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Abstract
The distinction between the artiﬁcial and the natural has been
increasingly challenged as a result of advances in genetics, microbiology, and robotics. Beginning with the molecular assemblage of organic
systems into complex micro-surfaces and structures, and expanding
into the realm of the macro landscape, our understanding of the term
Synthetic must be revised (Fig. 1). What is the relationship between
the component (or part) and the whole, when confronted with the
Synthetic?
Digitally mediated fabrication technologies, combined with a
renewed interest in topology and (bio)logical form, serve to challenge
our preconceived notions of space and form. This inquiry will attempt
to explore the relationship between traditional assemblies produced
by hand, and the production of complex forms through digital rapid
prototyping. The impact of D’Arcy Thompson’s On Growth and Form
will be considered both as a historical juncture and a contemporary
source of knowledge for the exploration of new assemblages inspired
by topology and biology. In particular, the organic micro-surfaces depicted
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in France Bourély’s Hidden Beauty will be explored, in
comparison with the mathematical development of
organic forms inspired by Periodic Minimal Surfaces. The
analysis of emerging forms and assemblages based on
the notion of the Synthetic will be compared with the
Organic, and considered within the context of twentieth
century art and sculpture. An attempt will be made to
establish new modes of inquiry for combining digital and
physical explorations of space and form, inﬂuenced by
advances in micro-scale structures, complex surfaces, and
the history of organic form in art.
Introduction
This paper should not be considered as a
conclusive exegesis on the notion of the Synthetic, but
rather as a loose sketch attempting to bring together
an ad-hoc collection of thoughts which may, with
luck, coalesce into the beginning of a radically new
way of thinking about biology, emergent (adaptive)
form and architecture. This conﬂuence will attempt
to acknowledge the aestheticising tendencies of the
organic, while also examining the potential of biological
form towards a responsive, intelligent architecture,
which both accepts and transcends the organic as
an aesthetic principle. The concept of the Synthetic,
as deﬁned within the context of this paper, develops
from the mingling of several interdisciplinary modes of
inquiry and historical junctures in both art and science.
The main topics will seek to clarify and describe the
emerging potential of synthetic assemblages, organized
around the following main sections:
• Aspects of Form
• The Natural, the Artiﬁcial & the Synthetic
• Emergent Assemblages: Repetition, Variation, and
Adaptation
• The Tiling & Topology of Natural Forms: Periodic
Minimal Surfaces
• Towards Intelligent Surfaces: Responsive Form

Figure 1a & 1b. Bio-Inspired Assemblages
by author’s students
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Aspects of Form
The 1951 symposium, titled Growth and Form,
at the Institute of Contemporary Art, London, was
intended as a tribute to D’Arcy Thompson’s groundbreaking work On Growth and Form. The symposium
was much more than this, however, as it brought
together, perhaps for the ﬁrst time, an interdisciplinary
group of artists, writers, and scientists who foresaw
the potential of ‘Emergent Systems’ at a time when
the world was still immersed in twentieth-century
industrial technologies and paradigms.The culmination
of the ICA symposium included a collection of essays
entitled Aspects of Form, published in 1951 (Whyte
1951). It was also a time of postwar enthusiasm and
progressive aesthetics in love with the potential of
biologically inspired forms and the emergence of new
synthetic materials. Perhaps it was no coincidence
that this symposium took place almost exactly at the
midpoint of the twentieth century − at the threshold between craft and tradition and the emergence
of technologically driven advances in art and science.
What the ICA symposium foresaw, however, would
not begin to impact design and manufacturing until
the beginning of the 21st century. This was the mingling of hard and soft sciences, of biology and physics, of mathematics and art, and the eventual drive
towards custom fabrication, composite assemblages,
and the Synthetic.
1. The Organic Picturesque Tradition
The analysis of emerging forms and assemblages
based on the notion of the Synthetic may be compared with the Organic, and considered within the
context of twentieth-century art and sculpture, and
the history of organic form in art.
If there is a single distinguishing characteristic that
may begin to assist us in understanding the difference
between the synthetic and the organic, it is the concept of unity versus multiplicity. One of the hallmarks
(or clichés) of the organic movement was the notion
of an underlying unity, a reductive force that governed the formation of form in the natural world and
served as a model for architecture and sculpture, particularly in the work of Henry Moore. Moore’s works
exhibit three main themes, which have been well documented: the reclining form, the mother and child, and
nested internal/external forms. All of these variations
Figure 2a & 2b. Henry Moore; Studies for Sculpture: Ideas for
Internal / External Forms, 1949, and Reclining Figure: Internal
/ External Form, detail
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are inherently anthropomorphic abstractions of the
(macro-scale) forms of the human body, or of animals
such as sheep. Within these complex curved spaces,
however, we begin to see a latent tendency towards
the development of topological spaces that have
more to do with the micro-scale units of cellular life
than with anything approaching the abstracted human
ﬁgure. Whether this was intended or not is an issue
for Moore’s biographers, however, it is very evident in
both the artist’s own sketches and his photographs of
ﬁnished work (Fig. 2a & 2b).
We see in these works the overarching tendency
of artists embracing organic form to base their work
on the organic picturesque tradition, which pervaded
biomorphic, organic art and architecture in the twentieth century. This tendency towards the organic
picturesque is very active today in the biomorphic,
topological forms possible through NURBS-based
software, and rapid prototyping (Fig. 3).

