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Abstract

This research focuses on the effect of technology on the culture of architectural education through the
lens of digital fabrication (CAD/CAM). As the computer was introduced into design education long before
digital fabrication was accessible, design culture has prioritized image over material experience. Digital
fabrication enables a material feedback loop into the digital design process which effects not only how
architecture is produced, but how architecture is conceived and the values shaped within design education.
As digital fabrication becomes standard practice in design education, conventions of use are quickly becoming
established which thwart the opportunities these tools were meant to engender.
Through the theory of affordances, attention shifts from what the tools produce to what the tools afford
the designer in the context of design practice. Affordances combine the directionality of tools, their material
affordances, along with the intentionality of the user, their perceived affordances. Developing a designer’s
engaged agency occurs at the intersection of these material and perceived affordances in the context of
design practice. This research develops through three research modes. First, through a series of tool-driven
research projects I developed a critical perspective on the place of digital fabrication to calibrate between
material and geometry. Second, I conducted a series of micro-experiments in digital fabrication at three
architecture schools with distinct school cultures. These studios are assessed through ethnographic methods
to make visible the perceived affordances of digital fabrication from the students’ perspective. Finally, a critical
reflection on the affordances of digital fabrication in design education is developed through over 30 interviews
with recognized practitioner/educators whose teaching and research engage digital fabrication. Collectively,
this research situates the affordances of digital fabrication in the culture of architectural education to project
an image of practice as an abstract workshop.

xix

1. Introduction and Historical Review:
from the Dominant Image to an Image of Practice

This research focuses on the impact of technology on architectural design culture through the lens of
digital fabrication. In architectural education, the dominant image of technology has been one of formal
novelty propelled by glossy renderings more than the constructed realities of built-work. Prioritizing image
over material experience has an effect on how architecture is taught and the values constructed in design
education. The introduction of computer-aided manufacturing (CAM), appropriated as ‘digital fabrication’ in
architectural education, challenges the relationship between the digital image and material experience. The
opportunity to bridge this physical/digital divide has consequences. Beyond the artifacts produced, it effects
the image of practice constructed in design education.
1.1 Introduction: a Personal ‘History of Computation’
I am among the first generation to have grown up with the personal computer. I grew up in the Silicon
Valley only a couple of miles from Cupertino the birthplace of Apple Computers and numerous other
technology start-ups. Long before wireless telephones, technology was in the air. My first experiences with
computers was at a friend’s house in the third grade. It was with an early PC, it didn’t even have a hard drive
nor did we have diskettes to run prepackaged programs. We copied code from a phonebook-sized source
book of short programs, tinkering with the code as we went along. A few years later, I distinctly remember
that Christmas when we got our Apple II+. Commercial programs quickly became available, shifting my
attention from BASIC programming to playing Frogger for hours on end. Then as now, the computer can be
used as a tool or toy.
The summer after my senior year in high-school I began working for a small architectural practice learning
the trade and discipline of hand drafting just as many firms were evolving from drafting by hand to drafting
on the computer. My undergraduate education from 1990-1995 would have next to nothing to do with
computers. In my fifth and thesis year, at the tail end of the 1990’s recession, I took a basic AutoCAD course
developing my thesis drawings in an Engineering computer lab mostly out of fear of not being able to get a
job without these basic abilities. I was right. Moving to Chicago, a small firm hired me because I could hand
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draft and I could draw on the computer. I was able to bridge the gap.
This small firm made an investment in digital training for the young employees that comprised this office,
not simply for production, but for integrating 3d design into the design process. While this wasn’t cutting
edge, it was ahead of the curve. After two years, I moved to a large firm in downtown Chicago where I
grew from intern to designer and project architect in part by being one of the “technology leaders” in this
250-person office. I was hired in 1997 just after the office moved from a suburban location to the center
of downtown Chicago. With this physical move came a noticeable technological transition. In the old office,
computers were used only for production, isolating those that operated them in a glass-lined room creating
a physical and interpersonal barrier between designers on the outside and production on the inside. In the
transition to the new office, the old production software on dedicated workstations was discarded for new
software run on personal computers bridging the gap between design and production. This was not simply an
issue of hardware, but now everyone was expected to work on the computer, in a few cases discarding those
people that could not integrate design and production. I was hired, because through the computer, I could
bridge the gap between design and the technical discipline of architecture practice.
In 2000, I began my Master’s studies at the University of Illinois at Chicago with a digital media
concentration. Doug Garofalo, Chicago’s leading critical digital practitioner, directed this program just as he
was finishing the Korean Presbyterian Church in Brooklyn with Greg Lynn and Michael McInturf (figures 1.11.2). Learning Maya, advanced software geared for the animation industry, I realized the professional software
I had been using in practice was a straightjacket not simply formally and graphically, but how I thought about
architecture at a conceptual level. Through the basic parametric function within Maya, my interest shifted
from discrete pieces, to relational systems. The following semester, this fluid conceptual model was developed
further toward fabrication pushing my digital skills by pairing it with my knowledge as a practicing architect.
Digital media did not just help to produce the fluid and formal dominant image, but effected the very image

Figure 1.1.

The side elevation of the Korean

Figure 1.2.

Presbyterian Church, a built-example of the keyframe

Design renderings of the Korean

Presbyterian Church.

animation approach which is parametric modeling

Image courtesy of Garofalo
Architects, Inc.

today.
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of practice by challenging the intellectual gap between digital design and the making of architecture.
In 2002, I moved back to California to teach at my undergraduate Alma matter. After seven years of
professional practice all integrated with the computer, I was shocked by how little had changed since I had
graduated. I was hired, once again, because of my ability to bridge the gap between design and digital media.
Only this time, bridging the gap wasn’t a technological problem, but a cultural one. As one example, last year I
spoke with a student who I taught in 2003. Talented and ambitious, she decided to move to New York City to
look for work after graduating. She was clear that she “had been denied twenty fold” due to her lack of digital
skills. She was characteristically blunt and to the point, being highly critical of the lack of digital integration in
her education:
It has to stop. I don’t think in the computer enough, learning how to think within the computer screen. You
have to know that like the back of your hand so you are not thinking about the commands.
She articulated well the need for tool transparency even if she did not yet experience it. This was
both frustrating to hear from her and ironic because the very studio of mine she attended was intended to
introduce the computer in our early design curriculum. But in the end, only one student had a laptop, so
it was ink and mylar as usual. While a successful studio nonetheless (Cabrinha Wiley 2004), it would have
been different if they all had computers. Now they do. Today, I see the pedagogical landscape differently in
2010 than I did in 2002. Like many schools, Cal Poly now require students to have laptops. But having the
computer is not enough. As faculty’s resistance comes down and students have computers with them at all
times and use them in many ways, the way in which
digital integration effects design education and the
image of practice nurtured in education remain
critical pedagogical issues. Without situating tools in
the context of practice, today’s plugged-in and wired
students are faced with a host of distractions (figure
1.3). The computer directs students’ attention and
interests, but so does design pedagogy. The directed
convergence of these two is of interest here.
Figure 1.3.
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and disconnected idealist, but one equally driven

iTunes open while watching a video of a football game.

by ideas and concepts as immersed in the making
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of architecture. The divide between ideas and materials is as much a problem separating education from
practice as it is a problem of epistemology - how we come to know what we know. My interest in digital
fabrication is an explicit means to bridge this gap, and in so doing, effect the image of practice constructed in
design education.
1.2 Historical Review: a Brief History of Computers in Architectural Practice
In architectural practice, the gap between design and production was present at the earliest introduction
of the computer. In 1966, Progressive Architecture published one of the first essays on the computer for
architectural practice with the central promise that the computer would “take the work out of working
drawings” to give more time to design (Stewart de Serio 1966). Almost a decade later, computers were not
prevalent in design offices, but the computer made its debut in the architectural office through the back door:
through specification writing. While using the computer as a word processor may have made practical sense
given the technology of the time, it was presented as “automated architecture” (Yee 1974). The computer
went from the mainframe of the 1960’s to the mini in the 1970’s, and with this ran the first advertising of the
computer to architects as “the future of design” and as a “profit-making system” (figure 1.4). “What it does,”
the ad declares, “is enable architects to visualize, evaluate and restructure design solutions far more quickly,
accurately - and profitably - than ever before.” Of course the considerable capital investment such early
computers required was softened by the promise of profitability. In the end, this focus on productivity in the
competitive marketplace would quickly transpire into doing more for less money in less time.
In the 1980’s, single source vendors such as Integraph marketed integrated hardware and software
products tailored to architects with the claim of “faster, more precisely, with less manpower than was possible
before” (figure 1.5). This ad makes no mention of design quality, but rather the ability to “keep pace with
change” if “the boss changes the whole plan tomorrow.” This foreshadows two aspects that are commonplace
today. Smaller firms can manage much larger projects now through the increased complexity and scope
that can be handled precisely with the computer. But this increased complexity also requires the tighter
integration of an architect’s knowledge. The promise to keep pace with design changes reflects positively
the ability to view and model options, but negatively, transpires to focus on insignificant changes and a lack of
conviction in design decisions. Because dedicated and highly technical workstations were required, there was
a split between the Integraph operator and the designer.
Smaller design firms which could not afford the cost of large dedicated workstations were beginning to
experiment with the personal computer such as Apple’s Lisa. Thom Mayne, founding partner of Morphosis
and now an outspoken advocate for the Building Information Model (BIM) was at first skeptical of this
electronic “zip-a-tone machine” (Doubilet 1984b). As he became more comfortable with it, he observed “if
4

Figure 1.4.

