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Material

What is the role of Craft, in understanding Bio-Computational Forms & Systems?

What is the

relation between self-organizing systems & material-component assemblages?
This paper will explore the relationship between material craft, procedure and form, in relation to complex, self-organizing assemblies. A comparison will be made, between (hand) crafted assemblies, guided by
physical constraints and procedural methodologies, and digitally mediated fabrication, guided by recursion
and algorithmic generative methodologies.
An attempt will be made to connect various scales of making, in terms of module or unit of assembly,

Play

both at the micro-scale of biological structures, and the macro-scale of man-made systems. The goal of this
essay is to question the relation between physically crafted component assemblies, as a means for exploring
adaptive, complex, self-organizing systems, and bio-computational paradigms as a source of adaptive strategies for making.
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1 Introduction
The theoretical biologist Stuart Kauffman, in At Home in the Universe, suggests that spontaneous order arises in nature, in what he calls “order for free” (Kaufmann, 1995). The possibility of combining a search for order, guided by newly emerging (biological) principles,
may be combined with a guided sense of craft and purpose, combining Material Craft, Procedural Methodologies, and Emergent Form. This paper will examine the critical influence
of material craft, as a basis for development of complex cellular, component-based aggregate systems. The relation between computational methodologies and physical form-finding techniques will be explored, inspired by evolutionary biology & complex adaptive systems. The influence of procedural and parametric techniques, informing modularity and
repetition, while confronting the physical resistance of material component systems, will
establish a critical juncture between material/computational processes. The author will
attempt to establish a critical discourse, opening up new pathways for linking algorithmic,
generative procedures with the embodied act of making & the role of the hand in bio-computational exploration.
1.1 Module, Material & Scale

What is a material system, and how does it relate to module, scale, and a unit of assembly?
James Clerk Maxwell, in Matter and Motion, defined a material system as a limit, or field of
investigation:
In all scientific procedure we begin by marking out a certain region or subject as the field of our investigations. To this end we must confine our attention, leaving the rest of the universe out of account till we have completed the
investigation in which we are engaged. In physical science, therefore, the first
step is to define clearly the material system, which we make the subject of
our statements. This system may be of any degree of complexity. It may be
a single material particle, a body of finite size, or any number of such bodies,
and it may even be extended so as to include the whole material universe
Maxwell, 1876

To understand the concept of a unit of assembly, in relation to material systems, Henri
Bergson’s Creative Evolution serves as an indispensable guide. Bergson describes innate
intelligence as knowledge of form, and instinct as knowledge of matter, and the tendency
to construct, organize or fabricate matter into organized units. Units are discontinuous expressions of matter, the means by which we understand matter. According to Bergson, “Of
the discontinuous alone does the intellect form a clear idea” (Bergson, 1994).
Scale is intimately connected with self-similarity and recursion, on the one hand, and
the relation of scale to the human body, on the other. At one extreme we observe geometric examples of self-similarity such as the Sierpinski Triangle, or Mandelbrot’s fractals, both
recursive structures seemingly devoid of any connection to the scale of the body. At the
other extreme, we encounter physical units, such as the brick, or systems of measurement
Figure 1. (top right images) Modular Steel Cloud Module /

based on the body, such as Le Corbusier’s Modular. The attempt to connect the notion of
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self-similarity and scaling with units of assembly tied to the scale of the human body, is one

Figure 2. (top left images) Procedural Play: Folded Con-

of the major goals of this essay.

struction & Milk Bottle Surface
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1.2 Procedure, Play & Resistance

Malcolm McCullough, in Abstracting Craft, has suggested that hands are under-rated, when
it comes to acquiring knowledge of the world, and ultimately, of complex systems. Following the work of Polanyi, in Personal Knowledge, McCullough suggests that tacit knowledge
is acquired not only by the hands, but also by the entire body, in its interaction with objects
in space.
Hands also discover. They have a life of their own that leads them into explorations. For example, a sculptor’s feel for a material will suggest actions to try,
and places to cut. Learning through the hands shapes creativity itself
McCullogh, 1996

Hands also invoke play, and provide a critical resistance to industrial efficiency, as Octavio Paz relates through the film In Praise of Hands. According to Paz, “the handcrafted
object reflects not only an informal economy of energy (as opposed to one of process efficiency) but also pleasure. Its production involves some play, some waste, and above all a
kind of communion” (McCullough, 1996).
Evolutionary Biologist Brian Goodwin has introduced the role of play as an essential
component of the “generative field” constituting complex adaptive systems. Complex patterns of behavior or play in animals, is compared with—
goal-directed behavior, which tends to have strong elements of repetition that give
it a somewhat stereotyped, even mechanical, quality, play is extraordinarily fluid
Goodwin, 1994

