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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 evolve the 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 research. This is what The Centre for Imagination in 
Research, Culture and Education, or CIRCE [sur-see], seeks to change.  

Are you an advocate for imagination? Do you believe, as we do, that 
imagination is as important for learning in the Sciences as it is in the Arts? 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 
ŜŘǳŎŀǘƛƻƴ ŀǎ ƛǘ ƛǎ ǘƻ ƻƴƭƛƴŜ ƭŜŀǊƴƛƴƎΦ ²Ŝ ǎƘŀǊŜ aŀȄƛƴŜ DǊŜŜƴŜΩǎ ŎƻƴǾiction that 
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 world. And we 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 the 21stcentury. We welcome 
collaboration and partnerships with researchers and educators around the globe who 
share these interests and are committed to expanding our understanding of imagination 
in research, culture and education, both practical and theoretical. So welcome to CIRCE!  

It has been a great pleasure working with Dr. Jailson Lima to launch the CIRCE 
STEAM community and to co-produce this special CIRCE STEAM Magazine. I hope you 
enjoy this inspiring collection of STEAM at work in research, culture, and classrooms. If 
ȅƻǳ ƘŀǾŜƴΩǘ ŘƻƴŜ ǎƻΣ ǇƭŜŀǎŜ Ǿƛǎƛǘ the CIRCE STEAM page to get inspired and to get 
involved! (http://www.circesfu.ca/practice/steam/)  
 
Yours in imagination, 

Gillian 
Gillian Judson, PhD 
Executive Director, Centre for Imagination in Research, Culture & Education 
(www.circesfu.ca) 
 

 

http://www.circesfu.ca/
http://www.circesfu.ca/practice/steam/
http://www.circesfu.ca/practice/steam/
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CIRCE: The Centre for Imagination in Research, Culture & Education http://www.circesfu.ca 

 

 

6 

Science is highly conceptual, and learning it effectively requires interconnecting fuzzy 
concepts such as atoms, forces, molecules, DNA, electric fields, 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 catalogued 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/imaginative-education/) for over a decade, I had 
the pleasure of meeting Dr. Gillian Judson and the Imaginative Education Research 
Group (http://ier g.ca/) at Simon Fraser University in 2016. Last year, when Gillian 
invited me to join CIRCE, I immediately knew that I wanted to contribute to this 
initiative by working with STEAM. It has been a fantastic experience. We have contacted 
educators, artists, scientists, and STEAM policy makers who are passionate about the 
subject. This STEAM issue of CIRCE Magazine reflects the cohesive efforts of all 
participants. I have learned so much during the process. 
  Despite the current inherent problems in the world, we are living in exciting 
times to imagine, explore, and create. I hope this is just the beginning of a new era 
where STEAM will become mainstream. 
 
Sincerely, 
Jailson Lima, PhD 
Vanier College, Montreal 
 

 

  

http://www.circesfu.ca/
http://www.educationthatinspires.ca/imaginative-education/
http://ierg.ca/


CIRCE: The Centre for Imagination in Research, Culture & Education http://www.circesfu.ca 

 

 

7 

FEATURE: The Art of Science 
By Robert Root-Bernstein 
 
 

 
άwŜ.ƛƻDŜƴŜ{ȅǎέ !ŘŀƳ ²Φ .Ǌƻǿƴ ŀƴŘ wƻōŜǊǘ wƻƻǘ-Bernstein at Zero1 Gallery, San Jose, 
CA, 2015 (photo by Robert Root-Bernstein). An art installation/performance piece that 

doubles as a functional origins-of-life experiment. 
 
When I arrived at the Salk Institute for Biological Studies in La Jolla as a post-doctoral 
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 
discovery 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 factorsτmolecules 
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 his office 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, both the 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 nonetheless 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 

http://www.circesfu.ca/
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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, he told 
me, was one of the things that motivated both his art and his science. 
 I 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 aesthetic appeal 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 electronic media becoming one of the recognized founders of that medium.) 
 I also knew from reading broadly in the history of science that Louis Pasteur 
(inventor of the germ theory of disease) had been an extraordinary painter, as had 
Joseph Lord Lister (the inventor of antisepsis), Santiago Ramon y Cajal (perhaps the 
greatest neuroanatomist of the past century), Frederick Banting (the Nobel prizewinning 
discoverer of insulin), Wilhelm Ostwald (the 7th Nobel prizewinner in chemistry and the 
inventor of a still-popular 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 pianist; E. B. Wilson, one of America's most important turn-of-the-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 career; molecular 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 played music but made her own violins and  'cellos!  
 I began to wonder if there exists a significant connection between scientific 
achievement and an artistic bent. 

My approach to the question of whether arts and sciences have any fruitful 
connections has taken two tacks. The first was anecdotal and basically historical. 
Through extensive reading of biographies and autobiographies, and by means of 
interviews, I have explored the incidence of combined scientific eminence and artistic 
talent. I have paid particular attention to what people who practiced both sciences and 
arts had to say about possible connections between their activities. Practical 
applications of arts to the sciences were high on the list of rationales for combining the 
two. Nobel laureate Alexis Carrel took lessons in lacemaking and embroidery in order to 
develop the manipulative skills and invent the suturing techniques that make possible 
open-heart surgeries and organ transplants. Art lessons explored the principles of 
symmetry necessary for Nobelist Dorothy Hodgkin to succeed in her field of x-ray 
crystallography. Mary Leakey, whose discoveries of primitive hominid skulls and 
footprints revolutionized anthropology had no formal training beyond archeological 
illustration, which taught her to observe much more acutely than her colleagues.  

More generally, scientists often found the arts inextricable from their identities 
ŀǎ ǎŎƛŜƴǘƛǎǘǎΦ 9ƛƴǎǘŜƛƴ ǎŀƛŘΣ άL ǘƘƛƴƪ ƛƴ ƳǳǎƛŎέ ŀƴŘ ƻŦǘŜƴ ŦƻǳƴŘ ǎƻƭǳǘƛƻƴǎ ǘƻ Ƙƛǎ ǇƘȅǎƛŎǎ 
problems at the piano keyboard. Entomologist and Pulitzer Prize winner Bert Holdobbler 
wrote to me: "After high school I was first undecided whether I should study art or 

http://www.circesfu.ca/


CIRCE: The Centre for Imagination in Research, Culture & Education http://www.circesfu.ca 

 

 

9 

biology. I have chosen biology and art became my hobby, only to realize during my 
university career that I can fulfill my artistic 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 imaginative and the analyticalτartist 
and scientistτto be both at once." 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 I also wanted to know whether such collaborations 
were rare or 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 long-term study of the psychology of 40 young male scientists in 1955. When 
she died in 1988, my mother, Maurine Bernstein (who had been her research associate) 
and I 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 with their 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 recognizing 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 did 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 mental tools 
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 large-scale 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 Royal Society, and to 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 various outputs 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 avocations and 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 and less likely to 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 writers have the skills to become 
the pundits of science. Seriously! 
 The importance of these results is manifold. First, they suggest that effective 
scientific thinking requires a complex mixture of many of what my wife, Michele Root-
Bernstein, and I call in our book Sparks of Genius "tools 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 a discrepancy 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 into a formal language that can be communicated relatively 
unambiguously (e.g. words and/or mathematics).  

{ŜŎƻƴŘƭȅΣ ǿŜΩǾŜ ŦƻǳƴŘ ǘƘŀǘ ǎƻƳŜ άǘƘƛƴƪƛƴƎ ǘƻƻƭǎέ ŀǊŜ ǊŀǊŜƭȅ ǳǎŜŘ ōȅ ǘƘŜ ŀǾŜǊŀƎŜ 
ǎŎƛŜƴǘƛǎǘ ōŜŎŀǳǎŜ ǘƘŜȅ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ άǘƻƻ ǎǳōƧŜŎǘƛǾŜέ ƻǊ άŀǊǘǎȅέΣ but the most 
ǎǳŎŎŜǎǎŦǳƭ ǎŎƛŜƴǘƛǎǘǎ ŀƴŘ ŜƴƎƛƴŜŜǊǎ ƻŦǘŜƴ ǳǎŜ ǘƘŜǎŜ άǘƻƻƭǎέ ŀƴȅǿŀȅΦ CƻǊ ŜȄŀƳǇƭŜΣ Ƴŀƴȅ 
scientists emulate artists in empathizing with their subjects. Nobel laureate Barbara 
McClintock often talked about having a "feeling for the organism" while fellow laureate 
and physicist Hans Alfven says he "becomes" electrons in order to understand their 
ōŜƘŀǾƛƻǊǎΦ 9ƛƴǎǘŜƛƴ ǎƛƳƛƭŀǊƭȅ άōŜŎŀƳŜέ ŀ ƭƛƎƘǘ ǿŀǾŜ ǿƘƛƭŜ 5ŜǎƳƻƴŘ aƻǊǊƛǎ ƛƳŀƎƛƴŜŘ 
himself to be the animals whose behavior he wanted to understand. Novel ideas, these 
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 insights into 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, then, 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 non-verbal, non-mathematical modes of thought or the 
importance of perceptual 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 non-mathematical forms of thought, the majority of scientists appear to have 
developed facility with such intuitive "tools for thinking" through artistic and musical 
endeavors, mechanical hobbies, or other pass-times. An unrecognized dependence of 
scientific education upon non-scientific skills may therefore 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 the chance to 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 and arts are the disciplines 
that best train that kind of experience. 
 Another point we have been able to demonstrate is that these non-verbal, non-
mathematical tools of thought can be taught. Einstein recounted the impact on his 
research of his high-school training in visual and kinesthetic thinking techniques (based 
on a curriculum developed by the great Swiss educator Pestalozzi). Nobel prize-winning 
physicist Luis Alvarez wrote about how his father, an eminent physiologist, purposefully 
enrolled Luis in a technical 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 biologist 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 Roscoe 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 I have learned through 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 integrating practices 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 innovate. We could do worse than to emulate the best of the 
best and they tell us that arts and sciences belong together! 
 

Robert Root-Bernstein, Professor of Physiology, 
Michigan State University, East Lansing, MI 48824 USA; 
rootbern@msu.edu 
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Picturing Science: Art as a Window to the Invisible 
By Jailson Lima 
 

 
 

Art does not reproduce the visible;  
rather, it makes visible. 

Paul Klee 
 
After finishing my undergraduate studies in 1986, I worked as an industrial chemist 
improving the quality of organic pigments for plastics. Due to the poor adherence and 
shabby color of a red diazo pigment from the production line, our research group 
ŘŜŎƛŘŜŘ ǘƻ ƛƴŎƭǳŘŜ ǎǳǊŦŀŎǘŀƴǘǎ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ǇƛƎƳŜƴǘΩǎ ǇǊƻǇŜǊǘƛŜǎΦ [ƛƪŜ 
dish detergent, surfactants, whose basic structure is seen in Figure 1, are molecules that 
contain both polar and non-polar 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 and interacts 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. 

 
Figure 1: Basic structure of surfactants: The head is hydrophilic and the tail is hydrophobic. 
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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 red-colored plastic. However, the experiment had the opposite result: The 
pigment did not spread evenly in the plastic, whose appearance became even shabbier. 
I was flabbergasted: It did not make sense at all! After spending weeks trying to wrap 
my head around this unexpected outcome, I tried to imagine how 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? 
 

 
 

By imagining the pigment and the surfactant interacting in water, I had an 
epiphany: Since the pigment was synthesized in water, the hydrophilic heads of the 
surfactant would naturally bind to water while the hydrophobic tails would be inserted 
into the pigment. Because plastic is nonpolar, it would not interact with the polar heads 
ǘƘŀǘ ǿŜǊŜ ǎǘƛŎƪƛƴƎ ƻǳǘΦ ¢ƘŀǘΩǎ ǿƘȅ ŀŘŘƛƴƎ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘ ƳŀŘŜ ǘƘƛƴƎǎ ǿƻǊǎŜΗ L 
speculated that synthesizing the pigment in a polar solvent like water was the origin of 
the problem. Since replacing water was not an option, I decided to add a tiny amount 
(1% of the total volume) of xyleneτa nonpolar solventτbefore adding the surfactant. 
The result was astonishing: the pigment spread evenly in the transparent 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 I came up with 
the proposal. The explanation was too simple: Polar fragments 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 I started thinking about 
the shortcomings of my own schooling. Although scientific knowledge relies heavily on 
mental models and their visual representations, traditional approaches to teaching 
science are based mostly on algorithmic problem solving and procedural knowledge that 
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often neglect the crucial role of imagination in the learning process. I was taught in this 
traditional way andτdespite believing in the power of imagination in learningτfound it 
difficult to think outside the box to reinvent my teaching practice.  

Decades later, I stumbled ŀŎǊƻǎǎ YƛŜǊŀƴ 9ƎŀƴΩǎ ƛŘŜŀǎ on Imaginative Education. 
Egan and his colleagues ŀǘ {ƛƳƻƴ CǊŀǎŜǊ ¦ƴƛǾŜǊǎƛǘȅΩǎ LƳŀƎƛƴŀǘƛǾŜ 9ŘǳŎŀǘƛƻƴ wŜǎŜŀǊŎƘ 
Group (now the Centre for Imagination in Research, Culture and Education, or CIRCE) 
emphasize the crucial role of the nŀǊǊŀǘƛǾŜ ƛƴ ǇǊƻǾƛŘƛƴƎ ŜƴƎŀƎŜƳŜƴǘ ǘƻ ƪƴƻǿƭŜŘƎŜΦ ά! 
narrative is a continuous account of a series of events or facts that shapes them into an 
ŜƳƻǘƛƻƴŀƭƭȅ ǎŀǘƛǎŦŀŎǘƻǊȅ ǿƘƻƭŜέ ό9ƎŀƴΣ нллрΣ ǇΦ ффύΦ ¢ƘŜȅ ǇǊƻǇƻǎŜ ŀ ŎƻǳƴǘŜǊ-intuitive, 
revolutionary idea: Instead of starting with what students already know, we should start 
with what they can imagine. 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.  

9ƎŀƴΩǎ ōƻƻƪs (Egan, 1997; Egan, Stout, & Takaya, 2007) gave 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 powerful link with my past experiences with surfactants. I 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 through 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 expect. (Magritte, 2016, p. 121) 
 

The opportunity to explore imaginative approaches to teaching arose in 2009, the first 
time I taught History and Methodology of Science, a course for Liberal Arts students at 
Vanier College. I proposed a major assignment in which students used the visual arts to 
portray some of the scientific concepts studied in the course (Lima & Timm-Bottos, 
2018). Over the years, I have tweaked the format by including asynchronous dialogues 

outside the classroom to flesh out ideas and bring concepts to the expected level of 
complexity (Lima, 2016). I also felt the need to include art labs (Lima, 2017) and sought 
the participation of art teachers in the process. After a couple of years working with 
Liberal Arts cohorts, I proposed a similar assignment 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 explaining the links between the course content and 
the visual representations in their final products. Examples of their artwork can be seen 
in Figures 2 and 3. 
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Figure 3: The Wonder of Science  
(by Kristina Esposto, 2010) 

 
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 is inferior to rational, Cartesian thought. 
Instead of starting with the iconic level, traditional 
approaches overemphasize symbolic representation, 
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:  
 

²Ƙŀǘ ǎŜŜƳǎ ŎǊǳŎƛŀƭ ƛǎΧǘƘŜ ŀŎǘƛǾŜ ƛƴǎŜǊǘƛƻƴ ƻŦ ƻƴŜΩǎ ǇŜǊŎŜǇǘƛƻƴ ƛƴǘƻ ǘƘŜ ƭƛǾŜŘ 
ǿƻǊƭŘΧ ¢ƻ ǇƻƴŘŜǊ ǘƘƛǎ ƛǎ ǘƻ ōŜŎƻƳŜ ŎƻƴǾƛƴŎŜŘ ǘƘŀǘ ƳǳŎƘ ƻŦ ŜŘǳŎŀǘƛƻƴ ŀǎ ǿŜ 
know it is an education of forgetfulness. Distracting the young from their own 
perceived landscapes and shapes, 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 
have been enmeshed. 
 

Figure 2: Taste the Science! (by Jacklyn Di Genova, 2010) 
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Asking students to portray abstract chemical 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 from the abstract 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 structures that do not arise spontaneously in the 
everyday experiences of learners. This reflects the necessity of academic concepts to be 
linked with spontaneous concepts as shown in the grassroots works of Vygotsky 
(Connery, John-Steiner, & Marjanovic-Shane, 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 narratives thŀǘ ŎƻƴƴŜŎǘ ƻƴŜΩǎ ƛƳŀƎƛƴŀǘƛƻƴ ŀƴŘ ƛŘŜƴǘƛǘȅ ǘƻ ǘƘŜ ŎƻǳǊǎŜ 
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 ways and enlarge their intellectual profile (Gardner, 
2006) beyond the prevalent logical-mathematical and verbal-linguistic domains that are 
commonly explored in science courses.  

There is a misconception that creativity in school is only about artistic expression 
(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 
(Eisner, 1998). The process of artistic creation requires active engagement, imagination, 
trial-and-error, the ability to integrate concepts, and the use of higher-level cognitive 
domains. Those skills are useful as illustrated by the story at the beginning of this article: 
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 time is 
allocated to explain the role of imagination in developing groundbreaking theories such 
ŀǎ CŀǊŀŘŀȅΩǎ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛǎƳ ŀƴŘ ŜƭŜŎǘǊƻŎƘŜƳƛǎǘǊȅ ƻǊ 9ƛƴǎǘŜƛƴΩǎ wŜƭŀǘƛǾƛǘȅΦ .ȅ ƻƳƛǘǘƛƴƎ 
the paramount importance of imagery in developing scientific models, schools reiterate 
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 emphasizing the 
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 are the result 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; Kandel, 2016; Lemons, 2017; Miller, 2000; 
Parkinson, 2008) and science and imagination (James & Brookfield, 2014; Kandel, 2012; 
Rocke, 2010; Root-Bernstein & Root-Bernstein, 1999; Vignale, 2011) have received a 
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great deal of attention as attested to by the growing 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 
21st-century students with a world in flux as they construct knowledge in a meaningful 
way.  

 
9ƴƎŀƎŜƳŜƴǘ ƛƴ ǘƘŜ ŀǊǘǎ Χ ǎŜŜƳǎ ǘƻ ǇƭŀŎŜ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ƛƴ ŀƴƻǘƘŜǊ ǿƻǊƭŘΦ 
!ŜǎǘƘŜǘƛŎ ǎŀǘƛǎŦŀŎǘƛƻƴǎ Χ enable a person to lose a sense of distance and time; 
one seems to occupy a spaceless and timeless universe that in retrospect 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 is a trend that has been observed worldwide and has become a 
ǎŜǊƛƻǳǎ ǘƘǊŜŀǘ ǘƻ ƪŜŜǇƛƴƎ ǳǇ ǿƛǘƘ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ƛƴƴƻǾŀǘƛƻƴǎ ƻŦ ǘƻŘŀȅΩǎ 
world. At a time when creativity is needed more than ever before, it is worthwhile to 
explore the multiple facets of the STEAM curriculum to enhance the quality of 
instruction by providing more interactive, engaging, and rewarding lessons.  
 

Jailson Lima teaches Chemistry at Vanier College in 
Montreal, Canada. He has been involved with curriculum 
development with the 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 Cutting-Edge Science is Redefining 
Contemporary Art (Preface) 
By Arthur I. Miller 
 
 
Preface reprinted with permission from Miller, A. (2014). Colliding Worlds: How Cutting-
Edge Science is Redefining Contemporary Art (New York: W.W. Norton) 
(https://amzn.to/2OSENpf)  
 

 
 
hƴ hŎǘƻōŜǊ моΣ мфссΣ ǘƘŜ bŜǿ ¸ƻǊƪ ƎƭƛǘǘŜǊŀǘƛ ŀƴŘ ŀƭƭ ǘƘƻǎŜ ǿƘƻ ōŀǎƪŜŘ ƛƴ ǘƘŜƛǊ Ǝƭƻǿ 
ŘŜǎŎŜƴŘŜŘ ƻƴ ǘƘŜ ŎŀǾŜǊƴƻǳǎ сфǘƘ wŜƎƛƳŜƴǘ !ǊƳƻǊȅ ƻƴ [ŜȄƛƴƎǘƻƴ !ǾŜƴǳŜ ǘƻ ŎŜƭŜōǊŀǘŜ 
ǘƘŜ ƻǇŜƴƛƴƎ ƴƛƎƘǘ ƻŦ ф 9ǾŜƴƛƴƎǎΥ ¢ƘŜŀǘŜǊ ŀƴŘ 9ƴƎƛƴŜŜǊƛƴƎΣ ǘƘŜ ŦƛǊǎǘ ŜǾŜǊ ƭŀǊƎŜ-ǎŎŀƭŜ 
ŎƻƭƭŀōƻǊŀǘƛƻƴ ōŜǘǿŜŜƴ ŀǊǘƛǎǘǎΣ ŜƴƎƛƴŜŜǊǎΣ ŀƴŘ ǎŎƛŜƴǘƛǎǘǎΦ ¢Ŝƴ ŀǊǘƛǎǘǎ ŀƴŘ ǘƘƛǊǘȅ ŜƴƎƛƴŜŜǊǎ 
ǘƻƻƪ ǇŀǊǘ ŀƴŘ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ ǘƘŜȅ ǳǎŜŘ ǿŀǎ ǎǇŜŎǘŀŎǳƭŀǊƭȅ ƴŜǿ ŀǘ ǘƘŜ ǘƛƳŜΦ 

bŀǘǳǊŀƭƭȅ !ƴŘȅ ²ŀǊƘƻƭΣ ƛƴ ǎǳƴƎƭŀǎǎŜǎ ŀƴŘ ƭŜŀǘƘŜǊ ƧŀŎƪŜǘΣ ǿŀǎ ǘƘŜǊŜΣ ǎǳǊǊƻǳƴŘŜŘ 
ōȅ Ƙƛǎ ŜƴǘƻǳǊŀƎŜΦ IŜ ǿŀǎ ƘŜŀǊŘ ǘƻ ŘŜŎƭŀǊŜΣ άLǘΩǎ Ƨǳǎǘ ƎǊŜŀǘΦέ ¢ƘŜ .Ŝŀǘ ǇƻŜǘ !ƭƭŜƴ DƛƴǎōŜǊƎ 
ǿŀǎ ŀǇǇǊƻŀŎƘŜŘ ōȅ ŀ ȅƻǳƴƎ ǿƻƳŀƴ ǿƘƻ ǿƘƛǎǇŜǊŜŘ ƛƴ Ƙƛǎ ŜŀǊΣ ά̧ ƻǳ ǇǊƻōŀōƭȅ ŘƻƴΩǘ 
ǊŜƳŜƳōŜǊ ƳŜΣ ōǳǘ LΩƳ {ǳǎŀƴ {ƻƴǘŀƎΦέ aŀǊŎŜƭ 5ǳŎƘŀƳǇΣ ǿƘƻ ƘŀŘ ƪƛŎƪ-ǎǘŀǊǘŜŘ ǘƘŜ ŜƴǘƛǊŜ 
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ƳƻŘŜǊƴ ƳƻǾŜƳŜƴǘ ƛƴ ŀǊǘΣ ǿŀǎ ǘƘŜǊŜ ǘƻƻΣ ƴƻ Řƻǳōǘ ǊŜƳŜƳōŜǊƛƴƎ ǘƘŜ ƳƻƳŜƴǘ ŦƛŦǘȅ ȅŜŀǊǎ 
ŜŀǊƭƛŜǊ ŀǘ ǘƘŜ мфмо !ǊƳƻǊȅ ǎƘƻǿ ǿƘŜƴ Ƙƛǎ bǳŘŜ 5ŜǎŎŜƴŘƛƴƎ ŀ {ǘŀƛǊŎŀǎŜ ƘŀŘ ǎŎŀƴŘŀƭƛȊŜŘ 
bŜǿ ¸ƻǊƪΦ ¢ƘŜ ǳǇ-ŀƴŘ-ŎƻƳƛƴƎ ŀǊǘƛǎǘ /ƘǳŎƪ /ƭƻǎŜ ǎŀǘ ƴŜȄǘ ǘƻ 5ǳŎƘŀƳǇΦ ¢ƘŜ ŦŀǎƘƛƻƴ 
ŘŜǎƛƎƴŜǊ ¢ƛƎŜǊ aƻǊǎŜ ǿƻǊŜ ŀ ōŀǊŜ ƳƛŘǊƛŦŦ ƻǳǘŦƛǘ ƻŦ ǿƘƛǘŜ Ǿƛƴȅƭ ǿƛǘƘ ŀ ǇƻǊǘŀōƭŜ ƭŀƳǇ 
ǿƘƛŎƘ ōŀǘƘŜŘ ƘŜǊ ƛƴ ŀ ǾƛƻƭŜǘ ƎƭƻǿΦ 

9ǾŜǊȅƻƴŜ ƛƴǾƻƭǾŜŘ ŀƎǊŜŜŘ ǘƘŀǘ wƻōŜǊǘ wŀǳǎŎƘŜƴōŜǊƎ ǿŀǎ ǘƘŜ ƛƴǎǇƛǊŀǘƛƻƴ ōǳǘ WƻƘƴ 
/ŀƎŜ ǿŀǎ ǳƴŘƻǳōǘŜŘƭȅ ǘƘŜ ǎǘŀǊΦ /ŀƎŜΣ ǘƘŜ ŎƻƳǇƻǎŜǊ ŦŀƳƻǳǎ ŦƻǊ Ƙƛǎ пΩооέτŦƻǳǊ ƳƛƴǳǘŜǎ 
ŀƴŘ ǘƘƛǊǘȅ-ǘƘǊŜŜ ǎŜŎƻƴŘǎ ƻŦ ƛƴǘŜƴǎŜ ǎƛƭŜƴŎŜτǇǊƻŘǳŎŜŘ ŀ ŎƻƭƭŀƎŜ ƻŦ ǎƻǳƴŘǎ ǊŀƴŘƻƳƭȅ 
ŎƻƭƭŜŎǘŜŘ ŀǘ ǘƘŀǘ ƳƻƳŜƴǘ ōȅ ǘŜƭŜǇƘƻƴŜǎ ŀǊƻǳƴŘ ǘƘŜ Ŏƛǘȅ ŀƴŘ ǘƘŜ !ǊƳƻǊȅΦ !ǎ ǘƘŜ 
ǇŜǊŦƻǊƳŀƴŎŜ ǿŜƴǘ ƻƴΣ ƻƴŜ ōȅ ƻƴŜ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ ŀǳŘƛŜƴŎŜ ǎǘŜǇǇŜŘ ƻƴǎǘŀƎŜ ǘƻ ŀŘŘ ǘƻ 
ǘƘŜ ŎŀŎƻǇƘƻƴȅΣ ǇƭŀȅƛƴƎ ǿƛǘƘ ƧǳƛŎŜǊǎ ŀƴŘ ƳƛȄŜǊǎ ƛƴǎǘŀƭƭŜŘ ǘƘŜǊŜΦ 

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƴƛƎƘǘΣ wŀǳǎŎƘŜƴōŜǊƎΣ ǘƘŜ ŎŜƭŜōǊŀǘŜŘ ƛŎƻƴƻŎƭŀǎǘ ŀƴŘ ŀǊǘƛǎǘΣ ǎƘƻǿŜŘ 
ŀ ǇƛŜŎŜ ŎŀƭƭŜŘ hǇŜƴ {ŎƻǊŜΣ ōŀǎƛŎŀƭƭȅ ŀ ƎŀƳŜ ƻŦ ǘŜƴƴƛǎ ǿƛǘƘ ǘƘŜ ǊŀŎƪŜǘǎ ǿƛǊŜŘ ǘƻ ǘǊŀƴǎƳƛǘ 
ǎƻǳƴŘΦ 9ǾŜǊȅ ǘƛƳŜ ŀ ǊŀŎƪŜǘ Ƙƛǘ ŀ ōŀƭƭΣ ŀƴ ŀƳǇƭƛŦƛŜŘ άōƻƛƴƎέ ǊŜǎƻǳƴŘŜŘ ŀǊƻǳƴŘ ǘƘŜ 
ōǳƛƭŘƛƴƎ ŀƴŘ ƻƴŜ ƻŦ ǘƘŜ ŦƻǊǘȅ-ŜƛƎƘǘ ƭƛƎƘǘǎ ǿŜƴǘ ƻǳǘΣ ǳƴǘƛƭ ǘƘŜ ŀǳŘƛŜƴŎŜ ǿŀǎ ƛƴ ǘƻǘŀƭ 
ŘŀǊƪƴŜǎǎΦ 