Progressive Architecture magazine

1974: the first ad for a commercial computer system

Figure 1.5.

marketed
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1984: CAD production dedicated workstations. Image

Architecture Vol. 4, 1974, page 19.

from Progressive Architecture Vol. 5, 1984, page 4.

to

architects. Image

from

Progressive Architecture magazine

you can’t draw, the computer will not create great graphics for you; and vice versa” (Doubilet 1984b). Two
decades later, Mayne observed how the computer had transformed his practice, while suggesting those
still reluctant to change will simply perish. Most of all he noted, “It’s going to put us back as builders, which
is absolutely key” (Mayne 2005). Even in the mid 1980’s, the technology manager at SOM anticipated the
bridge between design and Computer-Aided Manufacture (CAM) noting that what architects produce is
“information, not drawings. As the construction industry becomes automated, the architectural data will be
able to direct the manufacturing of building parts” (Doubilet 1984a).
Certainly there were select schools that engaged computer-based research and curriculum changes
revolving around the computer in the 1980’s. Several schools including RPI introduced the computer in
the first and second years of the architecture curriculum, but only for analytical applications such structural
analysis. However, there was an identifiable gap between CAD-based production software and the need for
design-oriented software to aid in initial schematic design decisions. The computer in the design studio was
a rarity, with schools only beginning to pilot computerized studios. For example, Professor Chris Yessios, who
then led the computer laboratory at Ohio State University, criticized the CAD, or digital drafting approach:
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Figure 1.7.
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Figure 1.6.

Shift

from
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hardware
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Progressive Architecture Vol 2. 1994
“Computerizing the design studio has become a fad, with several schools that have done little computer work
up to now buying CAD systems. That won’t work. The commercially available software is just not adequate
for design education; you must develop your own, which takes time and an experienced faculty” (Fisher 1984).
Yessios would indeed go on to develop his own software, but outside the University by creating FormZ. In
the mid-1990’s, FormZ became the first popular and commercially available design and modeling software
used in design schools (Serraino 2002). Although technology has progressed considerably, Yessios observes
that the same tensions between professional oriented productivity software and the needs of the designer are
as apparent today as they were in the mid 1980’s (Cabrinha 2006a Yessios 2006).
In the 1990’s, as the personal computer replaced integrated hardware and software, Integraph, for
example, focused their advertising on the integration between 2d and 3d models (figure 1.6). Through
3d modeling, the computer shifted from purely production machines to become a design tool, and with
this came the first Progressive Architecture Awards illustrated with primitive computer graphics by today’s
standards (figure 1.7). 3d design modeling and their associated graphic possibilities enabled the mobility of
6

computing into the design studios of architectural education. While computing had entered architectural
education decades before this, in the 1990’s designing on the computer became hyped and theorized in
academic theory-based magazines such as Architecture New York (ANY). ANY gave voice to young digital
designers such as Greg Lynn, who began teaching the first “paperless studios” at Columbia, and with this
coined a new architecture typology, the ‘blob’ (Lynn 1998). Soon the blob’s smooth continuos surfaces
became the dominant image of 90’s era digital design. However, this theorization only served to polarize and
mythologize an already volatile debate on the integration of the computer in design schools. While there
was much attention surrounding particular schools in the mid-1990’s developed through a theory-based elite,
there was also a bitter resistance to adopting digital media. This was made clear in an essay written by Lee
Mitgang, co-author of the 1996 report on Architectural Education with Ernest Boyer (Boyer Mitgang 1996).
In his essay, “Saving the Soul of Architectural Education,” Mitgang highlighted four of architectural education’s
toughest challenges. The first as the computer:
If there’s a single symbol of the clash between past and future in architecture education, it’s the computer....Still,
25 years into the technology age, it borders on educational malpractice that so many faculty members have yet
to master computers well enough to teach it comfortably in the studio. At many programs, one or two faculty
continue to carry much of the burden as ‘computer gurus’ (Mitgang 1997).
At the turn of the millennium, an exhaustive list of theoretical and technique oriented writing on the
computer was being amassed (for example Lynn 1999, Rajchman 1998, Allen 2000) supplemented more
recently by comprehensive technique and theory oriented monographs (Zaera-Polo 2004 Reiser Umemoto
2006). As CAM became accessible to architects and academics, many of the celebrated efforts of the early
2000’s became focused on building the blob. My intent here is not to provide a lengthy and critical review
of the extensive writing on the computer beginning in the 1990’s, but rather to pinpoint the problematic
dichotomy separating design from execution amplified through the discourse on ‘the digital.’
In an essay reflecting on five years of integrating computers in design education beginning in the mid 90’s,
Alan Balfour, the former Dean at RPI, identified what I consider to be the central problem: “The machine
excels in supporting two distinctly different kinds of conceptual invention: tough, performance-conscious
pragmatism, and unbounded fantasizing” (Balfour 2001). This characterization of “the machine” serves to
amplify the preexisting intellectual split between loose ideas and rigorous design development. Instead of
reifying a preexisting problem, the synthetic nature of the medium can best be served to integrate wild ideas
with material development. Balfour would likely agree as he notes “we are responsible for appropriating the
technology to better ends than the creation of a hypothetical virtual world supposedly richer than the real
one (what a foolish idea!).”
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In the same year, Dana Cuff at UCLA identified the opportunities inherent in digital physical integration
(Cuff 2001). She noted the “undeniable, alluring energy” at particular schools that were pushing the
forefront of digital design. This alone illustrates that even in 2001, the integration of digital media was not as
commonplace as one might think. She was well aware of the faculty divide between digital and hand media,
suggesting that there should be “knowledgeable experimentation on the part of faculty, many of whom
are caught instead of supporting or resisting digitization.” Her focus on pedagogy was not simply on how
to teach digital media, but on how computers and software direct a student’s thinking - “the computer’s
cognitive implications.” Furthermore, Cuff highlighted the ‘visualization versus production’ divide, noting not
only different issues explored, but how particular software amplified this divide. Visualization programs such
as Maya, and production-oriented programs such as AutoCAD reified the separation between design and
execution. This can amplify the split between the academy and practice as she forewarned, “the academy may
be further removed from practice and from buildings than ever.” She highlighted the central problem: moving
between digital and material design. The pedagogical opportunity is the translation between these two modes
of thinking, and for this, she closes the essay noting the opportunity that CAM offered to translate between
the shop, research lab, and the design studio.
Although I was not familiar with Cuff ’s essay when I began teaching, the translation between the shop,
research lab, and the design studio she refers to is the same opportunity that motivated my research. Instead
of reinforcing the intellectual split between conception and execution, an important pedagogical opportunity
arises through the integration between the digital and the physical. These pedagogical opportunities were
not the focus of the early adoption of digital media in design education for three reasons: 1) faculty resistance
favoring traditional hand media over the adoption of digital media, 2) the exaggerated promises and claims of
digital media to argue against the former resistance including the argument of virtuality as superior to material
experience, 3) the exposure and accessibility of Computer-Aided Manufacturing (CAM). In 2010, all three of
these reasons are acquiring historical status on most campuses. While there may still be isolated pockets of
faculty resistance, the real difficulty is the integration of digital media into design curricula which are slow to
evolve. There are still faculty that prioritize virtuality and the potentials of new spatial experiences (and there
should be), but this is more of a fringe interest rather than an inflated argument for the computer. Lastly, and
most pragmatically, CAM has been appropriated into architectural education as ‘digital fabrication.’ Now the
majority of schools having access to laser cutters, computer controlled milling machines, and rapid prototyping
machines among other tools. These tools have become so basic and commonplace, those schools seeking
technological novelty now look to 7-axis manufacturing robots as the cutting edge. Harvard, the University
of Michigan, and Carnegie Mellon acquired 7-axis robots in the last several years following the acquisition of
manufacturing robots at the ETH in Zurich (Figure 1.12 and Gramazio Kohler 2008).
My focus here is not on technological novelty, but something much more basic: dissolving the intellectual
8

split separating conception from execution. This
could be done with a 7-axis robot or it could be
done with paper and pencil. I choose to do this
through the integration of the digital and physical
using the basic commonly available tools of digital
fabrication. I believe these tools offer the greatest
opportunity for integration in both education and
practice. With their ubiquity, there is equally a risk
that they be used for basic production without a

Figure 1.8.

critical awareness of their impact on design thinking.

mobile robot R-O-B installing the Pike Loop wall in New
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York City. Image accessed from http://www.storefrontnews.
When I began this research in 2003, there

org/exhib_dete.php?exID=152 on January 17th, 2010.

