move one piece around, you may need to consider moving other pieces toce®ut t

2dzid {88 K26 Al 62N & D& -pooafyidude tesign piojgcd Odzt YA Y I

incorporates purposeful failure. As students test their prototypes, failure is inevitable,
and students are expected to reexamine their design, material choicesnake
improvements (Perignat, 2018).

Research Tip: When examining how students tackle problems and grapple with

YAaldl 1Sax A0Qa AYLRNIFyd G2 O2yaARSNI RAAONEBI

and learning creativity. This means examining stugd®ver time to see how they react

to certain STEAM projects and instruction. Thus, it might be important to observe more
than just one instance or episode of particularly rich classroom interaction between a
student and a teacher (Ka&uonincontro & Andrson, 2018). Because mistakes can be
KAIKfe@ LISNER2YlIf>X 20aSNBI GA2ya aK2dZ R 0S5
give a sense of authenticity of the situation.

Conclusion

Taken together, these four creativity principles coupled with classrewamples and
research tips give educators a sense of how to balance the constructs of educational
rules, and regulations (Sternberg, 2015; Sternberg & Kaufman, 2018) with trying out
new teaching ideas to enhance creativity in the STEAM classroom. Tesakbald also

be aware of factors that inhibit creativity in their classrooms. Factors like competition,
restricted choices, pressure to conform, and rote learning can stifle creativity (de Souza
Fleith, 2000). In order for teachers to support and fostematraty in their classrooms,

they too must feel supported creatively by administrators and policy makers. Teachers
should feel encouraged to develop new ideas, take initiative, interact with and learn
from others, and take appropriate risks when develop#igEAM curriculum. These
actions will perpetuate positive creativifpstering behaviors necessary for enhancing
a0dzRSyiaQ ONBIFIGAGAGE AY {¢9! ad
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Collage, Science and Art
By Dennis Summers

| studied both chemistry and fine art when | was in college, and most of my artwork
since then has been inspired bgience. It has also been influenced by my l@rgn
interest in the mythic structures of neBuroAmerican cultures, along with whatever
other ideas | might find compelling at the time. Because of the wide range of not always
obviously related topics, myavk has generally taken the form of some sort of mixed or
multi-media collage, as collage for me is the most suitable way to make engaging
connections. For the first roughly 20 years of my careerst of my work was presented
as multimedia sitespecificsculptural installations. In the early years of this centlry
recognized that the image quality of digital software had finally developed to the point
that | could be satisfied with what could be crafted on computers and delivered as
video. Most of my wik since then has been synthetically created in compositing and 3D
animation software.
LOR fA1S G2 YI1S I NBtSOIFIylid RAINBaarzy NE
process over the decades. Early, bwould take scientific concepts, often from
guantumphysics, and consciously-peesent them as modified aesthetic objects within
ritualistic looking environments. Although | still believe that the work was effective, as
time passed| began to trust my intuition more. As years passed, | learned to create
202S00a yR dzaS GKSY Ay g¢glea GKFG 2dzad FStd
approach was a bgroduct of the pedagogy of studio art classes, at least as practiced in
GKS f14GS TtTna YR SFENI& ynas | ymRsuch KI @S y2 NE
Of FaasSa (GKS addzRSyid Aa Fftgleéea aAlSR G2 2dzadaAa
articulate a cogent defense their grades will suffer. | mention this because given the
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context within which this article appears | believe that we needdaareful when
FaaSaairy3d GKS ljdzrtAGe
approaches, and we should not lose sight of these distinctions when crafting both an
educational environment and determining success.
LILINR | OK £
going to describe alorg SNl LINB 2SO ]
Slow Light Shadow Matt€65LSM)Slow Light Shadow Matt@omprises 13 short

digitally created animated videosabout four minutes each twelve chapters and a
prologue. It is presented on three screens, a center square panel and two vertical
rectangular side panels. Taken together the image is at high definition (1920 x1080
pixels). This allows for an appropriate ragan of detail. The imagery in SLSM consists
of complex motion collages, combining modified representational and non
representational elements, texts, music and voice. Most of the visual elements are
synthetia they are created entirely via software. Thechnical process is this: after
0KS NB&aSINOKEZ
these are modeled and textured in 3D software. A smaller number of elements might
originate as still images or video that are then consithdy altered within the

compositing software. Finally, all these elements are animated in different ways for
each video chapter; animated texts are added, and it all is combined with different
imaging effects processes, and audio elements added in ordeetde the final videos.

The resulting piece is exceedingly dense with superimposed imagery, texts and audio. It
may take viewers some time to parse out all of the components and their relationships.
What are some of these components? The title itsefére to two concepts from
Physics. INn199% OA Sy G A & G a
O2yRSyaladsS X G2 oNAy3
(Perkowitz, 2011, p.)8This is called slow light. Shadowatter refers to a hypothetical
adzoadlyoS auKIFIG AydSNI Oda
I £ (Th&émsen, 1985, p. 296Each chapter draws from an artstientist dyad who were
approximate contemporaries. | have yet to completethe chapters and although the
matching of individuals has been determined by intuition, over the years pairs have
changed or specific people have been replaced.

R2AYy 3

The scientist/artist pairs ad this writing are listed here:
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As an example of my MadzNBE |

Prologue (El Greco)

1.
2. Michael Faraday/William Turner

3. James Clerk Maxwell/Claude Monet
4. Rosalind Franklin/Richard Long

5. Ernest Rutherford/Paul Cezanne

6.
7
8
9
1

Isac Newton/Jan Vermeer

Niels Bohr/Wassily Kandinsky

. David Bohm/Richard Pousetiart

. Albert Hofmann/Pierre S¢ages

. John S. Bell/Jasper Johns

0. John Archibald Wheeler/Agnes Martin

RSGUSNNYAYS GgKAOK &a2NIa

G dza SR Yy Sinskein S 2F YI GGS

f A3KQ

GAGK 2NRAYFNE YI 0

GAOKAY {¢9!
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11. Murray GelMann/Sol Lewitt
12. James Lovelock or Lynn Margulis/Ana Mendieta

l'a YSYGA2ySR>Y GKS&aS LI ANARy3Ia OFyQid SyidANBft e
some indiations. For example, | feel that the field theories developed by Faraday
correspond to natural forces of fire, water etc. as painted by Turner. But this is where
GKS LIR26SNI 2F 02ttt 3S 0O02YSa Ayildz LXlIe&d 90Sy A
displ @ Al QAadad tfted CANIKSNI 2y> LQft O2yaa
detail. But first | need to discuss some of the other elements that are included, along
with some overarching aesthetic strategies thatanarticulate.
| investigae the physical nature and history of light (or more generally
electromagnetism that of force and fields, and by extension, technologies of
communication or information transfer. The scientists are almost all physicists who have
worked with some aspect alectromagnetic or quantum theory. The work of the artists
generally relates to light as color. There are three dissimilar scientists who represent a
subtheme of biology. Here too, divergent artists are included in order to develop other
ideas. These thecan be seen in the individual lines in the list above. Woven into the
chapters is a croseferential structure of systems that include alchemy, mythologies of
non-EuroAmerican cultures, ariiology in order to draw out related conceptual
connections.
Although the scientists and artists differ from chapter to chapter, the entire
ASNASa Aa 02dzyR G23ISGKSNJ o6& YdzZ GALX S GKSYSa
thread is based on stories and attributes of the Greek god Hermes. Hermes is displayed
only by his iconic boots, hat and staff, along with a cluster of colorful, floating sparkly
spots located at about his torso. Each chapter displays a different constellation of the
zodiac, and a different pattern of emission spectra taken from the first 12 esison
the periodic chart.
So to be clear, although several components differ, there is a large group of
St SySyida dGKIFG FNBE NBdzaSR Ay SOSNE OKI LI SN» !
| can animate them in different ways each time. So for exafriplone chapter we may
only see the object in extreme closg moving horizontally across the screen; in a
different chapter the element might start out small in the distance and then move
toward the viewer with a corresponding increase in size untildves past the camera
and is gone. This ensures both visual and conceptual variety.
The point behind this variety comes from a construction methodology inspired
08 GY2RSNYy¢ 2111 YdzaA O A yazzdSyntposkerard 'y R aLISOA
saxophonisOrnette Coleman (interested readers should check out his alloufdl
Languagels What | like about certain kinds of jazz is the way that the musicians will take
a melody apart and reconstruct its elements with wide variety. Sometimes the same
piece playedn different occasions by the same band can sound unrecognizably
different. In a nod to Coleman, | wrote a text that was recorded by viailemnt and
mostly resembles his life and musical theory. | then spilit it into smaller sections that are
incorporatedinto each video. Additionally, superimposed on the vaiwer are free
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improv compositions created by internationally known composer and musician Thollem
Electric.
[ SGQa y2¢ 221 G OKFLIWGSNI o Ay RSOFAf ® Ly
the video, one can see that the background loosely resembles the series of paintings
done by Jasper Johns largely from the 1970s known asrtisshatchpaintings. (But
unlike still paintings, the pattern in the video moves.) Many of the crosshatch paintings,
some done on multiple panels locked together, create complicated mirrored structures
2F LI GOGSNyaod {2YSiAYSa (KSasS LI GGSNya avl (OK
the opposite side of the painting. For me, these sorts of patterns somehow speak to the
woNJ GKIFG YIRS GKS LKeéeairoOorald W2Ky {& . Stf &z
written in the 1960s, it was a relatively simple mathematical proof that showed that
classical physics could not accurately account for a certain kind of quantum behavior,
and by implication that quantum mechanics could. This proof suggested real
experimental tests that could be performed to exhibit quantum entanglement. The
experiments were designed with increasing accuracy over subsequent decades.
Quantum entanglement is puzzling aspect of atomic particles. As described in the
proof and created in physical tests, two linked particles could be shot out in opposite
directions. Then at great distances a characteristic (technically knospidscould be
measured on one paxle. Mysteriously, this measurement alone could seemingly
determine the characteristic of the corresponding particle great distances away. These
characteristics could loosely be described as mirror images. And it is this mirroring which
tome resemblestheéd- G G SNy & 2F W2KyaQ LI AyaGAy3Iad ! RRAG
it here in depth, the work of both men fits uncomfortably into that of their
contemporaries.