Figure 3. Hand-Crafted and Rapid Prototyping models of bioinspired digital forms by author’s students

The Synthetic, by comparison, embraces the
multiplicity of composite geometries and materials
as the basis for nature’s adaptive solutions to difﬁcult
structural and environmental forces affecting the
organism. In 1956, another groundbreaking exhibition
at the ICA in London, titled This is Tomorrow, included
work suggesting the hidden complexity of natural
forms, and exhibiting the relationship between the
singular and the multiple. This was Group Eight’s
plaster sculpture, based on soap bubbles and periodic
minimal surfaces, which will be discussed in more
detail in section 5 (Fig. 4).
The Group Eight exhibit, by Richard Mathews,
Michael Pine, and James Stirling, illustrated the complexity and anti-platonic nature of organic forms, and
foreshadowed the recent ‘blob’ aesthetic of digital
practitioners. The biological/technological connection
to art in postwar Britain was exempliﬁed by the work
of the Independent Group, led by Richard Hamilton
(See Robbins 1990).
2. Platonic Form versus Aristotelian Material
If we examine the essays written in conjunction
with the 1951 ICA symposium, we ﬁnd a developing
schism between Platonic forma and morphogenesis
on the one hand, versus the Aristotelian emphasis on

Figure 4. ICA London, This is Tomorrow; Group Eight
Exhibit 1956
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materia, with its links to biochemical developments
in materials science and the production of new (synthetic) polymers. This new understanding of structure,
form, and material as an intertwined system is particularly evident in Joseph Needham’s 1951 essay, titled
Biochemical Aspects of Form and Growth. In this essay
Needham stresses the interconnectedness of all scales
of (biological) organization: “A uniﬁed science of life
must inevitably seek to know how one level is connected
with the others. For the body contains organs, the organs
cells, the cells nuclei and mitochondria, these structures
are built up of colloidal particles which in turn consist of
molecules large and small.”
Discussions of form in the organic tradition
appear to be overtly romanticized and simpliﬁed, as
in the work of Jean Arp or Henry Moore, tending
towards maintenance of the western transcendental
tradition, or anthropomorphic analogies. By contrast,
the (author’s) notion of the Synthetic attempts to
break this nostalgic hold on organic form, to enable a
radically new interpretation of natural systems, based
on the relationship between complexity, multiplicity, and
efﬁciency.