¢ƘŜ ǇŜǊŦƻǊƳŀƴŎŜǎ ǿŜǊŜ ōȅ ǘǳǊƴǎ ƳŀƎƛŎŀƭ ŀƴŘ ŎƘŀƻǘƛŎΦ Lǘ ǿŀǎ ŀƴ !ƴŘȅ ²ŀǊƘƻƭ 
ƳƻƳŜƴǘΣ ŀƭǘƘƻǳƎƘ ǾŜǊȅ ƳǳŎƘ ƛƴǎǇƛǊŜŘ ōȅ 5ǳŎƘŀƳǇΦ ¢ƘŜ ǘǿƻ ǎŜǊǾŜŘΣ ǎƻ ǘƻ ǎǇŜŀƪΣ ŀǎ 
ōƻƻƪŜƴŘǎΣ ²ŀǊƘƻƭ ŀǎ ǘƘŜ ƭƻƎƛŎŀƭ ŎƻƴŎƭǳǎƛƻƴ ƻŦ 5ǳŎƘŀƳǇτŦǊƻƳ ǘƘŜ ǊŜŀŘȅ-ƳŀŘŜ ǘƻ ǘƘŜ 
/ŀƳǇōŜƭƭΩǎ ǎƻǳǇ ŎŀƴΦ 9ǾŜǊȅƻƴŜ ǿŀǎ ǎǳǊŜ ǿƘŀǘ ǘƘŜȅ ǿŜǊŜ ǎŜŜƛƴƎ ǿŀǎ ŀ ōǊŀƴŘ ƴŜǿ ŀǊǘ 
ƳƻǾŜƳŜƴǘ ǘƘŀǘ ǿŀǎ ƎƻƛƴƎ ǘƻ ōƭƻǿ ŀ ƘƻƭŜ ǊƛƎƘǘ ǘƘǊƻǳƎƘ ǘƘŜ ƳƛŘŘƭŜ ƻŦ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ŀǊǘ 
ǎŎŜƴŜτŀƴŘ ǘƘŜȅ ǿŀƴǘŜŘ ǘƻ ƳŀƪŜ ǎǳǊŜ ǘƘŜȅ ǿŜǊŜ ƛƴ ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎΦ ¢ƘŜ ƻǇŜƴƛƴƎ ƴƛƎƘǘ 
ǿŀǎ ŀ ǎŜƭƭƻǳǘΣ ǿƛǘƘ мΣтнт ǘƛŎƪŜǘǎ ǎƻƭŘΤ мΣрлл ǇŜƻǇƭŜ ƘŀŘ ǘƻ ōŜ ǘǳǊƴŜŘ ŀǿŀȅΦ Lƴ ŀƭƭΣ ммΣллл 
ǇŜƻǇƭŜ ŀǘǘŜƴŘŜŘΣ ǿƛǘƘ ǎŜƭƭƻǳǘǎ ƻƴ ǘƘǊŜŜ ƻŦ ǘƘŜ ƴƛƴŜ ŜǾŜƴƛƴƎǎΦ 9ǾŜǊȅōƻŘȅ ǿƘƻ ǿŀǎ 
ŀƴȅōƻŘȅΣ ƻǊ ƘŀŘ ŘǊŜŀƳǎ ƻŦ ōŜƛƴƎ ǎƻƳŜōƻŘȅΣ ǿŀǎ ǘƘŜǊŜ ǘƻ ōŀǎƪ ƛƴ ǘƘŜ Ǝƭƻǿ ƻŦ ǘƘŜ ŀƭǊŜŀŘȅ 
ŦŀƳƻǳǎΦ ! bŜǿ ¸ƻǊƪ ¢ƛƳŜǎ ǊŜǇƻǊǘŜǊ ǿǊƻǘŜ ƻŦ ŀ ǎƻƭŘ-ƻǳǘ ǇŜǊŦƻǊƳŀƴŎŜΣ ά! ōƻƳō ŘǊƻǇǇŜŘ 
ƘŜǊŜ ǿƻǳƭŘ ǘǳǊƴ ƻŦŦ ǘƘŜ ǿƘƻƭŜ bŜǿ ¸ƻǊƪ ŀǊǘ ǎŎŜƴŜΦέ 

Lƴ ǘƘŜ ƴŜŀǊƭȅ ƘŀƭŦ ŎŜƴǘǳǊȅ ǘƘŀǘ Ƙŀǎ ǇŀǎǎŜŘ ǎƛƴŎŜ ǘƘŀǘ ŦƛǊǎǘ ŜȄǇƭƻǎƛƻƴ ƻŦ ŜȄŎƛǘŜƳŜƴǘΣ 
ŀǊǘΣ ǎŎƛŜƴŎŜΣ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅ ƘŀǾŜ ǊǳōōŜŘ ǳǇ ŀƎŀƛƴǎǘ ƻƴŜ ŀƴƻǘƘŜǊ ƛƴ ƳȅǊƛŀŘ ǿŀȅǎΦ ¢ƘŜ 
ǊŜǎǳƭǘƛƴƎ ŀǊǘǿƻǊƪǎ ƘŀǾŜ ōŜŜƴ ǎƻƳŜǘƛƳŜǎ ōŜŀǳǘƛŦǳƭΣ ǎƻƳŜǘƛƳŜǎ ŘƛǎǘǳǊōƛƴƎΣ ǎƻƳŜǘƛƳŜǎ 
ǎǳōǾŜǊǎƛǾŜΣ ǎƻƳŜǘƛƳŜǎ ŘƻǿƴǊƛƎƘǘ ŎǊŀȊȅΣ ōǳǘ ŀƭǿŀȅǎ ƛƴǘŜǊŜǎǘƛƴƎΣ ƴŜǿΣ ŀƴŘ ǇǳǎƘƛƴƎ ǘƘŜ 
ōƻǳƴŘŀǊƛŜǎΦ 

/ƻƭƭƛŘƛƴƎ ²ƻǊƭŘǎ ōŜƎƛƴǎ ōȅ ǘŀƪƛƴƎ ǘƘŜ ǎǘƻǊȅ ōŀŎƪ ǘƻ ǘƘŜ ŜŀǊƭȅ Řŀȅǎ ƻŦ ǘƘŜ 
ǘǿŜƴǘƛŜǘƘ ŎŜƴǘǳǊȅΣ ǿƘŜƴ ƛƴǾŜƴǘƛƻƴǎ ǎǳŎƘ ŀǎ Ȅ-Ǌŀȅǎ ŀƴŘ ǇƘƻǘƻƎǊŀǇƘȅ ǘǊŀƴǎŦƻǊƳŜŘ ǘƘŜ 
ǿŀȅ ǿŜ ǎŜŜ ǘƘŜ ǿƻǊƭŘΦ !Ǌǘƛǎǘǎ ǎǳŎƘ ŀǎ tƛŎŀǎǎƻ ŀƴŘ YŀƴŘƛƴǎƪȅ ǘƻƻƪ ƻƴ ōƻŀǊŘ ǘƘŜ ƭŀǘŜǎǘ 
ǎŎƛŜƴǘƛŦƛŎ ŘŜǾŜƭƻǇƳŜƴǘǎΣ ǿƘƛƭŜ ǎŎƛŜƴǘƛǎǘǎ ŦƻǳƴŘ ǘƘŜƳǎŜƭǾŜǎ ŘǊƛǾŜƴ ōȅ ǉǳŜǎǘƛƻƴǎ ƭƛƪŜ ǘƘŜ 
ǊŜƭŜǾŀƴŎŜ ƻŦ ŀŜǎǘƘŜǘƛŎǎ ǘƻ ǎŎƛŜƴŎŜ ŀƴŘ ǿƘŀǘ ƳŀƪŜǎ ŀ ǎŎƛŜƴǘƛŦƛŎ ǘƘŜƻǊȅ ōŜŀǳǘƛŦǳƭΦ .ǳǘ ƛǘ 
ǿŀǎ ƴƻǘ ǳƴǘƛƭ ǘƘŜ ǎŜŎƻƴŘ ƘŀƭŦ ƻŦ ǘƘŜ ƭŀǎǘ ŎŜƴǘǳǊȅ ǘƘŀǘ ǘƘŜ ƴŜǿ ƳƻǾŜƳŜƴǘΣ ǿƘƛŎƘ Ƙŀǎ 
ŎƻƳŜ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ǘǿŜƴǘȅ-ŦƛǊǎǘ ŎŜƴǘǳǊȅΣ ǊŜŀƭƭȅ ŦƭƻǿŜǊŜŘΣ ŀƴŘ ƛǘ ƛǎ ǘƘƛǎ ŦƭƻǿŜǊƛƴƎ ǘƘŀǘ 
ŦƻǊƳǎ ǘƘŜ ōǳƭƪ ƻŦ Ƴȅ ǎǘƻǊȅΦ Lǘǎ ŎǊŜŀǘƻǊǎ ŀǊŜ ŀǊǘƛǎǘǎ ŀƴŘ ǎŎƛŜƴǘƛǎǘǎ ǿƻǊƪƛƴƎ ǘƻƎŜǘƘŜǊ ǘƻ 
ŎǊŜŀǘŜ ƛƳŀƎŜǎ ŀƴŘ ƻōƧŜŎǘǎ ƻŦ ǎǘǳƴƴƛƴƎ ōŜŀǳǘȅΣ ŀƭƻƴƎ ǘƘŜ ǿŀȅ ǊŜŘŜŦƛƴƛƴƎ ǘƘŜ ǾŜǊȅ ŎƻƴŎŜǇǘ 
ƻŦ άŀŜǎǘƘŜǘƛŎέτƻŦ ǿƘŀǘ ǿŜ ƳŜŀƴ ōȅ άŀǊǘέ ŀƴŘΣ ŜǾŜƴǘǳŀƭƭȅΣ ōȅ άǎŎƛŜƴŎŜΦέ 

L ǎǘŀǊǘŜŘ ǘƻ ǿǊƛǘŜ ŀōƻǳǘ Ƙƻǿ ŀǊǘ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǎŎƛŜƴŎŜ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅ ƛƴ ǘƘŜ 
мфулǎΣ ǿƘŜƴ ŦŜǿ ǇŜƻǇƭŜ ƻǘƘŜǊ ǘƘŀƴ ǘƘŜ ŀǊǘƛǎǘǎ ŀƴŘ ǎŎƛŜƴǘƛǎǘǎ ǘƘŜƳǎŜƭǾŜǎ ǿŜǊŜ ǘŀƪƛƴƎ 
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ƴƻǘŜΦ hǾŜǊ ǘƘŜ ȅŜŀǊǎ L ǿŀǘŎƘŜŘ ŀǎ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ŀǊǘƛǎǘǎ ŜƳŜǊƎŜŘΣ ŀƭƻƴƎ ǿƛǘƘ ƳƻǊŜ ŀƴŘ 
ƳƻǊŜ ŀǊǘ ŦŀƛǊǎ ŀƴŘ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ŎƻƴŦŜǊŜƴŎŜǎΦ L ǿŀǘŎƘŜŘ ŀǎ ǘƘŜ ƳƻǾŜƳŜƴǘ ƎǊŜǿ ŦǊƻƳ 
ǎƻƳŜǘƘƛƴƎ ǳƴŘŜǊƎǊƻǳƴŘ ǘƻ ǎƻƳŜǘƘƛƴƎ ŦŀǊ ƳƻǊŜ ƳŀƛƴǎǘǊŜŀƳ ǘƘŀǘ ƛƳǇƛƴƎŜǎ ƻƴ ƻǳǊ Řŀƛƭȅ 
ƭƛŦŜΣ ǘƘŜ ǊŜŀƭƳ ƻŦ ǿƘŀǘ ǿŜ ŀƭƭ ǘŀƪŜ ŦƻǊ ƎǊŀƴǘŜŘΦ 

Cǳƭƭ ƻŦ ŎǳǊƛƻǎƛǘȅΣ L ōŜƎŀƴ ǘƻ ǘǊŀŎƪ Řƻǿƴ ŀƴŘ ǘŀƭƪ ǘƻ ǘƘƻǎŜ ƛƴǾƻƭǾŜŘΦ L ƭŜŀǊƴŜŘ ǿƘƻ 
ǘƘŜǎŜ ŀǊǘƛǎǘǎ ŀǊŜΣ ǿƘȅ ǘƘŜȅ ŘŜŎƛŘŜŘ ǘƻ ōŜŎƻƳŜ ŀǊǘƛǎǘǎΣ ǿƘŀǘ ƛǘ ƳŜŀƴǘ ǘƻ ŎƻƭƭŀōƻǊŀǘŜ ǿƛǘƘ 
ǎŎƛŜƴǘƛǎǘǎΣ ŀƴŘ ǿƘŀǘ ǘƘŜƛǊ ƴƻǘƛƻƴǎ ƻŦ ŀŜǎǘƘŜǘƛŎǎ ŀƴŘ ōŜŀǳǘȅ ǿŜǊŜ ƛƴ ǘƘƛǎ ǎǘǊŀƴƎŜ ŀƴŘ 
Ŏƻƴǎǘŀƴǘƭȅ ŜǾƻƭǾƛƴƎ ǘŜǊǊŀƛƴτǘƘŜ ŀǾŀƴǘ-ƎŀǊŘŜ ƻŦ ǘƘŜ ǘǿŜƴǘȅ-ŦƛǊǎǘ ŎŜƴǘǳǊȅτŀƴŘ ōŜƎŀƴ ǘƻ 
Ǉǳǘ ǘƻƎŜǘƘŜǊ ǘƘŜǎŜ ŘƛǎǇŀǘŎƘŜǎ ŦǊƻƳ ǘƘŜ ŜŘƎŜ ƻŦ ŀǊǘ ŀƴŘ ǎŎƛŜƴŎŜΦ L ŘƛǎŎƻǾŜǊŜŘ ǘƘŀǘ ǘƘŜ 
ŀǊǘƛǎǘǎ L ǎǇƻƪŜ ǘƻ ŀǊŜ ŀƭƭ ŜƴƎŀƎŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ǉǳŜǎǘΥ ǘƻ ŦƛƴŘ ŀ ǿŀȅ ǘƻ ǳƴƛǘŜ ŀǊǘΣ ǎŎƛŜƴŎŜΣ 
ŀƴŘ ǘŜŎƘƴƻƭƻƎȅΦ 

L ƭƻƻƪŜŘ ŦƻǊ ƭŜŀŘƛƴƎ ŀǊǘƛǎǘǎ ǿƻǊƪƛƴƎ ƛƴ ŀƭƭ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŀǊŜŀǎ ƻŦ ǘƘŜ ƴŜǿ 
ƳƻǾŜƳŜƴǘΦ LΩǾŜ ƭƛƳƛǘŜŘ ƳȅǎŜƭŦ ǘƻ ŀǊǘƛǎǘǎ ǿƘƻǎŜ ǿƻǊƪǎ ƛƭƭǳƳƛƴŀǘŜ ǎŎƛŜƴŎŜ ŀƴŘ ƳƛƎƘǘ ŜǾŜƴ 
ŎƻƴǘǊƛōǳǘŜ ǘƻ ǎŎƛŜƴǘƛŦƛŎ ŀŘǾŀƴŎŜǎΦ L ŀƳ ƭŜǎǎ ƛƴǘŜǊŜǎǘŜŘ ƛƴ ǘƘƻǎŜ ǿƘƻ ǎƛƳǇƭȅ ǳǎŜ ǎŎƛŜƴŎŜ ǘƻ 
ƛƭƭǳǎǘǊŀǘŜ ǘƘŜƛǊ ǘƘŜƳŜǎΦ !ƭǘƘƻǳƎƘ ǘƘŜ ǊŜǎǳƭǘǎ Ŏŀƴ ōŜ ŘŀȊȊƭƛƴƎΣ ǘƘŜȅ ŘƻƴΩǘ ǊŜŦƭŜŎǘ ōŀŎƪ ƻƴǘƻ 
ǎŎƛŜƴŎŜ ƻǊ ǘŜŎƘƴƻƭƻƎȅΦ {ƻƳŜ ƻŦ ǘƘŜ ŀǊǘƛǎǘǎ L ǎǇƻƪŜ ǘƻ ŎƻƭƭŀōƻǊŀǘŜ ǿƛǘƘ ǎŎƛŜƴǘƛǎǘǎΣ ƻǘƘŜǊǎ 
ƘŀǾŜ ƭŜŀǊƴŜŘ ŀǘ ƭŜŀǎǘ ǎƻƳŜ ǊŜƭŜǾŀƴǘ ǎŎƛŜƴǘƛŦƛŎ ŎƻƴŎŜǇǘǎΣ ǿƘƛƭŜ ƻǘƘŜǊǎ ŀǊŜ ōƻǘƘ ŀǊǘƛǎǘǎ ŀƴŘ 
ǎŎƛŜƴǘƛǎǘǎτŀǊǘƛǎǘǎ ǿƘƻ ŀǊŜ ŀƭǎƻ ǊŜǎŜŀǊŎƘŜǊǎΦ 

¢ƻ Ƴȅ ǎǳǊǇǊƛǎŜΣ ŎƻƭƭŀōƻǊŀǘƛƻƴ ōŜǘǿŜŜƴ ŀǊǘƛǎǘǎ ŀƴŘ ǎŎƛŜƴǘƛǎǘǎ ǘǳǊƴŜŘ ƻǳǘ ǘƻ ōŜ ŀ 
ƳƛƴŜŦƛŜƭŘΦ Lǎ ƛǘ ŀƭǿŀȅǎ ǘƘŜ ŀǊǘƛǎǘ ǿƘƻ ōŜƴŜŦƛǘǎΣ ŀƴŘ ƴƻǘ ǘƘŜ ǎŎƛŜƴǘƛǎǘΚ 5ƻŜǎ ŀ ǎŎƛŜƴǘƛǎǘΩǎ 
ŜǾŜǊȅŘŀȅ ǊŜǎŜŀǊŎƘ ōŜƴŜŦƛǘ ŦǊƻƳ ǎǳŎƘ ŎƻƭƭŀōƻǊŀǘƛƻƴǎΚ ¢ƘŜǎŜ ŀǊŜ ǘƻǇƛŎǎ ǘƘŀǘ ŎŀƳŜ ǳǇ 
ŀƎŀƛƴ ŀƴŘ ŀƎŀƛƴ ƛƴ ǘƘŜ ŎƻǳǊǎŜ ƻŦ Ƴȅ ǊŜǎŜŀǊŎƘΦ 

Lƴƛǘƛŀƭƭȅ L ǎƻǳƎƘǘ ƻǳǘ ǘƘŜǎŜ ƴŜǿ-ǿŀǾŜ ŀǊǘƛǎǘǎ Ǿƛŀ ƎŀƭƭŜǊƛŜǎ ŀƴŘ ƳǳǎŜǳƳǎΦ .ǳǘ ǘƘŜ 
ŀǾŀƴǘ-ƎŀǊŘŜ Ƙŀǎ ƴŜǾŜǊ ōŜŜƴ ǿŜƭŎƻƳŜ ƛƴ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ŀǊǘ ǿƻǊƭŘΦ LƴǎǘŜŀŘΣ ǘƘŜǎŜ ŀǊǘƛǎǘǎ 
ƘŀǾŜ ŎǊŜŀǘŜŘ ǎǳǇǇƻǊǘ ƴŜǘǿƻǊƪǎ ƻŦ ǘƘŜƛǊ ƻǿƴΦ ¢ƘŜȅ ƳŜŜǘ ŀǘ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ōƛŜƴƴŀƭŜǎ ŀƴŘ 
ǊŜƎǳƭŀǊ ƎŀǘƘŜǊƛƴƎǎ ŘŜǾƻǘŜŘ ǘƻ ŎŜƭŜōǊŀǘƛƴƎ ŀƴŘ ŜȄƘƛōƛǘƛƴƎ ǘƘŜ ƭŀǘŜǎǘ ŎǊŜŀǘƛƻƴǎ ƛƴ ǎŎƛŜƴŎŜ-
ƛƴŦƭǳŜƴŎŜŘ ŀǊǘΦ CƻǊŜƳƻǎǘ ŀƳƻƴƎ ǘƘŜǎŜ ŀǊŜ !Ǌǎ 9ƭŜŎǘǊƻƴƛŎŀ ƛƴ [ƛƴȊΣ !ǳǎǘǊƛŀΣ ½ŜƴǘǊǳƳ ŦǸǊ 
Yǳƴǎǘ ǳƴŘ aŜŘƛŜƴǘŜŎƘƴƻ-ƭƻƎƛŜ ό½Yaύ ƛƴ YŀǊƭǎǊǳƘŜ ŀƴŘ 5ƻŎǳƳŜƴǘŀ ƛƴ YŀǎǎŜƭΣ ōƻǘƘ ƛƴ 
DŜǊƳŀƴȅΣ ǘƘŜ {ŎƛŜƴŎŜ DŀƭƭŜǊȅ ƛƴ 5ǳōƭƛƴΣ [Ŝ [ŀōƻǊŀǘƻƛǊŜ ƛƴ tŀǊƛǎΣ /9wb ƛƴ DŜƴŜǾŀΣ ŀƴŘ 
ǘƘŜ ²ŜƭƭŎƻƳŜ /ƻƭƭŜŎǘƛƻƴ ŀƴŘ D± !Ǌǘ ƛƴ [ƻƴŘƻƴΦ ¢ƘŜ {ŎƘƻƻƭ ƻŦ ±ƛǎǳŀƭ !Ǌǘǎ ό{±!ύ ƛƴ bŜǿ 
¸ƻǊƪ ŦƻŎǳǎŜǎ ƻƴ ǎŎƛŜƴŎŜτƛƴŦƭǳŜƴŎŜŘ ŀǊǘΣ ŀǎ Řƻ ǘƘŜ aL¢ ŀƴŘ b¸¦ ƳŜŘƛŀ ƭŀōǎΣ ŀƴŘ ǘƘŜǊŜ 
ŀǊŜ ŘŜǇŀǊǘƳŜƴǘǎ ŘŜǾƻǘŜŘ ǘƻ ƛǘ ŀǘ ǘƘŜ {ƭŀŘŜ {ŎƘƻƻƭ ƻŦ CƛƴŜ !Ǌǘ ŀƴŘ /ŜƴǘǊŀƭ {ŀƛƴǘ aŀǊǘƛƴǎ 
ƛƴ [ƻƴŘƻƴΣ ŀƳƻƴƎ ƻǘƘŜǊǎΦ 

L ŀƭǎƻ ǎŎƻǳǊŜŘ ǎŎƘƻƭŀǊƭȅ ǇŀǇŜǊǎ ŀƴŘ ƴŜǿǎǇŀǇŜǊ ŀƴŘ ƳŀƎŀȊƛƴŜ ŀǊǘƛŎƭŜǎ ŀƴŘ ōƻƻƪǎ 
ǎǳŎƘ ŀǎ 9ŘǿŀǊŘ {ƘŀƴƪŜƴΩǎ !Ǌǘ ŀƴŘ 9ƭŜŎǘǊƻƴƛŎ aŜŘƛŀΣ .ǊǳŎŜ ²ŀƴŘǎΩǎ !Ǌǘ ƻŦ ǘƘŜ 5ƛƎƛǘŀƭ 
!ƎŜΣ ŀƴŘ {ǘŜǇƘŜƴ ²ƛƭǎƻƴΩǎ !Ǌǘ Ҍ {ŎƛŜƴŎŜ bƻǿΥ Iƻǿ {ŎƛŜƴǘƛŦƛŎ wŜǎŜŀǊŎƘ ŀƴŘ ¢ŜŎƘƴƻƭƻƎƛŎŀƭ 
LƴƴƻǾŀǘƛƻƴ !ǊŜ .ŜŎƻƳƛƴƎ YŜȅ ǘƻ нмǎǘ-/ŜƴǘǳǊȅ !ŜǎǘƘŜǘƛŎǎΦ ¢ƘŜȅ ŀƭƭ ǇǊƻǾƛŘŜŘ ƛƴǘŜǊŜǎǘƛƴƎ 
ƻǾŜǊǾƛŜǿǎ ƻŦ ǘƘŜ ǎǳōƧŜŎǘ ōǳǘ ƳŀŘŜ ƴƻ ŀǘǘŜƳǇǘ ǘƻ ŎƻƴǾŜȅ ǘƘŜ ǇŜƻǇƭŜ ōŜƘƛƴŘ ǘƘŜ ŀǊǘΥ 
ǘƘŜƛǊ ŎǊŜŀǘƛǾƛǘȅ ŀƴŘ ǿƘŀǘ ŘǊƛǾŜǎ ǘƘŜƳΣ ǘƘŜƛǊ ŘǊŜŀƳǎΣ ǘƘŜƛǊ ǎǘǊǳƎƎƭŜǎΣ ǘƘŜ ŘǊŀƳŀ ƻŦ 
ŘŜǾŜƭƻǇƛƴƎ ŀ ƴŜǿ ŀǊǘ ƳƻǾŜƳŜƴǘ ŀƴŘ ǿƘŀǘ ƛǘ ƛǎ ǳǇ ŀƎŀƛƴǎǘΦ ¢ƻ ƭƻƻƪ ŘŜŜǇŜǊ ƛƴǘƻ ŀƭƭ ǘƘŜǎŜ 
ǘƻǇƛŎǎ LΩǾŜ ŎƘƻǎŜƴ ǘƻ ƛƴǘŜǊǾƛŜǿ ǎƻƳŜ ƻŦ ǘƘŜ ŀǊǘƛǎǘǎΣ ǎŎƛŜƴǘƛǎǘǎΣ ŀƴŘ ŜƴƎƛƴŜŜǊǎ ǿƘƻ ŀǊŜ 
ŀŎǘǳŀƭƭȅ ƛƴǾƻƭǾŜŘΦ 

hƴŜ ƭŀǎǘ ǇǊƻōƭŜƳ ƛǎ ǿƘŀǘ ǘƻ Ŏŀƭƭ ǘƘƛǎ ŀǊǘ ŦƻǊƳ ǘƘŀǘ ƛǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǎŎƛŜƴŎŜ ƻǊ 
ǘŜŎƘƴƻƭƻƎȅΦ ¢ŜǊƳǎ ǎǳŎƘ ŀǎ άŀǊǘǎŎƛΣέ άǎŎƛŀǊǘΣέ ŀƴŘ άŀǊǘ-ǎŎƛέ ǎŜŜƳ ƛƴŀŘŜǉǳŀǘŜ ǘƻ ŎƻƴǾŜȅ ƛǘǎ 
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ōŜŀǳǘȅ ŀƴŘ ǎǳōǘƭŜǘƛŜǎΣ ǘƘƻǳƎƘ LΩǾŜ ƻǇǘŜŘ ŦƻǊ ǘƘŜ ŦƛǊǎǘΦ L ƘŀǾŜ ƴƻ Řƻǳōǘ ǘƘŀǘ ƛƴ ǘƘŜ ŦǳǘǳǊŜ 
ǘƘŜǎŜ ǿƻǊƪǎ ǿƛƭƭ ōŜŎƻƳŜ ƪƴƻǿƴ ǎƛƳǇƭȅ ŀǎ άŀǊǘΦέ ώtǊŜŦŀŎŜ ŦǊƻƳΥ aƛƭƭŜǊΣ !Φ όнлмпύΦ 
/ƻƭƭƛŘƛƴƎ ²ƻǊƭŘǎΥ Iƻǿ /ǳǘǘƛƴƎ-9ŘƎŜ {ŎƛŜƴŎŜ ƛǎ wŜŘŜŦƛƴƛƴƎ /ƻƴǘŜƳǇƻǊŀǊȅ !Ǌǘ ό²Φ²Φ 
bƻǊǘƻƴύΦϐ 

 
!ǊǘƘǳǊ LΦ aƛƭƭŜǊ ƛǎ ǘƘŜ ŀǳǘƘƻǊ ƻŦ Ƴŀƴȅ ŎǊƛǘƛŎŀƭƭȅ 
ŀŎŎƭŀƛƳŜŘ ōƻƻƪǎ ƻƴ ŎǊŜŀǘƛǾƛǘȅ ƛƴ ŀǊǘ ŀƴŘ ǎŎƛŜƴŎŜΣ ǿƛǘƘ 
ŀ ƴŜǿ ōƻƻƪ ƻƴ !L ŀƴŘ ŎǊŜŀǘƛǾƛǘȅ ƛƴ ŀǊǘΣ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ 
ƳǳǎƛŎ ǘƻ ōŜ ǇǳōƭƛǎƘŜŘ ōȅ aL¢ tǊŜǎǎ ƛƴ Ŧŀƭƭ нлмфΦ CƻǊ 
ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴ ǎŜŜ ǿǿǿΦŀǊǘƘǳǊƛƳƛƭƭŜǊΦŎƻƳ ŀƴŘ 
ƘǘǘǇΥκκǿǿǿΦŎƻƭƭƛŘƛƴƎǿƻǊƭŘǎΦƻǊƎ 
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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) 

 

The ΨtǊƻƧŜŎǘ 5ƛŀƭƻƎǳŜΩ ŀǇǇǊƻŀŎƘ ǘƻ ǇŜŘŀƎƻƎȅ 
¢ƘŜ ǘǊŀƴǎŘƛǎŎƛǇƭƛƴŀǊȅ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ ΨtǊƻƧŜŎǘ 5ƛŀƭƻƎǳŜΩ (www.projectdialogue.org.uk note: 
website currently under re-construction) was established in 2006 in the former Department of 
Art & Design at the University of the West of England (UK), where one of the authors (BH) was 
head of the Postgraduate School. As long-term collaborators, the founder members (Barbara 
Hawkinsτarts educator, Brett Wilsonτscientist, Stuart Simτphilosopher and Iain Biggsτ
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artist and cultural theorist) had developed an appreciation of the fundamental conceptual 
ƳƻŘŜƭǎΣ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ƳŜǘŀǇƘƻǊǎ ǳƴŘŜǊƭȅƛƴƎ ŜŀŎƘ ƻǘƘŜǊΩǎ ŘƛǎŎƛǇƭƛƴŜǎΣ ŀƴŘ ǳǎŜŘ ǘƘƛǎ to 
promote a transdisciplinary forum exploring research questions across the arts, sciences and 
humanities.   