In this frameone can see the figure of Hermes mentioned earlier in this article. Purple
letters and numbers canbe seenspira y 3 2dzi 2F KA&a G02Re@&éd | SNXY
the god who created language and numbers. In the way that collage structures can link
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so well,Johns has created many paintings in which numbers and letters are either the
subject or important components.

hermaphrodite climbing a DNA double helix. I$é&n in the center panel of frame 1071.

| SNB Aa |y SEIFYLIES 2F GNHzGAY3I Yé AyddzGAz2
F NOAOdzZ S 6Keé LQ@S AyOf dzRSR GKAA O2YLRYySY
that move horizontally across the side pdmelrhese texts are taken from the writings of

Bell.

y s
g d

Each chapter also includes a different architectural structure that can range from
Y2ydzySyidga tA1S {G2ySKSy3aS G2 2yS 2F | LRtf2Q3
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are several stories in Greek mythgy where the activities of Hermes and Apollo

overlap in interesting ways. Additionally, Apollo was the god of light and the sun, which
in this frame can also be seen by the representation of the Egyptian god Ra who carried
the sun across the sky in a li@m the back of a snake.

hyS tFad O02YLRYSyld LOQR tA1S (2 LBs\yd 2dzi Aa
frame. The original source is vide@ltered considerably that shows a mouse whose

behavior is controlled by light pulses running through aeaiplanted into his brain.

¢KS NBFRSNI gAtf y208 GKFG L KI@BSyQil SELIX | Ay &
20KSNA aSSy SftaSoKSNB gAGKAY GKS O2YLX SGS @A
to show how the complex interrelated nature of collagende a powerful tool for

drawing together ideas from science, art, mythology and miereis alink to the

complete video)

Dennis Summers
cco@stage2001.com
www.stage2001.com
505-384-9888

References
Pekowitz, S. (20115low light invisibility, teleportation and other mysteries of light
London, UKtmperial College Press.

Thomsen, D. (1985). Shadow matt8cience New427(19), 296. doi:10.2307/3969495


http://www.circesfu.ca/
https://vimeo.com/310970374

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 81

The STS Futures Lab at James Madidaiversity: Integrating
Design Fiction, Experimental Pedagogy, and Anticipatory

Research into STEM Education and Outreach
By Emily York, Shannon N. Conley and Samuel Kodua

How can we creatively engage STEM students in reflecting on what it means to be a
responsible innovator? How can we make responsible innovation, ethical thinking, and
problemsolving hands on, interesting, and relevant for our students? How can we

encoura@ them to recognize and challenge their own assumptions about progress?

These are questions that we, as faculty in the School of Integrated Sciences (SIS) at

James Madison University in Harrisonburg, Virginia, are constantly grappling with. Our
primaryap@ Ay G YSyda INBE Ay (GKS o6l OKSt 2NNR& RSINBS
Technology (ISAT) within SIS, and our role, specifically, is to engage students in reflecting

2y GKS aa20Alt O2y(GSEG&aed 2F (SOKyz2t23@& | yR 4
ABETaccredited applied science and technology program that trains students to analyze

and address complex sociotechnical problems with a systéimking mindset. Our

holistic problemsolving curriculum builds on a broad foundation of fundamental
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knowledge in the natural sciences, computing, and social sciences, and includes a
"spine" set of courses that teach students how to integrate multiple kinds of expertise

to address problems, and to integrate the social and technical aspects of problems and
solutions. It is a key goal to make the social contexts portion of the curriculum well
AYGS3INIGSR Ayil2 &aGdzRSyidaQ | LILX ASR a0OASyoOS
doing this are also opportunities to-teink our pedagogical approaches. For example,

we established the STS Futures Lab to embdiiagsocial contexts as part afoing

science and technologyan approach that leverages the lab setting and haons
project-based coursework students were familiar with in their STEM classes and applies
it to social contexts. The STS Futures Lab supports our endeavors in the classroom,
provides opportunities for us and our colleagues and students to experiment and
innovate, and further legitimizes the social contexts curriculum.

The STS Futures Lab

Envisioned a a space for research and teaching, the STS Futures Lab is a fun,
interdisciplinary, and intellectually stimulating environment where faculty and students
can explore tools and practices that help us to plausibly anticipate the social, ethical,
and politcal dimensions of high tech innovation. Aimed at building our capacities for
responding to and reasoning about the faeiced and impactful changésat confront
society through science anddhnology, we believe that we urgently need more robust
methods br the democratic governance of emerging technologies. Learning how to
identify and examine varied aspects of sociotechnical change will benefit STEM
students, whether they expect to work in R&D, policy, education, or business.

Our work as advisors in thieutonomous Vehicle Capstone team in SIS lead us to
regular summer meetings with two of our students in preparation for a fall conference
presentation. As our students moved back and forth between the computer lab where
they worked on prototyping a 1/8 seahutonomous vehicle and our meetings where
we discussed readings and examined the ethical dimensions of autonomous vehicles,
GKSe 6S3ary (2 NBTSN { 2thapislaNé Sciénbe(i Teghdbbbgy & G K S
Society Lab. We began to work with ouandents on incorporating two tootsscenario
analysis and design fictiorto facilitate our thinking about the potential futures of
autonomous vehicles. We found these tools to be extremely useful and thought
provoking. Chase Collins, one of our students imow a recent alumnus who €o
founded the STS Futures Lab with us, helped us to experiment with gamifying our
scenario analysis, and he ultimately led a workshop with the rest of the Autonomous
Vehicles Capstone team that became part of their capstone prdpelding on this
experience, we launched the STS Futures Lab with an associated small independent
study course and an initial cohort of five ISAT student members meeting weekly to
develop research, engage in STS dialogue, and form a supportive commhily not
limited to scenario analysis and design fiction, these methodologies form the backbone
of much of the futuresoriented work we do in the lab engaging anticipatory ethics and
anticipatory governance.

Iy
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What is scenario analysis?

Scenario analysirefers to a method primarily used in business consulting for analyzing
plausible midto longterm scenarios relevant to a specific domain in order to anticipate
and manage uncertainty. Scenario analysis facilitators lead groups through a series of
steps usually over the course of some months, to identify, analyze, and plan for
plausible scenarios. Used in profit, nprofit, and governmental organizations, it has
been widely recognized as a tool that helps leaders avoid the assumption that the future
will be a steady, smooth continuation of the most obvious trends of tqday

assumption that can lead to major failures! More recently, researchers in Science,
Technology, and Society and Science and Technology Policy fields have begun to
recognize the usefaess of this tool for technology governance. In the STS Futures Lab,
we have adapted this method to suit different learning objectives and learning
environments for applying critical thinking toward setézhnical change.

What is design fiction?

Designiction refers to a practice that spans science, science fiction, and prototype
design, to create media artifacts that help facilitate conversations about the social
context within which a technology might be embedded. The most sophisticated
examples of degn fiction that we might frequently encounter come from Hollywood
sciencefiction filmsgscenes which show future technologies in the context of story,
seamlessly challenging us to rethink what it means to be human in a future world in
which the technologés shown are commonplace and ordinary. In the STS Futures Lab,
we have adapted this practice to use a range of tools that we have acagssno
traditional art supplies to digital medigo build on scenario analysis by creating an
artifact that can be us#to start a conversation and engage in ethical reasoning about a
potential future in which our chosen high tech innovation is already ordinary. Shifting
our gaze from the shiny tech object to the everyday context in which this object might
live enables uto interrogate the social, ethical, and political dimensions of this
G§SOKy2f 238 0Se2yR ¢gKIG ¢S KIR 2NRIAyLEte |y
may even inform our contemporary design and policy choices. We are currently writing
grants to supporengagement with a variety of augmented reality and virtuality reality
tools to expand the set of options for creating design fiction.

Adapting Scenario Analysis and Design Fiction In the Classroom
We have found that scenario analysis and design fici@xiremely flexible, and that it
can be adapted to meet different learning objectives, course structures, and constraints.
It is possible to do an abbreviated version in just @GBaninute class period that can
still serve as a meaningful and engagingwiytt particularly if students are already
established in groups and have been working with one case study or research topic for
some time prior to the activity.

However, with more time the scenario analysis and design fiction can be more
deeply integratednto a module or research topic. Incaurse introducing students to
science, technology, anaaiety, we experimented with a multlass engagement that


http://www.circesfu.ca/

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 84

adapted the gamified version of the scenario analysis and design fiction activity
developed byourszRSy G / K &S [/ 2ffAyad ! LI ASR {¢9a &f
sections participated in a multveek interactive and handsn case study focusing on
the anticipatory governance and ethical implications of emerging autonomous vehicles
(AV). Students were sked with serving as consultants to a fictional state senator who
required a briefing in multiple knowledge domains related to the technological, societal,
and ethical aspects of the technology. Student groups were assigned different
Gly26tSRIS wich ey wgiéexpedted to conduct-trepth research and
JFAY | NRodzaAG 62Nl Ay3a SELISNIAAS 6AGKAY GKSAN
final presentations, and equipped with the research from their knowledge domain,
student teams participated ian adapted version of the gamefied scenario analysis and
design fiction activity, analysing issues related to AVs in regards to stakeholders,
infrastructure, and social and ethical dimensions. Students had to create a 2D drawn
NELINBASYGlFrGX2AFESE AXEAOEGAFI || g2NIR AYy GKA
The final design fictions varied based on the factors and stakeholder perspectives
students received from the scenario analysis game. Following completion of the design
fiction, students then had tanalyze their 2D artwork using an ethical analysis
framework. Students integrated their analysis and design fiction in their final briefing
presentations to the fictional senator.
{AYAfT I NI &z addzRSyida Ay 9YAfe  aBde] Qa aSOidA
and adapted it to their own case studies on a variety of topics and, over the course of
two weeks, created design fictions that juxtaposed 2D and 3D elements to start a
conversation about one of the plausible futures related to their case studpgldsts
and craft materials, found objects, and digital media, they worked in groups to create
multimodal design fictions. Then, in a post&ssion style final exam session, they
presented their design fictions to each of the other groups, engaging liogdia about
what made the future plausible or not, and finally applied ethical reasoning to examine
their design fiction futures in individual reflections.

