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Abstract

The Dance of Life, a machine mediated embodied learning experience, is
proposed here as a trans-disciplinary experiment. It is designed to generate both a
conscious and sub-conscious understanding of biochemistry through a dynamic
aesthetic experience integrating sound and image involving the rhythmic intensification
of embodied memory. Contextualized here as a response to the Beyond Productivity
Report (2003) and to the UK SCIART program which contributed in the final analysis to
art but not to science, it addresses an elemental challenge. Can art-science projects,
herein extended through engineering and design (SEAD) collaborations, contribute to
the production of scientific knowledge? This paper describes how such ends could be
hypothetically achieved through a biochemistry learning machine, how it would work
and to what potential effect.

Introduction

The applied purpose of this SEAD White Paper proposal is twofold: 1. to support
science education, and 2. to potentially advance research in biochemistry and allied
fields. Specifically, the goal of this transdisciplinary learning experiment is to test
whether it is possible to popularize the integrated complexity of the most iconic process
in biochemistry, the Krebs or Tricarboxylic Acid (TCA) Cycle. This cycle is the primary
metabolic pathway for the production of biological energy in cellular respiration. While
the specifics of the process, that is the names and structures of the molecules and the
molecular and atomic reactions at each step require a basic knowledge of upper level
high school chemistry and biology, this project intends to invert the learning process.
Through visual, sonic and embodied means, the Dance of Life proposes to foster an
aesthetic and intellectual appreciation of the dynamics of the whole process and its
constituent parts through experiential means - regardless of one’s level of scientific
literacy.

The paper also hypothesizes that if this experience allowed future scientists to
better imagine molecular structures in complex cyclical and directional processes in



motion, we might gain insights and open experimental vistas into the study of cyclical
synergistic and oscillatory chemical systems that might not have come about otherwise.
The success or failure of the proposed experiment would be based on testing one
specific and assumedly easily achievable outcome. Could high school and college
science students more easily memorize and understand, than is normally the case, the
linked systems of glycolysis, the Krebs cycle and the Electron Transport System
through the internalization of sonic and visual cues of the data initiated through
repetitive rhythmic physical motion? If it did achieve this goal, the machine would
theoretically have served as a cognitive extension device, being an embodied learning
tool as briefly explored towards the end of the paper. If not, the experiment would have
failed the test of transdisciplinarity and amounted merely to a creative inter-disciplinary
exercise.

Transdisciplinarity is fundamentally different from inter-disciplinarity (Punt 2010,
Zilberg 2011). Trans-disciplinary research and activity requires that each of the
disciplines in the collaboration contribute to the other in and of themselves and not
merely to a synthesis. In this case, The Dance of Life as a trans-disciplinary project
must advance science education and ultimately science or it is not an SEAD
collaboration in the orthodox definition. If this learning machine does not advance some
aspect of science, it would by definition be trans-disciplinary in terms of its goal but
multi-disciplinary or inter-disciplinary in practice. It would have amounted merely to a
creative pedagogical experiment and yet another SciArt project which failed to
contribute to science thus recapitulating the primary problem in the decade long
SCIART project in the UK (Glinkowski and Bamford 2009, Ione 2010). To emphasize
this in the context of taking up the challenge provided by the NSF Beyond Productivity
report (Mitchell, Inouye and Blumenthal, 2003), the major obstacle for such science-art
collaborations is that collaborative inter-and trans-disciplinary initiatives are by and large
not contributing to science. They have merely resulted in art projects which been
inspired by science. In that context, as the NSF SEAD White Papers are specifically
designed to identify constraints, roadblocks and opportunities, this proposed
experimental project has been designed to meet the transdisciplinary challenge. How
can we make the arts productive for science?