Play is seen as a means of cycling between periods of “cool” settled behavior or symmetry, and “hot” periods of symmetry breaking, within an overall generative field. Goodwin
compares this behavior to a phase-transition in a physical system.
Play, or play-like behavior, is like a high-temperature or excited state, in which
participants have reached a condition of highly unconstrained movement, a
state like chaos. As they cool down again, order reemerges from this chaotic
condition… One consequence of this repetition is that out of the high symmetry of play, new patterns of order can emerge as the symmetries break again
Goodwin, 1994

2 Self-Organizing Systems, Complexity & Craft
Introducing students to natural growth processes through a constrained component-assembly system, with internal parameters, leading to emergent, bottom up form, supports
a (physical) form-finding approach, leading from material investigations to computational
insight. This is a reversal of current practices emphasizing digital processes as form-genFigure 3. Linked-Aggregate Construction

erators, and physical fabrication as a form-validation of digital procedures, functions and

Figure 4. Gilbreth’s “Therbligs.” Credit: Barnes, R. M. (1963)

models. In this model, the physical work and act of making, embodies its own dynamic,

Motion & Time Study
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adaptive formation, through rational constraints and intuitive, gestural economies, optimization and efficiencies.
Biological systems display emergent properties stemming from an interaction between
internal-rule sets or code, and external environmental forces. In the development of a plant
meristem, for example, the growing tip emerges through the interaction of phyllotactic
coding and cellular surface tension—a biological procedure confronting a physical stress,
leading to a specific form of phyllotaxis (Goodwin, 1994). Similarly, the branching patterns
of diffusion limited aggregation (DLA) have a fractal, mathematical basis of growth, and a
physically defined external constraint (Ball; Self Made Tapestry 1999).
In more general terms, as Kaufman has shown, the tendency for self-organization or
“autocatalytic” pattern formation and homeostasis may be seen as a result of the (organism’s) genetic code and its interaction with a specific environment. The expression of
a specific trait is linked with the production of specific proteins and (accessible) binding
sites. Environmental stresses, such as low levels of nutrients, will lead to emergent patterns of growth, such as the classic slime-mold aggregation pattern, produced by movements of cells towards the chemical signal (Kaufmann, 1995).
A more fundamental model of emergent (persistent, homeostatic) order may be seen
in the so-called Bernard Machines described in The Tinkerer’s Apprentice (Turner, 2007).
As “agents of homeostasis”, Bernard Machines are devices or systems that create environments and regulate them. Turner explains biological adaptation as both a Darwinian
(genetic) machine, evolving over generations, and the immediate, active work of thermodynamic Bernard machines or mechanisms.
Living structures are not distinct from the function they support; they are themselves the function, no different in principle from the physiology that goes on
there. In this sense the (Termite) mound is not a physical structure for the function of ventilation, it is itself the function of ventilation: it is embodied physiology
Turner, 2007

These systems may be simulated and modeled using computational methods and fitness landscapes, utilizing cellular automata or strange attractors, for example. In these
simulations, patterns of growth emerge through discrete idealized “finite states” or simulated forces, such as gravity and mutual attraction-repulsion of particle systems. Computational simulations (of complex adaptive systems) depend to a great degree on iteration
and recursion, based on procedures & functions, within a virtual fitness landscape. By contrast, making relies on the interaction between physical objects and the human body, or
the (CNC) machine as an extension or interface between the body and the (disembodied)
digital simulation.
The shift from Taylorist models of labor, based on the time and motion studies of Gilbreth, minutely detailing and recording the efficiency of the worker and her bodily movements, may serve as a point of comparison. (See Figs. 3 & 4). Whereas the Taylorist instrumental control of the body tends towards control and efficiency, optimizing maximum
production (and profit) through optimization of movement, the re-appropriation of notational systems such as “THERBLIGS” to use Gilbreth’s term, may serve to open a new
space of exploration, guiding the body in space, towards the encounter with procedural,
bottom up emergent form. In place of the FOR LOOP and the IF / ELSE statement of proFigure 5. (top) Task Optimization. Credit: Barnes, R. M. (1963)

cedural programming, we encounter the embodied notational system with terms such as
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“search,” “position” and “grasp.” Within this context, one may compare the development

Figure 6. (Middle) Fluorescent E-Coli & (Bottom) Aggregate

of a specific aspect of complex assemblages—the adaptive joint, as a marker or trace of

Panels. Credit: Fluorescent E-Coli: “Study suggests ‘noise’

both the iterative, connective logic of the system, the specific material resistance, and the

in gene expression could aid bacterial pathogenicity.” James

relation to the body in space. The tactile manipulation of joints in space, following simple,

J. Collins & Jeff Hasty, Feb. 16 issue of Nature, researchers

iterative procedures serves as an introduction to complex adaptive systems, establishing

at Boston University (BU) and the University of California,

an intuitive understanding of the mechanics of iterative systems. The emergent forms ar-

San Diego (UCSD). http://www.jacobsschool.ucsd.edu/news/

ticulated as a result of applying simple rules—may be considered as a type of analog com-

news_releases/release.sfe?id=518 (accessed April 22, 2008).

puter, illustrating the basic concepts of (complex adaptive) systems.