Adapting Scenario Analysis and Design Fiction for a Middle School STEM
Engagement: An STS Future laals Yo SND&a t SNALISOGA DS
These tools can also be adapted for a younger audiereel the process of adapting

these tools is itself a great learning engagement for undergraduate students. Samuel
Kodua is a thirgfear Integrated Science and Technology studeidates Madison
University focusing on sustainable energy and information and knowledge management
and is a member of the STS Futures Lab. He is also the community service chair of an
engineering/applied sciences fraternity at JIMU.

One of their first commnity service projects was a collaboration with an after
school program and they were tasked with holding various STEM workshops that help
students connect with STEM principles. As a member of the STS Futures Lab, Sam had
been working on modifying the ganatl scenario analysis/design fiction approach for
different audiences. He focused on how these tools could be used to interpret
burgeoning technologies through different situational contexts and stakeholder
perspectives, and to approach philosophical imgumto societechnical change. Initially,
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he modified the game process by stripping down the complexity of each step and
choosing a technology that would be familiar to the students. He demoed this iteration
in an STS Lab meeting, where Lab members seaw@articipants and provided insights
into the aspects of the activity that were especially engaging/interactive and criticisms
about the parts that might not be applicable to middle school students. Sam took this
feedback and further modified the game®BS ¥t SOG | aYIlI 1S @2dz2NJ 24y
approach, further simplifying the game design model and making it more interactive.
First, given 3 to 4 options, students set up a future world in which their
technology is a commonplace innovation that is widely ubedughout this future
world. Then participants draw the fundamental design of the technology that would
allow it to operate in the future world. Second, given another 3 to 4 options, students
envision a scenario in which the technology can be partigulaséful in solving a
problem. Then the participants are tasked with designing the technology with attributes
and features that make this scenario possible. Third, they pick a unique human
perspective from a choice of 3 to 4 options, and add to the prevaesigns of the
technology in a way that enables the user to apply it to solve the problem. Finally,
students are given a comic book template to create a story about their future world in
relation to their technology and scenario. This adaptation of tasigh fiction format is
especially fun for younger students to creatively come up with inventive representations
while developing an understanding of technology in society and responsible innovation.

Adapting Scenario Analysis and Design Fiction A%e&earch Methodology

We are also adapting our approaches and implementing them as a research
YSGK2R2t 238> Ay | al@d&mingFotires withSdeatiSiOaind G A
OYIAYSSNE®PE 2SS | NB dzaAy3a 2dzNJ (S OigtheindzS a
into our ethnographic engagements with professional scientists and engineers in
academia, industry, and government who are engaged in technology research and
development. Thus, in addition to (and often as a part of) s&mictured interviews
andobservation, we work with our subjects to-coeate scenario analyses and design
fictions that interrogate potential futures that may emerge from their R&D work. Our
goal is to not only disseminate our research collaborations via traditional outletsasuch
scholarly journals, but to also present these collaborations in more readily accessible
YR Lidzof AO Sy3al3sSySyid 2NASyGSR 02y GSE
5SG2dzNE Ayid2 GKS CdzidzZNB 6AGK { OA S oridinga U
our engagements using 360 VR video. Our hope is to establistag dialogue with
members of the public, in which members of the public can collaboratively comment
and experiment with us as we engage with scientists and engineers working at the
bleeding edge of their disciplines.

t SR
27
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Adapting Scenario Analysis and Design Fiction As a Public Engagement Strategy
Finally, our future plans include adapting our approaches for a community and civic
engagement effort working with everyday citizens, scienfxperts, and H2

communities in reflecting on the roles and responsibilities of citizens and scientists

Uy

e O~


http://www.circesfu.ca/

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 86

within a democracy. For example, enabling us to take our approach outside of the
classroom and into our local community, we plan to invite citizenbssxientists to

LI NGAOALI GS Ay |y aGaLYIFIAYAY3I | | NNRA2yYyOdzNBE
Public Library where we collaboratively explore plausible swabnical futures and
responsible citizenship in light of emerging technologies relédedpics such as

autonomous vehicles and smart cities. Designed for all ages, we will have options
ranging from traditional art materials to virtual reality and 3D printing prototyping for

the design fiction activity. Citizen design fictions and studgaiborations of the design

fiction artifacts would then be displayed in public spaces in downtown Harrisonburg,

and be highlighted on a First Friday event. Students members of our STS Futures Lab will
work with us to design and facilitate this event.

How @an | become involved?

Please contact us gbrker@jmu.edwr conleysn@jmu.eduor alternatively, contact us
using the contact form opur website (https://sites.lib.jmu.edu/stsfutureslaby if:

You are a technologist or researcher who would like to participate in our study,
G/-2YlFAAYAY I Cdzli dZNB & ¢

You are intereted in participating with us in the STS Futures Lab in a creative
and fun way, and possibly becoming a lab affiliate.

You would like templates and materials related to scenario analysis and design
fiction to adapt for your own teaching and research purpose

You have other ideas for collaboration or engagement and would like to
brainstorm exciting new possibilities!

\

Shannon N. Conley is an assistant professor |n Integrated Science and Technology at
James Madison University and afooinder of theJMU STS Futures Lab.

Emily York is an assistant professor in the School of Integrated Sciences at James
Madison University and a dounder of the JMU STS Futures Lab.

Samuel Kodua is a third year in the Integrated Science and Technology program at
Jamedviadison University and a member of the JIMU STS Futures Lab.
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Experimenting with Writing/Writing with Experiments
By Pippasoldschmidt

S Seats /M=yt S

Astronomical Discovery; H.H. Turner (1904)

Imagine this:
,2dzQNB Ay | fATOD | 2dzONB | OGdzr £ £ & (NI LILISFK
have no idea where you are. A single lightbulb illuminates the interior, the metal walls,
GKS odzili2zya &2dz O2dZ R 6Ay (KS2NEBU LINBaaod 9EC
What do you feel?
You might feel a strange lurching sensation in your stomach, and alongside that a
curious weightlessness. You might guess from this that you (and the lift) are in freefall,
accelerating down towards the ground. Or you might equally gusssytou (and the
lift) are floating around in outer space, a long way from the Earth (and from any other
planet or star or massive object), with no forces acting on you in any direction.
¢CKS GNHziK Aa GKFG AdGQa AYLR atRerddtérét 12 RA &
scenarios. This persdn-a-box thought experiment was actually devised by Einstein in
his development of general relativity (to demonstrate that gravity is not a particularly
ALISOAlLET F2NOS YR Oly 0SS (hhhtifdsdGsaN)YSR gl &0 o
apparently straightforward (if rather extreme) situation telp illuminate some
underlying fysics.

1 Retrieved from:
https://commons.wikimedia.org/wiki/File:Astronomical discovery (1904) (14593789467).jpg
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Einstein used a number of thought experiments in his work on relativity and
guantum mechanics and they operate a bit like flash fictions, complete with a
dependence on people and their experiences, and also upoad¢heutrementof
everyday life; trains) 2 NOKS&a FyR fAFGa Fff LIRLzZIGS 9Aya
twentieth-century physicist to use thought experiments to underpin his work,
{ OKNI RAy3aSNna OFdG A& Fy20KSNJ SEFYLXS 2F 'y &
fiction to generate some knodge about the real world.

CKAA Aa&a oKIFIG FAOUGAZY 6NRGSNBR [faz2 (1yz263> 7
0KS NBIf |y R irk@mMiBesius sorifethingiakioutyth# real. This boundary
between real and neteal is porous, blurry.

Likewisescience attempts to grab hold of the material world but is often left
holding nothing more than a set of equations, a database of numbers. A series of words.

. dzi RDOIBWDOE NBIljdZANE GKS alyYS OSNIIFAyGe |
of a scientific éxt to convince the reader that there is only one interpretation? That may
0S UKS OlFaSs odzi GKS NBIFRSNI Aa FTNBS (G2 NBeaSCc
ostensible aim of scientific writing, and its actual reception. In practice, other scientists
readscientific accounts in order to test them, to pick holes, to find the gaps in logic, and
the uncertainties in the data. These gaps are essantbalt of these gaps spring the
new work

Put it another way; at what point does the following set of statemamtsss over
from truth to fiction:

1. Imagine that you are trying to balance on the surface of an expanding balloon.
List all the different ways in which this resembles reality.

2. Thousands of subtomic particles stream through you night and day. Does this
account for those peculiar flashes of light you sometimes see?

3. You are trapped in a lift which is plummeting to the ground. Describe what you
feel.

4. You are in a spaceship travelling towards a black hole. As you pass the event
horizon and become cut off fro the rest of the Universe, what do you observe?

5. What happens if you stop believing in gravity? Will you slide off the Earth?
6. What happens if you stop believirng?

| wrote this poem many years after | left school. | went to school in the 1980s in
England, a time and place in which schoolkids were subject to a particularly narrow (and

cpt KeaaAaOa T2NJ GKS dzysl NBE alGdRSyiQsS t® D2t RAOKYARGE TA
O2yGSYLI2ZNINE Z0ASyOS TFTAOGAZ2Y LI2SGNE FTNRY G(GKS ! YOI Hni
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in-depth) curriculum. From the age bfteen | studied nothing but math,hysics, ad

German, and when | asked if | coulddzR & a2 YSUKA y 3 istBly, NIl @ Q> & dzOK

alongsde all the hours and hours of calculus and geometry and mechanics and atomic
theory and lab work and irregular verbs, the ¢hars laughed at me. You chogs¢saor
sciences and that was that. | suppose | was lucky to be able to study German, and
LINPOFofe 2yfeée GKFEG 0SOFdzasS Al ¢t a (K2dzaAKI
Perhaps because of thishave used my subsequent experiences as an academic
scientist (I was an asiphysicist for a few years) as raw data for some rather
unacademic practiae namely writing literature. Novels, short stories and poems. And
LQY 1SSy 2y KSfLAYy3I 20KSNJ LIS2LX S G2 oNBI |
subject matter.
Talking abouthought experiments encourages people to see that making stuff
dzLJ Ay GKSANI KSIFRa Aa y20 2yfeée AyiSNBaadAy3
aspect of scientific practice.