Musical biochemistry and graphic digital visualizations of chemical processes are
by no means new (Miller 1983). Over time, and especially over the course of the last
decade, such approaches are becoming increasingly effective and refined, even popular
(Bohannon 2008, Cai et al 2006, Dunn and Clack 1999, Garcia-Ruiz and Guitterrez-
Pullido 2006, Hiroshi and Yoshima 2006, Jensen and Rasay 2001, Miller 1983, Mody
2005, Shi, Cai and Chan 2007 and Takahashi and Miller 2007). These musical and
animated approaches result from and satisfy a need for finding more effective ways to
communicate complex scientific information than can be traditionally achieved through
lectures, text books and rote memorization. This was perhaps best illustrated just over a
decade ago with the USDE/NSF funded North Dakota State University Virtual Cell
Animation Project with its sound, video and text, 3d downloads and visual navigation
tools designed to accompany the third edition of Lehninger’s Principles of Biochemistry
(Nelson and Cox 2000, also see Nelson 2008). In this context, a new generation of
image based technologically assisted learning has emerged as exemplified through the
use of kinemages – kinetic images.



Along very different lines but towards achieving similar if lesser ends, there is a
plethora of both professional and amateur attempts at putting the Krebs cycle to music
accessible on Youtube, those of the likes of the Khan Academy leading the field. This
diverse activity highlights the SEAD potential for this particular project with the projected
result being that science students might more easily be able to conceptualize
molecules, protons and electrons in motion during membrane protein-based directional
chemio-osmotic processes. Take for instance, the series of reactions in cellular
respiration and the roles co-factors such as Coenzyme A play in the TCA cycle
addressed in the proposed Dance of Life. Could it significantly advance imaginative
scientific capacity and possibly even result in insights about oscillating synergistic
pathways that might not have occurred otherwise? Might the experience even stimulate
the subconscious mind and trigger insights which science could then develop, confirm
or reject, as will be briefly explored in the discussion at the end of this paper. Recall for
instance, the manner of the initial emergence in dreams of the notions of the Periodic
Table, the double helix and the benzene ring structure (Strathern 2000). But for now, as
it stands in reality, the constraints and roadblocks to constructing and testing such a
machine are simply materialistic. There the technological challenges could easily be
surmounted assuming the necessary collaborators, sufficient funding and a testing
exhibition context. Simply put, while setting up the engineered experiment would be
simple enough as an engineering challenge, it would still require considerable skills and
resources.

The Machine and the Dance

The space of the gallery itself, designed as a single cell, would mainly be taken
up by an open-ended transparent three dimensional mitochondria within which the
cyclical dance occurs. Each of the eight steps in the Krebs cycle, including two for
glycolysis (simplified from nine), would be depicted on plexi-glass pressure plates on
the museum floor. The Electron Transport System would be depicted around the walls
as illuminated energy cascades. A pillar of light depicting ATP production would emerge
from the center of the mitochondria and reach up to the gallery’s roof. As one jumps up
and down on or from one molecule in the cycle to another, its name and two-
dimensional molecular structure is lit up in the plexi-glass plate voiced. [1]

Each input and output is also visually and sonically projected, for instance the
addition and loss of protons, water and carbon dioxide, high energy phosphates etc. As
one lands on the plate, the name of the molecule is voiced and or sung. Each has an
associated chord structure and would ideally also be made visible in three dimensions
and in rotational motion. The transformation processes would thus be visualized,
actively engaged and generated through physical action. Accordingly, each dimension,
visual and sonic, requires its own artistic and technical challenges, never mind the
physical integration as an engineering challenge on its own terms. As an SEAD
challenge therefore, the scale and nature of the collaborative challenge should by now
be obvious.

As the individual jumps or dances from panel to panel, moving around and
around the cycle, they will actively acquire this scientific knowledge through an
embodied multi-sensory learning experience. All the necessary technology exists and



has been used in similar ways to one degree or another in interactive dance machines
in gaming arcades and the Pavagen foot fall energy harvesting system showcased at
the 2012 Olympic Games (www.pavegen.com).