Since its inception, Project Dialogue has employed a number of different ways of 
workingτmedium-sized transdisciplinary symposia, small research teams working with other 
centres on specific ǘƻǇƛŎǎΣ ŀƴŘ ǎŜƳƛƴŀǊǎκǿƻǊƪǎƘƻǇǎ ǿƛǘƘ ŘƻŎǘƻǊŀƭ ŀƴŘ ƳŀǎǘŜǊΩǎ ǎǘǳŘŜƴǘǎΦ ¢ƘŜ 
ŦƭŜȄƛōƭŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ƎǊƻǳǇΩǎ ǿƛŘŜǊ ŀǎǎƻŎƛŀǘŜ ƳŜƳōŜǊǎƘƛǇ Ƙŀǎ ŜƴŎƻǳǊŀƎŜŘ ŎƻƭƭŀōƻǊŀǘƛǾŜ 
endeavours, resulting in journal and conference papers, a book (Wilson, Hawkins, & Sim, 
2014) and a variety of arts practice exhibitions. The consistently positive responses to our 
seminar and conference contributions from young postgrads and early-career researchers, 
alongside the growth of membership of Project Dialogue, confirmed for us that there is a 
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 seminars shared between Hawkins and semi-retired scientist Wilson as 
Ψ{ŎƛŜƴǘƛǎǘ ƛƴ wŜǎƛŘŜƴŎŜΦΩ !ǘ ǘƘŜ ǘƛƳŜΣ Ƴŀƴȅ ƻŦ ƻǳǊ ƻǿƴ ŀǊǘǎ-practice doctoral and masters 
students were developing research interests embracing both art and science and felt they 
needed a deŜǇŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ΨŦǊƻƳ ǘƘŜ ƻǘƘŜǊ ǎƛŘŜΦΩ tŀǊǘƛŎƛǇŀƴǘǎ ƛƴŎƭǳŘŜŘ 
fine artists, printmakers, graphic designers, glass and ceramic artists and other craft 
practitioners alongside researchers from the physical, natural and neurological sciences. Our 
forum offered structured opportunities for this diverse collection of students to explore many 
of the often-hidden underlying concepts, assumptions and metaphors that their own and 
other disciplines were built on. Questionnaires confirmed that participants felt that our 
ΨƘƛǎǘƻǊȅ ƻŦ ƛŘŜŀǎΩ ŀǇǇǊƻŀŎƘ ƘŀŘ ǿƻǊƪŜŘ ǾŜǊȅ ǿŜƭƭ ŀƴŘ ǘƘŀǘ ǘƘŜȅ ǿŜǊŜ ƛƴ ŀ ƳǳŎƘ ōŜǘǘŜǊ Ǉƻǎƛǘƛƻƴ 
to engage across the art-science divide with greater creative confidence and insight. 

Following the workshops, students began to appreciate how both art and science 
employ many overlapping forms of critical thinking, creativity and imagination when trying to 
understand the world, and that their roles as practitioners directly engaged in research could 
provide an identity stronger than just the narrower 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 backgrounds. Working subsequently with students and staff in other settings, we 
witnessed this effect first-hand as a 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 unknownτno matter how hard particular government-
inspired policies may seek to engineer specific ends. Yet modern curricula in higher education 
courses are far too narrow to give participants (either students or staff) sufficient breathing 
space to explore beyond fairly rigid and conventionally-determined boundaries. The benefits 
to society of supporting a new generation of researchers who are capable of and enthusiastic 
ŀōƻǳǘ ǘƘŜ ǇǊƻǎǇŜŎǘ ƻŦ ŜȄŀƳƛƴƛƴƎ Ƴŀƴȅ ƻŦ ǘƻŘŀȅΩǎ ŎƻƳǇƭŜȄ ƛǎǎǳŜǎ ǘƘǊƻǳƎƘ ŀ ŎƻƭƭŀōƻǊŀǘƛƻƴ ƻŦ 
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methodologies, expertise and knowledge bases cannot be underestimated. Whilst it is 
encouraging to see an increase in the number of schemes that fund arts practitioners to work 
ŀǎ ΨŀǊǘƛǎǘǎ ƛƴ ǊŜǎƛŘŜƴŎŜΩ ŀŎǊƻǎǎ ŀŎŀŘŜƳƛŎ ŘƛǎŎƛǇƭƛƴŜǎΣ ƛǘ ƛǎ ŘƛǎŀǇǇƻƛƴǘƛƴƎ ǘƘŀǘ ǘƘŜ ƴǳƳōŜǊ ƻŦ 
ΨǎŎƛŜƴǘƛǎǘ ƛƴ ǊŜǎƛŘŜƴŎŜΩ ǎŎƘŜƳŜǎ ƻŦ ǘƘŜ ǘȅǇŜ ƛƴǘǊƻŘǳŎŜŘ ōȅ tǊƻƧŜŎǘ 5ƛŀƭƻƎǳŜ ŀǊŜ ŜȄŎŜŜŘƛƴƎƭȅ 
rare. 

Postgraduate students and early-career 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 and work. During a period of increased interest in 
the crossover between arts, humanities and physical and natural sciences, preparing 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 nurtures transdisciplinary talent 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 offer the time and 
opportunities researchers need to assimilate the methodological subtleties of their potential 
ǘǊŀƴǎŘƛǎŎƛǇƭƛƴŀǊȅ ǇŀǊǘƴŜǊǎΩ ŘƻƳŀƛƴǎΦ {ǳŎƘ ǎǳǇǇƻǊǘ ǿƻǳƭŘ ŎǊŜŀǘŜ ƳƻǊŜ ŀƎƛƭŜ ŀƴŘ ƛƳŀƎƛƴŀǘƛǾŜ 
cross-connections among like-minded researchers and practitionersτsuch 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 foster understanding 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 student-centred 
model of pedagogy which redefines transdisciplinary lecturing staff and doctoral supervisors 
as facilitators, collaborators and co-creators of knowledge. Academic staff must also be 
prepared to make changes, as supporting students in a transdisciplinary research 
environment requires a degree of academic humility and self-reflection more in line with 
!ƴŘŜǊǎƻƴΩǎ όнллсύ ŀƴŀƭȅǘƛŎŀƭ ŀǳǘƻ-ethnographic approach.  

The creation of an institution-wide Transdisciplinary Research Centre (TRC) with a 
remit to nurture, support and encourage transdisciplinary scholarship and practice offers an 
attractive route forward. Such a centre could consist of a small number of full-time staff with 
ǎǳŦŦƛŎƛŜƴǘ ōǳŘƎŜǘ ǘƻ Ψōǳȅ ƛƴΩ ŀŎŀŘŜƳƛŎǎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ŘŜǇŀǊǘƳŜƴǘǎ ŦƻǊ ƳŜƴǘƻǊƛƴƎΣ ǎŜƳƛƴŀǊ 
programmes and supervision, and also to offer bursaries to prospective doctoral students 
submitting transdisciplinary proposals.  
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The Centre could provide: 

¶ Training programmes for early-career researchers interested in developing a 
transdisciplinary research profile; 

¶ Training for doctoral supervisors to build the skills needed to co-supervise 
transdisciplinary research projects; 

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

¶ A data-base of peer-reviewed publishing outlets for scholarly work and 
transdisciplinary practice;  

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

 
This curriculum could include: 

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

¶ Modules delivered by staff from departments in the sciences, arts and humanities 
ŘŜǎƛƎƴŜŘ ǘƻ ŜȄǇƭƻǊŜ ŀ ΨƘƛǎǘƻǊȅ ƻŦ ƛŘŜŀǎΩ ŦǊƻƳ ƳǳƭǘƛǇƭŜ ǇŜǊǎǇŜŎǘƛǾŜǎΤ 

¶ Seminars designed to build confidence in presenting ideas to non-specialist audiences 
and potential employers; 

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

¶ Workshops designed to explore the nature of public engagement, social 
entrepreneurship and commercial opportunities for transdisciplinary project 
outcomes. 

 
A TRC of this nature would create much-needed 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 stagnation. Over 
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 
ǎǘǳŘŜƴǘǎΦ LƴǾƻƭǾƛƴƎ ŀŎŀŘŜƳƛŎǎ ŦǊƻƳ ŀŎǊƻǎǎ ŀƴ ƛƴǎǘƛǘǳǘƛƻƴΩǎ ǾŀǊƛƻǳǎ faculties also offers 
opportunities for more established discipline-focused 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 auditable base for a range of 
transdisciplinary research outcomes such as team-based publications, software tools, 
ArtScience works and partnerships with industrial and community ventures. Transdisciplinary 
research, by its very nature, opens up exciting and stimulating motivations for researchers 
from many disciplinary areas, with valuable opportunities for collaborative enterprise and 
knowledge-transfer activities through a network of industrial partners willing to host research 
placements exploring broader approaches to problem-solving.  

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 educating, training 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 complicated research landscape. 
 
~ 
 
The second section of our paper offers a highly condensed outline of material taken from 
ǎŜƳƛƴŀǊǎ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ƳƛȄŜŘ ƎǊƻǳǇǎ ƻŦ ŀǊǘǎΣ ǎŎƛŜƴŎŜ ŀƴŘ ƘǳƳŀƴƛǘƛŜǎ ƳŀǎǘŜǊΩǎ ǎǘǳŘŜƴǘǎ ŀǎ 
ǇŀǊǘ ƻŦ ǘƘŜ ǘǊŀƴǎŘƛǎŎƛǇƭƛƴŀǊȅ ΨƘƛǎǘƻǊȅ ƻŦ ƛŘŜŀǎΩ ŜƭŜƳŜnt within their study program. These 
seminars introduced many students to topics previously not encountered and were highly 
successful in encouraging a healthy debate. 

Enlightenment separation of Science and Art 
One of the most significant disciplinary divisions 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 emotional. In these traditional forms, they often 
appear to be completely 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 
eminent physiciǎǘ .Ǌƛŀƴ /ƻȄ ǎǘǊŜǎǎŜŘ ǿƘŜƴ ǇǊŜǎŜƴǘƛƴƎ ǘƘŜ wƻȅŀƭ {ƻŎƛŜǘȅΩǎ нлмс ōƻƻƪ ǇǊƛȊŜ ŦƻǊ 
!ƴŘǊŜŀ ²ǳƭŦΩǎ ōƛƻƎǊŀǇƘȅ ƻŦ !ƭŜȄŀƴŘŜǊ Ǿƻƴ IǳƳōƻƭŘǘ όThe Invention of NatureύΣ άώΧϐ 
Moreover, he [Humboldt] was a polymath who was curious about everything and was a 
superb communicator. His interdisciplinary approach puts paid to the ridiculous notion that 
science and the arts are separate entitiesΦέ ό/ƻȄ, 2016. Emphasis added.)  

Scientists depend just as much as artists on learning how to look and conceptualise. 
{ŎƛŜƴǘƛŦƛŎ ΨƭƻƻƪƛƴƎΩ Ƙŀǎ ŀ ƘƛǎǘƻǊȅ ǘƘŀǘ Ŏŀƴ ōŜ ǎǘǳŘƛŜŘΤ ŀ ƘƛǎǘƻǊȅ ǘƘŀǘ ŜƴŎƻƳǇŀǎǎŜǎ ŦŀǊ ƳƻǊŜ ǘƘŀƴ 
just the idea of objectivity (Kemp, 2006). Notions of objectivity were only adopted in scientific 
ŜƴǉǳƛǊȅ ŀǊƻǳƴŘ муолΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇǊŜǾƛƻǳǎ ΨǘǊǳǘƘ ǘƻ ƴŀǘǳǊŜΩ standpoint of the Romantic era, 
ŀƴŘ ƻƴƭȅ ƭŀǎǘŜŘ ŦƻǊ Ƨǳǎǘ ƻǾŜǊ ŀ ŎŜƴǘǳǊȅ ōŜŦƻǊŜ ŜǾƻƭǾƛƴƎ ƛƴǘƻ ŎǳǊǊŜƴǘ ƛŘŜŀ ƻŦ ΨŜȄǇŜǊǘ ƧǳŘƎŜƳŜƴǘΩ 
(Galison, 1998). Regrettably, few science students are taught that the visualisation of concepts 
that are essential to their subjects is so strongly rooted in contemporary conventions, or that, 
άΧ ǎŎƛŜƴǘƛŦƛŎ ƪƴƻǿƭŜŘƎŜ ƛǎ ƴƻǘ ŀōǎƻƭǳǘŜΣ ōǳǘ ƛǎ ƛƴǎǘŜŀŘ ōŀǎŜŘ ƻƴ ƳŜƴǘŀƭ ƳƻŘŜƭǎ ǘƘŀǘ ƘŀǾŜ 
ƛƴǘǊƛƴǎƛŎ ƭƛƳƛǘŀǘƛƻƴǎ ǘƻ ǘƘŜƛǊ ŀǇǇƭƛŎŀōƛƭƛǘȅΦέ ό[ƛƳŀ & Timm-Bottos, 2018). 

Cartesian duality and disembodied 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 and the outside 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 reasoning mind and the experiences available via a 
physical body and the world in which it is situated (Cottingham et al., 1988). His notion of 
mind-body dualism and the consequential subject/object dichotomy effectively made it 
impossible under western analytic philosophy 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 appeared during 
the 20th 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 
ƎŀǾŜ ǳǎ ǘŜǊƳǎ ǎǳŎƘ ŀǎ άǇŀǊŀŘƛƎƳΣέ άƴƻǊƳŀƭ ǎŎƛŜƴŎŜέ ŀƴŘ άǎŎƛŜƴǘƛŦƛŎ ǊŜǾƻƭǳǘƛƻƴέ ǘƻ ŜƴǉǳƛǊŜ ƛƴǘƻ 
the socio-ŜǇƛǎǘŜƳƻƭƻƎȅ ƻŦ ǘƘŜƻǊŜǘƛŎŀƭ ǊŜŦƻǊƳǳƭŀǘƛƻƴǎ ŀƴŘ ǘƘŜƛǊ ŀŎŎŜǇǘŀƴŎŜΦ tƻǇǇŜǊΩǎ 
falsifiability criterion is still employed today as our best approach to evaluating competing 
scientific theories. Whilst the nature of scientific theories has been studied for some time 
much less attention has been paid to how our imagination helps us create such wonderfulτ
and at times quite bizarre-soundingτtheories in the first place. Recently, however, second-
generation cognitive science and imaging 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 (Carrier, 2011).  

Kant maintained that we cannot make theory-neutral observations; a point echoed by 
9ƛƴǎǘŜƛƴΣ άLǘ ƛǎ ǘƘŜ ǘƘŜƻǊȅ ǿƘƛŎƘ ŘŜŎƛŘŜǎ ǿƘŀǘ ǿŜ Ŏŀƴ ƻōǎŜǊǾŜέ όIŜƛǎŜƴōŜǊƎ, 1971, p. 63). The 
new quantum world that Bohr, Einstein, Heisenberg and Schrödinger argued fiercely about in 
ǘƘŜ мфнлǎ ǿŀǎƴΩt simply discovered as a self-contained and ready-packaged entity; it took 
many decades for world-class 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 a crafted 
product of human imagination as it is a physical one. Fundamental scientific research is 
therefore also dependent on a priori cognitive 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 elements 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 intangible mysteries of dark matter and energy. 

Intriguingly, even though science is clearly concerned with literal truth, the underlying 
conceptual models from which these predictions emerge are almost certainly metaphoric in 
nature (Wilson, Hawkins, & Sim, 2015). Whilst metaphors enrich our verbal and written 
communications and act as powerful linguistic techniques across the arts and humanities their 
ǊƻƭŜ ƛƴ ǎŎƛŜƴǘƛŦƛŎ ŎǊŜŀǘƛǾƛǘȅ ƛǎƴΩǘ ƛƳƳŜŘƛŀǘŜƭȅ ƻōǾƛƻǳǎΦ [ŀƪƻŦŦ ŀƴŘ WƻƘƴǎƻƴΩǎ όмфффύ ǿƻǊƪ ƻƴ 
embodied realism, which links our powers of metaphor-infused thought and imagination to 
our sensorimotor faculties and experiences, helps illuminate why this is so, and why non-
literal modes of representation are required even when dealing with the physical world. They 
argue that 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 are a uniquely powerful 
influence on our thought processes, providing virtually all of the domain content for one side 
ƻŦ ƴŜŀǊƭȅ ŀƭƭ ŎƻƎƴƛǘƛǾŜ ƳŜǘŀǇƘƻǊǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ΨSeeing ǘƘŜ ǇƻƛƴǘΩΣ Ψgrasping ȅƻǳǊ ƳŜŀƴƛƴƎΩΣ 
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Ψilluminating ǘƘŜ ǇǊƻōƭŜƳΩΣ ŀƴŘ ǎƻ ƻƴ ōŜƛƴƎ ǳǎŀƎŜǎ ŘǊawn from the bodily experience of vision 
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 their pre-historic ancestors 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 we pre-reflectively 
take as literal. In Metaphors We Live By, Lakoff and Johnson (1980, p. сύ ŀƎǊŜŜ άΧ ƘǳƳŀƴ 
thought processes ŀǊŜ ƭŀǊƎŜƭȅ ƳŜǘŀǇƘƻǊƛŎŀƭέ ŀƴŘ ǘƘŀǘ άΧ ǘƘŜ ƘǳƳŀƴ ŎƻƴŎŜǇǘǳŀƭ ǎȅǎǘŜƳ ƛǎ 
ƳŜǘŀǇƘƻǊƛŎŀƭƭȅ ǎǘǊǳŎǘǳǊŜŘ ŀƴŘ ŘŜŦƛƴŜŘΦέ  

All metaphors, even the very simplest, display one essential characteristic: they 
cannot be literally true. (e.g. King Richard is a lion in battle; King Richard is human, not a lion). 
Metaphors are always literally false, but yet true in some different non-literal sense that 
benefits our understanding by offering a new and unexpected viewpoint from which to 
contemplate the topic under discussion. More sophisticated use of metaphorτas in 
{ƘŀƪŜǎǇŜŀǊŜΩǎ ŎƻƳǇŀǊƛǎƻƴ ƻŦ WǳƭƛŜǘ ǘƻ ǘƘŜ ǎǳƴΤ ōǊƛƴƎŜǊ ƻŦ ŜƳƻǘƛƻƴŀƭ ƭƛŦŜ ǘƘǊƻǳƎƘ ƘŜǊ ǿŀǊƳǘƘΣ 
light and vitality, for exampleτstill displays this crucial non-literal feature. It is evident that 
truth conditions become strangely irrelevant where metaphors are concerned, as Hagberg 
(2005, p. отоύ Ǉƻƛƴǘǎ ƻǳǘΣ άΧ ƳŜǘŀǇƘƻǊƛŎ ŜȄǇǊŜǎǎƛƻƴǎ ǎŜŜƳ ǘƻ ǇǊƻǇƻǎŜ ŀ ǿŀȅ ƻŦ ǎŜŜƛƴƎ ǘƘŜ 
world, a distinct perspective upon it, rather than making a true-or-ŦŀƭǎŜ ŀǎǎŜǊǘƛƻƴΦέ  

The figurative language of metaphors and analogies clearly help scientistsτand 
everyone elseτto link experience, intuition and imagination when erecting conceptual 
scaffolding (an obvious metaphor, of course) for advancing into ƴŜǿ ǊŜŀƭƳǎ ƻŦ ǘƘŜ Ψƴƻǘ-yet-
known-or-ŜȄǇŜǊƛŜƴŎŜŘΩ ǿƘŜǊŜ ƭƛǘŜǊŀƭ ƭŀƴƎǳŀƎŜ ƻƴ ƛǘǎ ƻǿƴ ƛǎ ƻŦǘŜƴ ƛƴǎǳŦŦƛŎƛŜƴǘ ǘƻ ŦǳŜƭ ŀƴŘ 
sustain imagination. A well-chosen scientific metaphor is capable of creating understanding in 
a way that literal language often fails to do and can illuminate fertile new directions for study, 
until it is eventually accepted as the core of a predictive theoretical model. As Brown 
highlights (2008, p. 73), there are numerous historical examples of visual metaphors forming 
the basis of predicǘƛǾŜ ƳƻŘŜƭǎ ƛƴ ǘƘŜ ǇƘȅǎƛŎŀƭ ǎŎƛŜƴŎŜǎΣ ŦǊƻƳ .ŜǊƴƻǳƭƭƛΩǎ ōƛƭƭƛŀǊŘ-ball model of 
gases to the planetary model of the atom. Chemistry makes wide use of ball-and-stick 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 
!ƭƭ ΨƴŜǿ ǿŀȅǎ ƻŦ ǎŜŜƛƴƎΩ ǇǊƻŘǳŎŜŘ ōȅ ƴŜǿƭȅ-created scientific models are actually generated 
through novel metaphoric viewpoints rather than literal truth tests. 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 
ƳƻŘŜƭΩǎ ǇǊŜŘƛŎǘƛƻƴǎ ƛƴ ǘƘŜ ǇƘȅǎƛŎŀƭ ŘƻƳŀƛƴΦ .y virtue of transformational mapping between 
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, 
нлмтύ ǘŜǊƳǎ ǘƘŜ άƭƻƎƛŎŀƭ ŜǾŜƴǘ-horizoƴέ ƻŦ ƭƛǘŜǊŀƭ ŘŜǎŎǊƛǇǘƛǾŜ ǘǊǳǘƘΦ 

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 mathematical formulation. The nature of the test is different 
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ƻƴ ŜŀŎƘ ǎƛŘŜ ƻŦ ǘƘŜ ŜǉǳŀǘƛƻƴΥ ƳŜǘŀǇƘƻǊƛŎ ΨǘǊǳǘƘΩ όǎǳŎƘ ŀǎ ǳƴŜȄǇŜŎǘŜŘ ƛƴǎƛƎƘǘύ ƻƴ ǘƘŜ ŎƻƎƴƛǘƛǾŜ 
side; literal truth on the physical side. A brilliant new theory functions well in both domains 
and in doing so ǳǎƘŜǊǎ ƛƴ ŀ ŦǊŜǎƘ ǇŀǊŀŘƛƎƳ ǘƘǊƻǳƎƘ ƛǘǎ ƴŜǿ ǿŀȅ ƻŦ ǎŜŜƛƴƎΣ ŀǎ ǿƛǘƘ 9ƛƴǎǘŜƛƴΩǎ 
relativity, for example. Each new sustainable paradigm will always have at its core a new and 
unique metaphorically-ƛƴǎǇƛǊŜŘ ŎƻƴŎŜǇǘǳŀƭ ƳƻŘŜƭΦ YǳƘƴΩǎ ΨǊŜǾƻƭǳǘƛƻƴǎΩ ƛƴ ǎŎƛŜƴŎŜ ŀǊŜ 
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 puzzle-solving tools science uses to judge these conceptual 
models; not tools for creating them. 

Metaphors can be both pervasive and subtle in relation to how we create and think 
ŀōƻǳǘ ǎŎƛŜƴŎŜΩǎ ǳƴŘŜǊƭȅƛƴƎ ŎƻƴŎŜǇǘǳŀƭ ƳƻŘŜƭǎ ŀƴŘ ƻǳǊ ŦǳƴŘŀƳŜƴǘŀƭ ǎŜƴǎŜ ƻŦ ǎŎƛŜƴǘƛŦƛŎ ǊŜŀƭƛǘȅΦ 
They have become widespread in the biological sciences, with immunology leaning on them 
particularly heavily, for example: medicine as a war against disease with the immune 
response as the first line of defence being a widespread figurative choice. Combat metaphors 
are not the only ones used 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 directly (because an unproductive path is followed) or 
indirectly (because alternative paths are not explored). Our earlier culturally-based gender-
stereotyping of the active male sperm penetrating a passive female egg probably delayed 
work on how the egg actively participates in the process of fusion and fertilisation. Similarly, 
growth of a new generation of research programmes in developmental dynamics (many 
associated with stem-cell research) was encouraged partly because the Human Genome 
Project indirectly brouƎƘǘ ŀōƻǳǘ ŀ ǊŜǘƘƛƴƪ ǘƻ ǘƘŜ ŜŀǊƭƛŜǊ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ƛƳŀƎŜ ƻŦ 5ŀǿƪƛƴΩǎ 
ΨǎŜƭŦƛǎƘ ƎŜƴŜǎΩ όYŜƭƭŜǊ, 2000). 

Conclusions  
In this paper, we have explored some of the underlying cognitive and conceptual factors 
linking art and science and examined how an arts-enhanced STE(A)M curriculum would help 
create a new generation of better-informed practitioners capable of re-imagining both old 
and new problems. Our present narrow attitude to science and technology means we have 
made too many questionable choices for our planet and its inhabitants. We urgently need a 
new generation of environmentally aware techno-scientists who will not unthinkingly 
perpetuate these mistakes. And for that they need a far bolder educationτthe sort of 
education that STEAM can help provide. 
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After retiring from his scientific career, Brett Wilson moved to an Arts faculty to further 
his interests in philosophy of science and transdisciplinary education. 
 