Workshop outline:

Show students a glass plate photograph of thghhisky, taken at the UK Schmidt
Telescopéand commonly referred to by astronomers as a Schmidt plate.

Explain that this is actually a negative of the night sky, so that the objects are
black and the sky itself is white.

Explain that every single blackesik on this plate is either a star in our own
galaxy, the Milky Way, or a more distant galaxy beyond the Milky Way. And you can tell
the difference between stars and galaxies because the latter are fuzzier in appearance
than the former and less likely tddb OA NXOdzf I N ¢St GKSY GKI G
these objects as they were in the past, because the light from them has taken so long to
travel to us.

Tell the students that this sort of technology was developed in the nineteenth
century and used untabout twenty years ago.

Invite them to look at the photograph, and to pick it up and hold it up to a light
source.

Now, ask them what emotions they feel when they look at, and hold, this object.
For example, they might feel:

1 Excitementand awe ¢ 2 ¢ H lodkiQgyat the Universe!
1 Nostalgia for old-fashioned technology dating from before the use of

film.
Insignificance s SQNX a2 avrftf FyR (KSasS 20628
Confusion what does it all mean?
Boredont L R2y Qi dzy RSNAR Gl yYRH

= =4 4 4

Connectionm we can take photos of these things! We can understand
them!

3 htt ps://www.aao.gov.au/about -us/uk -schmidt-telescope

(‘i‘).’.

u

Fear are these objects lookingatu Ay (GKS gl & 6SQNB f 221

6 S
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f Distance 1 KS@ QNB dzy AYlI IAyYyl ofe& FIN gl &H

This is our way in to writing imaginatively about such objects, by considering and talking
about the relatedemotions.
You can consider the gaps. There are always gaps in formal scientific narratives.
The gap between what is described on the page and what actually happens in the lab
when the experiment went wrong because someone spilt their coffee over the
equipment, or someone tried to blow up the observatory. (A true story, the Royal
Observatory in Edinburgh where | did my PhD and which used to house all the Schmidt
plates was bombed by suffragettes in 1913).
Another gap comes in the guise of the ghost in thehmiae. That ghost is the
author (or authors) of formal narratives who rarely refer to themselves as individual
people with preferences, hangps or emotions. Writing fiction about the authors can
help put flesh on that ghost, and reanimate them. And thihy we read novels. We
1y26 GKIFIG 6KFEG ¢6SQNB NBIFIRAY3I YAIKEG y2a 0SS KA
even historical characters are essentially made up by the author in the way they
construct speech and thoughts. But literature teaches us empatid reveals
psychological truths.
Apart from when | run workshops, much of my current writing is carried out in
isolation. Just me and the intimidating blank screen, and a pile of books. But | am also an
unofficial writerin-residence at STIS, the Science, Technology and Innovation Studies
unit in the School of Social Sciences at the University of Edinburgh. This means that |
KFy3a FNRdzyR i O2FFSS GAYS IyR |al ljdsSadArz2ya
rather caffeineladen habit | have become involved in a number of creative
interdisciplinary projects.
hyS 2F (GKSY NBflGSa (42 CNBdzRQa dzyOFyyes
the thing that is not quite right and all the more eerie because of its relative closeness to
the everyday. Our own bodies can be uncanny, they can atteakselves (through
auto-immune disease), they can be augmented through implants and prosthetic limbs
(which sometimes try too hard to be IH&e), they can be kept alive by devices that are
not themselves alive (autonomous heart defibrillators). So,lecion of social
scientists and creative writers are working together to create uncanny fiction and non
fiction.
And when we ran a workshop on uncanny, one of the most fun things we did
gl a G2 GFr1S CNBdzZRQa Saalée FhéeRmBaONRAOOE S | 2
FIEYATAFNRASRD® ¢KA&A Ada 2FGSy Ol-eMeliRedisVT 2dzy R L2
an expert in this genre.
Each interdisciplinary project that | am, or have been, involved in seems to
require a different process so it can be haodyeneralise about artistic practices and
LISRF323ASad . dzix Ay 3ISYSNIfI gKSYy &2dzQNBE I NN
to get together, a few basic rules are worth considering:

4 http://www.scottishpoetrylibrary.org.uk/poet/nick  -e-melville/
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hyteé 3S0 LS2LX S (23S0 KSNI AybnelikgsSie QNB I Sy dzA
sound of interdisciplinary projects but they take time to organise and are slow to get off
0KS 3ANRdzyR 6SOlFdzaS LIS2LX S ySSR GAYS yR aLlJ C
52y Q0 YI | Sway trSet Tdo manhy (fr too many) projectsasie
that the scientists are there to instruct/enlighten/inform the artists, who will then
RdziAFTdzA te& 32 Fgleé yR 0SS WAnktihgthtdlSRQ o0& GKS 3
illustrates their ©A Sy OS @ . dzii aOASYyGA&daGaA R2yQl 62N Ay
literally work with vacuum, such as in particle acceleratoisge the beginning of this
article. Experiments as fiction et cetera.
Paradoxically, to break down boundaries between people, it helps to
acknowledge those boundaries. Make sure everyone knawg alzi S| OK LISNR2Yy Q&
expertise and interests in the lab or the studio before you give them fridge magnets to
play with.
b2 SOSNBOKAY3A NBadzZ §a Ay 2dzilddzid {2YSOAY
It may not produce anything tangible, or at least net.y
Finally, try asking people what they find beautiful. Artists are used to this, but
scientists can own beauty too and not just in the stars themselves, but in their
representations on the page. There is an aesthetics to general relativity, when we talk
aboutit, we refer to its elegance. This may be related to the ability to express truths
concisely, and making few arbitrary assumptions about something material.
Enjoy the world, play with it and create new ones. And talk about them.

PippaD2f RAOKYARGO A& | oNAGSNI ol aSR Ay
the author of the novelhe Falling Skgnd the short story

collectionThe Need for Better Regulation of Outer Spasewell

as coeditor (with Tania Hershman) 6/Am Because You A

anthology of short stories and essays celebrating the hundredth

anniversary of general relativity (all originally published by Freight

Books).
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Stronger Together: Making STEAM Partnerships
By Karen McGairry

NOTEThis article $tronger Together: Makg STEAM Partnershiggs been rewritten

from an Accepted Manuscript of an article published by Taylor & Francis in Art Education
on 08 Feb 2018, available onlirgtp://www.tandfonline.com/,
https://doi.org/10.1080/00043125.2018.1414535

f | :
+Aaddz- t AT FGA2Y 2F G/ 2YYdzyAaide 2F [ SFNYSNEE
planning praxis.

Think of a stem. Perhaps you imagined a short shoot of green poking through a patch of
dirt. Though fragile, a stem represents possibility, the potential for growth. Now think of
steam. Typically, steam is imagined emanating from an engine or a teaksithes

vapor created from a heated water phase change. One image, an outgrowth. Another, a
product of an action. STEM and STEAM as acronyms for instructional praxis, consider

the disciplines o§cience, technology, engineering, and mathematics, with the ar

recognized as a partner for learning pathways in STEAM. The former president of the
Rhode Island School of Design, John Maeda, once spoke about fostering critical thinking
SEGSYRSR Ayid2 ONRGAOFEt YF{Ay3dsS 2NBHaYy KAa
stressed the historical connections betwean and design and the STEM disciplines.

~ L
O:

g 2

{¢9a AYAGAIGASSE RIGS o0FO1 G2 (GKS mppnQa

Renaissance guild traditions occurred even earlier. Guild mentors transferred
knowledge, siis, and dispositions to younger, untrained mentees in scientific, artistic,
and craft/trade disciplines to secure the guilds and the institutions they promoted (lto,
as cited in Thompson, 2016, p. 53; Lucassen, De Moor, Luiten van Zanden, 2008; Prak,
2003, Rolling, 2016) as vital components in a learning, working ecology. Artists and
scientists, working cooperatively, learned to question, to ponder, to reflect and to think,
seeking answers and promoting questibased dialogic encounters. Gulle learnng
betweenart and €ience disciplines have faded, though inquiry remains a vital
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component for these disciplines. Afgsed learning may even promote literacy in
{OASYOS 6KSYKAT ODRFYSOEE{RIZOAFNLONE A AARBGSR A
Seifter, 2013). Connecting the disciplinesadfand designmay contribute to inngation
YR RA&GO20OSNE FyR SYONIOS GKS a!é +a Fy | OGA
ecologies.

Il RG20FGAy3 F2N) 2N oSO2YAy3 |3Syda 2F GKS
actionable pathways for transdisciplinary learning. Encouraging partnerships&e
STEM disciplinesandtheNdi a Yl & AffdzZAGNI S 2yS adzOK LI GKg
initiatives siggest a path inclusive of the arts, recognizing how the @nable learning
oraSR 2y FTOGAGS Sy3alr3aSYSyid Ay ONHRtieA OF f GKAY]
SOLtdz GA2Y 2F QI NAR2dza Ff OSNYFGAGBS&asg o[ | YLISNI
alternative.

To imagine agency through STEAM engagement, this article utiliz&®linen
metaphor to highlight how each letter in the STEAM acronym has individudicagei,
yet the potential to make deeper, meaningful impacts when used collectiVelyron, a
popular sciencdiction animation, is a character comprised of individually coloded
robotic lions united as a force against evil. Building from this caiper metaphor, |
share examples of classroom partnership practice to illustrate meaningful STEAM
integration education. To summarize, ideas for how educators might become agents of
STEAM instruction are offered. My aim is to shift the paradigm of cuuricplanning
away from siloed learning and toward integrated, transdisciplinary education through
STEAM learning ecologies.