was little published material on digital fabrication
in architecture. The pairing of abstract theory with digital fabrication through Bernard Cache’s Earth Moves
(Cache 1995) was an early influence that extended from my Master’s studies. In truth, the second edition
of William Mitchell and Malcolm McCullough’s Digital Design Media (Mitchell McCullough 1994) devoted a
chapter to CAD/CAM prototyping in a descriptive if uninspiring way. At the time this second edition was
published, there were few built examples at that time except for Frank Gehry’s Barcelona Fish, the first
experimental project in which Gehry employed CATIA and CAM, and some images of the design process
of the Guggenheim in Bilbao, completed in October 1997. It wasn’t until several years later, after a sufficient
number of built examples by leading practitioners employing digital fabrication, that a symposium could be
assembled at Harvard in October 2000. This was to become the first of three symposia on digital design
and manufacturing technologies in architecture at Harvard (Schodek et al 2001 & 2003). These publications
became the basis for the first and only textbook on CAM in architecture which was published during the
course of my doctoral coursework (Schodek et al 2004). Similarly, Branko Kolarevic led a symposium at the
University of Pennsylvania in 2002 which developed into the comprehensive book Architecture in the Digital
Age: Design and Manufacturing (Kolarevic 2003). In addition, a thorough history of CAM for architecture can
be found in Computer Aided Manufacture in Architecture: the Pursuit of Novelty (Callicott 2001).
In Fall 2003 I presented my first academic paper in the only session on “Digital Fabrication”with Kolarevic
as the moderator (Cabrinha 2003). The year following, the entire conference was devoted to Fabrication
(Beesely et al 2004). It’s not at all that I was an early adopter, far from it, but rather I was swept up in the
wave of interest in digital fabrication taking shape about that time. That first academic paper was certainly not
a model of academic research and writing, nor in truth had I even seen a CNC router at that time. At that
conference with only one year of full-time teaching under my belt, I came away eager with the realization that
I had a great deal to learn, and the year following began my doctoral studies.
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1.3 Research Overview
This research is shaped by three different research modes. Through a series of tool-driven experiments,
I developed a first-hand knowledge of digital fabrication. Working with these tools gave me an insight and
critical perspective that no theoretical reading could convey. These projects were presented at national
double-blind peer reviewed conferences helping me to form a growing social network of academics and
practitioners in this area.
The second mode of research developed around a series of pedagogical experiments at three
geographically and culturally distinct architecture schools. Through ethnographic methods, focus was placed
not simply on the technology, but the pedagogical environment and design sub-cultures that the technology
was situated within. Before I began this mode of research, I imagined that digital fabrication would enable
a studio filled with physical models and prototypes testing numerous complex ideas formed through the
integration between digital and physical models. Rather than forming a material feedback loop into the
design process, I found students producing fewer models essentially “outputting” a model at the end of the
design process. As digital fabrication becomes ubiquitous, if these tools are not situated through a critical
pedagogical context, they are likely to suspend the curiosity and investigation they were meant to engender.
In the third mode of research, I interviewed what I have coined “the early adopters and current
practitioners of digital fabrication” to challenge and give coherence to the two previous modes of research.
Collectively, these three research modes develop from the perspectives of two separate but convergent
theoretical perspectives, Science and Technology Studies and embodied cognition. Science and Technology
Studies (STS) provided particular methods, such as ethnography and participant-observation, but more
importantly a particular perspective which develops from these methods of observation. Through STS it is
understood that technology does not sit outside of society and culture, but rather agents are able to produce
culture through technology (Downey 1998). This positions the focus of research from the technology, to the
effect on the agent. Furthermore, technology is not just an isolated tool to learn, but must be connected
to the history of a practice (Lave Wenger 1991). Finally, as a trained architect this approach fills a need for
the indigenous ethnographer, insiders studying their own culture (Clifford Marcus 1986). This perspective
“requires a split identity - one foot planted in the craft work of design and the other foot planted in the
reflexive work of critique...It will require a praxis of daily work: forms of language, career strategies, and
social networks that support the exploration and alternative work practices that will inevitably seem strange
to insiders and outsiders alike” (Agre 1997). Taken together, the STS perspective has enabled a shift in my
research perspective from being about technology to the impact of technology on design culture and the
image of practice constructed in design education enabled by technology.
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Embodied cognition departs from a mechanistic cause-and-effect reasoning in the head, to a view of
cognition that is situated in the world. This perspective does not place technology outside of the body, but
rather, technology can be seen as an extension of the body effecting not only what the body can produce, but
how reasoning is constructed through an interaction with the environment. In this view, technology can act as
a probe for possibilities, structuring what is reasoned about, rather than simply executing preconceived ideas.
This is of considerable insight to this research, as digital fabrication is not simply about the instrumentality
of production, but how the presence of these tools and associated material constraints are part of the
environment in which the designer operates, and in turn affects what is reasoned about.
Through the common lens of digital fabrication, these three modes of research also alter what that
environment is: the shop, the design studio, and professional practice. As a conceptual binding to these three
research modes, I now turn to the theory of affordances from within embodied cognition.
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2. (In)Forming: the Affordances of Digital Fabrication
in Design Education

An affordance, points two ways, to the environment and to the observer. So does the information to specify an
affordance. But this does not in the least imply separate realms of consciousness and matter, a psychophysical
dualism. It says only that the information to specify the utilities of the environment is accompanied by
information to specify the observer himself, his body, legs, hands, and mouth. This is only to reemphasize that
exteroception is accompanied by proprioception - that to perceive the world is to coperceive oneself. This is
wholly inconsistent with dualisms in any form, either mind-matter dualism or mind-body dualism. The awareness
of the world and of one’s complementary relations to the world are not separable (Gibson 1986: 141).
James J. Gibson introduced the concept of affordance coupled to his theory of active perception.
Active perception departs from a mechanistic, ‘cause and effect’ view of perception toward one that is
interactional. In Gibson’s theory, perception is actively constructed by an observer in an environment. How
that environment, including the tools in it, direct or point-to certain actions affects how perception is actively
constructed. Gibson’s theory of affordances directs attention to both the subjective aspects of the individual
including their skills and intentions as well as the objective qualities in the environment. Through this, Gibson’s
theory of affordances is able to bridge across the subject-object gap in human development (Sanders 1993:
293). Linking the theory of affordances to digital fabrication shifts attention from what the tools produce to
what the tools afford the designer in the context of design practice.
In this chapter I give an overview of the theory of affordances with emphasis on the directionality and
intentionality of affordances. The theory of affordances can be used as a methodological tool identifying
material affordances, perceived affordances, and conventions of use. As digital fabrication becomes
commonplace in design education and practice, conventions of use quickly develop which thwart the material
exploration digital fabrication was meant to engender in the architectural design process. Through a more
nuanced understanding of material and perceived affordances, directionality and intentionality intersect. To
draw out these affordances, I briefly introduce the research modes that follow: tool-driven design research,
researching design through the situated practice of design pedagogy, and finally a series of interviews with
12

leading research practices in digital fabrication. The goal of this research taken collectively is to make visible
a wider spectrum of the affordances of digital fabrication for architectural education. Through the overlap
between material and perceived affordances, agency and intention combine in powerful ways. How do these
tools shape intention and direct the attention of design student? The larger ambition of this research is to
support a cultural shift within the discipline of architecture by uniting previously polarized domains.
2.1 Affordances
Gibson’s focus was in visual perception, but his theory of affordances is often loosely applied to material
objects without methodological rigor. Donald Norman popularized the term affordances in the design and
use of common objects through his book, The Design of Everyday Things. Norman summarized in the most
simplistic terms that an affordance means “is for,” as a chair “is for” support and therefore a chair affords
sitting (Norman 1988:9). If digital fabrication tools “are for” more efficient means to make models and
smoother topographies the affordances of digital fabrication can have little pedagogical influence. Although
Norman first wrote on the affordances of everyday things before the computer was an everyday thing, he
has become critical of the common misuse of affordances in digital culture. He has made further clarifications
on affordances through the distinction between perceived affordances, real affordances, and conventions
of use (Norman 1999). Perceived affordances are the subjective understandings, skills, and perceptions of
the user, while real affordances are the more objective aspects of a given material, tool, or object. These
real affordances are closely associated with constraints and the conventions of use or habits developed by
a community of practice. He argues that when the term affordance is casually used, what is really being
addressed are conventions and constraints. When real affordances are denied the designer, the alternatives
are conventions (Norman 1999:41). Since real affordances develop from physical objects, Norman suggests
that most visual screen based feedback is based on conventions. According to Norman,
[screen-based] actions are abstract and arbitrary compared to the real, physical manipulation of objects, which
is where the power of real and perceived affordances lies. Today’s design often lies in the virtual world, where
depiction stands for reality....Personally, I believe that our reliance on abstract representations and actions
is a mistake and that people would be better served if we would return to control through physical objects
(Norman 1999:41).
This is particularly illuminating and ironic in the case of digital fabrication. Although controlled through
digital software, digital fabrication tools have very real physical affordances and very rigid constraints. The
irony is, however, that because digital fabrication tools are controlled from screen-based software, conventions
of use are quickly forming that limit the potential actions of the individual. Norman also makes clear that once
social conventions are established, they cannot be so readily changed (Norman 1999:42).
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Conventions of use in digital fabrication have already formed that instrumentalize these tools as printers
of form without engaging material as a medium in itself (figures 2.1 & 2.2). These conventions of use amplify
the tendency in digital design to output to material at the end stage of design, rather than the preparatory
and evaluative role of digital fabrication as material feedback into the design process. My initial motivation in
pursuing digital fabrication develops from a particular image of practice that is engaged with fabrication and
material experience. No doubt digital fabrication has a noticeable impact on architectural form, but my larger
interest is the form of practice these tools enable. In this sense, my intentions are not only pedagogical, but
political.
2.2 The Conventions and Politics of Numerical Control
By far the greatest latitude of choice exists the very first time a particular instrument, system, or technique is
introduced. Because choices tend to become strongly fixed in material equipment, economic investment, and
social habit, the original flexibility vanishes for all practical purposes once the initial commitments are made.
In that sense technological innovations are similar to legislative acts or political foundings that establish a
framework for public order that will endure for many generations (Winner 1986: 29).
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The technology critic Langdon Winner is famous for his question, “Do Artifacts have Politics?” These
politics are not so much in the affordances of objects as they are in the conventions of use once these
technologies become institutionalized. He is particularly interested in how technology becomes a form of
life, and furthermore, how the conventions of use restrict the very forms of life that the technologies were
supposed to enable. The particular politics of computer numerical control have been exposed in David
Noble’s The Forces of Production (Noble 1984). Noble follows a thorough history of the development of
numerical control in the United States, and yet his bias is clear: the case of computer numerical control is
an example par excellence of technology’s separation of execution from conception. Nobles’ account of
the adoption of numerical control at General Electric in the 1970’s focuses on the shifting balance of power
from the machinist to the manager through the adoption of numerical control. Despite Noble’s focus on
the separation of conception from execution due to the control of management, in The Mangle of Practice,
Andrew Pickering uses the very same data that Noble presents in his book, focusing the means by which
this technology can have a liberating effect. Due to the machinists’ resistance on the shop floor, management
employed an inverse tactic giving the machinists complete control of the manufacturing process through
numerical control blurring the roles of foreman, planners, programmers, quality controllers etc (Pickering 1995:
163). This was so liberating, one worker called it “the new way of life” (Pickering 1995: 172). Rather than
seeing technology as a separation of conception from execution as Noble did, accepting the indeterminacies
of use and expansion of agency enable an opportunity to bring execution into conception.
The adoption of computer numerical control in architecture follows more closely the intent to bring
execution into conception. More than 15 years ago, the pioneering technological appropriation of Frank
Gehry makes this latter motive clear:
The technology provides a way for me to get closer to the craft. In the past, there were many layers between
my rough sketch and the final building, and the feeling of the design could get lost before it reached the
craftsman. It feels like I’ve been speaking a foreign language, and now, all of a sudden, the craftsman
understands me. In this case, the computer is not dehumanizing: it’s an interpreter (Novitsky 1992: 105).
The risk of following conventions and habits of use is the nature of materials the tools are working
with are not understood. The biggest challenge - and opportunity - in digital fabrication is that the material
being manipulated is as much abstract digital bits as it is concrete physical atoms. The reciprocity between
abstract geometry and concrete material in digital fabrication enables the architect to leverage scale in a way
that direct fabrication never could. By bringing these tools of execution into the conceptual framework of
the designer, these new modes of execution change the nature of conception. In using Frank Gehry as the
example, it is not just the geometrical forms of conception that may change, but the underlying conception of
the agency and identity of the architect and their potentially expanded role in the construction process.
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2.3 Appropriating Technology: Forming a Unifying Framework