Barbara Hawkins is a recently-retired UK academic who continues to publish in the areas 
of Art, Media and Design. 
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Leaning Out of WindowsτInto Antimatter 
Art and Physics Collaborations Through Aesthetic Transformations 
By Randy Lee Cutler and Ingrid Koenig 
  
 

 
Robert Bean (Air Conditioning, 2017) 

 
Leaning Out of Windows (LOoW)1, funded by a SSHRC Insight grant (2016 to 2020) is an art and 
science collaboration in the form of hybrid research and a long-term curatorial initiative.2 In 
Leaning Out of Windows artists and physicists are brought together to share the quest to 
understand the nature of reality. The aim of LOoW is to transform the grammar of abstract 
knowledge by specifically addressing the barely discernible phenomena studied by physics 
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 
¦ƴƛǾŜǊǎƛǘȅ ŀƴŘ ¢wL¦aCΣ /ŀƴŀŘŀΩǎ ǇŀǊǘƛŎƭŜ ŀŎŎŜƭŜǊŀǘƻǊ ŎŜƴǘǊe. What is shared is a space of mutual 
ƛƴǎǇƛǊŀǘƛƻƴ ƛƴŦƻǊƳƛƴƎ ŜŀŎƘ ƻǘƘŜǊΩǎ ǿƻǊƪ ƛƴ ǘƘŜ ǎŜŀǊŎƘ ŦƻǊ ƴŜǿ ŀƴŘ ŜƳŜǊƎŜƴǘ ǳƴŘŜǊǎǘŀƴŘƛƴƎΦ Our 
research creation questions are twofold. In what ways can transformative methodologies of 
collaboration work to engage with the 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 in the 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 include physicists Dr. Jonathan Bagger Director TRIUMF, Dr. Reiner Kruecken 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, co-thought and distributed cognition? We see this process as 
transformative methodologies of collaboration that generate new knowledge and its visualization. 
!ǎ ǇƘƛƭƻǎƻǇƘŜǊ 9ƭƛȊŀōŜǘƘ DǊƻǎȊ ǇƻǎƛǘǎΥ άΧƛƴ ŘǊŀǿƛƴƎ ƻƴ ǘƘŜ ƻǘƘŜǊΩǎ resources each must transform 
ǘƘŜ ǿƻǊƪ ƻŦ ǘƘŜ ƻǘƘŜǊ ƛƴǘƻ ƛǘǎ ƻǿƴ ƭŀƴƎǳŀƎŜ ŀƴŘ ƛǘǎ ƻǿƴ ǇǳǊǇƻǎŜέ ό/¢! нллуΣ смύΦ 
  The groundwork for these Art and Science interactions was a Process Design Workshop in 
October 2016 that included scientists from TRIUMF, artists from 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 and co-thought 
might mean for us. We learned ideas about diagraming, visualizing data 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 respective realms 
and how ideas are communicated amongst a group of very diverse thinkers. During follow-up 
meetings we took ideas raised in the process design workshop and developed them further 
sharing observations on metaphor, creativity and communication in our respective disciplines. We 
also considered language 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 with each other for the next four years. 
During these meetings one of the scientists made the comment that this wasn't a fishing trip, in 
ƻǘƘŜǊ ǿƻǊŘǎ ǘƘŀǘ ǿŜ ǿŜǊŜƴΩǘ ƭƻƻƪƛƴƎ ŦƻǊ ƴŜǿ ƛŘŜŀǎ ƻǊ ǿƘŀǘ ǿŜ ǿŀƴǘŜŘ ǘƻ ƭŜŀǊƴΦ !ǘ ǘƘƛǎ Ǉƻƛƴǘ ǿŜ 
realized that in fact these meetings were fishing 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 of four streams3 each with a series of different relays, all 
ƛƴǎǇƛǊŜŘ ōȅ ǘƘŜ ǳǎŜ ƻŦ CŜȅƴƳŀƴΩǎ ŘƛŀƎǊŀƳǎ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ŎƻƳǇƭŜȄ ƛƴǘŜǊŀŎǘƛƻƴǎΦ4 In January 2017 
we organized a Science Seminar for artists and art students on a topic chosen by the physicists for 
artistic responses. The physicists had decided on a major topic in current physics research. They 
presented antimatter in various formats from a lecture to demonstrations and interactive 
components, ensuring that the abstract concept was activated through multiple forms - the 
standard lecture, a live interview with CERN experimentalists, visuals, diagrammatics, analogies, 
and even performance. Over the next eight months, through the field of co-thought, artists took 
up the unimaginable topic of antimatter. 
 

                                                 
3 Twenty-six curated artists were partnered with twenty-six physicists to collaborate in a process of relays through a 
Blind Stream, Dialogical Stream, Tandem Stream, and a Fieldwork Stream (with students in an experimental art class) 
4 Theoretical physicist Richard Feynman developed visual representations of mathematical expressions that show 
particle paths in quantum field theory. 
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LOoW Process Design - drawing by Ingrid Koenig (2017) 
 

One of the great mysteries of modern pƘȅǎƛŎǎ ƛǎ ǿƘȅ ŀƴǘƛƳŀǘǘŜǊ ŘƛŘƴΩǘ ŘŜǎǘǊƻȅ ǘƘŜ ǳƴƛǾŜǊǎŜ ŀǘ ǘƘŜ 
beginning of time. Besides this query, other aspects of antimatter that provoked inspiration 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 particlesτthis annihilation process results 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, 
also helped 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 and among diverse approaches to 
knowledge formation. By Leaning Out of Windows we had stepped out of our familiar mind-set 
and co-designed with the physicists a deterritorialized structure for co-thinking. The search for 
antimatter is complex and the concept not easily 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 cognition beyond the science lab. Yet the results of co-thought revealed a way to navigate 
the unknown and the unrepresentable. The creative process enabled the subconscious, 
encouraged wandering, allowed for contextualizing with our socio-political lives, emboldened 
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 exhibition Leaning out of Windows, Step One opened at Emily Carr 
¦ƴƛǾŜǊǎƛǘȅΩǎ ƴŜǿ ŎŀƳǇǳǎΣ showcasing the artworks from the 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, drawing, video, 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 reflected the sequence of interactions between artists, including visual and textual 
responses from their assigned physicists. The vast range of works attested to physicist Lisa 
wŀƴŘŀƭƭΩǎ ǎǘŀǘŜƳŜƴǘΥ ά¸ƻǳ ƳƛƎƘǘ ǎŀȅ ǿŜ ŀǊŜ ŀƭƭ ǎŜŀǊŎƘƛƴƎ ŦƻǊ ǘƘŜ ƭŀƴƎǳŀƎŜ ƻŦ ǘƘŜ ǳƴƛǾŜǊǎŜέ ό²t 
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 that the world came rushing in. The physics concept of antimatter introduced ideas of 
resolution, sampling, decay and time reversal. But networked thinking also emerged connecting to 
the socio-political 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. 
{ǘǊǳƎƎƭƛƴƎ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǇƘȅǎƛŎƛǎǘ tŀǳƭ 5ƛǊŀŎΩǎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴ Ŝǉǳŀǘƛƻƴ ƛƴ мфнф ǘƘŀǘ ǇǊŜŘƛŎǘŜŘ 
the existence of antimatter, artist Elizabeth McKenzie produced a series of repetitive drawings in 
ƻǊŘŜǊ ǘƻ ŎƻƴǎƛŘŜǊ ŀ ŎǊȅǇǘƛŎ ǇǊƻǇƻǎŀƭ ƻŦ ǎƻƳŜǘƘƛƴƎ ǳƴŦŀƳƛƭƛŀǊ ƛƴ ŀ ŦŀƳƛƭƛŀǊ ǿŀȅΦ 5ƛǊŀŎΩǎ ŀǊŎŀƴŜ 
formula dissolved and was reconfigured within this handling. McKenzie explained that her 
material investigation involving the repetition of an action allowed a familiarity to develop and 
this helped her see what 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 familiarize themselves with difficult ideas. 
 

 
Elizabeth McKenzie - Equation, ink on paper, 1 of 9 drawings (2017) 
 

The question of embodiment and the relevance of human experience, both literally and as 
metaphor, also became a common theme. Related 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 for the oscillating dance between matter and antimatter. In her film loop titled 
Time Reversal Symmetry 5 she played with the concepts of both charge-parity and time reversal 
symmetries6, as seen by mirroring and asymmetry. She was also interested in the multiple 
connotations ōŜƘƛƴŘ ǘƘŜ ǘŜǊƳ ΨǘƛƳŜ-ǊŜǾŜǊǎŀƭΩ ŀƴŘ ǿƘŀǘ ǘƘŀǘ ƳŜŀƴǎ ŦƻǊ ǘƘŜ ŀƎƛƴƎ ǘŜŎƘƴƻƭƻƎȅ ƻŦ 
16mm film, as well as the aging female body. 

 

 
Evann Siebens - Time Reversal Symmetry, 16mm film loop - colour + B&W, 8 minutes (2017) 
   

Another theme that moved through various works embraced what political theorist Jane 
.ŜƴƴŜǘǘ Ŏŀƭƭǎ ǘƘŜ άǾƛǘŀƭ ƳŀǘŜǊƛŀƭƛǘȅέ (VB 2010, 10) that inhabits all things. This was especially 
evident in the relay comprised of work by Giorgio Magnanensi, Marina Roy and Mimi Gellman. 
aŀƎƴŀƴŜƴǎƛΩǎ Sound Crystals/-H 7 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 imagination, explored 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 antihydrogen, and their vibrations of plasma clouds. There 
is an oscillation between antihydrogen and his apprehension of the traces of its possible, revealed, 
yet impenetrable existence, all resonating from these thinly-cut wood speakers. 
 

                                                 
5  https://vimeo.com/243407473 - Time Reversal Symmetry 
6 For further explanation of these concepts see http://hyperphysics.phy-astr.gsu.edu/hbase/Particles/cpt.html 
7  https://vimeo.com/268131107 
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Marina Roy - Dirty Clouds, shellac, oil and acrylic paint on wood panel (2017) 
Giorgio Magnanensi - Sound Crystals /-H, 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 
ƻŦ ǿƻƻŘ ƛƴ aŀƎƴŀƴŜƴǎƛΩǎ ǿƻǊƪΦ ²ƛǘƘ Dirty Clouds she produced eighty paintings made on wood 
panels. Roy was interested in reorganizing scientific ideas to aesthetically think through how 
material continues to disperse and flow. She did this through the matter of paint, mixing oil-based 
into water-based materials to symbolize a world understood according to material particles and 
waves of energy. Driven by unconscious and 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 Close considers the formation of elements that we are made of. He 
ǿǊƛǘŜǎΥ ά{ƻ ǿŜ ŀǊŜ ŀƭƭ ǎǘŀǊŘǳǎǘ ƻǊΣ ƛŦ ȅƻǳ ŀǊŜ ƭŜǎǎ ǊƻƳŀƴǘƛŎΣ ƴǳŎƭŜŀǊ ǿŀǎǘŜΣ ŦƻǊ ǎǘŀǊǎ ŀǊŜ ƴǳŎƭŜŀǊ 
furnaces with hydrogen as their primary fuel, starlight their energy output and assorted elements 
ǘƘŜƛǊ ϥŀǎƘΩ ƻǊ ǿŀǎǘŜ ǇǊƻŘǳŎǘǎέ ό!a нллфΣ мсύΦ 
  Mimi Gellman, the third artist in this relay received and responded to the works of both 
aŀƎƴŀƴŜƴǎƛ ŀƴŘ wƻȅΦ ¢ƘŜ ƛƳŀƎŜǊȅ ƛƴ wƻȅ ŀƴŘ DŜƭƭƳŀƴΩǎ ǿƻǊƪ ŜƴŎƻƳǇŀǎǎŜŘ Ǿƛǎǳŀƭ ǾƻŎŀōǳƭŀǊȅ 
from acrosǎ ƘƛǎǘƻǊƛŜǎΦ DŜƭƭƳŀƴΩǎ ŘǊŀǿƛƴƎǎΣ Invisible Landscapes are blueprints of archetypal 
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 form new narratives. 
They reflect a coming together of seemingly disparate worldviews that in effect, Gellman says, are 
ƳŜǊŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŘƛŀƭŜŎǘǎΦ Lƴ ǘƘƛǎ ǎŜƴǎŜΣ ǎƘŜ ŘŜǎŎǊƛōŜŘ ƘŜǊ ŘǊŀǿƛƴƎǎ ŀǎ άŜȄǇƭƻǊƛƴƎ 
ǘƘŜ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ŎƻƴǎŎƛƻǳǎƴŜǎǎέΦ 
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Mimi Gellman - Invisible Landscapes, 1 of 6 conte drawings on Japanese Obonai paper (2017) 
  

Socio-ǇƻƭƛǘƛŎŀƭ ŎƻƴƴŜŎǘƛƻƴǎ ŜƳŜǊƎŜŘ ǘƘǊƻǳƎƘ ŀ ǊŜƭŀȅ ŎŀƭƭŜŘ ǘƘŜ Ψ.ƭƛƴŘ {ǘǊŜŀƳΩ ǿƘŜǊŜ ƻƴƭȅ 
the first artist, Heather Kai Smith, knew the science topic. For her drawings Destruction Proves its 
Existence she utilized a strategy of working associatively, using analogy and metaphor to explore 
specific forms such as the crowd, the mass, the party, the event. These forms were raised out of 
ƘŜǊ ƛƴǘŜǊŜǎǘ ƛƴ ǿƻƳŜƴΩǎ ƎŀǘƘŜǊƛƴƎǎΣ ǇǊƻǘŜǎǘǎΣ ŎƻƭƭŜŎǘƛǾŜ ƻǊƎŀƴƛȊƛƴƎΣ ŀƴŘ ǊŜǎƛǎǘŀƴŎŜΦ ¢ƘǳǎΣ ƘŜǊ 
notion of a positron amplified the world connection to a force of resistance in current movements 
ŦƻǊ ǎƻŎƛŀƭ ƧǳǎǘƛŎŜΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘƛƻƴ ǿŀǎ άōƭƛƴŘƭȅέ ǇƛŎƪŜŘ ǳǇ ōȅ aŀƎƎƛŜ DǊƻŀǘΩǎ ŎƻƭƭŀƎŜǎ, the second 
artist in this Blind Stream relay, and furthered by the sound work of third artist, Andrea Young. In 
the fourth artist in this stream, Robert BeanΩǎ series of photographs, Air Conditioning, reflect on a 
term developed by philosopher Peter Sloterdijk to explain how the atmosphere as an environment 
was made explicit by the implementation of gas warfare in World War One. While picking up on 
socio-political 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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Heather Kai Smith - Destruction Proves its Existence, 1 of 3 charcoal      
Robert Bean - Air Conditioning, 1 of 3 inkjet prints (2017) + oil-based pencil drawings (2017) 
 

Excluding the Blind Stream, communications and feedback loops with physicists were a key 
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 was the work of physicist Ewan Hill. His own research 
ǿƻǊƪ ƛƴǾƻƭǾŜǎ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ŀƴǘƛƳŀǘǘŜǊ ŀǘ /9wbΩǎ !¢[!{ ŘŜǘŜŎǘƻǊΦ IŜ ŀǎƪŜŘ ƘƛƳǎŜƭŦ - άƘƻǿ Ŏŀƴ 
L Řƻ Ƴȅ ǇƘȅǎƛŎǎ ŘƛŦŦŜǊŜƴǘƭȅΚέ Iƛƭƭ ŎƻƴǾŜǊǘŜŘ ǘƘŜ ǿƻǊƪ ƻŦ Ƙƛǎ ŀǎǎƛƎƴŜŘ ŀǊǘƛǎǘ bŀǘŀƭƛŜ tǳǊǎŎƘǿƛǘȊ ƛƴǘƻ 
physics objects 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 particles.  
 

 
Physicist Ewan Hill - Natalie Art Event Display - response to Purschwitz artwork (2017) 
 

During the exhibit we held a Translation Hub, inviting four scholars8 from 
neuroscience, music theory, physics, and art history, to discuss what emerged for them 
in the whole 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, Co-Director of the Djavad Mowafaghian Centre for Brain Health, UBC; Dr. Ursula Brandstaetter, 
President of the Anton Bruckner Privatuniversität (for music, dance and theater), Linz, Austria; Dr. Timothy Meyer, 
CŜǊƳƛƭŀō ŎƘƛŜŦ ƻǇŜǊŀǘƛƴƎ ƻŦŦƛŎŜǊΣ /ƘƛŎŀƎƻΤ 5ǊΦ WƻƘƴ hΩ.ǊƛŀƴΣ ŀǊǘ ƘƛǎǘƻǊƛan, writer, curator, UBC 
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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 science. Questions have accumulated. We 
discovered the response to seemingly abstract knowledge through material matters had 
a tentacular quality, and we asked the questionτwhere did the many leaps in thinking 
come from? While troubling the mind with antimatter, and by designing interactive 
conditions for co-thought between artists and scientists, we could see a path towards 
what feminist theorist Karen Barad calls a diffractive methodology where the spectrum 
ƻŦ ǇƘŜƴƻƳŜƴŀ ŀŎǊƻǎǎ άƳŀǘŜǊƛŀƭƛǘȅΣ ǎƻŎƛŀƭ ǇǊŀŎǘƛŎŜΣ ƴŀǘǳǊŜΣ ŀƴŘ ŘƛǎŎƻǳǊǎŜ Ƴǳǎǘ ŎƘŀƴƎŜ ǘƻ 
accommodate ǘƘŜƛǊ Ƴǳǘǳŀƭ ƛƴǾƻƭǾŜƳŜƴǘέ όa¢¦I нллтΣ нрύΦ ¢ƘŜǊŜ ǿŀǎ ƴƻ Ŧǳƭƭ 
ǘǊŀƴǎƭŀǘƛƻƴ ƻŦ ŀƴǘƛƳŀǘǘŜǊΣ ŀƴŘ ƴŜǾŜǊ ŀ άŎƻƳǇǊŜƘŜƴǎƛǾŜ ƎǊŀǎǇέ ƛƴ ǘƘŜǎŜ ŎǳƭǘǳǊŀƭ 
responses, but rather the engagement with antimatter required movement outside of 
ƻƴŜΩǎ Ƙŀōƛǘǳŀƭ ǿŀȅ ƻŦ ǘƘƛƴƪƛƴƎΣ ŀƴd thereby we came to see the mind as a process. 

A new phase of LOoW was recently launched in September 2018, on the topic of 
Emergence. This next production phase of eleven teams, made up of artists, graduate 
art students, scientists and other scholars has been organized into collaborative groups 
as a way to test and further activate co-thought and associative thinking for 
comprehending complex phenomena. We speculate that new ways of thinking will arise 
from this process of co-thought. Rather than seeking integration, we are interested in 
the idea of holding different insights, different ways of knowing in relationship (IIS 2011, 
67). We envision this as an evolving or emergent, multi-faceted phenomenon, 
encountered over time by holding in relationship different understandings of the 
science topic. The ways of knowing act on each otherτin emergent ways that we 
cannot predict howτbut that process is often fertile, if we pay attention. 
 

 
 
Randy Lee Cutler, a writer, cultural organizer, artist and educator, is a professor at Emily 
Carr University in the Audain Faculty of Art. 
 
LƴƎǊƛŘ YƻŜƴƛƎΣ Ǿƛǎǳŀƭ ŀǊǘƛǎǘ ŀƴŘ ŜŘǳŎŀǘƻǊΣ ƛǎ !Ǌǘƛǎǘ ƛƴ wŜǎƛŘŜƴŎŜ ŀǘ ¢wL¦aCΣ /ŀƴŀŘŀΩǎ 
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. I believe the science in fiction can be used to engage students. From the 
ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ¢ǊŀƴǎŦƻǊƳŜǊǎ ǘƻ ǘƘŜ IǳƳŀƴ ¢ƻǊŎƘΩǎ ŦƛǊŜ ŀƴŘ ǘƘŜ LƴǾƛǎƛōƭŜ ²ƻƳŀƴΩǎ 
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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, 
featuring well-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 grossed 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 story-telling can make knowledge more 
memorable and meaningful (Judson, 2016), exploring superhero chemistry is an 
attention-grabbing angle for engaging students in science from K-12 through college. 

For example, students 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 Devastator, 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 robots (or atoms) are needed to create a bigger robot (or molecule). 
While some learners can show initial resilience playing with abstract atoms, fewer resist 
these fictional icons. In a chemical reaction, the reactant that has the smallest 
stoichiometry amount in 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 
ƛƭƭǳǎǘǊŀǘŜŘ ōȅ ǘƘŜ ¢ǊŀƴǎŦƻǊƳŜǊǎΩ ŀƴŀƭƻƎȅ. Even if eleven Constructicons are present, only 
one Devastator can be assembled (Figure 1b). If one of the six key Constructicons is 
missing, no Devastator can be put together, even if many instances of the other 
Constructicons are present.  
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Figure 1. Using Transformers to illustrate the concept of chemical reaction, 
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 concepts. A fun and critical look at rational 
explanations describing out-of-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. Superpowers, innovative armours, and marvellous 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, pre-Socratic philosopher Empedocles stated that all matter was 
derived from four primordial substancesτearth, fire, water and air. Although these 
άŜƭŜƳŜƴǘǎέ ƘŀǾŜ ƭƛǘǘƭŜ ǊŜǎŜƳōƭŀƴŎŜ ǘƻ ǘƘŜ ƳƻŘŜǊƴ ǎŜƴǎŜ of the term, this theory 
survived for the next two and half millennia until the inception of modern chemistry. 
/ǳǊƛƻǳǎƭȅΣ 9ƳǇŜŘƻŎƭŜǎΩ ǾƛŜǿǎ ŀƭǎƻ ƛƴŦƭǳŜƴŎŜŘ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ǘƘŜ ŦƛǊǎǘ ǎǳǇŜǊƘŜǊƻ ǘŜŀƳ ƛƴ 
1961 by Marvel Comics: the Fantastic Four. Consciously or not, writer 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 engulf in flames 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 of X-rays by Wilhelm Conrad 
Röntgen. In 1901, he was awarded a Nobel Prize in physics for being the first man able 
to see through things. 
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Together, these versatile heroes were the building blocks of a whole fictional 
universe, much like the four classical elements 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 periodic table of the elements, such as Iron 
Man (Fe, element 26), and the Silver Surfer (Ag, element 47) (Figure 2).  

 
 

 
Figure 2. Iron 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 (Gresh & Weinberg, 2002, 2005; Kakalios, 2005; Fitzgerald, 
2016; Lorch, 2017). The Canadian Neuroscience and Kinesiology professor E. Paul Zehr 
dedicated an entire book looking at brain-machine interfaces, physical limitations and 
technology necessary to create an armored robotic Iron Man suit (Zehr, 2011). In a 
recent publication, W. D. Lubell and I explain the hypothetical chemistry behind the 
transformation of the frail soldier Steve Rogers into the superhuman Captain America 
(Brouillette & Lubell, 2018). Get the article here. (goo.gl/aNG34b) 
 Chemical engineering is now catching up to science fiction. Researchers recently 
created a polymer that can stretch to 100 times its original length, repair itself if 
punctured, and lead to artificial muscle (Kirby & Abate, 2016). This super stretchy self-
healing material 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, lecturing about superheroes 
can be enhanced with visual support. Videos are a practical medium 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 may be impractical to bring student groups in the lab 
because of financial, logistic or safety reasons. Therefore, videos that represent 
chemical reactions reproducing special abilities of iconic characters in the laboratory 
allows synchronous and asynchronous viewing, teaching and discussion.  
 I 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 channel (https://www.youtube.com/user/ChemCurious/videos). Each 
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 characters may be selected to 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 dissolved metals in solution, looking at ionic metals quickly 
precipitating out of an aqueous solution in the hands of a hero makes it more concrete. 
In this video (https:// youtu.be/FsJoWSC70E0), Colossus, the metal-coated skin hero, can 
be used to demonstrate how silver ions interact with copper. In a similar manner, videos 
on Iceman's instant freezing touch (https://www.youtube.com/watch?v=-HgjPY5aKs4) 
or the formation of a blue Jedi cavern can serve as examples of crystallization 
(https://www.youtube.com/watch?v=o13LUWK6Uw0). The Green Goblin's pumpkin 
bombs (https://www.youtube.com/watch?v=uW2r0jGNp8I),  producing acetylene gas 
from calcium carbide, is a complete scenario to study gas stoichiometry. Plasma can be 
safely brought to class via this video personifying Iron Man's energy source 
(https://www.youtube.com/watch?v=pors2NhLtQ0).  
 The more detailed examples below describe how seemingly extraordinary 
phenomenon can be feasible and explained using prior knowledge. (For the concise 
purpose of this article, the discussion on the lab-made videos will be limited to the 
chemistry behind specific features of the Fantastic Four.)  
 Sue Storm, better known 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 lab by 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 Invisibility (https://goo.gl/LiYJ9f)  

 
 
 
Another of Sue Storm's powers is 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 field (https://goo.gl/qzXp3S) 
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The popular catch phrase "Flame on!" is shouted by the Human Torch every time he 
engulfs his body with flames. Once the fire dissipates, Johnny Storm, his alter-ego, has 
no burn scars. It is possible to get an actual comic book of the Human Torch to flame on 
(produce vivid orange flames) and then flame off (revealing pages that never caught on 
fire). The trickτor should we say the chemistryτinvolves 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 high specific 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 ON! (https://goo.gl/EvmckQ)  

 
 
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 Torch can preserve 
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 soot on the bag is due to 
impurities in the hydrocarbon used to fuel the burner.  
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Watch: HUMAN TORCH Fireproof Comic Book Sleeve (https://goo.gl/zNo9PF)  

 
 
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 sequence 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 Tower (https://goo.gl/s6Ejhz)  

 
 
The pool of Chem Curious videos is constantly growing, with a dozen new videos added 
every year. The viewing of superpowers accessible in the laboratory motivates students 
to create their own fictional characters. The following class assignment engages 
ǎǘǳŘŜƴǘǎΩ ƛƳŀƎƛƴŀǘƛƻƴǎ ŀƴŘ ŎǊŜŀǘƛǾƛǘȅ ŀǎ ǘƘŜȅ ǊŜǎŜŀǊŎƘ ŎƘŜƳƛŎŀƭ ŦŀŎǘǎΦ  
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Elemental Superhero Class Project 
Elemental Superhero is a class project designed for non-science college students (17 to 
20 years old) registered in a science-complementary course. It has been implemented 
successfully in five cohorts of 42 students and can be easily adapted to the K-12 science 
ŎǳǊǊƛŎǳƭǳƳΦ ¢ƘŜ ǇǊƻƧŜŎǘΩǎ ǇŜŘŀƎƻƎƛŎŀƭ ŦǊŀƳŜǿƻǊƪ ŦƻǎǘŜǊǎ ǘƘŜ ǳǎŜ ƻŦ ǎǘǳŘŜƴǘǎΩ ǇǊƛƻǊ 
knowledge by connecting chemical basic concepts with fictional superhero characters 
created during the activity. Furthermore, students peer-ǊŜǾƛŜǿ ǘƘŜƛǊ ŎƭŀǎǎƳŀǘŜǎΩ ǿƻrk to 
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 the periodic table.  
 I 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 supervillains. Three 
descriptive properties of the elemental character must be given to highlight the 
ŎƘŀǊŀŎǘŜǊΩǎ ŀǇǇŜŀǊŀƴŎŜΣ ōŜƘŀǾƛƻur and superpower (linked with the properties of the 
chosen element). Each student must draw their character (Figure 3). 
 For example, one ǎǘǳŘŜƴǘ ŎǊŜŀǘŜŘ ά{ǳƭŦŀ ²ƻƳŀƴΣέ ŀ ŎƘŀǊŀŎǘŜǊ ǿƛǘƘ ȅŜƭƭƻǿ ŎǳǊƭȅ 
hair due to the color of solid yellow sulfur and the S-S cross-links in the hair protein 
keratin. A loner, likely due to her pungent breath that exhales SO2, Sulfa Woman has 
elastic powers due to the plasticizing effects of liquid S8-sulfur (Tobolsky & Takahashi, 
1964). 
 With the spirit of constructive criticism, every student is asked to add two 
ǇǊƻǇŜǊǘƛŜǎ ǘƻ ŀƴƻǘƘŜǊ ǎǘǳŘŜƴǘϥǎ ŜƭŜƳŜƴǘŀƭ ŎƘŀǊŀŎǘŜǊΦ !ƴŀƭȅǎƛǎ ƻŦ ǘƘŜƛǊ ǇŜŜǊǎΩ ŦƛƴŘƛƴƎǎ Ƙŀǎ 
improved character design through feedback. Each student of the first group, the 
superheroes, is next required to pair-up with a student of the second group, the 
supervillains, to engage in a hero vs. villain confrontation. Each team is required to 
ŘŜǎŎǊƛōŜ ŀ άǊŜŀŎǘƛǾŜ ŜƴŎƻǳƴǘŜǊέ ōŜǘǿŜŜƴ ǘƘŜƛǊ ǘǿƻ ŎƘŀǊŀŎǘŜǊǎ. For example, Sulfa 
Woman produced hydrogen sulfide to disable Dr Hydrogen in the preparation of his 
world-threatening H-bomb. 
 

  
Figure 3. Elemental Superhero class project illustration by student.  
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Finally, each student pair is asked to produce a 1000-word essay depicting the 
adventures of the two characters using the chemistry 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 grid (that can be sent to you by email if you 
communicate with the author) include:  

¶ Chemical Element 

¶ Character Name and Alter-Ego  

¶ Descriptive properties of the elemental character caused by the element. 

¶ Appearanceτthe character's physical portrayal (body, face, hair, eyes, costume, 
equipment, etc.) 

¶ Behaviourτpersonality traits 

¶ Super power / Ability  

¶ Descriptive reactivity of the elemental character caused by the element. 

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

¶ Chemical encounter between hero and villain 
 
Without any prior comic book knowledge, chemistry students have been engaged 
successfully in this pedagogic project that brings down boundaries between the arts and 
sciences to liven up discussion about elements and their reactivity. 
 