Invoking theVoltron Metaphor

To illustrate the individual aspects of the STEAM acronym, the features voilren
character arenvoked to metaphorically represent the disciplinesofence, technology,
engineering, arts, and niiaematics as a STEAM design. Using a popular animated
character to illustrate learning through STEAM praxis may also resonate-dih K
learners. My metaphiovisually links on&oltronLion with each letter in STEAM,
suggesting an integrated, tealike coming together of the STEAM disciplines.

S (science) = the Green Lion: Guardian Spirit of the Forest

Curiosity is a trait of the Green Lion and similarsgientific
exploration is ripe with cuosity. When partnered with thets,
these two disciplines can-eoingle by visualizing scientific data,
pondering unchartered planets, even potentially revealing an
alternative presentation of scientific infornwati

Figure 1.Green Lion
by Katie Noble (2018).
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T (technology) = the Red Lion: Guardian Spirit of the Core

Speed and agility are two of the Red Lion traits, though much lik
technology, Red also has an erratic disposition. Partnered with t
arts, technology supports creative tool application, revealing &row
anddesign may positively impact innovations ceshthrough
technological means (Fournier, 2013).

Figure 2Red Lion
by Katie Noble (2018).

E(engineering) = the Yellow Lion: Guardian Spirit of the Land

The Yellow Lion is reliable, rough, and robust. To design and cre:
or engineer, takes ficritical
215), or a disposition toward a commitment to problem solving
through investigative means, planning, and a deginenovate solid
deliverables.

Figure 3.YellowLion
by Katie Nobl€2018).

A (art & design) = the Blue Lion: Guardian Spirit of the Water

Like art anddesign, the Blue Lion carries traits of exploration and
daring. The arts are welcoming of a multitude of expressive voices.
techniques, and divergent thinking. Engaging in-based learning,
expands awareness of alternative viewpoints and creates a peore ¢
tolerant approach toward discovery education.

Figure 4 Blue lion
by Katie Noble (2018).

M (mathematics) = the Black Lion: Guardian Spirit of the Cosmos

The Black Lion is said to be a controlling force that unites the lio
though often challenging to maneuver. Mathematics unifies the
other disciplines sinceathis present in the nuances within each
strand. It is often described in artistic terms asdpémautiful or
having an aesthetic. Like the Black Lion calligltronto form,
math can unite, bind and support the other letters in making a
STEAM curriculum stronger together.

Figure 5Black lion by
Katie Noblg2018).
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Watchthis clipfrom Voltron. (https://youtu.be/MtgKaUc6Uak

TheVoltronexample illustrates a stronger together STEAM learning model that may
foster a relevant studentertered learning ecology.-K2 schools that incorporate
Project Based Learning (PBL) oftese the & classroom as a prEngineering, thinking
environment and utilize Engineering processes to design and innovate within a PBL
curriculum. Art classrooms faitilting studiebased thinking/making/tinkering enable
students through discovery and explorative practice.

Partnership Examples in Practice

The following are two examples of how | used a STHgMsed curriculum model to
impact teaching and learning distinct learning environments: (1) a partnership
between a high school art teacher and myself agaostructors of PBL, and (2) a
partnered practicum experience between pservice and irservice elementary school
teachers (McGarry, 2018).

Contemplate Create, Innovate CaConstructing a PBL Experience
In 2013, | piloted a curriculum model titte@Gpontemplate, Create, Innovatéth a
visual arts teacher at a STEM high school in Hollywood, Calffotnhia PBL unit was
GAGE SR a! YdzaS aSod¢ 2S5 | a1 WRatcadweRBafelan (2 SEL
object, machine, toy) that is amusing®orking in groups or individually,ustents
designed prototypes responding to the essential question. To scaffold learning, students
practiced creating gear boxekig.§ and popups €ig.7 out of paper. We introduced
Rube Goldberg machines to illustrate motion and students deconstructesittoy
understand technical mechanisms within any moving pakssin égineering practices,
students kept regular logs to record task completion and feedback sessions with peers.
Once the prototypes were complete, students presented their investigativeoresgs
to their peers

Figure 6.Paper gear box construction
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Figure7. Paper popup construction

CKS !¢ AY LINIYSNBKALI gA0K 20KSNJ RA&ZOAL
imaginatively, and without the restraints of finding a rigimtswer. An art lesson may ask
students to create something, apply certain skills, and megbgeassessment criteria.
The ats ask us to question, to develop our own questions based on what we see, hear,
feel. Questioning often leads to more questionif@grger, 2014), more contemplation,
creation, and possibly innovation. Questions channel discovery and experimentation or
extend inquiry, but regardless of the outcome, transdisciplinary learning has the
potential to unleash experiences and propel STEAMes in learning ecologies.

Pre-Service Practicum Partnerships
While teaching at California State University Long Beach (CSULB), | developed a
partnership between my prservice teachers and teachers at a local elementary school.
Our partnership consted of a cohort of preservice teachers developinguait of
inquiry with authentic &s-based practices that integrated with specifiGKlassroom
content. The preservice teachers coordinated their lessons with mentor teachers to
support a transdisciptary process of teaching and learning. The mentor/mentee teams
designed meaningful lessons connectingtarhking/making processes with big ideas
and interdisciplinary content. As an illustrative example, | will describe the efforts of one
pre-service tacher cohort assigned to a first grade classroom investigating
GO2YYdzyAGeé Fa LINI 2F | OAGAT SyakKALl dzyAd o
The cohort began their unit of instruction by looking at the work of
photographers depicting urban street scenes (5@ g, toillustrate the diversity of
structures inhabiting an urban community. Then, they explored the work of folk artist,
Karla GerardHig. 9, whose colorful artwork focuses on visualizing communities as
imaginative dwelling sites. These two artistic viewsarhmunity provided visual
inspiration for representing a community, which, in turn, formed the basis of a unit plan
where the firstgrade students used their civic citizenship unit to compliment creative
investigation (Marshall, 2006) into visualizing th@ivn community.
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Figure 8 Broadway, looking north from Broome Strelew York, attributed to Silas A.
Holmes or Charles DeForest Fredricks. Getty's Open Content Program, €18853

Figure 9 House trees and birdsy Karla Gerard (2010).

Thepreda SNIDA OS (S OKSNJ O2K2NIi OK2aS G9ELX 2NRy3 .
their unit to investigate how communities represent aspects of a living environment. As

the students explored both neighborhood and school comnities, they discovered

ways to illustrate and present their findings using the idea of home as a metaphor for a

personal portrait. Students helped create a web of traigy( 10 as features for their

individual portraits and used various materialscreate an image representing how

they visually fit within their community the symbol of home/house/building as self.
DNRdzLIAY 3 (GKSaS LER2NINFAGE (23SOUKSNE (KS& ONSBI
[ SI NYFRNBE O

Figure 10Concept map of features for individual
portraits.
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Figure11x A adzl ft AT F GA 2y 2F &/ 2YYdzyAdeé 2F [ SI NV SNA:
lesson planning praxis.

This lesson provided the students with an opportunity to view examples of a big idea,
relating those images to their civics lesson, while creating portraits representing
themselves within their community. STEAMsed teaching and &ning wove the
disciplines of art andigics into a process of critical thinking, both visually and verbally.
The firstgrade students explored curriculum content through a transdisciplinary lens
and the partnership supported transdisciplinary instructional praxis, facilitating a
learning encounter for both mentor and mentee alike.
By making the s integral tolearning, these partnership examples recognize
FYR OFff gAlySaa (2 6KIFIG GKS al € Ay {¢9! a YA
student learning encounters. A transdisciplinary STEAM curriculum model has the
L2 GSyaart G2 Of I AY orkafent butas §\vatal and enriclitr§ O2 NI (A 2 y
component for developing a vibrant learning ecology

Expanding Partnering Beyond the Classroom

In her TED talkleaching Art or Teaching to Think Like an Ad@stdy Foley champions
atransdisciplinary approach tarts integration, one that asks students to think like

FNOA&GE dzaAy3d aGNI YARAAOALI AYylFNEB NB&SFNOKE 0
information from multiple sources to support, validate, and inform critical thinking and

dispositional learning factices. Transdisciplinary learning can activate integrative

approaches across subject areas and promote cooperative, connected curriculum

content.

As educators embrace STEAM learning, their efforts might entail inviting other
educators, administrative pgonnel, and members of local business communities into
the classroom to experience firsand STEAM learning in action. Advocating for STEAM
and acting as agents of inclusive, transdisciplinary learning could include requests for
educational policy makert® work alongside students engaged in STEAM learning.
Fostering experiential agency through action may shift the paradigm away from siloed
learning and toward learning that is enriched from transdisciplinary encounters of
discovery and embodied knowledgequisition in creative learning ecologies.

The ecology permeating througfoltronsuggests the necessity of recognizing
specialized fields of knowledge as individually significant and vital. However, those
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individual fields or parts are stronger whenthe a 02YS (123SGKSNJ Ay |
GSFY@2N] ¢ o{AY2y { LI G Voldninverse om educatlaldl o n 0
system recognizes the importance of disciplgpecific content, yet our parts are more
likely to remain detached than cominggether and forming strong bonds. That said,
the players within our educational ecologies have the potential to envisage strength and
create impactful ties. Arts educators, classroom teachers, and administrators can
embrace STEAM as a partnership suppgrtransdisciplinary learning through
investigation, critical thinking, and visual literacy. Begvice teachers can recognize the
G! ¢ | yR AYLX Ssdgséd learhird yadvankityISYEAM &s an actionable
process for building collaborative peengagement. Participants within partnerships
can explore transdisciplinary approaches to learning by considering curriculum content
in each discipline science, technology, engineering, arts, mathematicennecting
research and exploration thaeflects a commitment to integrated learning

Steam is produced from an action. STE#ev shift the paradigm of theris
FNRY ayAO0S G2 KI @S¢ (2 aySSR (G2 KIFI@SzZ¢ I a
us to come together as a team. Making trarssaplinary learning ecologies embraces
GKS alé¢ Fa F LINIYSNIAY {¢9a YR OKIYLAZ2YyaA

LS IS

Karen McGarrys anarts-based researcher intested in
teacher education andeveloping critically reflexive learning
ecolqies.
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also wrote policy with the Congressional STEAM Caucus in 2013.