Figure 5. Lophospyris Pentagona

Figure 6. Vine Analog Assembly: Recent work
by author’s students

3. On Growth and Form: D’Arcy Thompson’s Legacy
Perhaps the greatest contribution of On Growth
and Form to the present discussion was Thompson’s
insistence on the relationship between mathematical
precision, physical laws, and the emergence of biological form (Fig. 5).
Thompson understood that hereditary factors
in themselves were insufﬁcient to describe both the
efﬁcient repetition of similar forms in nature and the
radical diversity of form arising from morphological
diversiﬁcation or evolution of form. Thompson sought
to describe the Material of nature as much as the
organism itself, which resulted from the assemblage
of natural materials, in the form of proteins and biopolymers, into a living entity. In this way, Thompson’s
research may be seen as an early attempt at
connecting the science of materials with the study of
evolutionary biology.

Figure 7. Bark Analog Assembly by author’s students
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While a discussion of Thompson’s inﬂuence
is beyond the scope of the present work, it should
be noted that his work established the theoretical
foundation for most of the themes presented in this
paper. Thompson’s research is the point of departure
for developing an understanding of the potential
of the term Synthetic, incorporating aspects of the
hard and the soft and of the organic and inorganic
as a composite system with emergent properties
(Thompson 1992).
The Natural, the Artiﬁcial & the Synthetic
What is the relation between the component or
part and the whole, when confronted with the Synthetic? If we approach this question by attempting to
deﬁne the Synthetic as that which is both artiﬁcial and
natural, which transcends the normative boundaries
between the two regimes, then we must deﬁne the
characteristics of each to see how they are united
in the synthetic. One aspect of artiﬁcial (man-made)
assemblages that pervades much of our built world at
many scales is the ever-present fastener or connector
(Figure 6). The artiﬁcial is almost always identiﬁed by
virtue of the discrete connection of separate domains
or materials with the aid of a mechanical fastener or
connector. Man-made fabrications tend to fail or collapse at this juncture, edge, or bridge between surfaces or components.
By contrast, natural systems utilize subtle gradients and composite mixtures of organic (protein)
assemblies and inorganic (mineral) crystals or matrices
without the aide of abrupt connections or fasteners. In
this way, natural assemblages avoid the stress-inducing
weak points or junctures between systems or surfaces,
which are prone to structural failure. The synthetic
may then be conceived as incorporating biomimetic
principles of organization and assembly, utilizing seamless layers or weaves of composite materials without
discrete fasteners. Janine M. Benyus examines this interface between systems in a chapter titled How Will We
Make Things? in her book Biomimicry (Benyus 1997).

Figures 8a 8b & 8c., Protein Assembly Analog Based on Flagella
Motor: digital and rapid prototyping investigations by author’s
students (2004)
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Benyus quotes Paul Calvert, a scientist developing bio-inspired fabrication machines capable of rapidprototyping composites of more than one material:
“A gradient of one material to another makes a stronger joint and eliminates the need for glues or snaps.
Nature uses blurred boundaries all the time, avoiding
abrupt interfaces, which are crack prone and require
some kind of fastening together”(Benyus 1997).
The notion of boundary may be examined in its
own right in attempting to deﬁne the synthetic with
respect to both the natural and the artiﬁcial (Fig. 7).
One very intriguing and far-reaching manifestation
of complex surfaces in both natural and artiﬁcial organizations or assemblages is the macromolecular
assembly of cross-linked polymers found in both animal tissues and man-made products.

Figure 9. Wood Bug Skin: Electron Microscope Scan. France
Bourély, Hidden Beauty

Figure 10. Electron Microscope Scans by Bourély: (a) scorpion
claw pore, (b) hyacinth pistil; (c) stamen

Emergent Assemblages: Repetition, Variation
and Adaptation
What is the relationship between the component
or part and the whole, when confronted with the
Synthetic notion of Emergent Adaptive Assemblies?
“We come then to conceive of organic form as
something which is produced by the interaction of
numerous forces which are balanced against one
another in a near-equilibrium that has the character
not of a precisely deﬁnable pattern but rather of a
slightly ﬂuid one, a rhythm” (Waddington 1951).
1. Molecular and Protein Stacking Assemblies
One source of inspiration for the author’s recent
digital and physical explorations is the protein stacking
and spiraling produced in the formation of the ﬂagella motor in micro-organisms (Fig. 8). Using digital
modeling and rapid prototyping, the author’s students
produced physical models of protein stacking analogs
in the Spring of 2004.
This investigation aims to probe the micro or molecular level for geometric and structural possibilities
and efﬁciencies which can be adapted to the larger
scale of the built environment.