Conclusion 
A comic book narrative differentiates itself from other media by having plenty of its 
action taking place between panels, outside the box. Similarly, much chemistry takes 
place outside the lab. Chemistry is everywhere, and superhero prowess knows no 
boundaries. Comic books and chemistry can team-up to strengthen pedagogical 
approaches to learning via STEAM-based lectures, 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), guest-lecturer and creator of 
ǘƘŜ ¸ƻǳ¢ǳōŜ ŎƘŀƴƴŜƭ ά/ƘŜƳ /ǳǊƛƻǳǎΦέ IŜϥǎ ƴƻǘ ŀ ƳŀŘ 
ǎŎƛŜƴǘƛǎǘΣ ƘŜΩǎ ŀŎǘǳŀƭƭȅ ŀ ƘŀǇǇȅ ŎƘŜƳƛǎǘΦ 
 
Chemistry Department, Dawson College, 3040 Sherbrooke St. 
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More STEAM Materials 
https://www.youtube.com/user/ChemCurious/videos 
 
http://www.comicbookchemistry.com 
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The ABCs of STEAM Culture: Establishing the Ground Rules for 
Risk-taking, 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 
& Timm-Bottos, 2018; Sousa & Pilecki, 2013). This is especially powerful for kinesthetic, 
spatial, and second/additional language learners, often marginalized by other teaching 
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 & Koester, 2017). 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 interdisciplinary learning 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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I often encounter STEM educators who are interested in integrating the arts, but 
lack the training and/or experience to effectively facilitate them. The purpose of this 
article is to help teachers who want to give STEAM a try. I articulate three ground rules 
ŦƻǊ ŘǊŀƳŀǘƛŎ ǊƻƭŜǇƭŀȅ όǿƘŀǘ L Ŏŀƭƭ ǘƘŜ !./Ωǎύ ǘƘŀǘ each contributes to a STEAM Culture 
supportive of students taking intellectual risks, imagining, and collaborating together. I 
also provide sample exercises that help establish these ground rules as well as a variety 
of soft skills prized in the fields of science, 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 interested in but inexperienced with the arts, my first suggestion is 
often dramatic roleplay because it is an empirically tested way to empower students 
and increase engagement through collective action, invited student input, and 
embedded student agency (Bandura, 2000; Martin & Calvert, 2018; Martin, in press).  

Dramatic roleplay is a form of arts integration that has its roots in theatre games, 
ƻǊƛƎƛƴŀƭƭȅ ǇƭŀȅŜŘ ǘƻ ŜƴǊƛŎƘ ǘƘŜ ŀŎǘƻǊǎΩ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŀƴ ƛƳŀƎƛƴŜŘ ǿƻǊƭŘΦ Lǘ Ƙŀǎ ōŜŜƴ 
embraced by educators who realize 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 
experience and embodiment of characters and concepts for a deeper, more personalized 
understanding of the context and content being studied. In roleplay, the acting is not 
scriptedτit emerges live, as improvised scenes queued up by the teacher who is often 
also in role. Students then co-create 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 outcomes. For example, the teacher might call a meeting as the 
Minister of Intergalactic Relations (teacher in-role) leading a team of engineers 
(students in-role) to discuss a robotic challenge on Mars. Much of the discussion in role 
is similar to a typical STEM 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 staging of a skit, with 
students acting in front of others without adequate preparation for the complexity and 
conventions of theatrical work. This can end in a number of negative ways from silly play 
ŘŜǾƻƛŘ ƻŦ ƳŜŀƴƛƴƎΣ ƻǊ ǿƻǊǎŜΣ ǘƻ ŜƳōŀǊǊŀǎǎƛƴƎ ǎǘǳŘŜƴǘǎ ǿƘƻ ŘƻƴΩǘ ƪƴƻǿ ǿƘŀǘ ǘƻ ŘƻΦ ¢ƻ 
avoid this, the right classroom 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.  

¢ƘŜ !./Ωǎ ƻŦ {¢9!a /ǳƭǘǳǊŜ 
Facilitating 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 reinforce these 
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structures: A) All-in, for-All; B) Believing and Being; and C) Collective Contribution. 
Establishing theses ground rules creates a classroom culture ripe for STEAM-based 
activities.   

All-in, for-All. For many students, acting can feel unnatural, even embarrassing 
when it is not facilitated properly. In a classroom culture that supports dramatic 
roleplay, participants need to trust each other and be willing to take risks together in a 
way that no one feels individually vulnerable. To achieve this, everyone must be all-in, 
and commit to pushing past personal discomfort for the benefit of all. An All-in, for-All 
expectation can be accomplished through adequate ice breaking that builds trust as a 
class. I like to use The Questions Game for its power to establish active, respectful 
participation as the norm.  

 
Questions Game: Put students into groups of 4-6. Ask for two volunteers to 
go first, and be in the hot seat (the active players). The rest of the group 
members serve as audience-referees. The game is simple: players can only 
ask questions. They cannot answer a question, make a statement, or take 
more than 3-р ǎŜŎƻƴŘǎ ǘƻ ǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƻǘƘŜǊ ǇƭŀȅŜǊΩǎ ǉǳŜǎǘƛƻƴΦ ¢he game 
begins with the first question, and they ask each other questions, in turn. 
The audience-referees call someone out when there is an answer, a 
statement, or time violation. When a player gets out, another group 
member takes the hot-seat, and the game resumes with his/her first 
question. 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 for a mid-Ǉƻƛƴǘ ŘŜōǊƛŜŦ ǘƻ ŀǎƪΣ άǿƘŀǘ Řƻ ȅƻǳ ǘƘƛƴƪΚέ ¢ȅǇƛŎŀƭ ǊŜǎǇƻƴǎŜǎ 
ŀǊŜΣ άLǘΩǎ ƘŀǊŘΣέ ƻǊ άLǘΩǎ ƘƛƭŀǊƛƻǳǎΦέ ¢Ƙƛǎ ŘŜōǊƛŜŦ ŀƭƭƻǿǎ ȅƻǳ ǘƻ ŀŘŘǊŜǎǎ Ƙƻǿ ǘƘŜ 
very nature of the game is unnatural, and it only works if everyone is All-in, 
for All.  

 
Through trust-building exercises like the Questions Game, you can establish All-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. Creative 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, and All-in, for-All reinforces these.  

Believing and Being. An important rule for roleplay is being able to believe that 
individuals are being someone else. In a classroom culture that supports dramatic 
roleplay, participants are imaginative and willing to engage in what-if scenarios. 
Believing and Being requires students to experience the perspectives of others, as if 
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 writing-in-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 (opening line to get started). Use a sentence that 
ƳŀƪŜǎ ǎŜƴǎŜ ŦƻǊ ǘƘŜ ŦƻǊƳŀǘΣ ƛΦŜΦΣ ά5ŜŀǊ ŘƛŀǊȅΣ ǘƻŘŀȅ ǿŜ ƘŀŘ ŀ ƳŜŜǘƛƴƎ ƻŦ 
ƛƴǘŜǊƎŀƭŀŎǘƛŎ ŜƴƎƛƴŜŜǊǎΦέ LƴǎǘǊǳŎǘ ǎǘǳŘŜƴǘǎ ǘƻ ǳǎŜ ŦƛǊǎǘ ǇŜǊǎƻƴ όI, me, my) and 
remind them that they are being asked to write as if they are their assigned 
characters. Beneath the starter sentence, write the following prompts: I 
ǘƘƛƴƪ Χ L ŦŜŜƭ Χ L ƘƻǇŜ Χ L ǿƻƴŘŜǊΧ. These prompts help students get into 
character and really consider another point of view. Following the writing, 
volunteers may share and the class can discuss the differences between the 
ŎƘŀǊŀŎǘŜǊǎΩ ƻǇƛƴƛƻƴǎ ŀƴŘ ǘƘŜ ǎǘǳŘŜƴǘǎΩ ƻǿƴ ƻǇƛƴƛƻƴ όǿƘƛŎƘ Ŏŀƴ ōŜ ǾŜǊȅ 
different), in a way that promotes metacognition.  
 
Acting-in-Role: When students are ready to act in front of each other, they 
can turn products from writing-in-role into scripts to be performed, such as 
ǘƘǊƻǳƎƘ ǊŜŀŘŜǊǎΩ ǘƘŜŀǘǊŜΦ !ǘ ǘƘƛǎ ǇƻƛƴǘΣ ǘƘŜȅ Ŏŀƴ ōŜƴŜŦƛǘ ŦǊƻƳ ǎƛŘŜ-coaching 
in a way that encourages them to stay in role through gentle reminders like, 
άbelieve in what ȅƻǳ ŀǊŜ ǎŀȅƛƴƎΣέ ŀƴŘ άǊŜŀƭƭȅ be ǘƘŀǘ ŎƘŀǊŀŎǘŜǊΦέ ¢ƘŜ 
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 
imagination. 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, self-awareness, and ethical reasoning are a natural 
part of a STEM agenda, and Believing and Being reinforces these.  

Collective Contribution: Developing characters and context together is 
measurably effective for student engagement (Martin & Calvert, 2018). In a classroom 
that supports dramatic roleplay, participants are collaborative and willing to work 
inclusively with everyone. The ground rule for Collective Contribution requires students 
to value the power of the group 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. They are ƳŜŀƴǘ ǘƻ ŜƴƎŀƎŜ ŜǾŜǊȅƻƴŜΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ ŀƴŘ ŦƻǎǘŜǊ ŀ 
classroom culture that perceives holistic benefits from the whole class. 

 
Collective Ideation: Provide the group/class with a problem and open the 
floor for suggestions. Encourage everyone to make at least one, and if they 
ŀǊŜ ŀŘŘƛƴƎ ƻƴǘƻ ŀƴƻǘƘŜǊΣ ǘƻ ōŜƎƛƴ ǿƛǘƘ ǘƘŜ ǇƘǊŀǎŜΣ άȅŜǎΣ ŀƴŘΧέ ! ǎƛƳǇƭŜ 
phrase, this line helps participants learn how to plus, or build-on each 
ƻǘƘŜǊΩǎ ƛŘŜŀǎΦ 5ǳǊƛƴƎ ƛŘŜŀ ƎŀǘƘŜǊƛƴƎΣ ŘƛǎŎƻǳǊŀƎŜ ǎǘǳŘŜƴǘǎ ŦǊƻƳ ŘŜōŀǘƛƴƎ ƻǊ 
ruling out the ideas of others (or even critiquing their own). Explain that 
there will be a time for narrowing ideas later, but that collective ideation 
involves gathering all ideas, since they may spark novel thoughts from 
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others. Once ideas are adequately gathered, it will be necessary to narrow 
the list and make decisions. This can be accomplished through democratic 
reduction.  
 
Democratic Reduction: After a list of ideas is created, open the floor for 
discussion. Invite students to advocate for their preferred ideas (whether 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 collectively converge on ideas through democratic reduction 
helps include everyone while establishing the norm of majority rules. 
 

The ground rule of Collective Contribution ƘƻƴƻǊǎ ŜǾŜǊȅ ǎǘǳŘŜƴǘΩǎ ǾƻƛŎŜΦ ²ƛǘƘƛƴ ŀ {¢9a 
context, the benefits are that it creates an environment where all ideas are valued while 
developing the skills required to converge on group-based, timely decisions. Soft skills 
such as active listening, openness to new ideas, divergent-convergent thinking, and 
critical-analytical thinking are a natural part of a STEM agenda, and Collective 
Contribution reinforces these.  

Conclusion 
.ȅ ŜǎǘŀōƭƛǎƘƛƴƎ ǘƘŜ !./Ωǎ ƻŦ {¢9!a /ǳƭǘǳǊŜΣ ǘŜŀŎƘŜǊǎ ǿƛƭƭ ŦŜŜƭ ōŜǘǘŜǊ ǇǊŜǇŀǊŜŘ ŦƻǊ 
experimenting with roleplay in a way that prepares their class to take risks, 
imagine, and collaborate together. Through All-in, for-All, Believing and Being, and 
Collective Contribution, students are better prepared for STEAM-based activities, 
including roleplay. The exercises above are starting points for teachers to lead 
students through trust-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 reasoning, active listening, openness to new ideas, divergent-
convergent thinking; and critical-ŀƴŀƭȅǘƛŎŀƭ ǘƘƛƴƪƛƴƎΦ ¦ƭǘƛƳŀǘŜƭȅΣ ǘƘǊƻǳƎƘ ǘƘŜ !./Ωǎ 
of STEAM Culture teachers will prepare students for effective roleplay and set the 
stage for success.   
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the arts into the classroom. She regularly speaks around the world 
on her theories of Social Empowerment, the Artistry of Innovation, 
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What Does Creativity Look Like in the STEAM Classroom? 
By Elaine Perignat & Jen Katz-Buonincontro 
 

 

 
Example of a classroom STEAM project. 

 
 
Although a variety of models propose creativity as part of STEAM education (Allina, 
2017; Daugherty, 2013; Partnership for 21st Century Skills, 2011), STEAM educators 
sometimes struggle with developing student creativity (Perignat & Katz-Buonincontro, 
2018). As there are a variety of interpretations of creativity (Beghetto, Kaufman, & Baer, 
2014), it can be difficult for teachers to decide how to foster creativity in STEAM 
classrooms (LaJevic, 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 vital for 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 engages 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 quality 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 activities) (Angrosino & Mays dePerez, 2000) and an observation 
protocol based on the Creativity Fostering Teacher Behaviors Index survey (CFTIndex) 
ό{ƻƘΣ нлллύΦ {ŜƭŜŎǘƛǾŜ ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ǘŜŀŎƘŜǊǎΩ ŀŎǘƛƻƴǎΣ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ŀƴŘ ǊŜǎǇƻƴǎŜǎ ǘƘŀǘ 
matched nine CFTIndex principle behavioral areas were recorded as written field notes 
ŘǳǊƛƴƎ мн {¢9!a ŎƭŀǎǎŜǎΣ ŜŀŎƘ ƭŀǎǘƛƴƎ сл ƳƛƴǳǘŜǎ ƛƴ ŘǳǊŀǘƛƻƴΦ ²Ŝ ŘŜŦƛƴŜ άŎǊŜŀǘƛǾƛǘȅέ 
and then discuss four of the nine CFTIndex principles most relevant to fostering 
creativity in STEAM classrooms. 

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 enhancing sǘǳŘŜƴǘǎΩ 
independent and flexible thinking, creative self-efficacy, and creative problem-solving 
skills. Research has shown that creativity is learned through example and practice (Root-
Bernstein, 2015). Therefore, teachers are expected to model the values and behaviors 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 & Williams, 1996). Cropley (1995) believed 
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 discuss four of these 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 strong foundation 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, this 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 classroom. The 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 an effective hurricane-proof 
house prototype. As students progress through the unit, teachers give students 
opportunities to think critically about global warming and the impact of extreme 

http://www.circesfu.ca/


CIRCE: The Centre for Imagination in Research, Culture & Education http://www.circesfu.ca 

 

 

68 

weather. For instance, Ms. Andrews asked students to relate a reading on water surges 
ǘƻ ǘƘŜƛǊ ƘƻǳǎŜ ŘŜǎƛƎƴǎ ōȅ ŀǎƪƛƴƎΣ ά.ŀǎŜŘ ƻƴ ȅƻǳǊ ǊŜŀŘƛƴƎǎΣ Ƙƻǿ ƘƛƎƘ Ŏŀƴ ŀ ǎǘƻǊƳ ǎǳǊƎŜ 
ƎƻΚ !ƴŘ ǿƘȅ ŀǊŜ ǿƛƴŘƻǿǎ ŀ ƘǳƎŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴΚέ !ŦǘŜǊ ƻǇŜƴ ŘƛǎŎǳǎǎƛƻƴΣ ǎǘǳŘŜƴǘǎ 
added innovative design elements like wetsuits and rubber seals to protect their houses. 
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 Tip: 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, researchers should avoid dependency on frequency counts of teacher 
ōŜƘŀǾƛƻǊΣ ǿƘƛŎƘ Ƴŀȅ ƴƻǘ ōŜ ƛƴŘƛŎŀǘƻǊǎ ƻŦ ǘŜŀŎƘŜǊǎΩ ŜŦŦŜŎǘƛǾŜ ǘŜŀŎƘƛƴƎ όCƻǊǊŜǎǘŜǊ ϧ IǳƛΣ 
2007), but instead observe the range and quality of opportunities for student 
engagement through exploration, open-ended inquiry, self-expression, and authentic 
ŀǎǎŜǎǎƳŜƴǘǎ ŦƻǊ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ǎǘǳŘŜƴǘǎΩ ŘŜŜǇŜǊ ŎƻƴŎŜǇǘǳŀƭ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ό{ŀǿȅŜǊΣ 
2015).  

Principle 2: Delay judging students' ideas until they have been thoroughly worked out 
and clearly formulated.  
hǾŜǊǾƛŜǿΥ ²ƘŜƴ ǘŜŀŎƘŜǊǎ ŘŜƭŀȅ ƧǳŘƎŜƳŜƴǘ ƻŦ ǎǘǳŘŜƴǘǎΩ ǉǳŜǎǘƛƻƴǎΣ ƛŘŜŀǎΣ ŀƴŘ 
suggestions, it demonstrates to students that their creative ideas are supported and 
ǾŀƭǳŜŘΦ ¢Ƙƛǎ ǇŜǊŎŜƛǾŜŘ ǘŜŀŎƘŜǊ ǎǳǇǇƻǊǘ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ŘŜǾŜƭƻǇƛƴƎ ǎǘǳŘŜƴǘǎΩ ŎǊŜŀǘƛǾŜ 
self-efficacy, willingness to take intellectual risks, self-evaluation, 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 teacher wants 
to hear (Beghetto, 2009).  

Classroom Example: An example of this principle in the 5th grade STEAM class 
occurred during a one-day design challenge in which groups of students were asked to 
create an inventive prototype to solve an assigned problem using one bag 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 and carefully delayed judgment as 
students explained their inventions. The first group explained that their invention was a 
ǎƻƭǳǘƛƻƴ ǘƻ ŎŀǊǊȅƛƴƎ ŀ ƘŜŀǾȅ ƻōƧŜŎǘΦ aǊΦ /Ŝƭƭƛǘǘƛ ŀǎƪŜŘΣ άƘƻǿ ǿƛƭƭ ȅƻǳ ƎŜǘ ǘƘŜ ƘŜŀǾȅ ƻōƧŜŎǘ 
ƻƴ ǘƻǇ ƻŦ ȅƻǳǊ ƛǘŜƳ ǘƻ ŎŀǊǊȅ ƛǘΚέ ¢ƘŜ ǎǘǳŘŜƴts provided an answer, and without 
ǊŜǎǇƻƴŘƛƴƎ aǊΦ /Ŝƭƭƛǘǘƛ ǘƘŜƴ ŀǎƪŜŘΣ ά²Ƙŀǘ ǿƛƭƭ ȅƻǳǊ ƛǘŜƳ ōŜ ƳŀŘŜ ƻŦΚ ²Ƙŀǘ ƳŀǘŜǊƛŀƭǎ 
ǿƛƭƭ ȅƻǳ ǳǎŜΚέ ¢ƘŜ ǎǘǳŘŜƴǘǎ ǊŜǎǇƻƴŘŜŘ ǿƛǘƘ ƛŘŜŀǎ ŦƻǊ ǎǘǊƻƴƎ ƳŀǘŜǊƛŀƭǎ ǘƻ ōǳƛƭŘ ǘƘŜ 
ŘŜǎƛƎƴΦ CƛƴŀƭƭȅΣ aǊΦ /Ŝƭƭƛǘǘƛ ŀǎƪŜŘ ǘƘŜ ǎǘǳŘŜƴǘǎΣ ά²Ƙƻ will use this invention? And does it 
ƘŀǾŜ ŀ ƴŀƳŜΚέ !ŦǘŜǊ ǘƘŜ ǎǘǳŘŜƴǘǎ ŀƴǎǿŜǊŜŘΣ aǊΦ /Ŝƭƭƛǘǘƛ ǘƘŀƴƪŜŘ ǘƘŜƳ ŦƻǊ ǎƘŀǊƛƴƎΣ 
praised their work and ideas, and asked the next group to present (Perignat, 2018).  

Research Tip: Documentation can be used to capture art outcomes in STEAM 
classrooms. But photographs and videos can be used to document the creative process, 
ƴƻǘ Ƨǳǎǘ ǘƘŜ Ŧƛƴŀƭ ƻǳǘŎƻƳŜǎ ƻŦ {¢9!a ǇǊƻƧŜŎǘǎΦ {ƪŜǘŎƘŜǎ ŀƴŘ άƳŀƪŜǊέ ǎǘŀǘŜƳŜƴǘǎ ǎƘƻǿ 
how students are working out the ideas behind their projects, and can complement the 
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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 suggested helps 
to boost student 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 conditions.  
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, 2001; 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 classroom included a variety 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 greenhouse effect using 
art materials and repurposed supplies brought from home. Finally, student groups are 
completing a long-term project of designing, building, and testing a house prototype 
that can withstand hurricane conditions in a lab. This project requires students 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 art materials in {¢9!a ǎŜǘǘƛƴƎǎΦ LǘΩǎ Ǿƛǘŀƭ ǘƻ ƻōǎŜǊǾŜ Ƙƻǿ ǘŜŀŎƘŜǊǎ ŀƴŘ ǎǘǳŘŜƴǘǎ 
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 showing students how to use materials (Coulson & Burke, 2013; James, 1997), 
how to interpret art (Budge, 2016) and make connections to real-world scenarios (Chiu, 
2009). Another important aspect in classroom observations of STEAM creativity is to 
discern whether the student initiates activities, or whether the teacher initiates 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, Green, & 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 unusual.  
Overview: Frustration and failure are essential elements of creative problem-solving, 
design processes, artistic processes, and other processes in which failure is a means for 
improvement (Petroski, 2001). However, students often perceive failure as a flaw and 
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 which Mr. Norman, 
ƻƴŜ ƻŦ ǘƘŜ ǘŜŀŎƘŜǊǎΣ ǎŀƛŘ ǘƻ ǎǘǳŘŜƴǘǎΣ ά{ƻƳŜǘƛƳŜǎ ǿƘŜƴ ǘƘƛƴƎǎ ŘƻƴΩǘ Ǝƻ ǘƘŜ ǿŀȅ ȅƻǳ 
ŜȄǇŜŎǘΣ ǎƻƳŜǘƛƳŜǎ ǘƘŀǘ ƳŜŀƴǎ ȅƻǳΧǿƘŀǘΚ LǘΩǎ ŀ ōŀŘ ǎŎƘƻƻƭ ǿƻǊŘΦ ώǎǘǳŘŜƴǘǎ ǊŜǎǇƻƴŘϐΦ 
¸ŜǎΦ ¸ƻǳ CŀƛƭΦ .ǳǘ ŦŀƛƭǳǊŜ ƘŜǊŜ ƛǎ ƎƻƻŘΦέ !ǎ ǎǘǳŘŜƴǘǎ ǇǊƻƎǊŜǎǎŜŘ ǘƘǊƻǳƎƘ ǾŀǊƛƻǳǎ Řesign 
challenges and dioramas, the STEAM teachers encouraged perseverance by saying, 
ά²ŜƭƭΣ ƛŦ ȅƻǳǊ ŦƛǊǎǘ ŀǘǘŜƳǇǘ ŘƛŘƴΩǘ ǿƻǊƪΣ ǿƘŀǘ ŜƭǎŜ Ŏŀƴ ȅƻǳ Řƻ ώǘƻ ŦƛȄ ƛǘϐΚέ ƻǊ ά¸ŜǎΦ LŦ ȅƻǳ 
move one piece around, you may need to consider moving other pieces too. But test it 
ƻǳǘΦ {ŜŜ Ƙƻǿ ƛǘ ǿƻǊƪǎΦέ CƛƴŀƭƭȅΣ ǘƘŜ ŎǳƭƳƛƴŀǘƛƴƎ ƘǳǊǊƛŎŀƴŜ-proof house design project 
incorporates purposeful failure. As students test their prototypes, failure is inevitable, 
and students are expected to reexamine their design, material choices, and make 
improvements (Perignat, 2018).  

Research Tip: When examining how students tackle problems and grapple with 
ƳƛǎǘŀƪŜǎΣ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ŘƛǎŎǊŜǘŜ ŀǎ ǿŜƭƭ ŀǎ ŀƎƎǊŜƎŀǘŜŘ ƛƴǎǘŀƴŎŜǎ ƻŦ ǘŜŀŎƘƛƴƎ 
and learning creativity. This means examining students over 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 (Katz-Buonincontro & Anderson, 2018). Because mistakes can be 
ƘƛƎƘƭȅ ǇŜǊǎƻƴŀƭΣ ƻōǎŜǊǾŀǘƛƻƴǎ ǎƘƻǳƭŘ ōŜ ŦŀƛǊ ƛƴ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ǎǘǳŘŜƴǘǎΩ ŜŦŦƻǊǘǎΣ ŀƴŘ 
give a sense of authenticity of the situation. 

Conclusion 
Taken together, these four creativity principles coupled with classroom examples 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. Teachers should 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 foster creativity 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 developing STEAM curriculum. These 
actions will perpetuate positive creativity-fostering behaviors necessary for enhancing 
ǎǘǳŘŜƴǘǎΩ ŎǊŜŀǘƛǾƛǘȅ ƛƴ {¢9!aΦ  
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Collage, Science and Art  
By Dennis Summers 
 
 

 
 
I studied both chemistry and fine art when I was in college, and most of my artwork 
since then has been inspired by science. It has also been influenced by my long-term 
interest in the mythic structures of non-EuroAmerican cultures, along with whatever 
other ideas I might find compelling at the time. Because of the wide range of not always 
obviously related topics, my work 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 career, most of my work was presented 
as multi-media site-specific sculptural installations. In the early years of this century, I 
recognized that the image quality of digital software had finally developed to the point 
that I could be satisfied with what could be crafted on computers and delivered as 
video. Most of my work since then has been synthetically created in compositing and 3D 
animation software. 
 LΩŘ ƭƛƪŜ ǘƻ ƳŀƪŜ ŀ ǊŜƭŜǾŀƴǘ ŘƛƎǊŜǎǎƛƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ Ƴȅ ŎǊŜŀǘƛǾŜ 
process over the decades. Early on, I would take scientific concepts, often from 
quantum physics, and consciously re-present them as modified aesthetic objects within 
ritualistic looking environments. Although I still believe that the work was effective, as 
time passed, I began to trust my intuition more. As years passed, I learned to create 
ƻōƧŜŎǘǎ ŀƴŘ ǳǎŜ ǘƘŜƳ ƛƴ ǿŀȅǎ ǘƘŀǘ Ƨǳǎǘ ŦŜƭǘ άǊƛƎƘǘέ ǘƻ ƳŜΦ L ǿƻǳƭŘ ŀǊƎǳŜ ǘƘŀǘ Ƴȅ ŜŀǊƭƛŜǊ 
approach was a by-product of the pedagogy of studio art classes, at least as practiced in 
ǘƘŜ ƭŀǘŜ тлǎ ŀƴŘ ŜŀǊƭȅ улǎΣ ŀƴŘ L ƘŀǾŜ ƴƻ ǊŜŀǎƻƴ ǘƻ ǘƘƛƴƪ ǘƘŀǘ ƛǘΩǎ ŎƘŀƴƎŜŘΦ In such 
ŎƭŀǎǎŜǎ ǘƘŜ ǎǘǳŘŜƴǘ ƛǎ ŀƭǿŀȅǎ ŀǎƪŜŘ ǘƻ ƧǳǎǘƛŦȅ ǘƘŜƛǊ ŀŜǎǘƘŜǘƛŎ ŘŜŎƛǎƛƻƴǎΣ ŀƴŘ ƛŦ ǘƘŜȅ ŎŀƴΩǘ 
articulate a cogent defense their grades will suffer. I mention this because given the 
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context within which this article appears I believe that we need to be careful when 
ŀǎǎŜǎǎƛƴƎ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ ά!έ ǿƛǘƘƛƴ {¢9!aΦ ά!έ ǊŜǉǳƛǊŜǎ ŘƛŦŦŜǊŜƴǘ ǎǘŀƴŘŀǊŘǎ ŀƴŘ 
approaches, and we should not lose sight of these distinctions when crafting both an 
educational environment and determining success. 
 As an example of my maǘǳǊŜ ŀǇǇǊƻŀŎƘΣ ŀƴŘ ŀ ǇƻǘŜƴǘƛŀƭ ƳƻŘŜƭ ŦƻǊ ƻǘƘŜǊǎΣ LΩƳ 
going to describe a long-ǘŜǊƳ ǇǊƻƧŜŎǘ ǘƘŀǘ LΩǾŜ ōŜŜƴ ǿƻǊƪƛƴƎ ƻƴ ŦƻǊ ŀōƻǳǘ мл ȅŜŀǊǎ ŎŀƭƭŜŘ 
Slow Light Shadow Matter (SLSM). Slow Light Shadow Matter comprises 13 short 
digitally created animated videosτabout four minutes eachτtwelve 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 resolution 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 
syntheticτthey are created entirely via software. The technical process is this: after 
ŘƻƛƴƎ ǘƘŜ ǊŜǎŜŀǊŎƘΣ L ŘŜǘŜǊƳƛƴŜ ǿƘƛŎƘ ǎƻǊǘǎ ƻŦ ŜƭŜƳŜƴǘǎ LΩŘ ƭƛƪŜ ǘƻ ƛƴŎƭǳŘŜΦ aƻǎǘ ƻŦ 
these are modeled and textured in 3D software. A smaller number of elements might 
originate as still images or video that are then considerably 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 order to create 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 itself refers to two concepts from 
Physics. In 1999, ǎŎƛŜƴǘƛǎǘǎ άǳǎŜŘ ŀ ƴŜǿ ǎǘŀǘŜ ƻŦ ƳŀǘǘŜǊ ŎŀƭƭŜŘ ŀ .ƻǎŜ-Einstein 
ŎƻƴŘŜƴǎŀǘŜ Χ ǘƻ ōǊƛƴƎ ƭƛƎƘǘ Řƻǿƴ ǘƻ ǘƘŜ ǎǇŜŜŘ ƻŦ ŀ ōƛŎȅŎƭŜ ŀƴŘ ǘƘŜƴ ƭŀǘŜǊ ǘƻ ŀ ŘŜŀŘ Ƙŀƭǘέ 
(Perkowitz, 2011, p. 8). This is called slow light. Shadow matter refers to a hypothetical 
ǎǳōǎǘŀƴŎŜ άǘƘŀǘ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ƻǊŘƛƴŀǊȅ ƳŀǘǘŜǊΣ ƻƴƭȅ ōȅ ƎǊŀǾƛǘȅΣ ǿƘƛŎƘ ƳŜŀƴǎ ƘŀǊŘƭȅ ŀǘ 
ŀƭƭέ (Thomsen, 1985, p. 296). Each chapter draws from an artist-scientist dyad who were 
approximate contemporaries. I have yet to complete all the chapters and although the 
matching of individuals has been determined by intuition, over the years pairs have 
changed or specific people have been replaced. 
 