2DreamWorks Voltron Legendary Defender © 201 T38eamWorks Animation LLC
http://www.dreamworkstv.com/shows/voltrorlegendarydefender/

3See, for example, the methodology behind TA8aching for Artistic Behaviaat:
http://teachingforartisticbehavior.org/ and the approach described withietland, L., Winner,
E., Veenema, S., Sheridan, K.M. (20%8)dio thinking: The real benefits of visual arts
education New YorkNY: Teachers College Press

4Thank you to Anne Uphoff, visual art educator at STEM Academy, Hollywood, CA, during the
time of the pilot programinformation on Project Based Learning and the Buck Institute can be
found at:http://.bie.org/
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Imagining Physics! ¢ S+ OKSNN& 9ELISNRASYyOS

By Lawrence Herklots

One of the photographs taken by Graham Piggott, Head of Art.

King Edward VI School, in SouthampEorgland, is a typical English-18 independent
day school. All our pupils study three separate sciences until they take General
Certificate of Secondary Education (GCSE) examinations in the June of their sixteenth
year. After GCSE they study three orrfdualvanced Level subjectat this point a fairly
clear arts/sience divide occurs although many of those studying the sciences continue
to take an efa-curricular interest in the ds.
Over the years, thelpysics department in particular hésoked to engage the
students creatively with the subj¢ and encourage links betweetysics and the
ONBIGAGBS INIaod a4 ¢Sttt & GKS dzadzZlt SEF YLX S35
photographs taken by the Head of Art. These are close ups ofiexgrs carried out as
LI NI 2F GKS OdzNNA Odzf dzYz o60dzis GKNRBdAzZAK (GKS LIK?2
become something more than a record of an experimé&ior example, the close up of
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the interference pattern on a soap film bears a resemblance to sointlee VVoyager
images of Jupiter.

The long science corridor makesieilar implicit link betweengence and
visualisation. A strip of timber extends down the corridor, marked on a logarithmic scale
from 10°m to 1®* m. Above the scale are images @sponding to sizes or distances.
¢KS FTANRG AYF3IS Aa 2F | LAES 2F 3JI2fR Ld2Yas
finishes with the Hubble Deep Field. These images fall into two broad categories; those,
such as the Crick sketch, that show the gamation at work and those, like the Hubble
Deep Field, that inspire the imagination. We try and get something of both in our
lessons. But there is a big difference between inspiring the imagination and engaging
the imagination, an altogether more activéair.

Within curriculum timethere is little space to explore ideas that lead beyond
the examination syllabus. Therefore,aphysics specialist, encouraging pupils to use
their imaginations and creativity iahysicsurriculum time means bringing ouhe
imagination within the subject rather than supplementidtgK S O dzNNA Odzt dzY ¢ A G K
activities. This constraint can be taken as an opportunity to reconsider the nature of the
subject as learned in school. The first part of this article gives an@raof finding
imagination ind KS t su&riéuhur® a Q

As Head of Science and Technolddwave been luckyotwork with a colleague in
the music depamment in writing and producinghysicsbased musicals. These
encourage pupils (and teachers) to usetladlir creative talents to celebrate and explain
ideas from science in surprising and imaginative ways, building links between different
areas of the curriculum, or knocking down the walls that are sometimes raised between
the different areas. The secondmpaf the article looks at this extraurricular approach.

Drip-Feeding The Imagination
It is 3:15 on a dreary, drizzly November aftson. The windows of the juniorhysics lab
are dribbling with the exhalations of the previous class. | have put therapmaon the
benches: battery packs, connecting wires, ammeters, voltmeters and small lamps in
their holders. | let the class into the lab for their last lesson of the day. The tvieaty
Year 10 pupils are here, on a darkening Wednesday afternoon, o &eut electrical
circuits.
The lesson follows its usual course: there are a number of simple circuit diagrams
on the screen; | demonstrate how to set up the first, a series circuit with two lamps. The
challenge for the students is to measure the cutratvarious points. | point out the
usual problems such as connecting the ammeter the wrong way around and forcing the
needle to swing to the left, to the negative. | ask one of the-fesased boys what an
St SOGNROFf OdzNNByY (A Géa TK St | NBRdrNAIWBR/EIP (LK | GiKe52 éS§ S
FlLOSGA2dzaySaa FT2N) 0KS Y2YSyd FyR a1l F2NJ I yeé
GKS NBaLRyaS FTNRY 2yS 2F GKS Y2NB O2yFTARSy
tiny seed of doubt lodges in my mindsdnd the boys and girls to their benches and they
begin the practical.
L &aLISYR GKS
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understanding. Thisam be a dispiriting process. The same sort of questions come up

FNRY Ylye 3INRdzZLJAY a. dzi ¢6Keé R2Sa GKS OdzNNBy i
GKS StSOGNRYya 1y2¢ 0GKIG GKSNB INBX (g2 I YLA
0KS GSI OKXNgacs Krday oRFsNEG 2y GKS FYYSGSNI | Oldz f
good questions showing as much understanding as ignorance. And they set me thinking

as | move from one group to another.

As fhysics teachersave do not always consider the imaginative aspect of our
ddzo 2S00 [2y3 6STF2NEBE t f hditigh@fxhinkng GdporLdkighNI 2 F  ( K &
science is based developed imagined worlds. We usually assume that these worlds are a
description of reality and it can be hard for a layperson (such as a teache® iols/
professional scientists would continue with their painstaking research if they did not
believe that there is an objective world which their theories attempt to map in ever
greater detail. Nonetheless, we should not forget that the ideas we covdass,
however precise and mathematical, have developed from the imagination of previous
thinkers.

In schooPhysicE G KS AYF3AAYylFGAGS O2yaiNHzOGa GKI
AGNBY3IGK GKIFIG KS®@ 0S02YS WFFOUaQd ¢KAA LINF =
10 pupils to calculate the expected current in a circuit and state that it represents the
flow of electrors. But forgetting or ignoring the role imagination plays, even in this most
LINPALFAO G2LAO 2F AYUNRRdAZOGI2NE St SOUGNAROAGEZT Y
creative aspect of the subject, nor its breadth and povitad the girl who described
electri@l current as a flow of electrons merely parroted a line from the textbook without
really thinking about it?l am fairly sure | know the answer to that question!)

In the rush to get through the syllabusis easy to forgethat the young people
studyingPhysicdave to make their own imaginative leaps. Interpreting the twitch of an
ammeter needle as a change in the flow of electrons is just such a leap. As teaahers
should consider this creative aspect whilst understanding that we are dealing with
constrained creativity. If we recognise the imaginative nature of our supyestwill,
through careful questioning and word choice, help our pupils recognise its creativity. We
want the pupils to make a leap of imagination, even if we tell them where weatxpe
them to land. Physics, which aims to develop a quantitative description of the world, is
nonetheless a creative and imaginative activity. It is a&naotruism thatPhysicdessons
should be mindsn as much as much as harnals andencouraging pupils to use their
imaginations whilst performing fairly basic harois activities helps prevent the
practical session from becoming a rather unchallenging iittex to get through the
graveyard slot of the last lesson of the day. This-tegxling of the imagination
encourages a critical approach to the work covered and a more lively debate about what
is going on behind the observations of the ammeter needle. For example, when asked
byasixteer@ SI NJ 2f R W5 AR ¢K2YaRFORNBORASHBR azN)] ¥ DS
have helped support a learning environment that eaages a creative approach to
science.

At the end of the hour spent grappling with the simple circuits, | set a homework
assignment the pupils are challenged to come up witmew way of explaining the
simple circuit rules they have been considering. A week |gterpupils submit their
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work. One pupil makes a video using model cars to represent current flow, another (a

keen baker, | think) has a bread delivery van droppirfidpaives to represent energy

transfer. Perhaps the most creative is the girl who spent hours making an electrical

circuit board game with detailed rules (which make sense), cards, energy chips, and

circuit components to build across a board, turn by t#nch occasional homework

activities, developing from a teaching approach that recognises the role of imagination

within the subject help the pupils recognise and embracerttoelelmaking nature of

pKeaAar0a gAGK2dzi GlFr1Ay3 IBVasBKRA®NI O2yFTARSYOS

Figure2W2 Sf O2YS (2 DSRIyYy{SyQ®o /laid 2F NBRdzZOSR:

The Physics Musicals

WOAYAaUSAY ,SINR AY Hnnp LINRY2GSR RAaOdzaaAz2y
across the country. At King Edward VI Schoeldevé 2 LISR WO Kgaa&a ¥ Ol f Q G2
give pupils an opportunity to use their talents and creativity in a novel manner. The

show was based on the reflections of the older Einstein on the work he carried out in his

youth. We tried to give analogies for his@mihjor theoretical interests of 1905. For

example, a lone dancer, singing of her solitary life whilst waltzing across the stage in a

straight line represented a particle in a vacuum. When joined by a group of jigging

morris dancers (complete with sticks abdlls) she was pushed in all directions in a

visual metaphor of Brownian motion.

WOAYalSAY (GKS adaAOlrfQ gta | LKeaaxoda SO
AUNIAIKOGF2NBIINR SELIX I ylFiA2ya FTNRY GKS 2f RSNJ
UnSNI I Ayde Qs KIFR I tFAFING A300NNRF Y1 SiNgolyy/oF @ - YiidxahSO || N.
loss and quantumigeé & A 0aQd ! FIFNOS aSid Ay | aSlFaiaARS K2
metaphor for aspects of quantumhysics. The two entrances to the stage constantly
evoked the twaslit thought experiment. The narrative focused on two sets of guests
that had to be kept apart by the hapless hotelier. One group, three physicists on the way
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to Copenhagen, excitedly discussed recent advances in therr fields informing the
audience of the pysics.