Gehry appropriated computer-aided design and
manufacturing from the French aerospace software
maker CATIA. Yet in the early 90’s, when Gehry first
began working on CATIA with the Barcelona Fish
(figure 2.3), decades of software development had
taken place. Pierre Bézier, arguably the forefather of
today’s CAD/CAM systems, worked for Renault to
develop software-based techniques for automotive
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process as a unifying and interactive framework from
design development to manufacture (Bézier 1998). Bézier notes that a “stylist” could choose to work with
sketches and small-scale mock-ups for their first intentions, but from that point on, the design process became
part of this interactive parametric system. This is similar to Gehry’s design process, with Gehry as the stylist,
and a cadre of highly skilled architects to develop these physical sketches. Yet it is not the forms derived from
Gehry’s process that are significant, but rather the restructuring of practice enabled by this digitally-enabled
unifying framework. Dennis Shelden, formerly one of the technology directors for Frank Gehry, and now the
Chief Technology Officer for Gehry Technologies, writes:
The question of reach, opportunity and responsibility for participants that engage around projects is very much
in play, and the economic pressures of differentiation and efficiency are sounding a mandate for innovation that
digital methods are available to serve. The potential of process reconfiguration to reposition design as again
central to building is large, and the opportunity for designers in taking on this challenge squarely seems openended (Sheldon 2006: 87).
The automotive, aerospace, and naval industries are common references to advanced manufacturing
for architecture to follow as exemplified in Refabricating Architecture (Kieran Timberlake 2003). While this
comparison by analogy is productive, another way to understand the significance of digital fabrication in
architecture is to understand the unique challenges of architecture as a motivation for appropriating these
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technologies. Appropriating technology shifts the ability of a passive user of technology to one who chooses
a particular technology for a particular purpose even if this purpose was not intended by the technology’s
designers. For example CATIA was never intended to be used for architecture. In Appropriating Technology,
three analytical distinctions of technological appropriation are suggested: reinterpretation, adaptation, and
reinvention (Eglash 2004). “Digital fabrication” in architecture meets the first two criteria. Reinterpretation
is the change of semantic use, such as from CAD/CAM to digital fabrication, and adaptation includes both
this reinterpretation and the violation of the technology’s intended purpose, such as taking tools for mass
production to develop mass customization. However, the strongest case of technological appropriating is
reinvention, which develops from reinterpretation and adaptation to a change in “structural use” enabled
by this appropriation. Structural change in architecture has a double meaning: both the literal opportunity
of flexible and structural surfaces, and - more significantly - the change in social structure and agency of the
architect. While it is no doubt true that these tools affect the literal forms of conception, my motivations is
the form of practice afforded by digital fabrication. This challenges the underlying conception of design from
image to material experience.
2.4 The Conceptual Tool of Affordances
Affordances properly considered act as a method to test this underlying conception of design. As
philosopher John T. Sanders suggests, the theory of affordances as a “conceptual tool” is most effective
when taken up as a method in certain “problematic structures” such as the subject-object dichotomy
(Sanders 1993). The conceptual tool of affordances can be employed to actively construct from real world
experiences how these tools are best situated for action in the design environment of the architect, and,
in turn, how these tools suggest, positively and negatively, how design intentions are socially and physically
constructed. Turning the conceptual tool of affordances onto itself, a more basic question can be asked: what
are the affordances of these affordances and why does it matter?
2.5 Affordances as Method: The Affordances of Affordances
Affordances are defined as possibilities for action in the environment of an individual (Sanders 1997). The
significance of the theory of affordances cannot be understood from the most basic illustrations. For example,
Gibson’s definition of a tool as “a graspable object with a rigid sharp edge affords cutting and scraping (a knife,
a hand axe, or a chopper). A pointed object affords piercing (a spear, an arrow, an awl, or a needle)” (Gibson
1986:40). This appears trivial if left to the tool alone without respect to the potential actions of an individual
in an environment. Gibson continues:
When in use, a tool is a sort of extension of the hand, almost an attachment to it or a part of the user’s own
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body, and thus is no longer a part of the environment of the user. But when not in use, the tool is simply
a detached object of the environment, graspable and portable, to be sure, but nevertheless external to the
observer. This capacity to attach something to the body suggests that the boundary between the animal
and the environment is not fixed at the surface of the skin but can shift. More generally, it suggests that the
absolute duality of ‘objective’ and ‘subjective’ is false. When we consider the affordances of things, we escape
this philosophical duality (Gibson 1986: 41).
Avoiding the dangers of dualistic thinking is particularly relevant to the context of this research as
theoretical discussions frequently present “two worlds” of the analog and the digital; the virtual and the actual.
To list the affordances as “this affords that” does indeed seem trivial without respect to the potential actions
of the individual in the environment. This is precisely why Gibson coined this an ecological approach. It is a
relational method. Affordances are neither subjective nor objective but cut across this dualistic divide:
There has been endless debates among philosophers and psychologists as to whether values were physical
or phenomenal, in the world of matter or only in the world of mind. For affordances as distinguished from
values the debate does not apply. They are neither in the one world or the other inasmuch as the theory
of two worlds is rejected. There is only one environment, although it contains many observers with limitless
opportunities for them to live in it (Gibson 1977: 77).
Gibson breaks down the larger environment through the concept of an ecological niche. An ecological
niche is a specific environment with specific opportunities, in which “a niche is a set of affordances. The
natural environment offers many ways of life and a way of life is a set of affordances that are utilized” (Gibson
1977:69). Gibson describes the specific opportunities in the niche as “offerings” and further emphasizes
“there may be many offerings of the environment that have not been taken advantage of, that is, niches not
yet occupied” (Gibson 1977: 69). In suggesting that digital fabrication is just such a niche, the “offerings” of
digital fabrication are not presented as novelties, but rather niches not yet fully occupied by the architect.
Furthermore, Gibson connects this ecological niche as a way of life. Not only are the offerings of this niche
not recognized by the architect, but the “way of life” afforded by this niche has been previously stripped from
the architect’s agency. Through the separation of conception from execution, design has been removed from
the material practice that is vital to architectural experience. My primary motivation is to make visible how
this ecological niche is part of an evolving cultural shift in the practice of architecture.
Occupying this ecological niche effects the agency and identity of the archtiect. As suggested by Gibson,
the information to specify affordances must point two ways, to the environment and to the individual. Below
I introduce the directionality of material affordances given by the invariants of the environment, and then
the intentionality of perceived affordances directed by the individual, including the influence of socio-cultural
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factors. Identifying these two factors is important as agency and identity exist at the intersection between
material and perceived affordances (figure 2.4).
2.6 Directionality of Affordances
Gibson coined “affordance” from the German word Aufforderungscharakter which has been transcribed
as “invitation-character” and as “valence”. Valences have “corresponding vectors which could be represented
as arrows pushing the observer toward or away from the object” (Gibson 1977:78). While this clearly
accounts for the directionality of affordances, what is unique about Gibson’s theory of affordances is that the
directionality comes from the object. According to Gibson, previous theories disregarded the object as a
result of focusing on psychological or stimulus based receptors - locating perception only within the subject
(Gibson 1986:151ff). Gibson emphasizes that the object-oriented affordances are invariant - that is they are
always there, they just need to be “picked-up”. The issue of pick-up and its relationship to skill development is
covered in the next chapter. As will be discussed further below, while directionality comes from the object,
intentionality comes from the subject. Affordances are able to cut across the subject-object gap through the
reciprocity between the directionality of the object and the intentionality of the subject.
2.7 Intentionality of Affordances
The directionality of affordances focuses on the invariant objective potentials for action by an individual
in an environment. However, in the face of the explicitness of these object oriented affordances, it seems the
implicit intentions of the individual can easily get lost. If the theory of affordances is to cut across the subjectobject gap, then where is the subject? It is not that
Gibson is absent on this, but that this subjectivity is
far too implicit in his theory. After all, how could a
theory of active perception not include a perceiving
subject? Clearly it does, but Gibson’s focus on the
invariant objective aspects of visual perception was
too passive on the human intentions of where to
look and what to look for.
The meaning or value of anything consists of what
it affords an observer, or species of observer. But
what it affords the observer is determined by its
material substance and its shape, size, rigidity,