The scientist/artist pairs as of this writing are listed here: 
Prologue (El Greco) 
1. Isaac Newton/Jan Vermeer 
2. Michael Faraday/William Turner 
3. James Clerk Maxwell/Claude Monet 
4. Rosalind Franklin/Richard Long 
5. Ernest Rutherford/Paul Cezanne 
6. Niels Bohr/Wassily Kandinsky 
7. David Bohm/Richard Pousette-Dart 
8. Albert Hofmann/Pierre Soulages 
9. John S. Bell/Jasper Johns 
10. John Archibald Wheeler/Agnes Martin 
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11. Murray Gell-Mann/Sol Lewitt 
12. James Lovelock or Lynn Margulis/Ana Mendieta 
 
!ǎ ƳŜƴǘƛƻƴŜŘΣ ǘƘŜǎŜ ǇŀƛǊƛƴƎǎ ŎŀƴΩǘ ŜƴǘƛǊŜƭȅ ōŜ ŜȄǇƭŀƛƴŜŘ ǊŀǘƛƻƴŀƭƭȅΣ ŀƭǘƘƻǳƎƘ L Ŏŀƴ ƎƛǾŜ 
some indications. For example, I feel that the field theories developed by Faraday 
correspond to natural forces of fire, water etc. as painted by Turner. But this is where 
ǘƘŜ ǇƻǿŜǊ ƻŦ ŎƻƭƭŀƎŜ ŎƻƳŜǎ ƛƴǘƻ ǇƭŀȅΦ 9ǾŜƴ ƛŦ L ŎŀƴΩǘ ŀǊǘƛŎǳƭŀǘŜ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇΣ L Ŏŀƴ 
displŀȅ ƛǘ ǾƛǎǳŀƭƭȅΦ CǳǊǘƘŜǊ ƻƴΣ LΩƭƭ ŎƻƴǎƛŘŜǊ ǘƘŜ WƻƘƴ {Φ .ŜƭƭκWŀǎǇŜǊ WƻƘƴǎ ŎƘŀǇǘŜǊ ƛƴ ƳƻǊŜ 
detail. But first I need to discuss some of the other elements that are included, along 
with some over-arching aesthetic strategies that I can articulate. 
 I investigate the physical nature and history of light (or more generally 
electromagnetism)τthat 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 of electromagnetic or quantum theory. The work of the artists 
generally relates to light as color. There are three dissimilar scientists who represent a 
sub-theme of biology. Here too, divergent artists are included in order to develop other 
ideas. These three can be seen in the individual lines in the list above. Woven into the 
chapters is a cross-referential structure of systems that include alchemy, mythologies of 
non-EuroAmerican cultures, and Biology in order to draw out related conceptual 
connections.  
 Although the scientists and artists differ from chapter to chapter, the entire 
ǎŜǊƛŜǎ ƛǎ ōƻǳƴŘ ǘƻƎŜǘƘŜǊ ōȅ ƳǳƭǘƛǇƭŜ ǘƘŜƳŜǎ ŀƴŘ ƳƻǘƛŦǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ƻƴŜ άƴŀǊǊŀǘƛǾŜέ 
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 elements on 
the periodic chart. 
 So to be clear, although several components differ, there is a large group of 
ŜƭŜƳŜƴǘǎ ǘƘŀǘ ŀǊŜ ǊŜǳǎŜŘ ƛƴ ŜǾŜǊȅ ŎƘŀǇǘŜǊΦ !ǎ LΩǾŜ ŎǊŜŀǘŜŘ ŜŀŎƘ ŜƭŜƳŜƴǘ ƛƴ о5 ǎƻŦǘǿŀǊŜΣ 
I can animate them in different ways each time. So for example, in one chapter we may 
only see the object in extreme close-up 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 until it moves past the camera 
and is gone. This ensures both visual and conceptual variety. 
 The point behind this variety comes from a construction methodology inspired 
ōȅ άƳƻŘŜǊƴέ ƧŀȊȊ ƳǳǎƛŎ ƛƴ ƎŜƴŜǊŀƭΣ ŀƴŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ǘƘŜ ŦǊŜŜ-jazz of composer and 
saxophonist Ornette Coleman (interested readers should check out his album In All 
Languages). What I 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 played on different occasions by the same band can sound unrecognizably 
different. In a nod to Coleman, I wrote a text that was recorded by voice-talent and 
mostly resembles his life and musical theory. I then split it into smaller sections that are 
incorporated into each video. Additionally, superimposed on the voice-over are free 
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improv compositions created by internationally known composer and musician Thollem 
Electric. 
 [ŜǘΩǎ ƴƻǿ ƭƻƻƪ ŀǘ ŎƘŀǇǘŜǊ ф ƛƴ ŘŜǘŀƛƭΦ Lƴ ŀƭƭ ǘƘŜ ǎǘƛƭƭ ƛƳŀƎŜǎ ǊŜǇǊƻŘǳŎŜŘ ƘŜǊŜ ŦǊƻƳ 
the video, one can see that the background loosely resembles the series of paintings 
done by Jasper Johns largely from the 1970s known as the crosshatch paintings. (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 
ƻŦ ǇŀǘǘŜǊƴǎΦ {ƻƳŜǘƛƳŜǎ ǘƘŜǎŜ ǇŀǘǘŜǊƴǎ άƳŀǘŎƘέ ŦǊƻƳ ƻƴŜ ƻǳǘǎƛŘŜ ŜŘƎŜ ǘƻ ǘƘŜ ŜŘƎŜ ƻŦ 
the opposite side of the painting. For me, these sorts of patterns somehow speak to the 
woǊƪ ǘƘŀǘ ƳŀŘŜ ǘƘŜ ǇƘȅǎƛŎƛǎǘ WƻƘƴ {Φ .Ŝƭƭ ǎƻ ƛƳǇƻǊǘŀƴǘΦ Yƴƻǿƴ ŀǎ .ŜƭƭΩǎ ¢ƘŜƻǊŜƳΣ ŀƴŘ 
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 a 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 known as spin) could be 
measured on one particle. 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 
to me resembles the ǇŀǘǘŜǊƴǎ ƻŦ WƻƘƴǎΩ ǇŀƛƴǘƛƴƎǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ŀƭǘƘƻǳƎƘ L ŎŀƴΩǘ ŀŘŘǊŜǎǎ 
it here in depth, the work of both men fits uncomfortably into that of their 
contemporaries. 
 

 
In this frame one can see the figure of Hermes mentioned earlier in this article. Purple 
letters and numbers can be seen spiraƭƛƴƎ ƻǳǘ ƻŦ Ƙƛǎ άōƻŘȅέΦ IŜǊƳŜǎ ǿŀǎ ǊŜŎƻƎƴƛȊŜŘ ŀǎ 
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. 
 

 
Another figure that is seen in each chapter from various perspectives is the alchemical 
hermaphrodite climbing a DNA double helix. It is seen in the center panel of frame 1071. 
IŜǊŜ ƛǎ ŀƴ ŜȄŀƳǇƭŜ ƻŦ ǘǊǳǎǘƛƴƎ Ƴȅ ƛƴǘǳƛǘƛƻƴΣ ŀǎ LΩƳ ƴƻǘ ŎŜǊǘŀƛƴ ǘƘŀǘ L ŎƻǳƭŘ ŀŎǘǳŀƭƭȅ 
ŀǊǘƛŎǳƭŀǘŜ ǿƘȅ LΩǾŜ ƛƴŎƭǳŘŜŘ ǘƘƛǎ ŎƻƳǇƻƴŜƴǘΦ Lƴ ǘƘƛǎ ƛƳŀƎŜΣ ƻƴŜ Ŏŀƴ ŀƭǎƻ ǎŜŜ ǘƘŜ ǘŜȄǘǎ 
that move horizontally across the side panels. These texts are taken from the writings of 
Bell. 
 

 
Each chapter also includes a different architectural structure that can range from 
ƳƻƴǳƳŜƴǘǎ ƭƛƪŜ {ǘƻƴŜƘŜƴƎŜ ǘƻ ƻƴŜ ƻŦ !ǇƻƭƭƻΩǎ ¢ŜƳǇƭŜǎΣ ŀǎ ǎŜŜƴ ƛƴ ŦǊŀƳŜ нррлΦ ¢ƘŜǊŜ 
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are several stories in Greek mythology 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 boat on the back of a snake. 
  

 
hƴŜ ƭŀǎǘ ŎƻƳǇƻƴŜƴǘ LΩŘ ƭƛƪŜ ǘƻ Ǉƻƛƴǘ ƻǳǘ ƛǎ ǘƘŜ ƳƻǳǎŜ ƛƴ ǘƘŜ ōƻǘǘƻƳ ŎƻǊƴŜǊ ƻŦ this 
frame. The original source is videoτaltered considerablyτthat shows a mouse whose 
behavior is controlled by light pulses running through a cable implanted into his brain. 
¢ƘŜ ǊŜŀŘŜǊ ǿƛƭƭ ƴƻǘŜ ǘƘŀǘ L ƘŀǾŜƴΩǘ ŜȄǇƭŀƛƴŜŘ ŜǾŜǊȅ ŜƭŜƳŜƴǘ ǎŜŜƴ ƛƴ ǘƘŜǎŜ ŦǊŀƳŜǎΣ ƴƻǊ 
ƻǘƘŜǊǎ ǎŜŜƴ ŜƭǎŜǿƘŜǊŜ ǿƛǘƘƛƴ ǘƘŜ ŎƻƳǇƭŜǘŜ ǾƛŘŜƻΣ ōǳǘ L ǘƘƛƴƪ ǘƘŀǘ LΩǾŜ ŜȄǇƻǎŜŘ ŜƴƻǳƎƘ 
to show how the complex interrelated nature of collage can be a powerful tool for 
drawing together ideas from science, art, mythology and more. (Here is a link to the 
complete video.) 
 

Dennis Summers 
cco@stage2001.com 
www.stage2001.com 
505-384-9888 
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The STS Futures Lab at James Madison University: 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 
problem-solving hands on, interesting, and relevant for our students? How can we 
encourage 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 
primary appƻƛƴǘƳŜƴǘǎ ŀǊŜ ƛƴ ǘƘŜ ōŀŎƘŜƭƻǊΩǎ ŘŜƎǊŜŜ ǇǊƻƎǊŀƳ ƛƴ LƴǘŜƎǊŀǘŜŘ {ŎƛŜƴŎŜ ŀƴŘ 
Technology (ISAT) within SIS, and our role, specifically, is to engage students in reflecting 
ƻƴ ǘƘŜ άǎƻŎƛŀƭ ŎƻƴǘŜȄǘǎέ ƻŦ ǘŜŎƘƴƻƭƻƎȅ ŀƴŘ ǎŎƛŜƴŎŜΦ L{!¢ ƛǎ ŀ ǳƴƛǉǳŜΣ ƛƴǘŜǊŘƛǎŎƛǇƭƛƴŀǊȅΣ 
ABET-accredited applied science and technology program that trains students to analyze 
and address complex sociotechnical problems with a systems-thinking mindset. Our 
holistic problem-solving 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-
ƛƴǘŜƎǊŀǘŜŘ ƛƴǘƻ ǎǘǳŘŜƴǘǎΩ ŀǇǇƭƛŜŘ ǎŎƛŜƴŎŜ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅ ŎƻǳǊǎŜǿƻǊƪΦ ¢ƘŜ ŎƘŀƭƭŜƴƎŜǎ ƻŦ 
doing this are also opportunities to re-think our pedagogical approaches. For example, 
we established the STS Futures Lab to embrace doing social contexts as part of doing 
science and technologyτan approach that leverages the lab setting and hands-on 
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 as 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 political dimensions of high tech innovation. Aimed at building our capacities for 
responding to and reasoning about the fast-paced and impactful changes that confront 
society through science and technology, we believe that we urgently need more robust 
methods for 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 the Autonomous 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 scale autonomous vehicle and our meetings where 
we discussed readings and examined the ethical dimensions of autonomous vehicles, 
ǘƘŜȅ ōŜƎŀƴ ǘƻ ǊŜŦŜǊ ǘƻ ƻǳǊ ƳŜŜǘƛƴƎǎ ŀǎ ǘƘŜ ά{¢{ ƭŀōέςthat is, the Science, Technology, & 
Society Lab. We began to work with our students on incorporating two toolsτscenario 
analysis and design fictionτto 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 and now a recent alumnus who co-
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 project. Building 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 community. While not 
limited to scenario analysis and design fiction, these methodologies form the backbone 
of much of the futures-oriented work we do in the lab engaging anticipatory ethics and 
anticipatory governance.  
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What is scenario analysis? 
Scenario analysis refers to a method primarily used in business consulting for analyzing 
plausible mid- to long-term 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, non-profit, 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 todayςan 
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 usefulness 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 socio-technical change. 

What is design fiction? 
Design fiction 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 design fiction that we might frequently encounter come from Hollywood 
science-fiction filmsςscenes 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 technologies shown are commonplace and ordinary. In the STS Futures Lab, 
we have adapted this practice to use a range of tools that we have access toςfrom 
traditional art supplies to digital mediaςto build on scenario analysis by creating an 
artifact that can be used 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 us to interrogate the social, ethical, and political dimensions of this 
ǘŜŎƘƴƻƭƻƎȅ ōŜȅƻƴŘ ǿƘŀǘ ǿŜ ƘŀŘ ƻǊƛƎƛƴŀƭƭȅ ŀƴǘƛŎƛǇŀǘŜŘΦ ¢Ƙƛǎ άŘŜǘƻǳǊ ƛƴǘƻ ǘƘŜ ŦǳǘǳǊŜέ 
may even inform our contemporary design and policy choices. We are currently writing 
grants to support engagement 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 fiction is extremely 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 one 75-minute class period that can 
still serve as a meaningful and engaging activityτparticularly 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 integrated into a module or research topic. In a course introducing students to 
science, technology, and society, we experimented with a multi-class engagement that 
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adapted the gamified version of the scenario analysis and design fiction activity 
developed by our stǳŘŜƴǘ /ƘŀǎŜ /ƻƭƭƛƴǎΦ !ǇǇƭƛŜŘ {¢9a ǎǘǳŘŜƴǘǎ ƛƴ {Ƙŀƴƴƻƴ /ƻƴƭŜȅΩǎ 
sections participated in a multi-week interactive and hands-on case study focusing on 
the anticipatory governance and ethical implications of emerging autonomous vehicles 
(AV). Students were tasked 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 
άƪƴƻǿƭŜŘƎŜ ŘƻƳŀƛƴǎέ ƛƴ which they were expected to conduct in-depth research and 
Ǝŀƛƴ ŀ Ǌƻōǳǎǘ ǿƻǊƪƛƴƎ ŜȄǇŜǊǘƛǎŜ ǿƛǘƘƛƴ ǘƘŜƛǊ ǇŀǊǘƛŎǳƭŀǊ ŘƻƳŀƛƴΦ tǊƛƻǊ ǘƻ ǘƘŜ ǎǘǳŘŜƴǘǎΩ 
final presentations, and equipped with the research from their knowledge domain, 
student teams participated in an 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 
ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŀ άǎƭƛŎŜ ƻŦ ƭƛŦŜΣέ ƛƳŀƎƛƴƛƴƎ ŀ ǿƻǊƭŘ ƛƴ ǿƘƛŎƘ !±ǎ ǿŜǊŜ ŎƻƳƳƻƴǇƭŀŎŜΦ 
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 to analyze their 2D artwork using an ethical analysis 
framework. Students integrated their analysis and design fiction in their final briefing 
presentations to the fictional senator.  

{ƛƳƛƭŀǊƭȅΣ ǎǘǳŘŜƴǘǎ ƛƴ 9Ƴƛƭȅ ¸ƻǊƪΩǎ ǎŜŎǘƛƻƴǎ ǘƻƻƪ ǘƘŜ ƎŀƳƛŦƛŜŘ ǎŎŜƴŀǊƛƻ ŀƴalysis 
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 study. Using arts 
and craft materials, found objects, and digital media, they worked in groups to create 
multimodal design fictions. Then, in a poster-session style final exam session, they 
presented their design fictions to each of the other groups, engaging in dialogue 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 Lab aŜƳōŜǊΩǎ tŜǊǎǇŜŎǘƛǾŜ 
These tools can also be adapted for a younger audienceτand the process of adapting 
these tools is itself a great learning engagement for undergraduate students. Samuel 
Kodua is a third-year Integrated Science and Technology student at James 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 JMU.  

One of their first community 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 gamified 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 inquiry into socio-technical 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 served as participants 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 to ǊŜŦƭŜŎǘ ŀ άƳŀƪŜ ȅƻǳǊ ƻǿƴ ŎƻƳƛŎ ōƻƻƪέ 
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 used throughout 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 particularly useful 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 previous designs 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 the design 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 As A Research Methodology 
We are also adapting our approaches and implementing them as a research 
ƳŜǘƘƻŘƻƭƻƎȅΣ ƛƴ ŀ ǎŎƘƻƭŀǊƭȅ ǇǊƻƧŜŎǘ ǘƛǘƭŜŘ ά/ƻ-Imagining Futures with Scientists and 
9ƴƎƛƴŜŜǊǎΦέ ²Ŝ ŀǊŜ ǳǎƛƴƎ ƻǳǊ ǘŜŎƘƴƛǉǳŜǎ ƻŦ ŎƻƭƭŀōƻǊŀǘƛǾŜ ƛƳŀƎƛƴŀǘƛƻƴ ŀƴŘ ƛƴŦǳǎing them 
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) semi-structured interviews 
and observation, we work with our subjects to co-create 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 outlets such as 
scholarly journals, but to also present these collaborations in more readily accessible 
ŀƴŘ ǇǳōƭƛŎ ŜƴƎŀƎŜƳŜƴǘ ƻǊƛŜƴǘŜŘ ŎƻƴǘŜȄǘǎΦ ²Ŝ ƛƴǘŜƴŘ ǘƻ ŎǊŜŀǘŜ ŀ ǇƻŘŎŀǎǘ ŎŀƭƭŜŘ ά²ŜƛǊŘ 
5ŜǘƻǳǊǎ ƛƴǘƻ ǘƘŜ CǳǘǳǊŜ ǿƛǘƘ {ŎƛŜƴǘƛǎǘǎ ŀƴŘ 9ƴƎƛƴŜŜǊǎέ ŀƴŘ ŀ ¸ƻǳ¢ǳōŜ ŎƘŀƴƴŜƭ ǊŜŎording 
our engagements using 360 VR video. Our hope is to establish a 2-way 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.  
 

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, scientific experts, and K-12 
communities in reflecting on the roles and responsibilities of citizens and scientists 
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within a democracy. For example, enabling us to take our approach outside of the 
classroom and into our local community, we plan to invite citizens and scientists to 
ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ŀƴ άLƳŀƎƛƴƛƴƎ IŀǊǊƛǎƻƴōǳǊƎέ ŜȄŜǊŎƛǎŜ ƛƴ ŀ ŦƻǊǳƳ ǎǳŎƘ ŀǎ ǘƘŜ IŀǊǊƛǎƻƴōǳǊƎ 
Public Library where we collaboratively explore plausible socio-technical futures and 
responsible citizenship in light of emerging technologies related to topics 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 student elaborations 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 can I become involved? 
Please contact us at yorker@jmu.edu or conleysn@jmu.edu, or alternatively, contact us 
using the contact form on our website (https://sites.lib.jmu.edu/stsfutureslab/) if: 

 You are a technologist or researcher who would like to participate in our study, 

ά/ƻ-LƳŀƎƛƴƛƴƎ CǳǘǳǊŜǎΦέ  

 You are interested 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 purposes. 

 You have other ideas for collaboration or engagement and would like to 

brainstorm exciting new possibilities!  

   
Shannon N. Conley is an assistant professor in Integrated Science and Technology at 
James Madison University and a co-founder of the JMU STS Futures Lab. 
 
Emily York is an assistant professor in the School of Integrated Sciences at James 
Madison University and a co-founder of the JMU STS Futures Lab. 
 
Samuel Kodua is a third year in the Integrated Science and Technology program at 
James Madison University and a member of the JMU STS Futures Lab.  
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Experimenting with Writing/Writing with Experiments 
By Pippa Goldschmidt  
 
 

 
Astronomical Discovery; H.H. Turner (1904)1 

 
 
Imagine this:  

¸ƻǳΩǊŜ ƛƴ ŀ ƭƛŦǘΦ ¸ƻǳΩǊŜ ŀŎǘǳŀƭƭȅ ǘǊŀǇǇŜŘ ƛƴ ǘƘƛǎ ƭƛŦǘ ŀƴŘ ȅƻǳ ŎŀƴΩǘ ǎŜŜ ƻǳǘΣ ǎƻ ȅƻǳ 
have no idea where you are. A single lightbulb illuminates the interior, the metal walls, 
ǘƘŜ ōǳǘǘƻƴǎ ȅƻǳ ŎƻǳƭŘ όƛƴ ǘƘŜƻǊȅύ ǇǊŜǎǎΦ 9ȄŎŜǇǘ ǘƘŜȅ ŘƻƴΩǘ ǎŜŜƳ ǘƻ ōŜ ǿƻǊƪƛƴƎΦ  

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 guess that you (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.  

¢ƘŜ ǘǊǳǘƘ ƛǎ ǘƘŀǘ ƛǘΩǎ ƛƳǇƻǎǎƛōƭŜ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǘǿƻ Ǌather different 
scenarios. This person-in-a-box thought experiment was actually devised by Einstein in 
his development of general relativity (to demonstrate that gravity is not a particularly 
ǎǇŜŎƛŀƭ ŦƻǊŎŜ ŀƴŘ Ŏŀƴ ōŜ ǘǊŀƴǎŦƻǊƳŜŘ ŀǿŀȅύΦ LǘΩǎ ŀ ǘȅǇƛŎŀƭ ƻƴŜ ƛn that it uses an 
apparently straightforward (if rather extreme) situation to help illuminate some 
underlying physics. 

                                                 
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 
quantum mechanics and they operate a bit like flash fictions, complete with a 
dependence on people and their experiences, and also upon the accoutrements of 
everyday life; trains, ǘƻǊŎƘŜǎ ŀƴŘ ƭƛŦǘǎ ŀƭƭ ǇƻǇǳƭŀǘŜ 9ƛƴǎǘŜƛƴΩǎ ǿƻǊƪΦ IŜ ǿŀǎƴΩǘ ǘƘŜ ƻƴƭȅ 
twentieth-century physicist to use thought experiments to underpin his work, 
{ŎƘǊǀŘƛƴƎŜǊΩǎ Ŏŀǘ ƛǎ ŀƴƻǘƘŜǊ ŜȄŀƳǇƭŜ ƻŦ ŀƴ ŜȄǇŜǊƛƳŜƴǘ ǘƘŀǘ ŦǳƴŎǘƛƻƴǎ ŀǎ ŀ ǇƛŜŎŜ ƻŦ 
fiction to generate some knowledge about the real world. 

¢Ƙƛǎ ƛǎ ǿƘŀǘ ŦƛŎǘƛƻƴ ǿǊƛǘŜǊǎ ŀƭǎƻ ƪƴƻǿΣ ŦƛŎǘƛƻƴ ƛǎ ΨƳŀŘŜ ǳǇΩ ōǳǘ ƛǘΩǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ 
ǘƘŜ ǊŜŀƭ ŀƴŘ ƘŜǊŜΩǎ ǘƘŜ ǘƘƛƴƎτin turn it tells us something about the real. This boundary 
between real and not-real is porous, blurry. 

Likewise, science 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. 

.ǳǘ ŘƻŜǎƴΩǘ ǎŎƛŜƴŎŜ ǊŜǉǳƛǊŜ ǘƘŜ ǎŀƳŜ ŎŜǊǘŀƛƴǘȅ ŀǎ ǇǊƻǇŀƎŀƴŘŀΚ LǎƴΩǘ ǘƘŜ ǇǳǊǇƻǎŜ 
of a scientific text to convince the reader that there is only one interpretation? That may 
ōŜ ǘƘŜ ŎŀǎŜΣ ōǳǘ ǘƘŜ ǊŜŀŘŜǊ ƛǎ ŦǊŜŜ ǘƻ ǊŜƧŜŎǘ ƛǘΦ ¢ƘŜǊŜΩǎ ŀ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ 
ostensible aim of scientific writing, and its actual reception. In practice, other scientists 
read scientific accounts in order to test them, to pick holes, to find the gaps in logic, and 
the uncertainties in the data. These gaps are essentialτout of these gaps spring the 
new work. 