Figure3We¢ KF G / SNIFAY ! yOSNIFAYGEQ> 2AyOKSadSN ¢
arguing about Quantum Physics

w2 Sf 02YS (2 DSRIY{1SYyQ>s gKAOK O2yOSNYSR (K
luminiferous ether, played in 2017. Anotherrte, the narrative, set in 1905, touched on
the rising tensions in central Europe. The female lead, Mrs Staveley, believes that
a0OASyGAata KIFI@S 0SSy 1 ARgrystdduRcolingyRn G 1 Sy (2
central Europe. She suspects a young physi€iirming connections with Gedanken
scientists and so lures him to a disused theatre in which she has persuaded a motley
bunch of individuals to dress and speak as natives of Gedanken. Their aim is to prise
AaSONBGA FTNRY GKS aOASydAaidx

The play explored thaull result of the MichelsoMorley experiment, taking in a
number of other ideas fromphysics, philosophy and psychologye play ends with the
LJdzo t AOFGA2Y 2F 9AYya8BAYQEy Q@8I ZBYSNE SGFKENIS ¢
Gedanken experiments havedén misinterpreted as experiments taking place in
GedankenAs the ether disappears froRhysicsGedanken vanishes froneggraphy
(Figure 4).

We developed these plays for a number of reasons: they give teachers and pupils
from differentdisciplines the chance to work together and discuss the ideas behind the
somewhat ludicrous plots; they get a great many pupils involved, and they give the
audiences a chance to learn sorRéysicsvhilst enjoying all the usual pleasures of
musical comedyrad farce. Lastly, they give all those involved an understanding that
creativity and imagination are behind all intellectual and artistic endeavours. And
0KS@QNBE Fdzy @


http://www.circesfu.ca/

CIRCEfhe Centre for Imagination Research, Culture & Educatiotip://www.circesfu.ca 107

Figure4¥2 St 02YS (2 DSRIY1SYyQ 2AyOKSa®@yditk ¢ KSI G NB
2NJ a0 YL O2ft SOGAYIdE 9INYySalG wdzi KSNF 2 NR

Conclusion

Former pupils often tell uthat their involvement in the pysics musicals was one of the

highlights of their time in school, and over the years they have returned to see the latest
productions. They remebrer the physics content as much as they do the songs and

choreography. The plays demonstrate that the creative arts require as much intellectual

effort asPhysicgequires imagination. Recognising the differences between disciplines

whilst celebrating theicommonalities provides a rich approach to the study of kentis
andOASYyO0Sad | 26SHSNE ¢S &K?2 dzuRigu@rievedtytd &8 NBf & z
support creativity in science but embed it in the dayday approach to the subjects as

studied in shool.

e

g Lawrence Herklots is Head $€ienceand Technology at King
Edward VI School, Sdwmpton. He is an examiner f&hysicsand
has contributed to a number of textbooks.
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A Colorful STEAM Activity
By Melike Yigit Koyunkaya, Tur@nginoglyBurak Karabey and Kemal Yurumezoglu

The shadow experiment, performed with three sources of light RGB and the different
shadows formed on the screen.

In order to explain a phenomenon in depth, we have developed a strategy focusing on
askingquestions, looking for answers, anglaching new conclusions with scientific
curiosity that arouses a new problem following each answer. In this sense, as a team, we
started working to adopt acience, technology, engineering, and mathemai®FEM)
education model that is commonly used in many countries. The first part of the activity
proposed in this paper was developed in the context of STEM education. However,
recently, research emphasizes the importanceudfand esthetics in innovative
approactles for solvingeaktlife problems. With this emphasis saience, technology,
engineering, arts, mathemati¢STEAM) education 2 RSt 6l a4 RSOSNIA KSR o8
to STEM educatio(Baker, 2014)The existing studiesrgue that the &s are crucially
important for developing some skills such as creativity, observation, visualization and
handcraft, which constitute the base of the scientific thoughtacess (Cantrell, 2015).
The ats also support understanding thengineering design process, conducting this
process, and improving the spatial thinkindjigh are important in learning
mathematics (Yokana, 2014). Thus, we, as a team, developed the second part of the
activity by considering the integration of the disciplimieart in order to unify the
phenomenonof color with our visual and esthetic features.
Color is an interesting phenomenon to work on for different disciplines. A
j dzSaGA2y > G/ 2dzf R aKlFIR2ga 0SS O2f 2NFdzZ Ké¢ g a 2
The main aim was to ask a creative questioRan(i 2 f 221 T2 NJ Inyhe | ya 6 S NI
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process of answering the creative question, we employed the perspective of the famous
French philosopher Gaston Bachelard, and we attempted to digress from the common
perceptions as Bachelard suggests.

The followng step was a completely exploratory process. When the answer of
this question explains the concepts of full shadow, partially full shadow and multilayer
shadow in a straightforward and colorful way, the appearance of the second question,
G O2 dzft R aénfathedndikal nodel for colors and light and pigments and transition
2F GKS&S O02f 2NEKeésX NBOGSIESR I (K2dAKG (G2 TFAy
guestion formed another answer that forced the team to work in more depth. We were
able to model therelationships between light colors and pigment colors in a
mathematical way through a colorful shadow experiment, in order to prove it using
technology, and to constitute an empty set that is visible, which was an impressive
result. When we integrated thediscipline of & into our work, we started to see colors
more attractively. Finally, we showed thaseientificallybased method could be used in
painting.

As a team, we developed some activities that could be used to teach different
subjects in different grades by integratisgience, technology, art and mathematics
through the use of an integrated STEAM education framework. While the developed
activities sbJLJ2 NI a G dzZRSydaQ 02y OSLJidzr £ dzy RSNREGFYRAY
them such as with gaining STEAM literacy 2ahskcentury skillsas well agpreparing
them for their future jobs, they also provide opportunities for teachers to develop their
contentknowledge angedagogicatontent knowledge by presenting different
applications (National Research Council (NRC), 2014). In addition, in the content of these
activities, we will also explain how to integrate different disciplines, how to manage the
teaching processes, how to supg students in their learningndthe roles of teachers
in detail. In this paper, two activities are discussed in two stages.

Section |: How do the shadows build the relationships between colors of light
and pigments from a mathmatical perspective?

In thiswork, a meaningful relationshipetween colors of light and pigmentgsbuilt
with the help of shadow, partially full shadow, and multilayer shadow using reszilin
propagation of light. This context was interpreted in a matiatical perspective by
using the concept of sets.

Introduction

It is taught that the primary colors of light are rggteercblue (RGB@and thatthe

secondary colors are Cyelagenta;Yellow (CMY). To make the transition from colors

of light to colors of pigment, a consistent point is necessary. The main connection is that
the pigment colorsCyan, Magentand Yelloware formed when the primary colors of

light are added one on top ohather. White (White light) is obtained when the primary
colors of light are added one on top of another. On the other hand, the primary colors

of pigments fornblack(lack of light) (Figures 1(a) and 1(b)).
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1(b) The primary colors gigments
(CMY) and their mixtures on a white
setting.

1(a) The primary colors of ligfRGB)
and their mixtures on a dark setting.

A Shadow Frona Physical Perspective

In this study, based on the phenomenon of the linear dispersion of light, we suggest a
STEMactivity focusing on physical and mathematical perspectives to reason about the
formations of full shadows, partial shadows and multilayer shadows. The materials used
in this experiment were: light sources made up of red, blue and green LED lafrip¥, a

DC adapter, an opaque white balloon an@/aite screen (white wall) (seegares 2(a)

and 2(b)).

2(a) Materials for the experiment setup; | 2(b) The red, blue and green lamps that
red, blue and green lamps, a white balloq light up in the experiment.
and a 12 V adapter.

Stage 1: How is a shadow formed?

In the first stage of the experiment, the red, blue and green LED lamps were arranged in
an equilateral triangleshape (such a triangular design is useful to follow the tracks of

the light radiaed from the light sources) (Yurumezoglu, 2009), and connected to the city
voltage via a 12 V adapter (see Figures 2(a) and 2(b)). The balloon (opaque obstacle) was
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placed in front of red, blue and green lamps, then each lamp was lit one at a time in a
conmpletely dark environment and the result was observed on the screen. The area in
the back of the obstacle where light could not reach was black/dark whereas the other
areas where light could reach were the same as the color of the source (see Figures

3(ax3(c)).

3(a) Formation of full 3(b) Formation of full 3(c) Formation of full
shadow with a red light shadow with a blue light | shadow with a green light
source. source. source.

When light rays radiating from sources in a darkironment fall upon an
opague obstacle, the light cannot brighten the areas in the back of the objects due to
the linear dispersion of the light. Because of this, there will be dark areas where light
cannot travel behind the objects. The dark area formasda result of the linear
dispersion of light is called a full shadow. Therefore, it is concluded that a light source,
an opaque object (obstacle) and a screen (background) is what is needed to form a
shadow.

Stage 2: How is partial shadow formed?

Thelamps in the setup in Figure 2 are now used to remake the experiment by lighting
two of them simultaneously. In this stage, the bived, bluegreen and lastly, the reg

green lamps are lit while an obstacle is placed in their way (an opaque white balloon)
and the corresponding shadow formations are observed on the screen (see Figures 4(a)

(€)).
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4(a) Formation of partial 4(b) Formation of partial 4(c) Formation of partial
shadows with red and blue | shadows withblue and green| shadows with red and green
light sources. light sources. light sources.

Here, let us first look at the parts on the screen and balloon where the rays from
the light source can reach and those are not in shadow. We reach the following
conclusions: the mixture of light colors reflecting on the screen are observed to form the
colors magentafrom blue + red(see Figure 4(a)tyanfrom blue + green(see Figure
4(b)) and lastlyyellow from red + green(see Figure 4(c)).

We can explain the second step of the experiment in the following way: We
observe dark/black areas because nogay light from any source of light reach the
dark part in the middle part. As in the previous experiment, we call this central area an
area offull shadow We call the area peripheral to the black/dark papatial shadow
because at least light from @ngle source reaches this area. There are two partial
shadows (colored shadows) on the screen. Each colored area received light from one
source and could not receive light from the other source because of the barrier (see
Figures 4(a)c)). Using coloredghts in this experiment was instrumental to
differentiate between full and partial shadows. In addition, when there are two light
sources, we can see that the partial shadows take the color of the illuminating source.