Figure 2.4.
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overlap between material and perceived affordances.
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Agency and Intention at the

not separate, as we have been led to believe. And the observer who perceives the substances and surfaces of
anything has thereby perceived what it affords (Gibson 1982: 410).
What is passive in his description is why one would choose this “material substance” over that one.
Choice, and by extension intention, is far too implicit if not absent in Gibson’s account. As Sanders notes,
some followers of Gibson have paired “effectivity” along side affordance where “effectivity is the predilection,
disposition, tendency, even bodily embedded ability of the organism to take advantage of the affordance”
(Sanders 1997:103). Even if presented as complementary views, Sanders is clear to note that it isn’t that this
is incorrect, it just isn’t correct enough. The very point of Gibson’s affordances is to bridge the subject-object
gap, so to place affordances on the object side and perception on the subject side, even if complementary,
is to push affordances too far toward the object. Sanders central point “is that affordances, properly
understood, do not need to be ontologically complemented with effectivities, and that the certainly vital role
of intention in perception - and in activity in general - is already implicit in the idea of affordance” (Sanders
1997: 105).
Sanders’ point makes visible the intertwined relationship between directionality and intentionality in
affordances. This marks an important distinction between defining appropriate technology from the intentions
of appropriating technologies. To define the appropriateness of digital fabrication technologies through
their objective affordances alone is to overlook the wider socio-cultural factors - the human dimensions - in
appropriating these technologies. In probing the affordances of digital fabrication, the task is not simply to
describe how these tools work, but to make visible how these tools effect the agency and identity of the
architect.
2.8 Socio-Cultural Dimensions of Affordances
Gibson’s discussion on affordances focuses on specific bodily features of the user, such as sight, without
regard to socio-cultural influences. However, once intentionality enters into affordances, the social and cultural
influences on intentions effects which affordances may be utilized. Following closely on intentionality within
affordances, the philosopher Harry Heft has emphasized the socio-cultural dimensions of affordances. If
affordances are thought to be mechanistic through a direct cause and effect stimulus and response, then this
would reduce the account of perception to a simple bio-mechanistic reaction. This is clearly not the case, as
it rules out the social and cultural context of learned behavior. In fact, Donald Norman decided to write the
Design of Everyday Things after his frustration with British light switches and water taps (Norman 1999).
In working against the dominant instrumentality of technology, communicating why it matters is as
important as how it works. Heft’s introduction of socio-cultural factors of affordance addresses how
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functional significance is socially conveyed:
The extension of affordances to the culturally-based meanings of objects is justified if we view affordances
in relation to what an individual can do, or rather what an individual knows how to do. Much of this situated
knowledge is acquired within a specific sociocultural context. Moreover, the process of enculturation can be
viewed, in part, as one of acquiring a repertoire of acts, each act being situated with respect to a particular set
of environmental features, the functional significance of which are socially conveyed (Heft 1989:18).
In emphasizing that the situated knowledge of know-how develops within a specific socio-cultural
context, Heft opens the door for skill-centered reason developed through the directionality and intentionality
of affordances while through his emphasis on the social conveyance of affordances, employing only a learn
by doing strategy does not suffice. The social conveyance and the process of enculturation are of profound
significance for the affordances of digital fabrication in design eduction. There is no question that over a five
to six year period of education, a high-school student is socialized into design culture. How might this set
of affordances effect this process of enculturation? My interest here is how the ecological niche of digital
fabrication is part of a larger cultural shift in the practice and teaching of architectural design.
2.9 Affordances of Architecture and the Design Process
This research focuses on how the affordances of digital fabrication inform the design process. In this
sense, this research is designer oriented. For clarification, I would like to acknowledge the potential for
affordances to be applied to the analysis of architecture, and its potential for a theory of design. Gibson was
not silent on architecture, critiquing that
architecture and design do not have a satisfactory theoretical basis...Things will look as they do because they
afford what they do. Herein lies the possibility for a new theory of design. We modify the substances and
surfaces of the environment for the sake of what they afford, not for the sake of creating good forms as such,
abstract forms, mathematically elegant forms, esthetically pleasing forms (Gibson 1982:413-415).
Moreover, Gibson links architectural experience to locomotion, and the sequential nature of perception,
such that “one also sees the possibility of entering the next vista, of going around the corner, or through the
door, or over the hill” (Gibson 1986: 416). Gibson clearly understands that surfaces direct and suggest certain
actions. Harry Heft’s philosophical development of Gibson’s theory cites an observational analysis of a canal
loading dock and the difference in perception between adult and child: “The fence which, for the adults,
has the negative character of stopping movement, is for the child, exactly to the contrary, the very signal of
movement. It invites the child to climb or jump on it or over it. Similarly, the slopes, which would have an
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indifferent or negative value for the adult, represent a provocative field of action for the child” (Heft 1989:20).
One contemporary example of this “provocative field of action” is the Maritime Youth House by
Plot Architects completed in 2004 (figure 2.5). Their description is a telling example of how the unusual
constraints of a design problem shape its development:
Two clients had to share the facilities: A sail club and a youth house and the requirements were conflicting: The
youth house wanted outdoor space for the kids to play; the sail club needed most of the site to moor their
boats. The building is the result of these two contradictory demands: The deck is elevated to allow for boat
storage underneath while still letting kids run and play above on the curving and winding landscape 			
		

(http://www.big.dk/projects/mar/mar.html last accessed February 9, 2010 at 1:45pm).

This is a delightful example for numerous reasons. First, it illustrates that because architecture has
multiple users it frequently has multiple and conflicting demands, and therefore a mono-functional view of
affordances will not suffice. Secondly, it illustrates how the unique circumstances of an architectural problem
shapes its conception (figure 2.6). Thirdly, in looking back to how these digital technologies often suggest nonrectilinear projects, it need not only be employed in highly complex and highly expensive projects. Finally, like
Heft’s canal dock example, the architectural surfaces can at once function for both adults and children (figure
2.7).
The theory of affordances could affect how architecture is analyzed and conceived. However, this
is not how affordances are employed in this research even though this is certainly a fruitful avenue for
future research. Gibson’s approach may also align with a return to pragmatism in certain contemporary
architectural circles (Ockman 2000 Saunders 2007). This is most succinctly summarized in the introduction
of architects Reiser + Umemoto’s Atlas of Novel Tectonics: “Material practice is the shift from asking ‘what does

Figure 2.5.

Maritime Youth Center, Copenhagen, Denmark by Bjarke Ingels Group & JDS Architects (formerly
Plot Architects). Image courtesy of Bjarke Ingels Group.
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Figure 2.6.

Simple design development

Figure 2.7.

shaped by the unique circumstances of this

Playful roof surfaces as “provocative

field of action.” Image courtesy of Bjarke Ingels Group.