Particular attention would need to be paid to sound and the integration and
progression of the music and visuals in such a way as to make it a highly appealing
sensory and artistic experience. The machine would have to be able to be programed
for different musical style options depending on the preferences of the participant. This
is a fundamental point. The machine has to be adaptable in order to engage diverse
audiences. At the flip of a switch or touch on the master controls, different sounds and
musical styles would be chosen so that the participant could emotionally connect to the
experience in his or her own way. Whether it be for instance the choice of classical,
disco, rap, hip hop or gangnam styles, etc., it has to be lively as the machine picks up
speed, the rhythm intensifies and the volume increases in relation to the energy
produced. It has to be both artistically and musically interesting, powerful in each
dimension. In its integration it would ideally create a sense of sublime awe and joy
climaxing at its maximum synergistic potential and when the participant masters the
machine and dances, jumps or runs around it, pushing the energetics of the reaction
into overdrive (Hoffman and Whyte 2011, Malina 2012, Punt 2012, Sarrukai 2012).

As a site specific constantly changing performance art work in its own right, and
yet a pedagogical experiment for science education, it would be tested in different
international contexts with pre- and post-testing of the learning outcomes. The best
institutional context would be to incorporate it into museum and science center linked
college and school science curriculums. The point again is that while aesthetic
experience and affect is a critical component, the goal is to meet the fundamental
challenge identified in the NSF Report Beyond Productivity and the critique of the
Wellcome SciArt Program. Nevertheless, the artistic essence of the project is so central
that it requires further elaboration.

Viewers watching from a second floor balcony would indirectly gain the same
knowledge through visual and sonic means. When no participants are using the learning
apparatus, it would simply go through the repeating cycle on auto-pilot, switching
randomly from style to style and at varying speeds. Thus the machine would be
programmed to generate a continual aesthetic experience for museum visitors who
prefer not to directly physically engage the experiment. And as regards the science, by
way of emphasis, an elemental requirement is that in every step and every detail, the
exact molecular and mathematical factors are accurate and cumulative, ideally even
synergistic. But above all, the whole must be aesthetically compelling and accord with
the participant’s choice of musical form. There is ample opportunity for spectacle too as
for instance in the all-important consequence of the reaction, the production of energy in
the phosphorylation of ADP to produce ATP, and the mechanism of the ETS cascades.
These offer powerful opportunities for the dynamic representation of atoms, molecules
and energy in motion, color and music far in excess of what has been attempted so far
for the Krebs cycle or in other embodied learning experiments in art education (Kuper,
Zilberg and Bales 2000).



Roadblocks, Constraints and Challenges

This kind of integrated, embodied and aesthetically enhanced learning
experience is specifically designed to take the fear factor out of learning science, an
elemental roadblock. One key principle driving this project is that science is commonly
seen as either too difficult or uninteresting (even uncool) and this amongst other factors
unnecessarily separates the sciences, the arts and the humanities very early in the
game. We lose potential scientists early in the educational process because of this
factor and the years of study it takes before one develops an appreciation of the
integration of the sciences and the intimate dynamic connections between structure and
process. This is nowhere more fundamental than in the conjunction of biochemistry and
molecular biology when all the basics including basic biology, math and chemistry come
together. Accordingly, the logic of this SEAD experience is then to bridge the worlds of
science and non-science, potentially even popular culture, the museum and university
and high school science classroom including the new cyber classrooms in the EdX and
other on-line learning environments.

The roadblocks, constraints and challenges for such a collaborative project are
however fundamental. They extend far beyond the difficulties involved in securing
funding and bringing together sufficiently interested and trained individuals capable of
designing and engineering the physical, visual, sonic parts of the experiential learning
machine. Thus though the engineering and design aspects of this project are
theoretically not overly problematic the challenge and expense of creating the individual
components and bringing them all-together as a complex multi-media experience
should not be under estimated. The project would require working across disciplines
and institutions including the business sector (Brickwood 2007, Ione 2002, Zilberg
2008). It would involve the collaboration of a group of individuals who might not
ordinarily interact or be interested in the conjunction of art and science for theoretical
and educational ends though there are significant exceptions to the rule as cited
variously in this paper (also see Bork 2007).