Proceedings

275

Materials and Craft Inspired By Nature
Crafting Complexity

3 Bio-Modularity & Material Systems
A comparison of tectonic modular systems as outlined by Konrad Wachsmann in The Turning Point of Building, with analogous elements from the emerging field of synthetic biology,
reveals the similarities and differences between the two domains (Waschmann 1961).
Synthetic biology attempts to create molecular-scale devices and systems, aggregating
these components into working cellular networks, by appropriating the existing component
“machinery” of living microbes and tissues. The abstract model for engineering synthetic
biology is similar to that used to create silicon microchips with densely packed networks
of specialized electronic components. The individual ribosome, proteins, etc. of a cellular
component may be compared with the transistors and logic gates of an electronic microchip. By contrast, Wachsmann’s modules are derived from industrial scale building systems, with the goal of producing “universal” joints and construction assemblies, capable of
mass production at a massive scale, for use in large space-frame structures in 1960’s era
fabrication.
How can generative computational design methods produce new insights towards macro-scale constructions, by adopting the models of cell function and transport mechanisms?
The emerging discipline of synthetic biology bridges this gap, as it attempts to establish
the paradigms and procedures for building cellular components, devices, and working systems, from “the ground-up.” The link between micro scale modularity and tectonic modules has more to offer than simply metaphor. Mapping concepts from the (cellular) domain
to the macro-scale may provide new computational functions, procedures, and object-oriented paradigms for direct implementation in code. The most promising pathway is introduced in the analysis of complex adaptive systems (Miller & Page 2007).
Miller and Page introduce a schematic diagram mapping complex adaptive systems. In
this diagram, the upper panel represents “the behavior of entities at one level in the world,
with the possibility of new entities emerging (via function X) that take on new types of behaviors that require a new class of models,” represented in the lower panel (Miller & Page
2007). The main import of this diagram is to suggest that information of dynamic systems
at a lower level of complexity (i.e. a disorganized weather pattern) may emerge as a totally
new emergent, and highly organized structure (such as a tornado).
Within the framework of computational geometry, this idea is similar to chaotic attractor systems, or cellular automata, whereby emergent structures spontaneously arise from
multiple local interactions of (cellular) components. How can this model of emergent form
be utilized as a way of introducing and teaching the concepts of complex adaptive systems,
through direct manipulation of material? The link between algorithmic methods of exploration, and physical experimentation, develop as a bi-directional resource, affecting both
the physical act of making, and the generative study of form via computation. In this way,
we can appropriate insights developed through (bodily) play and physical interaction with
material, as Polanyi, Paz and McCullough suggest, in praising the knowledge-acquisition
potential of the hand.

4 Generative Materiality
Material systems and assemblies may be considered as physical analogs to computational
functions and procedures, containing their own functional arguments, parameters, or genetic phenotypes, expressed as a result of the inherent “genotype” information carried by
the module of assembly. In much the same way as a recursive script may call itself, and
perform a series of steps in a loop, until some condition is met, so can material systems.
In a sense, what is being defined here is the possibility for a generative materiality, defined
both by the intrinsic material constraints—wood grain, elasticity, etc. and the procedural
characteristics of joining or assembly. The emergent properties of form result by the iterative application of a sequential operation, similar to finite state machines or iterative
function systems. The implication of constructing assemblies in this manner, links with the
concept of feedback, articulated by the cybernetics pioneer Norbert Weiner, and popularFigure 7. Fluorescent E-Coli & Aggregate Panels.

ized in terms of analog feedback machines, by Gordon Pask, and his so-called Paskian

Figure 8. Modeling Complex Systems

Machines.
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Introducing students to biological processes is linked with the study of complex adaptive systems. The introduction to recursive scripts, arrays, and object oriented programming, using Processing software as the primary tool, facilitates an intuitive, easily accessible approach for learning how to conceptualize complex processes as statements or
procedures. Combining this software-oriented approach with the hands-on experience of
assembling modular (procedural) assemblies reinforces what is learned through computational methods. At the same time, it may lead to new insights towards (emergent) form
through the process of making.

5 Conclusion
This essay attempts to broaden the discourse surrounding bio-computational design,
to include craft & material systems as agents of production in their own right, in the development of complex adaptive systems and emergent form. The relation between physical
manipulation of matter, and computational processing of data, may be said to share an intrinsic, algorithmic, procedural basis. The possibility of informing computational form-finding processes by the physical act of making, serves as a point of departure for examining
the relationship between material, procedure and form.
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Figure 9. Adaptive Joint Assembly
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