Put it another way; at what point does the following set of statements cross 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 sub-atomic 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 from 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 believing?2 
 
I wrote this poem many years after I left school. I went to school in the 1980s in 
England, a time and place in which schoolkids were subject to a particularly narrow (and 

                                                 
2 ΨtƘȅǎƛŎǎ ŦƻǊ ǘƘŜ ǳƴǿŀǊȅ ǎǘǳŘŜƴǘΩΣ tΦ DƻƭŘǎŎƘƳƛŘǘΣ ŦƛǊǎǘ ǇǳōƭƛǎƘŜŘ ƛƴ Ψ²ƘŜǊŜ wƻŎƪŜǘǎ .ǳǊƴ ¢ƘǊƻǳƎƘΥ 
ŎƻƴǘŜƳǇƻǊŀǊȅ ǎŎƛŜƴŎŜ ŦƛŎǘƛƻƴ ǇƻŜǘǊȅ ŦǊƻƳ ǘƘŜ ¦YΩΣ нлмнΣ tŜƴƴŜŘ ƛƴ ǘƘŜ aŀǊƎƛƴǎΣ ¦Y 
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in-depth) curriculum. From the age of fifteen I studied nothing but math, physics, and 
German, and when I asked if I could sǘǳŘȅ ǎƻƳŜǘƘƛƴƎ ΨŀǊǘȅΩΣ ǎǳŎƘ ŀǎ ŀǊǘ Ƙistory, 
alongside all the hours and hours of calculus and geometry and mechanics and atomic 
theory and lab work and irregular verbs, the teachers laughed at me. You chose arts or 
sciences and that was that. I suppose I was lucky to be able to study German, and 
ǇǊƻōŀōƭȅ ƻƴƭȅ ǘƘŀǘ ōŜŎŀǳǎŜ ƛǘ ǿŀǎ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŀ ΨǎŎƛŜƴǘƛŦƛŎΩ ƭŀƴƎǳŀƎŜΦ  

Perhaps because of this, I have used my subsequent experiences as an academic 
scientist (I was an astrophysicist for a few years) as raw data for some rather 
unacademic practiceτnamely writing literature. Novels, short stories and poems. And 
LΩƳ ƪŜŜƴ ƻƴ ƘŜƭǇƛƴƎ ƻǘƘŜǊ ǇŜƻǇƭŜ ǘƻ ōǊŜŀƪ Řƻǿƴ ōŀǊǊƛŜǊǎ ōŜǘǿŜŜƴ ŀǇǇŀǊŜƴǘƭȅ ǳƴǊŜƭŀǘŜŘ 
subject matter. 

Talking about thought experiments encourages people to see that making stuff 
ǳǇ ƛƴ ǘƘŜƛǊ ƘŜŀŘǎ ƛǎ ƴƻǘ ƻƴƭȅ ƛƴǘŜǊŜǎǘƛƴƎ ōǳǘ ŀƭǎƻ ŀ ǎǘƻǊȅΦ LǘΩǎ ƴƻǘ ƻƴƭȅ ŀ ǎǘƻǊȅ ōǳǘ ŀƭǎƻ ŀƴ 
aspect of scientific practice.  

Workshop outline:  
Show students a glass plate photograph of the night sky, taken at the UK Schmidt 

Telescope3 and 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 black speck 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 to bŜ ŎƛǊŎǳƭŀǊΦ ¢Ŝƭƭ ǘƘŜƳ ǘƘŀǘ ǿŜΩǊŜ ŀŎǘǳŀƭƭȅ ƭƻƻƪƛƴƎ ŀǘ 
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 until about 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:  

¶ Excitement and aweτǿƻǿΗ LΩƳ looking at the Universe! 

¶ Nostalgiaτfor old-fashioned technology dating from before the use of 

film. 

¶ InsignificanceτǿŜΩǊŜ ǎƻ ǎƳŀƭƭ ŀƴŘ ǘƘŜǎŜ ƻōƧŜŎǘǎ ŀǊŜ ǎƻ ōƛƎΦ 

¶ Confusionτwhat does it all mean? 

¶ BoredomτL ŘƻƴΩǘ ǳƴŘŜǊǎǘŀƴŘΗ 

¶ Fearτare these objects looking at uǎ ƛƴ ǘƘŜ ǿŀȅ ǿŜΩǊŜ ƭƻƻƪƛƴƎ ŀǘ ǘƘŜƳΚ 

¶ Connectionτwe can take photos of these things! We can understand 

them! 

                                                 
3 https://www.aao.gov.au/about -us/uk -schmidt-telescope 
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¶ DistanceτǘƘŜȅΩǊŜ ǳƴƛƳŀƎƛƴŀōƭȅ ŦŀǊ ŀǿŀȅΗ 

This is our way in to writing imaginatively about such objects, by considering and talking 
about the related emotions. 

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 I 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 the machine. That ghost is the 
author (or authors) of formal narratives who rarely refer to themselves as individual 
people with preferences, hang-ups or emotions. Writing fiction about the authors can 
help put flesh on that ghost, and reanimate them. And this is why we read novels. We 
ƪƴƻǿ ǘƘŀǘ ǿƘŀǘ ǿŜΩǊŜ ǊŜŀŘƛƴƎ ƳƛƎƘǘ ƴƻǘ ōŜ ƘƛǎǘƻǊƛŎŀƭƭȅ ǘǊǳŜ ƻǊ ŦŀŎǘǳŀƭƭȅ ŎƻǊǊŜŎǘΣ ǘƘŀǘ 
even historical characters are essentially made up by the author in the way they 
construct speech and thoughts. But literature teaches us empathy and reveals 
psychological truths. 

Apart from when I 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 I am also an 
unofficial writer-in-residence at STIS, the Science, Technology and Innovation Studies 
unit in the School of Social Sciences at the University of Edinburgh. This means that I 
ƘŀƴƎ ŀǊƻǳƴŘ ŀǘ ŎƻŦŦŜŜ ǘƛƳŜ ŀƴŘ ŀǎƪ ǉǳŜǎǘƛƻƴǎ ŀōƻǳǘ ǇŜƻǇƭŜΩǎ ǊŜǎŜŀǊŎƘΣ ŀƴŘ ŦǊƻƳ ǘƘƛǎ 
rather caffeine-laden habit I have become involved in a number of creative 
interdisciplinary projects.  

hƴŜ ƻŦ ǘƘŜƳ ǊŜƭŀǘŜǎ ǘƻ CǊŜǳŘΩǎ ǳƴŎŀƴƴȅΣ ǘƘŜ ƛŘŜŀ ƻŦ ǘƘŜ ŦŀƳƛƭƛŀǊ ƎƻƴŜ ǎǘǊŀƴƎŜΣ 
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 attack themselves (through 
auto-immune disease), they can be augmented through implants and prosthetic limbs 
(which sometimes try too hard to be life-like), they can be kept alive by devices that are 
not themselves alive (autonomous heart defibrillators). So, a collection 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 
ǿŀǎ ǘƻ ǘŀƪŜ CǊŜǳŘΩǎ Ŝǎǎŀȅ ŀƴŘ ǎŎǊƛōōƭŜ ŀƭƭ ƻǾŜǊ ƛǘΣ ŀƴŘ ǊŜƳŀƪŜ ƛǘΦ The familiar de-
ŦŀƳƛƭƛŀǊƛǎŜŘΦ ¢Ƙƛǎ ƛǎ ƻŦǘŜƴ ŎŀƭƭŜŘ ΨŦƻǳƴŘ ǇƻŜǘǊȅΩΣ ǘƘŜ ǿƻǊƪǎƘƻǇ ƭŜŀŘŜǊ bƛŎƪ-e Melville4 is 
an expert in this genre.  

Each inter-disciplinary project that I am, or have been, involved in seems to 
require a different process so it can be hard to generalise about artistic practices and 
ǇŜŘŀƎƻƎƛŜǎΦ .ǳǘΣ ƛƴ ƎŜƴŜǊŀƭΣ ǿƘŜƴ ȅƻǳΩǊŜ ŀǊǊŀƴƎƛƴƎ ŦƻǊ ǇŜƻǇƭŜ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ŘƛǎŎƛǇƭƛƴŜǎ 
to get together, a few basic rules are worth considering: 

                                                 
4 http://www.scottishpoetrylibrary.org.uk/poet/nick -e-melville/  
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 hƴƭȅ ƎŜǘ ǇŜƻǇƭŜ ǘƻƎŜǘƘŜǊ ƛŦ ǘƘŜȅΩǊŜ ƎŜƴǳƛƴŜƭȅ ŜƴǘƘǳǎƛŀǎǘƛŎΦ 9ǾŜǊyone likes the 
sound of interdisciplinary projects but they take time to organise and are slow to get off 
ǘƘŜ ƎǊƻǳƴŘ ōŜŎŀǳǎŜ ǇŜƻǇƭŜ ƴŜŜŘ ǘƛƳŜ ŀƴŘ ǎǇŀŎŜ ǘƻ ƭŜŀǊƴ ŀōƻǳǘ ŜŀŎƘ ƻǘƘŜǊΩǎ ǿƻǊƪΦ 
 5ƻƴΩǘ ƳŀƪŜ ǘƘŜƳ ŀ ƻƴŜ-way street! Too many (far too many) projects assume 
that the scientists are there to instruct/enlighten/inform the artists, who will then 
ŘǳǘƛŦǳƭƭȅ Ǝƻ ŀǿŀȅ ŀƴŘ ōŜ ΨƛƴǎǇƛǊŜŘΩ ōȅ ǘƘŜ ǎŎƛŜƴǘƛǎǘǎ ǘƻ ǇǊƻŘǳŎŜ ǎƻmething that 
illustrates their sŎƛŜƴŎŜΦ .ǳǘ ǎŎƛŜƴǘƛǎǘǎ ŘƻƴΩǘ ǿƻǊƪ ƛƴ ŀ ǾŀŎǳǳƳ όŀƭǘƘƻǳƎƘ ǘƘŜȅ Ŏŀƴ 
literally work with vacuum, such as in particle accelerators)τsee 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 knows aōƻǳǘ ŜŀŎƘ ǇŜǊǎƻƴΩǎ 
expertise and interests in the lab or the studio before you give them fridge magnets to 
play with. 

bƻǘ ŜǾŜǊȅǘƘƛƴƎ ǊŜǎǳƭǘǎ ƛƴ ƻǳǘǇǳǘΦ {ƻƳŜǘƛƳŜǎ ƛǘΩǎ ŀ ƭŜŀǊƴƛƴƎ ŜȄǇŜǊƛŜƴŎŜΣ ŀ ǇǊƻŎŜǎǎΦ 
It may not produce anything tangible, or at least not yet. 

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 
about it, 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. 
 

 
Pippa DƻƭŘǎŎƘƳƛŘǘ ƛǎ ŀ ǿǊƛǘŜǊ ōŀǎŜŘ ƛƴ 9ŘƛƴōǳǊƎƘΣ {ŎƻǘƭŀƴŘΦ {ƘŜΩǎ 
the author of the novel The Falling Sky and the short story 
collection The Need for Better Regulation of Outer Space, as well 
as co-editor (with Tania Hershman) of I Am Because You Are, an 
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 McGarry 
 
NOTE: This article (Stronger Together: Making STEAM Partnerships) has been rewritten 
from an Accepted Manuscript of an article published by Taylor & Francis in Art Education 
on 08 Feb 2018, available online: http://www.tandfonline.com/, 
https://doi.org/10.1080/00043125.2018.1414535. 
 
 

 
±ƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ά/ƻƳƳǳƴƛǘȅ ƻŦ [ŜŀǊƴŜǊǎέ ŎƻƴǎǘǊǳŎǘŜŘ ŀǎ ŀ ƳŀǉǳŜǘǘŜ ǎǳǇǇƻǊǘƛƴƎ ƭŜǎǎƻƴ 

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 teakettle: rising 
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 of science, technology, engineering, and mathematics, with the arts 
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 
ŜȄǘŜƴŘŜŘ ƛƴǘƻ ŎǊƛǘƛŎŀƭ ƳŀƪƛƴƎΣ ƻǊΣ ƛƴ Ƙƛǎ ǿƻǊŘǎΣ άǘƘƛƴƪƛƴƎ ŀǎ ƳŀƪƛƴƎέ όaŀŜŘŀΣ нлм2). He 
stressed the historical connections between art and design and the STEM disciplines.  

{¢9a ƛƴƛǘƛŀǘƛǾŜǎ ŘŀǘŜ ōŀŎƪ ǘƻ ǘƘŜ мфрлΩǎ όDƻƴȊŀƭŜǎ ϧ YǳŜƴȊƛΣ нлмнύΣ ōǳǘ 
Renaissance guild traditions occurred even earlier. Guild mentors transferred 
knowledge, skills, and dispositions to younger, untrained mentees in scientific, artistic, 
and craft/trade disciplines to secure the guilds and the institutions they promoted (Ito, 
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 question-based dialogic encounters. Guild-like learning 
between art and science disciplines have faded, though inquiry remains a vital 
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component for these disciplines. Arts-based learning may even promote literacy in 
{ŎƛŜƴŎŜ ǿƘŜƴκƛŦ ǘƘŜ ǘǿƻ ŘƛǎŎƛǇƭƛƴŜǎ άǊŜ-ŎƻƴƴŜŎǘέ ό{ŜƛŦǘŜǊ ŀǎ ŎƛǘŜŘ ƛƴ wƻōŜƭŜƴΣ нлммΣ ǇΦ нΤ 
Seifter, 2013). Connecting the disciplines of art and design may contribute to innovation 
ŀƴŘ ŘƛǎŎƻǾŜǊȅ ŀƴŘ ŜƳōǊŀŎŜ ǘƘŜ ά!έ ŀǎ ŀƴ ŀŎǘƛǾŜ ǇŀǊǘƛŎƛǇŀƴǘ ƛƴ ŎǊŜŀǘƛǾŜ ƭŜŀǊƴƛƴƎ 
ecologies.  

!ŘǾƻŎŀǘƛƴƎ ŦƻǊ ƻǊ ōŜŎƻƳƛƴƎ ŀƎŜƴǘǎ ƻŦ ǘƘŜ ά!έ ƳƛƎƘǘ ƛƭƭǳƳƛƴŀǘŜ ǊŜƭŜǾŀƴǘ 
actionable pathways for transdisciplinary learning. Encouraging partnerships between 
STEM disciplines and the aǊǘǎ Ƴŀȅ ƛƭƭǳǎǘǊŀǘŜ ƻƴŜ ǎǳŎƘ ǇŀǘƘǿŀȅΦ aŀŜŘŀΩǎ {¢9a ǘƻ {¢9!a 
initiatives suggest a path inclusive of the arts, recognizing how the arts enable learning 
ōŀǎŜŘ ƻƴ ŀŎǘƛǾŜ ŜƴƎŀƎŜƳŜƴǘ ƛƴ ŎǊƛǘƛŎŀƭ ǘƘƛƴƪƛƴƎ ƻǊ άǘƘƛƴƪƛƴƎ ǿƘƛŎƘ ƛǎ ŦƻŎǳǎŜŘ ƻƴ the 
ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ŀƭǘŜǊƴŀǘƛǾŜǎέ ό[ŀƳǇŜǊǘΣ нллсΣ ǇΦ псύΦ {¢9!a ƻŦŦŜǊǎ ǎǳŎƘ ŀƴ 
alternative.  

To imagine agency through STEAM engagement, this article utilizes the Voltron 
metaphor to highlight how each letter in the STEAM acronym has individual significance, 
yet the potential to make deeper, meaningful impacts when used collectively. Voltron, a 
popular science-fiction animation, is a character comprised of individually color-coded 
robotic lions united as a force against evil. Building from this cooperative metaphor, I 
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 curriculum planning 
away from siloed learning and toward integrated, transdisciplinary education through 
STEAM learning ecologies.  

Invoking the Voltron Metaphor 
To illustrate the individual aspects of the STEAM acronym, the features of the Voltron 
character are invoked to metaphorically represent the disciplines of science, technology, 
engineering, arts, and mathematics as a STEAM design. Using a popular animated 
character to illustrate learning through STEAM praxis may also resonate with K-12 
learners. My metaphor visually links one Voltron Lion with each letter in STEAM, 
suggesting an integrated, team-like coming together of the STEAM disciplines.  
 
S (science) = the Green Lion: Guardian Spirit of the Forest 

 
 
 
 
 
 
 

Figure 1. Green Lion  
by Katie Noble (2018). 
 

Curiosity is a trait of the Green Lion and similarly, scientific 

exploration is ripe with curiosity. When partnered with the arts, 

these two disciplines can co-mingle by visualizing scientific data, 

pondering unchartered planets, even potentially revealing an 

alternative presentation of scientific information.  
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T (technology) = the Red Lion: Guardian Spirit of the Core 
 
 
 
 
 
 

 
Figure 2. Red Lion  
by Katie Noble (2018). 
 
E (engineering) = the Yellow Lion: Guardian Spirit of the Land 
 

 
Figure 3. Yellow Lion  
by Katie Noble (2018). 
 
A (art & design) = the Blue Lion: Guardian Spirit of the Water 

  
 
 
 
 
 

Figure 4. Blue lion  
by Katie Noble (2018). 

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

 
 
 
 
 
 

 
Figure 5. Black lion by 
Katie Noble (2018). 

 

Speed and agility are two of the Red Lion traits, though much like 

technology, Red also has an erratic disposition. Partnered with the 

arts, technology supports creative tool application, revealing how art 

and design may positively impact innovations created through 

technological means (Fournier, 2013). 
 

The Yellow Lion is reliable, rough, and robust. To design and create, 

or engineer, takes ñcritical thinking dispositionsò (Lampert, 2006, p. 

215), or a disposition toward a commitment to problem solving 

through investigative means, planning, and a desire to innovate solid 

deliverables.  

Like art and design, 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 arts-based learning, 

expands awareness of alternative viewpoints and creates a more open, 

tolerant approach toward discovery education.  

The Black Lion is said to be a controlling force that unites the lions, 

though often challenging to maneuver. Mathematics unifies the 

other disciplines since math is present in the nuances within each 

strand. It is often described in artistic terms as being beautiful or 

having an aesthetic. Like the Black Lion calling Voltron to form, 

math can unite, bind and support the other letters in making a 

STEAM curriculum stronger together. 
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Watch this clip from Voltron. (https://youtu.be/MtqKaUc6Uas)  
 
The Voltron example illustrates a stronger together STEAM learning model that may 
foster a relevant student-centered learning ecology. K-12 schools that incorporate 
Project Based Learning (PBL) often use the art classroom as a pre-Engineering, thinking 
environment and utilize Engineering processes to design and innovate within a PBL 
curriculum. Art classrooms facilitating studio-based thinking/making/tinkering3, enable 
students through discovery and explorative practice.  

Partnership Examples in Practice 
The following are two examples of how I used a STEAM-focused curriculum model to 
impact teaching and learning in distinct learning environments: (1) a partnership 
between a high school art teacher and myself as co-constructors of PBL, and (2) a 
partnered practicum experience between pre-service and in-service elementary school 
teachers (McGarry, 2018).  

Contemplate, Create, Innovate: Co-Constructing a PBL Experience 
In 2013, I piloted a curriculum model titled, Contemplate, Create, Innovate with a 

visual arts teacher at a STEM high school in Hollywood, California4. Our PBL unit was 
ǘƛǘƭŜŘΣ ά!ƳǳǎŜ aŜΦέ ²Ŝ ŀǎƪŜŘ ǎǘǳŘŜƴǘǎ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ ǉǳŜǎǘƛƻƴΥ What can we create (an 
object, machine, toy) that is amusing? Working in groups or individually, students 
designed prototypes responding to the essential question. To scaffold learning, students 
practiced creating gear boxes (Fig.6) and pop-ups (Fig.7) out of paper. We introduced 
Rube Goldberg machines to illustrate motion and students deconstructed toys to 
understand technical mechanisms within any moving parts. As in engineering practices, 
students kept regular logs to record task completion and feedback sessions with peers. 
Once the prototypes were complete, students presented their investigative responses 
to their peers.  

 
Figure 6. Paper gear box construction 
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Figure 7. Paper pop-up construction 

 
¢ƘŜ ά!Σέ ƛƴ ǇŀǊǘƴŜǊǎƘƛǇ ǿƛǘƘ ƻǘƘŜǊ ŘƛǎŎƛǇƭƛƴŜǎΣ ŀǎƪǎ ǎǘǳŘŜƴǘǎ ǘƻ ǘƘƛƴƪ ŘƛŦŦŜǊŜƴǘƭȅΣ 

imaginatively, and without the restraints of finding a right answer. An art lesson may ask 
students to create something, apply certain skills, and meet certain assessment criteria. 
The arts ask us to question, to develop our own questions based on what we see, hear, 
feel. Questioning often leads to more questioning (Berger, 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 STEAM practices in learning ecologies.  

Pre-Service Practicum Partnerships  
While teaching at California State University Long Beach (CSULB), I developed a 
partnership between my pre-service teachers and teachers at a local elementary school. 
Our partnership consisted of a cohort of pre-service teachers developing a unit of 
inquiry with authentic arts-based practices that integrated with specific K-5 classroom 
content. The pre-service teachers coordinated their lessons with mentor teachers to 
support a transdisciplinary process of teaching and learning. The mentor/mentee teams 
designed meaningful lessons connecting art-thinking/making processes with big ideas 
and interdisciplinary content. As an illustrative example, I will describe the efforts of one 
pre-service teacher cohort assigned to a first grade classroom investigating 
άŎƻƳƳǳƴƛǘȅέ ŀǎ ǇŀǊǘ ƻŦ ŀ ŎƛǘƛȊŜƴǎƘƛǇ ǳƴƛǘΦ  

The cohort began their unit of instruction by looking at the work of 
photographers depicting urban street scenes (see Fig. 8), to illustrate the diversity of 
structures inhabiting an urban community. Then, they explored the work of folk artist, 
Karla Gerard (Fig. 9), whose colorful artwork focuses on visualizing communities as 
imaginative dwelling sites. These two artistic views of community provided visual 
inspiration for representing a community, which, in turn, formed the basis of a unit plan 
where the first-grade students used their civic citizenship unit to compliment creative 
investigation (Marshall, 2006) into visualizing their own community.  
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Figure 8. Broadway, looking north from Broome Street, New York, attributed to Silas A. 
Holmes or Charles DeForest Fredricks. Getty's Open Content Program, c. 1853 - 1855. 

 

 
Figure 9. House trees and birds by Karla Gerard (2010). 

 
The pre-ǎŜǊǾƛŎŜ ǘŜŀŎƘŜǊ ŎƻƘƻǊǘ ŎƘƻǎŜ ά9ȄǇƭƻǊƛƴƎ /ƻƳƳǳƴƛǘȅέ ŀǎ ǘƘŜƛǊ ōƛƎ ƛŘŜŀΣ ŘŜǎƛƎƴƛƴƎ 
their unit to investigate how communities represent aspects of a living environment. As 
the students explored both neighborhood and school communities, 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 traits (Fig. 10) as features for their 
individual portraits and used various materials to create an image representing how 
they visually fit within their communityτthe symbol of home/house/building as self. 
DǊƻǳǇƛƴƎ ǘƘŜǎŜ ǇƻǊǘǊŀƛǘǎ ǘƻƎŜǘƘŜǊΣ ǘƘŜȅ ŎǊŜŀǘŜŘ ŀ Ŏƭŀǎǎ ǇƻǊǘǊŀƛǘ ŀǎ ŀ ά/ƻƳƳǳƴƛǘȅ ƻŦ 
[ŜŀǊƴŜǊǎέ όFig. 11). 

     
 
 
 
 
 
 
 
Figure 10. Concept map of features for individual 
portraits.   
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Figure 11. ±ƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ά/ƻƳƳǳƴƛǘȅ ƻŦ [ŜŀǊƴŜǊǎέ ŎƻƴǎǘǊǳŎǘŜŘ ŀǎ ŀ ƳŀǉǳŜǘǘŜ ǎǳǇǇƻǊǘƛƴƎ 
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. STEAM-based teaching and learning wove the 
disciplines of art and civics into a process of critical thinking, both visually and verbally. 
The first-grade 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 arts integral to learning, these partnership examples recognize 
ŀƴŘ Ŏŀƭƭ ǿƛǘƴŜǎǎ ǘƻ ǿƘŀǘ ǘƘŜ ά!έ ƛƴ {¢9!a ƳƛƎƘǘ ǇǊƻǾƛŘŜ ŦƻǊ ŜƴƘŀƴŎŜŘ ǘŜŀŎƘŜǊ ŀƴŘ 
student learning encounters. A transdisciplinary STEAM curriculum model has the 
ǇƻǘŜƴǘƛŀƭ ǘƻ ŎƭŀƛƳ ǘƘŜ ά!έ ƴƻǘ ŀǎ ŘŜŎƻǊŀǘƛƻƴ ƻǊ ornament, but as a vital and enriching 
component for developing a vibrant learning ecology.  

Expanding Partnering Beyond the Classroom 
In her TED talk, Teaching Art or Teaching to Think Like an Artist, Cindy Foley champions 
a transdisciplinary approach to arts integration, one that asks students to think like 
ŀǊǘƛǎǘǎ ǳǎƛƴƎ άǘǊŀƴǎŘƛǎŎƛǇƭƛƴŀǊȅ ǊŜǎŜŀǊŎƘέ ό¢95Σ нлмпύΦ ¢Ƙƛǎ ǘȅǇŜ ƻŦ ǊŜǎŜŀǊŎƘ ƎŀǘƘŜǊǎ 
information from multiple sources to support, validate, and inform critical thinking and 
dispositional learning practices. 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 personnel, and members of local business communities into 
the classroom to experience first-hand STEAM learning in action. Advocating for STEAM 
and acting as agents of inclusive, transdisciplinary learning could include requests for 
educational policy makers to 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 knowledge acquisition in creative learning ecologies.  

The ecology permeating through Voltron suggests the necessity of recognizing 
specialized fields of knowledge as individually significant and vital. However, those 

http://www.circesfu.ca/


CIRCE: The Centre for Imagination in Research, Culture & Education http://www.circesfu.ca 

 

 

99 

individual fields or parts are stronger when theȅ άŎƻƳŜ ǘƻƎŜǘƘŜǊ ƛƴ ŀƴ ƛƳǇǊŜǎǎƛǾŜ ŦŜŀǘ ƻŦ 
ǘŜŀƳǿƻǊƪέ ό{ƛƳƻƴ {ǇƻǘƭƛƎƘǘΣ нлмтΣ ǇΦ олύΦ [ƛƪŜ ƛƴ ǘƘŜ Voltron universe, our educational 
system recognizes the importance of discipline-specific content, yet our parts are more 
likely to remain detached than coming together 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 supporting transdisciplinary learning through 
investigation, critical thinking, and visual literacy. Pre-service teachers can recognize the 
ά!έ ŀƴŘ ƛƳǇƭŜƳŜƴǘ ǎƛƎƴƛŦƛŎŀƴǘ ŀrts-based learning, advancing STEAM as an actionable 
process for building collaborative peer engagement. Participants within partnerships 
can explore transdisciplinary approaches to learning by considering curriculum content 
in each disciplineτscience, technology, engineering, arts, mathematicsτconnecting 
research and exploration that reflects a commitment to integrated learning.  

Steam is produced from an action. STEAM can shift the paradigm of the arts 
ŦǊƻƳ άƴƛŎŜ ǘƻ ƘŀǾŜέ ǘƻ άƴŜŜŘ ǘƻ ƘŀǾŜΣέ ŀǎ aŀŜŘŀ ŘŜŦƛƴŜŘ ƛƴ Ƙƛǎ ǘŀƭƪΦ ±ƻƭǘǊƻƴ Ŏŀƴ ƛƴǎǇƛǊŜ 
us to come together as a team. Making transdisciplinary learning ecologies embraces 
ǘƘŜ ά!έ ŀǎ ŀ ǇŀǊǘƴŜǊ ƛƴ {¢9a ŀƴŘ ŎƘŀƳǇƛƻƴǎ ƭŜŀǊƴƛƴƎ ǘƘŀǘ Ŏŀƴ ōŜΣ ǎƘƻǳƭŘ ōŜΣ ŀƴŘ ǿƛƭƭ ōŜΦ  
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ǿŀǎ ǘƛǘƭŜŘΣ ά{ǳǇŜǊ {ŜǎǎƛƻƴΥ {¢9a ǘƻ {¢9!aΣ ¢ƘŜ aŜŀƴƛƴƎ ƻŦ LƴƴƻǾŀǘƛƻƴΦέ John Maeda 
also wrote policy with the Congressional STEAM Caucus in 2013.  
 
2 DreamWorks Voltron Legendary Defender © 2017/8, DreamWorks Animation LLC. 
http://www.dreamworkstv.com/shows/voltron-legendary-defender/  
 

3See, for example, the methodology behind TAB, Teaching for Artistic Behavior, at: 
http://teachingforartisticbehavior.org/, and the approach described within Hetland, L., Winner, 
E., Veenema, S., Sheridan, K.M. (2013). Studio thinking: The real benefits of visual arts 
education. New York, NY: Teachers College Press. 
 
4Thank you to Anne Uphoff, visual art educator at STEM Academy, Hollywood, CA, during the 
time of the pilot program. Information on Project Based Learning and the Buck Institute can be 
found at: http://.bie.org/   
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Imagining Physicsτ! ¢ŜŀŎƘŜǊΩǎ 9ȄǇŜǊƛŜƴŎŜ 
By Lawrence Herklots 
 
 

 
Figure 1: Interference in a soap film.  

One of the photographs taken by Graham Piggott, Head of Art. 
 