Finally, these roadblocks are not hypothetical. They are based on many years of
unsuccessful attempts to secure support for this experiment in science innovation
centers and other contexts in the US, UK and Asia. The assumption appears to be that
it is not realistic or possible to teach something as advanced as the basics of
biochemistry to a general audience whether or not one uses such an unusual
experimental technique and whether or not it is even possible to construct such a
machine.

Towards Collaboration: Self Determination Theory

One intended consequence of this SEAD White Paper is to draw in collaborators
towards eventually creating and testing the proposed learning machine as a cognitive
extension device. Depending on the collaborators very different SEAD components
would have to be addressed. At this point, the most progress has been made
conceptually at the pedagogical and musical level and the least in terms of engineering
and design. An example of the potential value of such collaboration was supplied by
Kathryn Trenshaw, a graduate research assistant in the Department of Chemical and



Biomolecular Engineering at the University of Illinois at Urbana-Champaign. Her
contribution was to introduce the relevance of self-determination theory and how it can
be used to enhance the model and expand its potential applications as a learning
device in science and engineering contexts as follows.

Self-determination theory identifies three important aspects of motivation:
autonomy, competence, and relatedness. While autonomy refers to a person's ability to
make their own choices, competence refers to a person's feeling that they have
mastered the skills necessary to succeed and relatedness refers to a person's sense of
community. Accordingly the theory has a particular applicability in terms of learning in
education and edutainment, specifically as it has proven pedagogical effectiveness in
virtual environments and video games. Though in this White Paper, as a conceptual
project, the focus is on embodied learning in which the physical senses are used as
cognitive extension devices for learning through embodied means, the notion of the
machine has evolved from that larger context, itself having been originally formulated as
a board game, then as a computer game and finally as an engineered embodied
experience.

In terms then of the theoretical and conceptual backgrounds available for
rationalizing such a project driven White Paper, the above-mentioned applied frames of
reference and successfully enhanced learning outcomes are instructive. They can be
drawn upon to strategically design a learning apparatus that people of all backgrounds,
differential abilities and educational and cultural experiences will be motivated to use.
For instance, autonomy can be supported by providing several options for how to
interact with the learning apparatus. Different paths could be made available to move
around the apparatus that lead to the same learning outcomes, in this instance,
achieving the highest possible competence in understanding the Krebs Cycle. Yet there
should be a sense of choice and ownership of the learning such that one could dance it
backwards or forwards to two steps at a time as one learned the cycle at one’s own
speed and in one’s own way. Developing competence should thus be implicit in the
design.

To start with participants will be made aware that they need not be a scientist to
interact with the machine. They only need to use their body as an instrument of learning
and everything will naturally follow. Consciously or unconsciously, the internalization of
knowledge will take place as a natural consequence of the motion and the combined
physical, visual and sonic experience. And then there is the critical issue of relatedness.
This vital aspect which so heavily impacts the learning experience and so often
presents a learning challenge and thus opportunity could be supported if adding
participants improved the experience somehow, perhaps increasing the number of
screens that display information or playing new parts of a musical composition in the
background as new participants joined the experience. All in all then, on each
pedagogical level, practical, theoretical and philosophical, such suggestions brought to
this project through Trenshaw’s participation are important as they can be used to
engineer in advance increased participation in the learning experience. This in in fact an
issue that has been most explicitly addressed in the more detailed conceptualization of
The Dance of Life not provided here in terms of music type, speed, directionality,
repeatability of single steps or jumping up and down on single plates to drive
memorization of each structure, never mind the all-important rhythmic options



considering individual preference and mood. It is there that cultural diversity can play a
vital role.

Lastly, with such adaptability, flexibility and extendibility in mind, Kathryn
Trenshaw also notes that it would be possible to design an even more complex
apparatus that could be easily changed from one concept to another. For instance one
could program the experience for something as simple as learning multiplication and
division, the Periodic Table or the cycle of water in the environment or the stochastic
processes involved in climate change. A simple flip of a switch would install a new
program which would reconfigure the pressure plates and the associated configurations
of words, images and music. Collaboration thus offers the power of vastly expanded
potentials and contexts and this is in fact both the challenge and the opportunity
presented by this particular SEAD experiment – germinal as it is.