Figure 11. Penrose Tiling Visualization by Clifford A. Reiter,
Professor of Mathematics, Lafayette University
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2. Hidden Beauty: France Bourély’s Microworlds
Perhaps the most exquisite images of biological
structures are those of France Bourély, who uses the
Electron Microscope as though it were her personal
vehicle or ship, exploring the depths and complexity
of the microworld (Fig. 9).
Bourély’s images have been a major source of
inspiration for the author’s ongoing research into the
Synthetic. The relationship between continuity of surface, on the one hand, and the component or part
on the other, takes on a new level of complexity and
richness when considered through the lens of the
microworld. Repetition, precision and adaptation are
the hallmarks of these organic structures, which defy
the easy clichés of an earlier generation’s understanding
of the organic. In this realm, the Synthetic, as a composite
of the organic and the mineral, of the artiﬁcial and the
natural, is manifested with great clarity (Fig. 10).
The Tiling & Topology of Natural Forms:
Periodic Minimal Surfaces
The repetitive, adaptive nature of complex
organic surfaces may be understood in their relation
to both two- and three-dimensional mathematical
representations. Both periodic and non-periodic tiling
or repetitive systems may be examined for clues to
nature’s mastery of repetitive, adaptive forms.
1. Non-Periodic Tiling & Quasicrystals
Space-ﬁlling patterns in nature are usually periodic,
and exhibit translational symmetry, that is, the patterns
can be shifted and overlaid on new centers, and found
to be identical. This is not the case with a curious set
of mathematical tiling patterns known as Penrose
tiles, non-periodic crystals or quasicrystals (Ball 1999;
Kappraff 2001). While these patterns appear to
exhibit repetitive elements, they do not have genuine
ﬁvefold translational symmetry. What makes these
systems so intriguing is that they exist in nature only
in conditions where order and randomness coalesce
into a quasi-stable state of equilibrium. For example,
the Russian mathematical physicist George Zaslavsky
has shown that in complex two-dimensional ﬂuid
ﬂows approaching chaos, regions of repetitive cells
containing steady ﬂows are surrounded by a matrix or
web of turbulence (Ball 1999).

Figure 12. Schwarz’s P Surface. Visualizations
by Ken Brakke, 2004

Figure 13a & 13b. Gyroid or G-Surface (left) and non-balanced
surface derived from unit cell of Schoen’s FRD
(right); Eric A. Lord & Alan Mackay, Birbeck College, London
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These tiling patterns have also been found in a
new class of materials, called quasicrystals, which exist
at the boundary between a truly crystalline solid state
and a ﬂuid or random state (Kappraff 2001). Compare
the ﬁgure at left with the electron microscope images
by Bourély (Fig. 11). Although the apparent similarity
is astonishing, no Penrose tiling systems have yet been
identiﬁed in living tissue, to the author’s knowledge.
2. From Soap Bubbles to Manta Rays: Periodic
Minimal Surfaces
One of the main limitations of closest-packing or
space ﬁlling systems, exempliﬁed by Fuller’s Domes
and analyzed in depth by Pierce and Coxeter, is their
tendency to form closed, spherical structures.
So it is with great excitement that we can extend
the discussion to open-ended space ﬁlling systems
with complex labyrinthine structures known as Periodic
Minimal Surfaces (Fig. 12).
Unlike Penrose Tiles, these structures are commonly found in cell membranes, as well as soap and
surfactant ﬁlms (Ball 1999). Of particular importance
are Triply Periodic Minimal Surfaces, as explained by
Ken Brakke, a mathematician who wrote the software
program called Surface Evolver for generating minimal
surface models:
Figure 14. Sculpture by Erwin Hauer: Design I, 1950

“A minimal surface is a surface that is locally area-minimizing, that is, a small piece has the smallest possible
area for spanning the boundary of that piece. Soap
ﬁlms are minimal surfaces. Minimal surfaces necessarily have zero mean curvature, i.e. the sum of the
principal curvatures at each point is zero. Particularly
fascinating are minimal surfaces that have a crystalline structure, in the sense of repeating themselves in
three dimensions, in other words, being triply periodic”
(Brakke 2004).