King Edward VI School, in Southampton England, is a typical English 11-18 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 or four Advanced Level subjects. At this point a fairly 
clear arts/science divide occurs although many of those studying the sciences continue 
to take an extra-curricular interest in the arts.  

Over the years, the physics department in particular has looked to engage the 
students creatively with the subject and encourage links between physics and the 
ŎǊŜŀǘƛǾŜ ŀǊǘǎΦ !ǎ ǿŜƭƭ ŀǎ ǘƘŜ ǳǎǳŀƭ ŜȄŀƳǇƭŜǎ ƻŦ ǇǳǇƛƭǎΩ ǿƻǊƪΣ ǘƘŜ ŘŜǇŀǊǘƳŜƴǘ ŘƛǎǇƭŀȅǎ !м 
photographs taken by the Head of Art. These are close ups of experiments carried out as 
ǇŀǊǘ ƻŦ ǘƘŜ ŎǳǊǊƛŎǳƭǳƳΣ ōǳǘΣ ǘƘǊƻǳƎƘ ǘƘŜ ǇƘƻǘƻƎǊŀǇƘŜǊΩǎ ƛƳŀƎƛƴŀǘƛƻƴ ŀƴŘ ǎƪƛƭƭ ǘƘŜȅ 
become something more than a record of an experiment. For example, the close up of 
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the interference pattern on a soap film bears a resemblance to some of the Voyager 
images of Jupiter. 

The long science corridor makes a similar implicit link between science and 
visualisation. A strip of timber extends down the corridor, marked on a logarithmic scale 
from 10-10 m to 1026 m. Above the scale are images corresponding to sizes or distances. 
¢ƘŜ ŦƛǊǎǘ ƛƳŀƎŜ ƛǎ ƻŦ ŀ ǇƛƭŜ ƻŦ ƎƻƭŘ ŀǘƻƳǎΣ ŦƻƭƭƻǿŜŘ ōȅ /ǊƛŎƪΩǎ ǎƪŜǘŎƘ ƻŦ 5b!Φ ¢ƘŜ ŘƛǎǇƭŀȅ 
finishes with the Hubble Deep Field. These images fall into two broad categories; those, 
such as the Crick sketch, that show the imagination 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 active affair. 

Within curriculum time, there is little space to explore ideas that lead beyond 
the examination syllabus. Therefore, as a physics specialist, encouraging pupils to use 
their imaginations and creativity in Physics curriculum, time means bringing out the 
imagination within the subject rather than supplementing ǘƘŜ ŎǳǊǊƛŎǳƭǳƳ ǿƛǘƘ ΨŎǊŜŀǘƛǾŜΩ 
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 example of finding 
imagination in ǘƘŜ tƘȅǎƛŎǎΩ curriculum. 

As Head of Science and Technology, I have been lucky to work with a colleague in 
the music department in writing and producing physics-based musicals. These 
encourage pupils (and teachers) to use all their 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 second part of the article looks at this extra-curricular approach.  

Drip-Feeding The Imagination 
It is 3:15 on a dreary, drizzly November afternoon. The windows of the junior physics lab 
are dribbling with the exhalations of the previous class. I have put the apparatus on the 
benches: battery packs, connecting wires, ammeters, voltmeters and small lamps in 
their holders. I let the class into the lab for their last lesson of the day. The twenty-four 
Year 10 pupils are here, on a darkening Wednesday afternoon, to learn about electrical 
circuits.  

The lesson follows its usual course: there are a number of simple circuit diagrams 
on the screen; I demonstrate how to set up the first, a series circuit with two lamps. The 
challenge for the students is to measure the current at various points. I 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. I ask one of the less-focused boys what an 
ŜƭŜŎǘǊƛŎŀƭ ŎǳǊǊŜƴǘ ƛǎΤ ά! ŎǳǊǊŜƴǘ ǘƘŀǘΩǎ ŜƭŜŎǘǊƛŎέ ƘŜ ǊŜǎǇƻƴŘǎΦ L ŎƘƻƻǎŜ ǘƻ ƛƎƴƻǊŜ ǘƘŜ 
ŦŀŎŜǘƛƻǳǎƴŜǎǎ ŦƻǊ ǘƘŜ ƳƻƳŜƴǘ ŀƴŘ ŀǎƪ ŦƻǊ ŀƴȅ ƻǘƘŜǊ ƛŘŜŀǎΦ ά! Ŧƭƻǿ ƻŦ ŜƭŜŎǘǊƻƴǎέ ŎƻƳŜǎ 
ǘƘŜ ǊŜǎǇƻƴǎŜ ŦǊƻƳ ƻƴŜ ƻŦ ǘƘŜ ƳƻǊŜ ŎƻƴŦƛŘŜƴǘ ƎƛǊƭǎΦ ά9ȄŀŎǘƭȅ ǎƻΣ ǿŜƭƭ ŘƻƴŜέ L ǊŜǎǇƻƴŘ ŀǎ ŀ 
tiny seed of doubt lodges in my mind. I send the boys and girls to their benches and they 
begin the practical. 

L ǎǇŜƴŘ ǘƘŜ ƴŜȄǘ ǘǿŜƴǘȅ ƳƛƴǳǘŜǎ ŎƘŜŎƪƛƴƎ ŀƴŘ ŎƻǊǊŜŎǘƛƴƎ ǘƘŜ ǇǳǇƛƭǎΩ ŎƛǊŎǳƛǘǎ ǎƻ 
ǘƘŀǘ ǘƘŜȅ ǊŜŎƻǊŘ ǘƘŜ ΨŎƻǊǊŜŎǘΩ ǾŀƭǳŜǎΦ !ǎ L Řƻ ǘƘƛǎΣ L ǉǳŜǎǘƛƻƴ ǘƘŜƳ ǘƻ ƎŀǳƎŜ ǘƘŜƛǊ 
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understanding. This can be a dispiriting process. The same sort of questions come up 
ŦǊƻƳ Ƴŀƴȅ ƎǊƻǳǇǎΥ ά.ǳǘ ǿƘȅ ŘƻŜǎ ǘƘŜ ŎǳǊǊŜƴǘ ƴƻǘ ƎŜǘ ǳǎŜŘ ǳǇ ƛƴ ǘƘŜ ŀƳƳŜǘŜǊΚ Iƻǿ Řƻ 
ǘƘŜ ŜƭŜŎǘǊƻƴǎ ƪƴƻǿ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ƭŀƳǇǎ ƛƴ ǘƘŜ ŎƛǊŎǳƛǘΚέ  hǊΣ ƳƻǊŜ ŎƘŀƭƭŜƴƎƛƴƎ ŦƻǊ 
ǘƘŜ ǘŜŀŎƘŜǊ ά²Ƙŀǘ Řƻ ǘƘŜǎŜ ƴǳƳōŜǊǎ ƻƴ ǘƘŜ ŀƳƳŜǘŜǊ ŀŎǘǳŀƭƭȅ ǎƘƻǿΚέ ¢ƘŜǎŜ ŀǊŜ ŀƭƭ 
good questions showing as much understanding as ignorance. And they set me thinking 
as I move from one group to another. 

As physics teachers, we do not always consider the imaginative aspect of our 
ǎǳōƧŜŎǘΦ [ƻƴƎ ōŜŦƻǊŜ tƭŀǘƻΩǎ ƳŜǘŀǇƘƻǊ ƻŦ ǘƘŜ ŎŀǾŜΣ ǘƘŜ ǘǊadition of thinking upon which 
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 teacher) to see why 
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 cover in class, 
however precise and mathematical, have developed from the imagination of previous 
thinkers.  

In school PhysicsΣ ǘƘŜ ƛƳŀƎƛƴŀǘƛǾŜ ŎƻƴǎǘǊǳŎǘǎ ǘƘŀǘ ΨǿƻǊƪΩ ƘŀǾŜ ǎǳŎƘ ŜȄǇƭŀƴŀǘƻǊȅ 
ǎǘǊŜƴƎǘƘ ǘƘŀǘ ǘƘŜȅ ōŜŎƻƳŜ ΨŦŀŎǘǎΩΦ ¢Ƙƛǎ ǇǊŀƎƳŀǘƛŎ ŀǇǇǊƻŀŎƘ ǿƛƭƭ ŎŜǊǘŀƛƴƭȅ ƘŜƭǇ Ƴȅ ¸ŜŀǊ 
10 pupils to calculate the expected current in a circuit and state that it represents the 
flow of electrons. But forgetting or ignoring the role imagination plays, even in this most 
ǇǊƻǎŀƛŎ ǘƻǇƛŎ ƻŦ ƛƴǘǊƻŘǳŎǘƻǊȅ ŜƭŜŎǘǊƛŎƛǘȅΣ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǇǳǇƛƭǎ ŘƻƴΩǘ ŜȄǇŜǊƛŜƴŎŜ ǘƘŜ 
creative aspect of the subject, nor its breadth and power. Had the girl who described 
electrical current as a flow of electrons merely parroted a line from the textbook without 
really thinking about it? (I am fairly sure I know the answer to that question!) 

In the rush to get through the syllabus, it is easy to forget that the young people 
studying Physics have 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 teachers, we 
should consider this creative aspect whilst understanding that we are dealing with 
constrained creativity. If we recognise the imaginative nature of our subject, we will, 
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 we expect 
them to land. Physics, which aims to develop a quantitative description of the world, is 
nonetheless a creative and imaginative activity. It is almost a truism that Physics lessons 
should be minds-on as much as much as hands-on and encouraging pupils to use their 
imaginations whilst performing fairly basic hands-on activities helps prevent the 
practical session from becoming a rather unchallenging time-filler to get through the 
graveyard slot of the last lesson of the day. This drip-feeding 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 
by a sixteen-ȅŜŀǊ ƻƭŘ Ψ5ƛŘ ¢ƘƻƳǎƻƴ ŘƛǎŎƻǾŜǊ ƻǊ ƛƴǾŜƴǘ ǘƘŜ ŜƭŜŎǘǊƻƴΚΩ ȅƻǳ ƪƴƻǿ ǘƘŀǘ ȅƻǳ 
have helped support a learning environment that encourages a creative approach to 
science.  

At the end of the hour spent grappling with the simple circuits, I set a homework 
assignmentτthe pupils are challenged to come up with a new way of explaining the 
simple circuit rules they have been considering. A week later, the pupils submit their 
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work. One pupil makes a video using model cars to represent current flow, another (a 
keen baker, I think) has a bread delivery van dropping off loaves 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 turn. Such occasional homework 
activities, developing from a teaching approach that recognises the role of imagination 
within the subject help the pupils recognise and embrace the model-making nature of 
pƘȅǎƛŎǎ ǿƛǘƘƻǳǘ ǘŀƪƛƴƎ ŀǿŀȅ ǘƘŜƛǊ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ΨǘƘŜ ǊƛƎƘǘ ŀƴǎǿŜǊΩΦ  
 

 
Figure 2: Ψ²ŜƭŎƻƳŜ ǘƻ DŜŘŀƴƪŜƴΩΦ /ŀǎǘ ƻŦ ǊŜŘǳŎŜŘΣ ǘƻǳǊƛƴƎ ǾŜǊǎƛƻƴ {ŜǇǘŜƳōŜǊ нлму 

The Physics Musicals  
Ψ9ƛƴǎǘŜƛƴ ¸ŜŀǊΩ ƛƴ нллр ǇǊƻƳƻǘŜŘ ŘƛǎŎǳǎǎƛƻƴ ƻŦ 9ƛƴǎǘŜƛƴΩǎ ǿƻǊƪ ƛƴ ǎŎƘƻƻƭǎ ŀƴŘ ŎƻƭƭŜƎŜǎ 
across the country. At King Edward VI School, we deveƭƻǇŜŘ Ψ9ƛƴǎǘŜƛƴ ς ¢ƘŜ aǳǎƛŎŀƭΩ ǘƻ 
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 all major 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 and bells), she was pushed in all directions in a 
visual metaphor of Brownian motion. 

Ψ9ƛƴǎǘŜƛƴ ǘƘŜ aǳǎƛŎŀƭΩ ǿŀǎ ŀ ǇƘȅǎƛŎǎ ƭŜŎǘǳǊŜ ǎŜǘ ǘƻ ƳǳǎƛŎ ǿƛǘƘ ǎƻƴƎǎ ǎŜǇŀǊŀǘŜŘ ōȅ 
ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘ ŜȄǇƭŀƴŀǘƛƻƴǎ ŦǊƻƳ ǘƘŜ ƻƭŘŜǊ 9ƛƴǎǘŜƛƴΦ hǳǊ ǎŜŎƻƴŘ ƳǳǎƛŎŀƭΣ Ψ¢Ƙŀǘ /ŜǊǘŀƛƴ 
UncŜǊǘŀƛƴǘȅΩΣ ƘŀŘ ŀ ŦŀǊ ǎǘǊƻƴƎŜǊ ƴŀǊǊŀǘƛǾŜ ŀǊŎτƛǘǎ ǎǘǊŀǇƭƛƴŜ Ψ! ƳǳǎƛŎŀƭ Ŏƻmedy of love, 
loss and quantum pƘȅǎƛŎǎΩΦ ! ŦŀǊŎŜ ǎŜǘ ƛƴ ŀ ǎŜŀǎƛŘŜ ƘƻǘŜƭ ƛƴ мфнтΣ ƛǘ ǿŀǎ ŀƴ ŜȄǘŜƴŘŜŘ 
metaphor for aspects of quantum physics. The two entrances to the stage constantly 
evoked the two-slit 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 their fieldτthus informing the 
audience of the physics.  
 

 
Figure 3: Ψ¢Ƙŀǘ /ŜǊǘŀƛƴ ¦ƴŎŜǊǘŀƛƴǘȅΩΣ ²ƛƴŎƘŜǎǘŜǊ ¢ƘŜŀǘǊŜ wƻȅŀƭΦ ¢ƘŜ ŎƘŀǊŀŎǘŜǊǎ ŀǊŜ 
arguing about Quantum Physics 
 

Ψ²ŜƭŎƻƳŜ ǘƻ DŜŘŀƴƪŜƴΩΣ ǿƘƛŎƘ ŎƻƴŎŜǊƴŜŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŜǾƛŘŜƴŎŜ ǘƘŜ 
luminiferous ether, played in 2017. Another farce, the narrative, set in 1905, touched on 
the rising tensions in central Europe. The female lead, Mrs Staveley, believes that 
ǎŎƛŜƴǘƛǎǘǎ ƘŀǾŜ ōŜŜƴ ƪƛŘƴŀǇǇŜŘ ŀƴŘ ǘŀƪŜƴ ǘƻ ΨDŜŘŀƴƪŜƴΩτa mysterious country in 
central Europe. She suspects a young physicist of forming 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 
ǎŜŎǊŜǘǎ ŦǊƻƳ ǘƘŜ ǎŎƛŜƴǘƛǎǘΧ 

The play explored the null result of the Michelson-Morley experiment, taking in a 
number of other ideas from physics, philosophy and psychology. The play ends with the 
ǇǳōƭƛŎŀǘƛƻƴ ƻŦ 9ƛƴǎǘŜƛƴΩǎ ǎǘŀǘŜƳŜƴǘ ƻŦ ǘƘŜ ƴƻƴ-ŜȄƛǎǘŜƴŎŜ ƻŦ ǘƘŜ ŜǘƘŜǊΦ 9ƛƴǎǘŜƛƴΩǎ 
Gedanken experiments have been misinterpreted as experiments taking place in 
Gedanken. As the ether disappears from Physics, Gedanken vanishes from geography 
(Figure 4). 

We developed these plays for a number of reasons: they give teachers and pupils 
from different disciplines 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 some Physics whilst enjoying all the usual pleasures of 
musical comedy and farce. Lastly, they give all those involved an understanding that 
creativity and imagination are behind all intellectual and artistic endeavours. And 
ǘƘŜȅΩǊŜ ŦǳƴΦ 
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Figure 4: Ψ²ŜƭŎƻƳŜ ǘƻ DŜŘŀƴƪŜƴΩ ²ƛƴŎƘŜǎǘŜǊ ¢ƘŜŀǘǊŜ wƻȅŀƭ нлмтΦ ά!ƭƭ ǎŎƛŜƴŎŜ ƛǎ Physics 
ƻǊ ǎǘŀƳǇ ŎƻƭƭŜŎǘƛƴƎΦέ 9ǊƴŜǎǘ wǳǘƘŜǊŦƻǊŘ 

Conclusion 
Former pupils often tell us that their involvement in the physics musicals was one of the 
highlights of their time in school, and over the years they have returned to see the latest 
productions. They remember the physics content as much as they do the songs and 
choreography. The plays demonstrate that the creative arts require as much intellectual 
effort as Physics requires imagination. Recognising the differences between disciplines 
whilst celebrating their commonalities provides a rich approach to the study of both arts 
and sŎƛŜƴŎŜǎΦ IƻǿŜǾŜǊΣ ǿŜ ǎƘƻǳƭŘƴΩǘ ƻƴƭȅ ǊŜƭȅ ƻƴ ƻŎŎŀǎƛƻƴŀƭ ŜȄǘǊŀ-curricular events to 
support creativity in science but embed it in the day-to-day approach to the subjects as 
studied in school. 

 
Lawrence Herklots is Head of Science and Technology at King 
Edward VI School, Southampton. He is an examiner for Physics and 
has contributed to a number of textbooks.  
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A Colorful STEAM Activity 
By Melike Yigit Koyunkaya, Turan Enginoglu, Burak 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 
asking questions, looking for answers, and reaching new conclusions with scientific 
curiosity that arouses a new problem following each answer. In this sense, as a team, we 
started working to adopt a science, technology, engineering, and mathematics (STEM) 
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 importance of art and esthetics in innovative 
approaches for solving real-life problems. With this emphasis, a science, technology, 
engineering, arts, mathematics (STEAM) education ƳƻŘŜƭ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ōȅ ŀŘŘƛƴƎ ΨŀǊǘΩ 
to STEM education (Baker, 2014). The existing studies argue that the arts are crucially 
important for developing some skills such as creativity, observation, visualization and 
handcraft, which constitute the base of the scientific thought process (Cantrell, 2015). 
The arts also support understanding the engineering design process, conducting this 
process, and improving the spatial thinking, which 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 discipline of art in order to unify the 
phenomenon of color with our visual and esthetic features.  

Color is an interesting phenomenon to work on for different disciplines. A 
ǉǳŜǎǘƛƻƴΣ ά/ƻǳƭŘ ǎƘŀŘƻǿǎ ōŜ ŎƻƭƻǊŦǳƭΚέ ǿŀǎ ƻǳǊ ǎǘŀǊǘƛƴƎ ŀƴŘ ōŀǎŜ Ǉƻƛƴǘ ƛƴ ǘƘƛǎ ǿƻǊƪΦ 
The main aim was to ask a creative question anŘ ǘƻ ƭƻƻƪ ŦƻǊ ŀƴ ŀƴǎǿŜǊΦ ¢ƘŀǘΩǎ ŀƭƭΦ In the 
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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 following 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, 
άŎƻǳƭŘ ǿŜ ōǳƛƭŘ a mathematical model for colors and light and pigments and transition 
ƻŦ ǘƘŜǎŜ ŎƻƭƻǊǎΚέΣ ǊŜǾŜŀƭŜŘ ŀ ǘƘƻǳƎƘǘ ǘƻ ŦƛƴŘ ŀƴ ƛƴǘŜǊŘƛǎŎƛǇƭƛƴŀǊȅ ŀƴǎǿŜǊΦ ¢ƘŜ ǎŜŎƻƴŘ 
question formed another answer that forced the team to work in more depth. We were 
able to model the relationships 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 the discipline of art into our work, we started to see colors 
more attractively. Finally, we showed that a scientifically-based 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 integrating science, technology, art and mathematics 
through the use of an integrated STEAM education framework. While the developed 
activities suǇǇƻǊǘ ǎǘǳŘŜƴǘǎΩ ŎƻƴŎŜǇǘǳŀƭ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴŘ ǇǊƻǾƛŘŜ ƻǇǇƻǊǘǳƴƛǘƛŜǎ ŦƻǊ 
them such as with gaining STEAM literacy and 21st-century skills, as well as preparing 
them for their future jobs, they also provide opportunities for teachers to develop their 
content knowledge and pedagogical-content 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 support students in their learning and the roles of teachers 
in detail. In this paper, two activities are discussed in two stages.  

Section I: How do the shadows build the relationships between colors of light 
and pigments from a mathematical perspective? 
In this work, a meaningful relationship between colors of light and pigments was built 
with the help of shadow, partially full shadow, and multilayer shadow using rectilinear 
propagation of light. This context was interpreted in a mathematical perspective by 
using the concept of sets.  

Introduction 
It is taught that the primary colors of light are redςgreenςblue (RGB), and that the 
secondary colors are CyanςMagentaςYellow (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 colors, Cyan, Magenta and Yellow, are formed when the primary colors of 
light are added one on top of another. 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 form black (lack of light) (Figures 1(a) and 1(b)). 
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1(a) The primary colors of light (RGB) 
and their mixtures on a dark setting. 

1(b) The primary colors of pigments 
(CMY) and their mixtures on a white 
setting. 

 

A Shadow From a Physical Perspective  
In this study, based on the phenomenon of the linear dispersion of light, we suggest a 
STEM activity 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 lamps, a 12-V 
DC adapter, an opaque white balloon and a White screen (white wall) (see Figures 2(a) 
and 2(b)). 

 

  
2(a) Materials for the experiment setup; 
red, blue and green lamps, a white balloon 
and a 12 V adapter. 

2(b) The red, blue and green lamps that 
light up in the experiment. 

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 triangle-shape (such a triangular design is useful to follow the tracks of 
the light radiated 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 
completely 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(a)ς3(c)). 
 

   
3(a) Formation of full 
shadow with a red light 
source.  
 

3(b) Formation of full 
shadow with a blue light 
source. 

3(c) Formation of full 
shadow with a green light 
source. 

 
When light rays radiating from sources in a dark environment fall upon an 

opaque 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 formed as a 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?  
The lamps in the setup in Figure 2 are now used to remake the experiment by lighting 
two of them simultaneously. In this stage, the blueςred, blueςgreen and lastly, the redς
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)ς
(c)). 
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4(a) Formation of partial 
shadows with red and blue 
light sources.  

4(b) Formation of partial 
shadows with blue and green 
light sources.  

4(c) Formation of partial 
shadows with red and green 
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 magenta from blue + red (see Figure 4(a)), cyan from blue + green (see Figure 
4(b)) and lastly, yellow 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 no rays of 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 of full shadow. We call the area peripheral to the black/dark part a partial shadow 
because at least light from a single 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)ς(c)). Using colored lights 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 shadows formed?  
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 shadows intersect 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 the different 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 can reach 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 sources, and light 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. 

Shadow From 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 (B-R = magenta), the intersection of the green color and the blue color as cyan 
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(G-B = cyan) and the intersection of the red color and the green color as yellow (R-G = 
yellow). Finally, the intersection of the three colors can be expressed as white (R-G-
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.  
 

 
Figure 6: Representing 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 area where no light from any of the light sources has reached. Therefore, 
the area can be modeled as  

²ҍόw  D .ύ Ґ Ԛ. 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 on the screen, all of the primary 
light colors radiated from the sources must intersect. We can express this as an equality;  
²Ґ w  D .Φ  

LŦ ǿŜ ǎǳōǎǘƛǘǳǘŜ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎŜǘ ƛƴ ǘƘŜ Ŝǉǳŀƭƛǘȅ ² ҍ όw  D  .ύ Ґ Ԛ, we obtain 

the model for the absence of the white light (W) that shows the area of black/shadow.  

όw  D .ύ ҍ όw  D .ύ Ґ Ԛ 

Since the difference between a set and itself is an empty set, the 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 interpretation of the 
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. 

 

 

Table 1. You can prove the accuracy of the mathematical operations in the table by 
using the Invert Color feature 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 significance 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. 
 

Section II: Exploring the Theory and Application of Complementary Colors 
In this section, we explore the theory and applications of complementary colors using a 
technology-based activity designed from the perspective of STEAM education. 
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Complementary colors and their areas of use were examined from the perspective of 
Physics, Mathematics and Art, respectively. 

Complementary Colors 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 in Figure 7(b). 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 pigment colors are the colors that 
complete the mixture to create black.  

Here, we observe that the point where blue meets its complementary color 
yellow, (the mixture of magenta + cyan) is black. This phenomenon depicts that the 
pigment color yellow has absorbed the light color blue. Similarly, the pigment magenta 
absorbs the light color green (Cyan + Yellow), while the pigment cyan absorbs the light 
color red (magenta + yellow). In other words, each filter absorbs the color which is its 
complementary one. 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 cyan, 
magenta and yellow printing pastes.  

7(b) Secondary colors emerging by placing 
primary color filters on top of each other 
and the darkest obtainable color. 

Observing Complementary Colors with the Help of Technology 
The Invert color feature 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 at the mixture of cyan, 
magenta and yellow (CMY) that we can obtain 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 blue (RGB) and their mixtures. Based on the complementary 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)-(b).  
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Figure 8. The complementary colors of the primary colors 
and mixtures obtained with magenta, cyan and yellow 
pigments in the background, displayed with the Invert 
color feature on our smartphone. 

 

 
9(a) Colors reflected in a flower.  
9(b) Colors (complementary) absorbed in the same 
flower. 
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Complementary Colors from an Art Perspective 

 
(a)                                                (b) 

Figure 10. (a) Turan EnginoƐlu, flowers in a vase, 2007, oils on canvas, 70 × 100 cm, 
private collection. (b) Complementary colors of Ψ¢ǳǊŀƴ 9ƴƎƛƴƻƐƭǳΩs workΩ. 
 
In short, the use of complementary colors in ¢ǳǊŀƴ 9ƴƎƛƴƻƐƭǳΩs work has made the 
painting more vivid and color-harmonious. 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 the light 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 artistΩs application 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. 
 

 
Figure 11. Complementary colors obtained from cross-sectional details on the painting 
using the Invert feature. 
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Conclusion (Section II) 
The three different perspectives described above lead to the following basic 
conclusions. Primary colors of light added one on top of another produce white (white 
light) while pigment colors produce black (lack of light), meaning that in colors of light, 
the complementary of a color is the color that will complete it to produce white while in 
pigments, the complementary is the color that 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 absorbed 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 related to the concept of sets in mathematics 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 used appropriately in many of these pieces have been 
used correctly, in proportion and harmoniously. 
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Turning Wood: STEAM Education and Maker Pedagogy 
By Allan MacKinnon 
 
 

 
 
I started my career in education in the classroom during the mid-seventies teaching 
science in a small rural elementary school in Southern Alberta. We were encouraged to 
use a άƘŀƴŘǎ-ƻƴΣέ ƛƴǉǳƛǊȅ ŀǇǇǊƻŀŎƘ ƛƴ ƻǳǊ ǘŜŀŎƘƛƴƎ. Later, the movement was critiqued 
ŀƴŘ ǘƘŜ ǎƭƻƎŀƴ ƻŦ άƘŀƴŘǎ-on, minds-ƻŦŦέ ŀǇǇŜŀǊŜŘ ƻƴ ǘƘŜ ƭƛǇǎ ƻŦ ǎƻƳŜ ǇŜƻǇƭŜ. They 
ŎƭŀƛƳŜŘ ǘƘŀǘ ƪƛŘǎ ƛƴ ǎŎƘƻƻƭǎ ǿŜǊŜ ƘŀǾƛƴƎ ŀ ƭƻǘ Ŧǳƴ ǿƛǘƘ ŀŎǘƛǾƛǘƛŜǎΣ ōǳǘ ǘƘŜȅ ǿŜǊŜƴΩǘ 
necessarily learning science as had been intended by the curriculum and program 
designers. {ǘƛƭƭ ƭŀǘŜǊ ǘƘŜ ǎƭƻƎŀƴ ƻŦ άƘŀƴŘ-on, minds-ƻƴέ ǿŀǎ ǘŀƪŜƴ ǳǇ ƛƴ ǊŜǘŀƭƛŀǘƛƻƴΣ ŀǎ ƛǘ 
ǿŀǎ ǘƘƻǳƎƘǘ ǘƘŀǘ ŀ άǇǊŀŎǘƛŎŀƭέ ŀǇǇǊƻŀŎƘ ǘƻ ŎǳǊǊƛŎǳƭǳƳ ό{ŎƘǿŀōΣ мфсфύ ǿƻǳƭŘ ƳƻǊŜ ƭƛƪŜƭȅ 
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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