Discussion

In The Dance of Life by Edward T. Hall, a cross cultural study of time, he refers
to and advances John Dewey’s discussion in Art and Life (1934/1980) that the tie which
connects art and science is a shared interest in rhythm (Hall, 1984, pp. 165). And while
atomic or molecular time and rhythm, is something little considered so far in
biochemistry, it is Hall’s discussion of the internal versus external dimensions of
creativity that are most relevant to a summary discussion of the proposed learning
machine. As Hall writes: “The difference between creating inside oneself and creating
outside by means of an extension is basic and crucial” (ibid. 140), an extension being
an “externalized manifestation of human drives, needs, and knowledge”, for instance
the telephone extending the voice, computers extending memory and the arithmetic
mind (ibid.: 130) and this machine – extending the internal process of memorization.
While some people are more effective at working out conceptual problems in their
heads, others have to externalize the operation and this is a much slower process
(ibid.:139).

For instance, “The artist or scientist who sees a complex form all at once will
have fewer problems externalizing or translating into symbols than the individual who
has to tease his product into bits and pieces, externalizing something without form from
his unconscious which he then assembles outside his body on paper, canvas, clay or a
dance floor” (ibid.:140). Moreover, some individuals are able to span time more
effectively, that is to think into the future, for instance being able to hear where a
musical composition is going, that is, “they experience what is going on in the present
as a portion of a unified entity that is played out in a sequential manner (ibid.:139). In
short, there are two directly relevant issues here for this machine for learning the Krebs
cycle, the differential abilities to internalize and externalize concepts and to distinguish
between sequential and discrete units (ibid.:140).

In either case, in The Dance of Life machine, the participant will enter into a
sublime zone of wonder, the inner workings of the mitochondria. Through engaging all
their senses, repeating, going backwards and forwards as needed, or even skipping
steps, slowing down or speeding up, going around and around building their own inter-
connected sense of the complexity of molecular transformations that take place in the
TCA cycle, students will find their rhythm and the whole. John Dewey is again



instructive. Extending his discussion of the organization of energies through rhythm and
repetition (1980:62-186), he draws on Coleridge’s thoughts on the imagination. There
he refers to this synthetic aesthetic experience as “the welding together of all elements .
. . . into a new and completely unified experience (ibid.:267). That is the artistic goal in
this project whether or not any scientific value eventually accrues.

The simultaneously internalized and externalized rhythmic multi-sensory
experience involves a qualitatively different mode of learning science than currently is
practiced. It would especially differ in terms of the cognitive process and the traditional
psychology, hierarchy and structure of learning. Fusing biochemistry and molecular
biology, it would bring together different brain and body functions creating a unique
learning synergy. This would allow individuals to draw upon their innate cognitive
strengths, be they more analytic or synthetic. Potential scientific insights might result
because they might as a consequence be able to more imaginatively engage molecular
structures and their transformations in motion, each step in the sequence as part of a
totality. In this fusion of the objective and the subjective, the internal and the external,
conscious and unconscious connections will form. The sequential steps, the inputs and
the outputs, the rhythmic integration of this knowledge, will ideally ignite a passion for
science through communicating the sheer wonder of how it progressively renders the
invisible visible, the formerly untranslatable translatable. Is there not potential here for a
love affair between art and science with unknown reproductive potential?

The transdisciplinary opportunity presented by The Dance of Life is simple. The
experience is designed to induce a complex and physically heightened, subjective and
aesthetic perception of an iconic cycle in biochemistry. Ultimately it could contribute to
science by stimulating an increased cognitive sophistication amongst future scientists in
terms of how they conceptualize the bioenergetics of molecular processes (Prebble and
Weber 2008). With an internalized sense of the dynamic dialectical whole, complexity
and homeostasis (Levins and Lewontin 1985), might the horizon for science education
and even research practice be expanded in some unforeseen dimension - synergistic
rhythms for instance or oscillatory molecular dynamics?