Figure 15. Digital Image by artist Kenneth A. Huff, from his
Encoding with Prime Numbers series, 2003
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There are several reasons why a discussion of the
Synthetic should converge on Triply Periodic Minimal
Surfaces (TPMS). These structures divide space into
two or more intertwining yet separate regions with
a high surface area (Fig. 13). This type of assemblage
enables maximum contact and number of exchanges
to take place between the different regions and
the surrounding (ﬂuid) medium. Selectively porous
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membranes with interconnecting pores from one
domain to the other are also possible, in what is known
as the bicontinuous phase of surfactant bilayers (see Ball
1999, pp. 34-49). Perhaps this is why similar structures
are found throughout nature at the microscale. This
model is also used as a templating mechanism by
organisms to form complex exoskeletons, for instance
in the sea urchin and radiolaria, as Ball explains,
following D’Arcy Thompson’s lead:
“It seems most likely that the organic tissues within
which the mineral is originally deposited have conspired to adopt a structure very much like the periodic minimal surface, which acts as a template for
skeleton formation.The smooth, continuous curvature
of the mineral means that it can distribute loads
evenly and is not liable to split along the atomic
planes of the crystal. As a consequence, skeletons
like these can attain strengths greater than that of
reinforced concrete. So there are clearly practical
beneﬁts to these complex patterns” (Ball 1999).
Man-made composites exhibit the characteristics
of TPMS, particularly the cross-linked bilayer composites of polymer materials.

Figure 16. Responsive surface based on hinged horse-shoe crab
carapace, by author’s students

The untapped potential of TPMS assemblies lies
in the ability to develop structural, spatial, and envelope systems at various scales, systems that are laced
with voids for communication, sensors, environmental
control, etc. The development of rapid prototyping
technologies now facilitates the production of complex minimal surfaces, and is the main subject of the
author’s current research and fabrication.
3. Continua: Erwin Hauer
What is the relation between the component or
part, and the whole, when confronted with the Synthetic? In the case of Erwin Hauer, the component assembly achieves continuity from the continuous curvature and interlocking of structures very similar to
periodic minimal surfaces (Fig. 14).
The sculptor Erwin Hauer is perhaps the most
visible proponent of the built potential of periodic
minimal surfaces. His proliﬁc output of pre-cast concrete architectural screens documents a lifelong
fascination with TPMS assemblages. Hauer had to