project. Image courtesy of Bjarke Ingels Group.
this mean?’ to ‘what does this do?’” (Reiser 2006: 23). Digital fabrication enables a return to material practice,
even if extended through digital means, as an understanding of architecture in the way Gibson suggested.
While this research is focused on design process, and is therefore designer oriented, the very material practice
these tools support encourages the integration between the designer’s perception and the underlying
conception of practice.
2.10 Engaged Agency: Perception/Conception
In congruence with Gibson’s theory of affordances, contemporary theories of embodied cognition
summarized in Philosophy in the Flesh suggest that reason is constructed through our perception which is
actively created through our ability to move and manipulate objects. Not only are reason, perception, and
action closely interrelated, but the primacy of action introduces a hierarchy into this mixture. They propose
that reason is “piggy-backed” onto perception and action (Lakoff Johnson 1999: 20). Furthermore, technology
offers an enlargement of perception and movement via the increased manipulation of objects, which has the
potential to enlarge our capacity for reason (Lakoff Johnson 1999: 91).
If digital fabrication tools are seen as expedient means of output at the end stage of design, there is
no place for them to effect conception. Rather, in a material practice what one can do affects what one
conceives. For this to work effectively, the design process must include embodied and engaged agents.
“Embodiment” is not just having a body, but the particular way in which the body interacts with the world.
Designing on the computer is an extremely limited range of embodiment if left only to screen-based visual
interaction. By bringing the affordances of digital fabrication tools into this mix, it not only expands the
repertoire of a designer’s skills, but effects the range of embodiment in the design process:
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The embodied agent is ‘embodied’ precisely insofar as the agent’s capacities and functions are understood as
deriving in vital part from activity, rather than from a prior gift or passive assimilation of external messages.
As analytical units of embodiment, affordances emphasize the fundamental character not only of subjective
reality, but of any way that worlds could be at all. The sense in which worlds are made rather than found is the
sense in which worlds are (and must be) parsings of the potential that is available to embodied agents as they
engage and are engaged by the world... They [affordances] explicitly cast the world in terms of opportunities for
action in the environment of engaged agents (Sanders 1999: 135).
Digital fabrication as a particular parsing of potential is both enabling and constraining. Understanding
to what extent the affordances of digital fabrication enable a more embodied sense of design, as well as what
aspects it does not attend to is of importance to the conclusions drawn here. How much can one expect
these tools to shift design culture and encourage engaged agency?
2.11 Affordance Overview
To summarize, Gibson’s concept of active perception is the basis for his theory of affordances. Active
perception departs from mechanistic cause and effect models of perception toward a view of perception
actively developed through the interaction between individual and environment. Tools are a critical
component of this interaction as they are at once an extension of the individual and effect change in
the environment through the functions of the tool. While Gibson acknowledges the role of tools in this
interactional engagement, his research on visual perception does little to further pursue the affordances
of tools. Affordances bridge the subject-object gap which includes the directionality of tools and the
intentionality of the user which is enabled and constrained in relation to this directionality. To address
this, Donald Norman, differentiates between material affordances and perceived affordances. As Gibson
is adamant that affordances are invariant, it would be more accurate to define these as material aspects of
affordances and perceived aspects of affordances rather than as two different kinds of affordances. While the
material aspects of affordances can be learned through first-hand experience, the pedagogical role challenges
the perceived affordances through the social-conveyance of the significance of these affordances expanding
the horizon of these perceived affordances in the context of a practice.
Gibson presents the concept of an ecological niche as a specific environment with specific opportunities
which entail a set of affordances. Digital fabrication is not one particular tool, but better understood as a
niche of computer controlled fabrication tools, such as the laser cutter and CNC router as two prevalent
digital fabrication tools in design education. To clarify, despite the fact that rapid prototyping is the third tool
associated with digital fabrication in design education, I do not include this process here as rapid prototyping
is not employed as fabrication, but simply a useful means for the physical representation of form. Presenting
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digital fabrication as an ecological niche in Gibson’s terms, focuses the affordances of digital fabrication
between the constraints of the tools and the opportunity for action provided to the individual. As affordances
bridge the subject-object gap, affordances offer a novel approach to acknowledge the strong directionality of
digital fabrication tools in reciprocity with the particular intentions of the architect. This is a useful method of
research to position the social-conveyance of digital fabrication as not simply tools to learn, but significant to
the evolving practice of architecture.
2.12 Research Overview
Employing the theory of affordances to bridge the subject-object gap in this research requires
understanding the object-oriented material constraints of physical machine tools as well as the various
software that drives these, as well as, if not more importantly, the subjective perceptions of both novice
design students and expert practitioners. To develop a broad and deep understanding of the material and
perceived aspects of affordances, this research is broken down into three research modes: my own tooldriven research experiments, testing and observing the perceived affordances of students through studio
ethnography, and finally, challenging and verifying my own conclusions and perceptions through a series of
interviews with leading practitioners and educators who employ digital fabrication. What I initially thought to
be three discrete modes of research, in the end provided a much more fluid and cohesive understanding of
the affordances of digital fabrication. The structure of the dissertation follows these three modes of research
in sequential order, yet their cohesive overlap led to a smooth transition between them. Below I introduce
each mode of research.
As I did not have first-hand experience with digital fabrication prior to beginning this research, the next
chapter focuses on the importance of tool-driven research with a summary of my tool-driven experiments
in digital fabrication. These fabrication experiments served to de-mythologize digital fabrication technology
making me aware of the high degree of constraints in these apparently flexible tools, clarifying the material
affordances of digital fabrication, while also allowing me to develop a more critical insight in the ways these
tools direct design thinking positively and negatively. Presented through a series of double-blind peerreviewed conference papers (Cabrinha 2005, 2007, 2008a), this tool-driven research positioned me within
the discourse of digital fabrication giving me broader access to architecture schools and leading practitioner/
educators in digital fabrication critical to the next two research modes.
In the second research mode, I focus on the perceived affordances of digital fabrication in design
education through an ethnographic approach. I purposely taught at three architecture schools with distinct
design cultures, one that was digitally oriented, one that was drawing oriented, and the third that was oriented
toward physical modeling to understand the students’ perceived affordances of digital fabrication as it was
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being introduced in their respective schools. Aspects of this research were also presented at double-blind
peer reviewed conferences (Cabrinha 2008b, 2009). In the 1970’s, Donald Schön’s ethnographic studies
of architectural education codified the pedagogical relationship in architectural education as a dialogue of
reciprocal reflection in action between coach and student, and as a conversation of the materials of the
situation (Schön 1987). The principle material of the situation that Schön observed was the sketch. But how
might a change in the “materials of the conversation” shift the conversation? The ethnographic approach,
in particular the method of participant-observation, enables me to test the perceived affordances of digital
fabrication in the student’s mind, while challenging my own assumptions about the place of digital fabrication
in design education.
While ethnographic methods are not as common in architectural design research, three guiding
ethnographies in engineering design and education serve as a model to draw-out prevailing issues in digital
integration. Lucy Suchman’s Plans and Situated Actions makes visible how the introduction of a new technology
can act as a test on the underlying conception of a practice as new tools reify the presumed conception
of that activity (Suchman 1987). Rather than seeing technology as a replacement of an activity, a more
considered look at the affordances of technology, is not just what the tool can do, but how it enables users to
construct the purpose and intelligibility of their actions. Properly situating digital fabrication then, particularly
at its introduction, can serve to clarify or draw-out the underlying conception of architectural practice.
Kathryn Henderson’s study, On Line and On Paper, questions the place of precise tools in the context of
loosely-defined ideas (Henderson 1991 Henderson 1998). She critiques the dominant view of technological
efficiency closely associated with the myth of information flow by focusing on the distributed process of
design highlighting the looseness and improvisation of interpretation from multiple voices - from designers,
managers, to machinists on the shop floor. Like Suchman, Henderson emphasizes that design does not occur
in the head, but rather a way of seeing is rooted in practice. The introduction of a new technology then, such
as digital fabrication, should not be about how it might streamline a process, but how it makes visible aspects
of practice that are otherwise unseen.
Gary Downey’s ethnographic study, the Machine in Me, is most in congruence with my research here
as it focuses not only on CAD/CAM, but in a shift making pedagogy the basis of research (Downey 1998).
Downey makes visible how the separation between autonomous technology and human agency trickles
down into education precisely where identities are being formed. Through acknowledging the “cyborg in
us all,” Downey subverts the “dominant image” of technology in which there is a sharp boundary between
humans and machines (Downey 1998: 237). While he optimistically pictures CAD/CAM technology as an
extension of human agency, the dominant image he observes thwarts this opportunism. As he notes, “every
image makes some things visible while hiding other things, and dominant images establish and reinforce the
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terms of everyday theorizing, everyday habits of imagination” (Downey 1998:5). As Downey observed,
instead of forming a relationship to these tools, due to the technical expertise to employ these technologies
students would either submit themselves to it or try to conquer it as some mythical beast - a characterization
I recognize in architectural education today. Rather, through Downey’s strategy of positioning, student’s can
to identify questions of fit, positioning themselves through actual experiences. Taken collectively, these three
ethnographic studies not only act as a model of the methods employed, but influence what I am looking for
through these methods. In particular, they direct a shift in the conversation from the tools and a dominant
technological image, to the image of practice projected from within design education.
This reflects back on the engaged agency situated at the intersection between material and perceived
affordances, by positioning this agency in the context of design practice. Connecting affordances with the
methods of ethnography is significant, as too much focus on the subject-object relationship between user and
tool can overlook the context this relationship is situated within. The intersection between the directionality
of affordances with intentionality is more than just what the user can do with the tool, but why it matters.
In their study of apprenticeship practices, Jean Lave and Etienne Wenger, acknowledge the importance of
learning by doing, as Schön does, but importantly they critique that simply learning by doing does not project
enough into the cultural life of a practice (Lave Wenger 1991). In regards to technology, they critique the
instrumental view of technology as simply an application to learn, suggesting that
social scientists who concern themselves with learning treat technology as a given and are not analytic about its
interrelations with other aspects of a community of practice...Understanding the technology of practice is more
than learning to use tools; it is a way to connect with the history of the practice and to participate more directly
in its cultural life (Lave Wenger 1991: 101).
My interests are to connect the persistent challenges and opportunities of digital integration with the
cultural life of architectural practice by challenging the underlying conception of design practice through
projecting an image of practice afforded through digital fabrication. As an architect and architectural educator,
rather than a trained social scientist, I am able to bridge the gap between technology and the community of
architectural practice as an “indigenous ethnographer;” an insider studying their own culture (Clifford Marcus
1986: 9). The asset of participant-observation from the insider’s view, is that I am momentarily looking
in from the outside, observing interactions, listening to words and phrases I would otherwise let pass by.
Methodologically, I am far from a neutral observer, as if there were such a thing (Geertz 1983 Clifford Marcus
1986), but am as much participant in structuring the experiment I wish to observe as both design professor
and indigenous ethnographer. Consequently, the conclusions that I draw are not only connected to the local
place, as if a cause, but closely bound to my own methods and comfort in the practice of observation.
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Due to this inherent subjectivity, the third mode of research challenges and verifies my own conclusions
through a series of interviews with leading practitioners and educator’s engaged with digital fabrication. My
intentions in selecting these exceptional practitioners and educators are to locate the intersection between
these material and perceived affordances that I previously defined as engaged agency. Their commentary
reaches beyond the tools, or better through the tools, to the very ways that this engaged agency presents
resistances and opportunities for design culture and education. In other words, they help to draw out the
affordances of these affordances. My goals then are not simply a reflection of the current state of affairs, but
a projection of design education and the image of practice fostered therein.