Stage 3: How are multilayered shadovisrmed?

In the last stage of the experiment, all three lamps (red, green and blue (RGB)) are lit
simultaneously and an obstacle is placed in front of them to observe the formation of
the shadow. In this case, we observe that the areas where the shadtsvsect are full
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shadows (of black color), and the areas surrounding the full shadow are colored
shadows composed of primary and secondary colors (see Figure 5).

Figure 5.The shadow experiment, performed with
three sources of light RGB and ttiéferent shadows
formed on the screen.

If we bring the number of light sources up to three, we can see three different
types of shadows and areas of many colors (see Figure 5). Here, the area appearing to
be black is a full shadow and no light ¢aach there from any source. Besides this,
there are areas of red, blue and green where light only from the corresponding color
source can reach. Finally, the areas that are colored yellow, magenta and cyan on the
screen are illuminated by two sourcesdlight from one of the sources does not reach
at all. From this point of view, it is concluded that the color of the shadows formed
depend upon which light reaches the screen.

At the end of the experiment, we realized that the shadows formed with the RGB
light sources (see Figure 5) possess the primary pigment colors seen on the white
background. This also reveals to us that there is a significant relationship between the
color of the light and the pigment color. In the presented experimental design, the
different types of shadows formed with the obstruction of light are actually
corresponding to the absorption of light colors by the mixture of pigment colors.

ShadowFrom a Mathematical Perspective

When we look at the shadows formed in Figure 5, some of us may be reminded of the
concept of sets, that is, a set of three elements and the intersections between these
elements. If we characterize colored areas as sets of the primary colors red (R), green
(G) and blue (B), we can express the intersection of the blue color and the red color as
magenta (BR = magenta), the intersection of the green color and the blue color as cyan
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(GB = cyan) and the intersection of the red color and the green color asw@RG =
yellow). Finally, the intersection of the three colors can be expressed as wHae (R
B=W) (see Figures 5 and 6). Then, we obtained the following figure (Figure 6) by
eliminating the colors that are not on the colorful areas.

RnGnB=W
> W-B
W-(BnG) Wate
W-G —— - WR

W-(RnGnB)=(RnGnB)-(RnGnB)=2=Black

Figure 6: Represnting shadows with sets

The experiment process related to the shadows can be watched by scanning the given
QR Code here:

Now let us find a mathematical model in the language of sets to express the
black area/shadow formed with three light sources and the opaque object. We can
describe this shadowed area in words as the intersection of the RGB colors on the
screen or the aresvhere no light from any of the light sources has reached. Therefore,
the area can be modeled as
2 L ovD . @).We can further elaborate on this equality to verify the expression of

the black area.
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As we indicated before, for white light to appear dretscreen, all of the primary
light colors radiated from the sources must intersect. We can express this as an equality;
217w D . o
LT 6S adomaidAaiddziS GKS O2 NNBMH LR QR¥eyHaina S Ay K
the model for the absence of the white light (W) that shows the area of black/shadow.
ow D .0 bQOow D .0 T

Since the difference between a set and itself is an emetythe black or
unilluminated area shown in Figure 6 could be named as an empty set. A mathematical
expression for the area that we are accustomed to perceive and call a dark or full
shadow in daily life as an empty set creates a subjective interpretafitime
observations. Also it provides a concrete and physical representation for sets and empty
sets used so frequently in mathematics. The same operations will be done with all the
colors in Figure 6, and we obtain the Table 1.

Complement

Color Set Complementary operations with sets color

(Set symbol) (set symbol)

White (W) =RNGNB We=(RNGNBX=RUGUB=0 Black (9)
W-G)F¥=(WnG)Y=Wu(G)=0uG=G
(W=ByX=(WnB)=Wcu (B )= UB=B Blue (B)

(W=R¥=(WNR)Y=WU(R)Y=DUR=R
(W=BnNG)'=(Wn (BN G)X)X=Wu((BnG))F
=@UBNG=BNnG)=W-R

Blue (B) (W=(RNG)=(Wn (RN GYX)F=We U (RN GY)E Yellow (Y)
=@URNG)=RNG)=W-B

(W=(RNn B)‘=(Wn (RN B)¥) =W uU ((RnN B))
=3URNB)=(RNB)=W-G

w
w
Cellow (1) [ w
W
w

Table 1.You can prove the accuracy of the mathematical operations in the table by
using thelnvert Colorfeature of your smart phone.

Conclusion(Section I)

The shadows formed based on the linear dispersion of light appear as areas of partial
and multilayered shadows, each displayed as photon clusters and combinations and
thus the concept is expressed as being mathematically meaningful. This integration of
physical phenomena and mathematical concepts has not only given the concept of
shadows a mathematical sigmifince but also provided a pleasant example of the notion
of the empty set. The area expressed in the shadow experiment as black/dark
corresponds to the empty set representing the absence of light.

Sectionll: Exploringthe Theoryand Application of Complementary Colors
In this sectionywe explore the theory and applications of complementary colors using a
technologybased activity designed from the perspective of STEAM education.
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Complementary colors and their areas of use were exathfnem the perspective of
PhysicsMathematicsand Art, respectively.

ComplementaryColors From Physical Perspective
When we combine the pigment colors of cyan, magenta and yellow with the printing
pastes in Figure 7(a), we produce the colors shown inr&igfln). Complementary colors
for pigment colors are the colors that complete the mixture to create black. In this case,
cyan is complementary to red, magenta is complementary to green and yellow is
complementary to blue. Complementary colors for pigmeslbcs are the colors that
complete the mixture to create black.

Here, we observe that the point wheldue meets its complementary color
yellow, (the mixture of magenta + cyan)btack This phenomenon depicts that the
pigment coloryellow has absorbed the light coldrue. Similarly, the pigmennhagenta
absorbs the light cologreen(Cyan + Yellow), while the pigmesytanabsorbs the light
colorred (magenta + yellow). In other words, each filter absorbs the color which is its
complementaryone. This simple experiment demonstrates that the
reflection/transmission of colors is complementary to their absorption in the interaction
of matter and light.

7(a) Primary color filters made with cya| 7(b) Secondary colors emerging by placing
magenta and yellow printing pastes. primary color filters on top of each other
and the darkest obtainable color.

ObservingComplementary Colorsvith the Helpof Technolay

Thelnvert colorfeature found on Smart phones and in the Photoshop program offers us
the opportunity to use this feature in teaching the topic of complementary colors. We
use the invert color feature available on our smartphones to look antheure of cyan,
magenta and yellonGMY Ythat we canobtain with our filters We observe that the

colors turn into what we see in Figure 8. The colors appeared on the screen are the light
colors red, green and blu®RGB and their mixtures. Based on theraplementary colors
theory and with the help of a feature made available to us through technology, we can
make surprising discoveries about the colors that an object will absorb in nature. An
example was given in Figure 9(a).
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Figure 8. The complementary colors of the primary colo
and mixtures obtained with magenta, cyan and yellow
pigments in the background, displayed with timert
colorfeature on our smartphone.

TERS MAVI/BEY

9(a) Colors reflected in a flower.
9(b) Colors (comptaentary) absorbed in the same
flower.
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ComplementaryQolorsfrom an Art Rerspective

(a) G
Figure 10(a) Turan Engir&u, flowers in a vase, 2007, oils on canvas, 70 x 100 cm,
private collection. (b) Complementary colors®fdzNJ y 9GQ/wbAQ/ 2 € f dz

In short, the use of complementary colorstirdzNJ Y  9G/wibik fa® @ddelthe
painting more vivid and coldnarmonious.The distribution of the complementary colors
set a balance between reflection and absorption of light in the painting. The colors
obtained by mixing the paints absorb the light, making the colors darker, while the
complementaries of these colors absorb tight less and produce light tones.
Controlling the balance between the reflection and absorption of light when using the
paint pigments could enable the artist to transfer his/her emotions onto the canvas.
This is made possible by the ar@sapplicatio of knowledge gained about the basic
elements of complementary color theory. The artists who have made their mark on art
history have done exactly this.

ANES ~ ey -

e N : 22 A L T
Figure 11 Complementary colors obtained from cressctional details on the painting
using thelnvertfeature.
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Conclusion (Section 1)

The three different perspectives described above lead to the following basic
conclusions. Primary colors of light added one ondbpnother producewhite (white

light) while pigment colors produddack(lack of light), meaning that in colors of light,

the complementary of a color is the color that will complete it to produtite while in
pigments, the complementary is the colitrat will complete it to create black. This

leads us to the outcome that light and pigment colors are complementary to each other.
Based on this, we can also say that the color of light reflected by an object is
complementary to the color of the light abdwed by an object. Knowing the color of the
light reflected from an object gives us a clue as to which color of light the object
absorbs. Additionally, the complementaries of light or pigment colors can be found by
using some of the equations eged to the concept of sets in athematics and this

could be beneficial and educational in terms of demonstrating the consistency of
complementary of colors. Finally, examining noteworthy works of art allows us to prove
that the complementary colors usexppropriately in many of these pieces have been
used correctly, in proportion and harmoniously.
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Turning Wood: STEAM Educatiomé Maker Pedagogy
By Allan MacKinnon

| started my career in education in the classroom during the-geienties teaching

science in a small rural elementary school in Southern Alb@reawere encouraged to

usead K ¥ R& ¢ AV dzA NB | LILINECIth® ovémént Radaititiqies I OK A y 3
FYR GKS &af 208 myids2HFT & KIF WIRGI NSR 2y .dney f ALla 27F
Of FAYSR GKIFId 1AR& Ay &aOKz22fta ¢gSNB KFEgAy3a | f
necessaty learning science as had been intended by the curriculum and program

designers{ G Af f f I (S NJ -OrKiBindgs2fy23 lgyf a2 T A KSHyy RizL] Ay NI
gl a GK2dAKEG GKFG F aLINI OGAOFf ¢ FLILINRIFOK (G2 C
bring about the authentic engagement of pupils at all levels, and that this level of

engagement would result in higher levels of achievement and more relevance in

learning
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