Figure 17. Responsive surface analog based on gecko footpad,
by author’s students
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depend on hand-crafted molds and labor to produce
his forms, without the aid of rapid prototyping or
digital modeling. His work was also very heavy and
opaque, invariably made from a single material, instead
of exploring composite assemblies. Despite these limitations, Hauer’s achievements in the development of
sculptural form based on periodic minimal surfaces
remain unsurpassed (Hauer 2004).
4. Aesthetic Computing and the
Evolution of Form
The unprecedented possibilities for combining
biological and mathematical models and research
with computer software has produced a new wave of
artistic and academic developments. This has resulted
in a new way of thinking about the links between
programming and aesthetics, called Aesthetic Computing.
The major theoretician of this mode of research is Paul
Fishwick of the University of Florida. Fishwick is laying
the groundwork for a new generation of artists who
are enabled by rapid prototyping technologies, but
hindered by a lack of understanding of the aesthetic
and mathematical basis of complex forms.
“As our culture gives way to increasingly affordable
methods for creating physical and virtual objects, with
rapid prototyping machines and 3D hardware, we are
forced to reconsider how we create representations
for mathematics, science and engineering. Older
languages began with clay tokens, and progressed
toward ﬂatter typographically-oriented forms for
reasons of economy. It was cheaper to mix inks
on papyrus or press a stylus to clay than to use
sculptured tokens. The gradual shift toward ﬂatter
and more stylized, standard representations has
tended to place less importance on the artistic
product in favor of efﬁciency. As a collective culture,
we have deﬁned progress as technical efﬁciency,
and this has, indeed, led to great discoveries and
more productive lives. Ironically, the very technology
that has gradually eroded the role of art in technics
is the basis for a rebirth in formal representation.
With increased efﬁciency for creating both virtual
and physical customized products, we have an
opportunity to re-phrase, re-present, and re-mediate
formal representations found in arithmetic, algebra,
and software” (Fishwick 2001).
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One artist who is very inﬂuenced by Fishwick’s
aesthetic computing is Kenneth A. Huff (Fig. 15).
Huff, a Tampa, Florida based artist with a rapidly
expanding international reputation, was recently commissioned by Alias to design the new MAYA 6 promotional artwork. Huff ’s work is greatly inﬂuenced by
Fishwick’s Aesthetic Computing, and is largely based on
the interrelationship between mathematical systems
and organic life (Huff 2004). Huff is currently working
on a new phase of his work, physical prototyping, as
artist in residence at General Motors.
The important consideration of Huff ’s work with
regard to the present discussion is his use of MAYA’s
scripting language, MEL, to develop self-organizing
assemblies and multiple iterations of form, approaching the rapacious exuberance of life itself. Together,
Fishwick’s aesthetic computing theory and Huff ’s
artwork serve as a primary basis for articulating the
concepts presented in this paper, toward a radical
rethinking of the Synthetic.
Towards Intelligent Surfaces: Responsive Form
The themes and ideas presented in this essay
have been developed in an effort to organize and
communicate the foundations of thought embedded
in the author’s current research, teaching, and prototypes. Much of this work is being developed through
the interrelated teaching of design studios and
advanced digital seminars. In the past two years, at two
separate universities, this work has been manifested
with models and prototypes by the author’s students
(Fig. 16 & 17).
The work has slowly progressed, beginning with
working mechanical analogs of biological systems
and surfaces, such as gecko footpads, horseshoe crab
hinged carapaces, and even tensegrity structures based
on Spanish moss.
This mechanical phase of research is now slowly
merging with the smooth, continuous constructions enabled by rapid prototyping.The next generation of work
will incorporate both the mechanical linkages illustrated
here, but will embed them within the smooth matrices
of periodic minimal surfaces and similar structures.
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The hope is to gain an understanding of the potential contained within the manner in which natural
systems and assemblies grow, while incorporating
man-made technology. This is the true potential of
the Synthetic.
1. Physical / Digital Fabrications
The author’s current research has been greatly
enhanced by the recent acquisition of a 3D printer by
the university. This will make it possible to quickly test
out the theories and concepts presented in this paper.
The work generated over the next few months will
be part of a larger investigation through a universityfunded grant on Biomimetics. This work is just beginning, but has already begun to take shape in the form
of physical prototypes (Figures 18).
Conclusion
We began this investigation with the question:
What is the relation between the component or part,
and the whole, when confronted with the Synthetic?
Several themes emerged from this inquiry, some
of which continue to have an impact on the author’s
current output, especially Periodic Minimal Surfaces.
One aspect of the biological which has not yet been
discussed is the issue of Performance or Adaptive Response of living organisms to external stimuli. How
can static models, or even models with mechanical
linkages, begin to address the issue of movement and
response to stimuli? The answer is beginning to affect
the next level of research and will have a fundamental
impact on the author’s teaching and prototypes.

Figure 18. Curved periodic surface rapid prototype fabrication
by the author 2004.

The Conﬂuence of Craft, Fabrication, and Embedded Sensors, coupled with microcontroller-based
robotic assemblies or surfaces, will form the basis of
this research. If successful, this evolution of form, inspired by mathematical and biological principles, and
ﬁnally by robotics and sensors, will engage the notion
of the Synthetic across disciplinary boundaries, and
manifest itself in novel new assemblies combining the
natural and the artiﬁcial.
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