In that future-oriented context (Woese 2004), this hypothetical experiment is at
the simplest level designed merely to entice future students into science, assuming it
could be engineered as a highly compelling creative experience that would make
learning science awesome - cool. Its pedagogical purpose however is simply to
enhance in advance one’s capacity to conceptualize the structural and energetic
dynamics of the molecular transformations and processes involved in such cyclical
chemical processes. Its goal is to establish a dynamic template within the conscious
and unconscious mind.

In his Edge presentation “Cycles”, Daniel Dennet, a philosopher at the Center for
Cognitive Studies at Tufts, notes that “the key process in evolution is cyclical repetition”
and that in employing this process the Krebs cycle provides an essential resource for
the cell. As he pithily puts it, the system is a “flexible and rapidly tunable device” which
serves as a molecular transistor, “a micro-miniaturized engine”, an “eight-stroke
chemical reaction that turns fuel – into energy . . . .” With that engineering metaphor in
mind, coupled with the musical dimension, consider Shi, Cai and Chan’s goal with their
electronic music for biomolecules (2007). Their hope was to simultaneously unveil the
mysteries of nature and motivate students to learn biology while paying special attention



to using rhythms and tunes that are meaningful to teenagers while also experimenting
with non-Western musical instruments and forms. The same could be done for the
Krebs cycle even if in the end this proposal failed to generate the primary output. There
the solution currently envisioned is to choreograph a Javanese inspired dance
performance, an ensemble of six dancers with each representing one of the carbon
atoms involved in glycolysis and the TCA cycle. That would be posted to Youtube and
could then, if achieved any reproductive pedagogical potential, be emulated gangnam
style or “whatever” – as the youth like to say.

Conclusion

It remains then to conclude by turning to Punt (2012) and Malina (2012) on
science and the sublime. Punt points out that in the process of externalism, “materials
and objects are always implicated in our cognitive architecture rather than being simply
outputs of our internal cognitive processes. There, in the scientific quest to makes the
un-observable observable, “[T]hinking through objects rather than thinking about objects
becomes the description of the cognitive process”. In the same context, Malina,
highlights science art projects which are succeeding at generating a sense of the
sublime while contributing to science such as musical compositions based on scientific
data, multi-modal representations of hydrogen atoms through visualization and
sonification, and immersive fly through scientific experiences with sensual and
emotional power. Here we find evolving arts-sciences practices. Imagined in this
instance as a cognitive extension device, this proposed SEAD experiment intends to
build a space for stimulating the relation between memory and attention. It would
connect the conscious and subconscious mind through an aesthetic learning experience
linking the objective and the subjective in a creative dynamic.

In The Dance of Life, through relaxed partial or intense full attention, repetitive
rhythmic synesthetic embodied experience, a highly dynamic conceptualization of Krebs
cycle will ideally result in in the participant’s mind. Out of that, future scientific insights
might or might not emerge which will return us to reconsider the TCA cycle and
directional membrane and chemio-osmotic transport constantly afresh. Science
students thus must return repeatedly to study history, in this case for instance to Szent-
Gyorgyi, the Osgood effect, Peter Mitchell and the ox-phos wars and evolution itself, to
abiogenesis or biopoeisis (Eswaron 1976, Prebble 2002, Sapp 2008, Woese 1998,
2004). Then again, the experimental evidence might also prove that hope fallacious.

To conclude, through this example of embodied learning the participant will
experience the Krebs cycle as a multi-sensory spectacle. In the final analysis, the
machine and the associated conceptual experience must contribute to scientific
knowledge and specifically to a dialectical sense of biochemistry and molecular biology.
If it cannot achieve that goal then it will thus fail to meet the requirements of trans-
disciplinary practice. As a pedagogical experiment it will either succeed or fail to achieve
the purpose of the SEAD White Papers which was to have identified a constraint and an
opportunity. Would it or would it not overcome the challenge of how art (in collaboration
with engineering and design) can contribute to science? That is the question.



1. For information and diagrams of the Krebs cycle see
https://www.facebook.com/pages/Krebs-Cycle/47987249244)
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