In 2000, there were only a few

schools investigating digital fabrication. When I began to construct an interview list in Spring of 2006, there
were perhaps 50 people committed to pursuing digital fabrication in design education. Since that time digital
fabrication has become commonplace in most design schools with at least one faculty member that focuses
on digital fabrication. With this ubiquity comes a host of conventions and pedagogical challenges. My interest
here is not to present a technological cutting edge, but rather assess the practical and cultural impact of these
as pedagogical tools. The decade of time that has passed from early adopters to ubiquity gives me a unique
reflection on the motivations, expectations, influences, and opportunities these tools represent.
Between Fall 2006 and Fall 2009 I conducted over 30 interviews with what I originally understood as
the early adopters and current practitioners of digital fabrication. Rather than parse these interviews as
if across fixed generational boundaries, I now see this as a multi-generational look at the culture of design
and education through the lens of digital fabrication. Perhaps inevitable in hindsight, there is an intricate
web of relationships and influences that tie these interviewees together including that a majority of those
I interviewed came from Ivy League schools, in particular Harvard and Columbia (figure 2.8). In addition, I
intentionally set-up a tight web of influences between Cooper Union, Rhode Island School of Design, and
Cranbrook Academy of Art to counter the threads that work their way out from Harvard and Columbia.
I am grateful to the interview subjects for the contribution of their time and openness to my questions.
These included leading academic figures such as William Mitchell, Dan Schodek, Malcolm McCullough, and
Branko Kolarevic. These leading academic figures are well known in the field and have contributed widely
in their notable books (Mitchell 1990, 1994, 2003 Schodek 2001, 2003, 2004 McCullough 1994, 1997, 2005
Kolarevic 2003, 2005, 2008). Through the academic social network formed through presenting my own tooldriven research, I was easily able to identify other academics working in digital fabrication that I had personal
contact with including Philip Anzalone, Kevin Klinger, Greg Luhan, Philip Beesely, Nancy Cheng and Luis Boza.
The majority of those I interviewed had both academic experience as well their own research practices. This
included such leading practitioners as Chris Sharples, Greg Lynn, Scott Marble, William Massie, and Doug
Garofalo all of whom took an early interest in digital fabrication to help form their practices. In addition to
these well known figures, it was easy to identify younger though well published research practices enabled
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through digital fabrication such as Lisa Iwamoto of Iwamoto Scott Architecture, Thom Faulders and his Thom
Faulders Studio, and Karl Daubman of PLY Architects. As above, each of these are well respected tenured
faculty members in their respective academic institutions bridging the academic practice divide. As I began
to formulate my interview list in Spring 2006, a new genre of digital fabrication enabled workshop practices
was taking shape. These operate as a blend of fabrication shop, digital design and fabrication consultancy, and
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design office in their own right including Jeffrey Taras of Associated Fabrication, Fabian Scheurer of Design
to Production, Wes Rosen and Brad Samuels of SituStudio and John Shields of Point B Design. While not
permanent faculty members at any one institution, each have teaching experience and are therefore able to
identify the challenges of digital integration in design education.
As each of the interviewees were directly tied to digital technology and fabrication in particular, I also
chose to conduct a couple interviews with leading academic practitioners that are known for their direct
involvement in making but not necessarily through digital means. Kyna Leski, faculty member at the Rhode
Island School of Design (RISD) and principal of 3Six0 Architects, bridges the connection between the
material-based first year core studio experience at RISD with her own design practice just beginning to use
digital fabrication. Peter Lynch was connected to Kyna Leski having taught at RISD prior to Cranbrook, where
he was Architect-in-Residence prior to William Massie taking that position.
Finally, I included a new generation of young designers only a few years out of school who had
connections back to others that I interviewed. This included Yang Soo-In, who established his research
practice The Living with David Benjamin as well as a roundtable of leading young architects at SHoP architects
at that time, including David Fano, Federico Negro, Steve Sanderson, Joshua Emig, and Brian Price.
Each interview lasted between 45-90 minutes, with an average of 20 pages of transcription per interview
for a total of about 600 pages of transcription. The methodology of narrative analysis is used to develop
persuasiveness, coherence and pragmatic use (Riessman 1993). Persuasiveness is developed through the
multiple views and commonality of experiences of those interviewed as well as with my own experience with
digital fabrication. Coherence validates issues presented earlier as well as challenges previous conclusions.
Finally, pragmatic use through both the textual analysis and graphic case studies is intended for others to build
upon and make use of the conclusions drawn within. What is clear from these interviews, is the affordances
of digital fabrication in design education is not about the tools, but the material, pedagogical, and professional
opportunities afforded through the ability to bridge conception and execution enabled by digital fabrication.
Through the particular potentials of these tools and those that adopt them, a more general projection on
design education and the culture of practice can be made and the values that engender these practices.
Through all three research methods taken collectively, I critique the dominant instrumentality of technology
proposing in its place the projective image of practice as an abstract workshop afforded through digital
fabrication.
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3. Tool-Driven Research: Developing Skill-Centered Reason

I have a life-size map of the world, but I don’t know where to put it. Comedian Steven Wright
The world is its own best model. Rodney Brooks, Intelligence without Representation
In one sentence comedian Wright captures the irony of everyday life which highlights current
technological issues in architecture. Architecture has increasingly moved away from 2d abstractions, such as
plans, sections, and elevations of an imagined three dimensional construct, toward digital tools that enable the
means to precisely represent a three dimensional model from which abstractions can be taken. For some, this
digital model is more real than life itself. All too often representations of this digital model get more attention
in architectural publications than the constructed realities of built work, emphasizing the virtual over the actual.
In suggesting “the world is its own best model,” Rodney Brooks opposed creating virtual maps of the
world by proposing an alternate view of intelligence that is situated and embodied, a “dynamics of the
interaction with the world” (Brooks 1991). Developed through his mobile robots at MIT’s AI Lab, Brooks
shifted technological attention from mechanism to behavioral interaction. Brooks questioned the very
foundations of technological thinking in representational models or so called expert systems, suggesting that
the thinking hadn’t changed, but that the technology had advanced giving the impression that ones thinking
had evolved.

My interest here is not robots, nor necessarily technology, but the interaction between agents,

artifacts, and the environment including the tools which enable and constrict this interaction. Supported
by research in embodied cognition, the ways in which tools enable and constrain this interaction is closely
associated with the construction of human knowledge and the development of reason.
In this chapter, I argue for the development of skill-centered reason through tool-driven research. Skillcentered reason is closely associated with technique, but technique alone does not guarantee skill-centered
reason. Technique is not simply the application of skills, but involves intention, discretion, and improvisation.
Technique is not a function of thinking then making, but thinking through making. The confluence of three
separate paths position the skill-centered reason developed through tool-driven research as an intellectually
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rigorous field of study. The first path develops from within architecture through the notion of design
intelligence which develops from a new genre of workshop practices that are enabled, in part, by digital
fabrication. The second path focuses on tool-driven research in the sciences to help define and legitimate
the expanded sense of reason that tool-driven design research would support. The third path looks toward
embodied cognition for a biological basis that supports skill-centered reason. This support for skill-centered
reason then cycles back into the contemporary context of design intelligences and the specific ways a
designer’s knowledge is constructed through tools, technique, and intention. Then I return to affordances
through J.J. Gibson’s concept of information pickup, illustrating how skills and affordances interrelate. Finally,
I summarize my skill-centered reason through my tool-driven research projects presented through several
conference papers.
3.1 Design Intelligence: Architectural Context
As digital computers have become ubiquitous in architectural practice and most schools, and
furthermore, as digitally driven fabrication technology has forged connections between the digital and material,
much theoretical discourse has focused on technique and its relationship to design research as illustrated by
Foreign Office Architects book Phylogenesis (figure 3.1). Reflecting on ten years of their practice, they classify
the “operativity” of their architectural practice as a “technical arsenal for the implementation of a certain
approach to the practice of architecture” (Zaera-Polo et al 2004: 6). This classification acts as a reflection on
their practice and at the same time a working langauge that anticipates future projects:
This classification of projects is an attempt to establish a certain benchmark, internal to our practice, that
will at least map out the range of territories that we have explored so far, and that will allow us to position
future ones...Operativity is not only determined by the capacity to adapt to changing conditions, but also by its
transformative capacity to purposefully alter environments. And that capacity is primarily developed through
repetition, through the development of a specific culture of the practice. Techniques, protocols, and handshakes

Figure 3.1.

FOA’s Phylogenesis, diagram of classification system in pull-out of (Zaera-Polo Moussavi 2004).
32

are improved through testing, as certain operations or traits prove to be successful under certain conditions and
become part of a practice’s arsenal (Zaera-Polo et al 2004: 8-9).
Though their language is different, this is in congruence with way affordances establish a repertoire of
actions. These are not simply an ad-hoc collection of techniques to be indiscriminately applied, but with in
FOA’s practice, the classification of these techniques became “a process of creating knowledge” (Speaks
2005). Michael Speaks has challenged the higher status of theory calling for a focus on innovation through
“design intelligence” in which “practices are the techniques, relationships, intelligence, and disposition that
shape design” as these very practices encourage risk-taking as opposed to problem solving (Speaks 2002
Speaks 2005).
Landscape architect James Corner, in his essay “Not Unlike Life Itself,” adds a delightful proviso to Speaks’
design intelligence in which “form, geometry, and material are precisely the physical media, the substrate if you
will, through which any strategy plays itself out. In other words, there is not a general strategy of battle, only a
specific unfolding of battle as dictated or afforded by the specific contours and local conditions of a particular
terrain” (Corner 2004). Influenced through his own thinking as a landscape architect and critical ecologist,
Corner’s proviso is that design intelligence must balance the top-down strategic planning as contingent upon
the bottom-up messy and complex influence of the physical context including material constraints, their
potentials and realities and their associated techniques.
In The Practice of Everyday Life, Michel de Certeau differentiates tactics and strategy as two logics of
action. Similar to material techniques, tactics form the bedrock of strategic actions in which “tactics in general
form a field of operations within which the production of theory also takes place” (Certeau 1988:78).
Certeau’s central concern is on the relationship between discourse and action in which the overemphasis
on scientific method has “progressively overturned the relationship between knowing and doing” in which
discourse legislates action (Certeau 1988:65).

Inspired through Speaks, Corner and de Certeau, my larger

motivation is to establish an expanded sense of reason which develops from the construction of knowledge in
a material practice. In the gap between theory and practice, the development of skill is often placed outside
of design as an intellectual practice, thus separating knowing from doing. Rather, my interests are to invert the
typical view that the “intellect” resides in isolated thinking toward an embodied intellect which engages the
physical constraints and potentials of tools together with geometry and material toward the development of a
designer’s skill-centered reason.
3.2 Inverting Method: Design as Research
In the chapter entitled “Theory in Relation to Method,” in Architectural Research Methods, Linda Groat
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and David Wang suggest that research methods are “a way to verify or test theories” (Groat Wang 2001:75).
Furthermore, they draw these theories from a larger pool of philosophy (figure 3.2). But does this reflect
design thinking? As a designer, I am influenced by philosophy and theory, but I do not suggest that practice
proves theories derived from philosophy, but rather, effective theories are developed through experience. In
turn, the kinds of theories I tend to appropriate resonate with my own experiences. A general tactic of de
Certeau is the principle of inversion. As a result, I ask a simple question: what if we invert their diagram
(figure 3.3)? What if we begin with tactics, generalize to strategy and develop theory from strategy as de
Certeau suggested? Technique as method is a more appropriate research strategy for the design studio as
the design process is not prescriptive, but one of problem discovery (Coyne 2005). Rather than fitting design
research into a restricted mode of scientific research, this paper follows Ranulph Glanville’s assertion that
research is a restricted design act (Glanville 1999). Glanville argues for an increase in know-how, as opposed
to know-what, and in conversation has suggested a further development from know-how to know-for, or
knowledge-for-action. Where technology is concerned, it seems know-how is quickly turned into knowhow-to-do, or a series of procedural steps without any connection to larger objectives. It is also clear that
technique, or practical knowledge, without larger propositional objectives, folds back on itself such that the
work is about the technique which follows from the technology being employed. This is a clear reflection of
Rodney Brooks’ statement in the introduction of this chapter that one’s thinking hasn’t change, but the fact the
technology has changed gives one the impression progress is being made. In relationship to affordances, if left
to the directionality of tools alone, a larger projection of intent is left far too implicit. Identifying the explicit
intentions of tool-driven research in the sciences provides a context for tool-driven research in architecture.
3.3 Tool-Driven Research
In suggesting that science is a limited form of design, as Glanville does, the implication is that scientific
methods do not capture the full sense of experimentation. Rather than oppose science with art, which
often happens when architecture is situated between art and science, an expanded sense of reason can be

Figure 3.2.

Theory-based research methods

Figure 3.3.
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Tactics-based research methods

seen through tool-driven research in the sciences. Historian of science Peter Galison focuses on the “border
territories” between the subcultures of physics including instrument makers, theorists, and experimenters
(Galison 1997). In focusing on the image of the experimenter, Galison makes visible the fragile relations
between work, machines, evidence, and argument. Galison begins in 1964, with the shock effect the computer
had on the established culture of experimental physicists. The computer challenged the constitution of
“an experiment”, the relations and practices of the experimenter, and therefore the very identity of the
experimenter (Galison 1997: 2-6). As experiment and experimenter are bound together, their meanings
change together. Through this mutual influence, Galison rebukes the rigid stereotypes of the scientific method.
Rather, he argues:
There is a method and motivation to experimentation that is not enslaved to theory...Experimenters do their
work to explore new domains of phenomena, to try out new equipment, to gain added precision for physical
constants, among other tasks....The life associated with experimentation is not the life affixed to theorizing.
Relations to industry, to material objects, and to standards of right reasoning, methods of argumentation,
concepts of elegance, uses of heuristics, and forms of apprenticeship are all different. The life of an
experimenter involves knowing (for example) the properties, costs, and uses of materials. A young precision
bubble chamber experimenter in the 1980’s knew not only about heavy-quark decays, but about the tough
transparent plastic lexane - about its manufacturers, about its optical qualities, about its tensile, shear, and
temperature-resistant strength, in short about the many properties that made lexane ideal for canopies in
military jet fighters and justified its existence, but made it equally well suited for holding vats of bubble chamber
liquid (Galison 1997:8).
In differentiating theorization from experimentation, Galison is also clear to suggest their mutual
dependence. Constraints operating between theoretical and experimental subcultures are not absolutely
separate, but only “quasi-autonomous.” Experimental questions may be formulated through aspects of theory,
and theory depends on experimental knowledge. However, Galison also notes that the constraints of theory
and experiment are often distinct enough that they clash to the point where one has to be given up (Galison
1997: 16). In architecture, this clash between theory and experiment is prevalent. This creates a gulf between
how architecture is theorized or conceived and the innovation through material experimentation and
execution in actual practice. Rather, the mutual dependence between conception and execution might serve
to reposition both theory and experimentation in architectural research. Borrowing from Galison, physicist
Freeman Dyson distinguished tool-driven from concept-driven research:
There are two kinds of scientific revolutions, those driven by new tools and those driven by new concepts.
Thomas Kuhn in his famous book, The Structure of Scientific Revolutions, talked almost exclusively about
concepts and hardly at all about tools....It misled a whole generation of students and historians of science into
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believing that all scientific revolutions are concept-driven....Two prime examples of tool-driven revolutions are
the Galilean revolution resulting from the use of the telescope in astronomy, and the Crick-Watson revolution
resulting from the use of X-ray diffraction to determine the structure of big molecules in biology.
...After the Crick-Watson revolution of the 1950’s, the next great tool-driven revolution was the advent of
electronic computers and memory banks in the 1960’s...The computer incidentally caused a revolution in
physics itself, increasing the power of physical theories to interpret experiments and predict phenomena. The
computer is a prime example of an intellectual tool. It is not a concept tool but a tool for clear thinking. It
helps us to think more clearly by enabling us to calculate more precisely (Dyson 1997: 49-51).
Galison and Dyson give a more accurate picture of what tool-driven research does as well as the
expanded sense of reason of the experimenter. Through Galison, materials play a constructive role in the
formation of an experiment and the particular phenomena that are explored, including new tools and
technologies and the development of precision, which in turn affects the phenomena to be explored. Dyson’s
portrayal of the computer as one of the great tool-driven revolutions is significant here, as this focuses the
computer as a tool for clear thinking.
However, in architectural education, the computer as a generator of form has far exceeded its place
as a tool for clear thinking. What I have in mind is a much closer connection between perception and
conception through engaged agency at the intersection between intention and tool-driven ability. This links
back to Michael Speaks’ notion of design intelligence in which speculative testing and prototyping is a form
of thinking-as-doing. Speaks specifically identifies digital fabrication and parametric modeling through which
”speculation happens in real time with real material. Significantly, prototyping also creates a shared design
space that enhances collaboration and thus the introduction of variables that might not otherwise have been
considered, leading to further innovation” (Speaks 2005:75). But certainly having the tools does not constitute
experimentation. In fact their ubiquity at most architectural schools is likely to do the opposite. Dyson
continues:
The computer revolution began with a new tool and quickly emerged into a new style as computers became
small, cheap, and ubiquitous. As the beginning of the revolution, when John von Neumann built his computer at
Princeton, computers were large and expensive. Von Neumann’s computer was dedicated to two big projects,
weather prediction in daytime and hydrogen bombs at night. Twenty years later, when the revolution was in
full swing, computers had become personal, available to anyone who needed them, and applicable to a huge
variety of purposes. Centralized management was displaced by do-it-yourself improvisation. Computers are
now as common as dishwashers and are used indiscriminately as tools or toys (Dyson 1997: 52).
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Wth the accessibility of CAD/CAM in architectural education today, digital fabrication can be used
as tools or toys. I am interested in how they become tools for clear thinking and how they direct what is
thought about. Computer software has enabled a whole new formal genre in architecture, but to associate
formal style with the style Dyson is speaking of is a mistake. The change of style that Dyson addresses is
the change from a centralized command and control database to the decentralization of the internet (figure
3.4). Not only am I interested in how CAD/CAM becomes a tool for clear thinking, but the impact of
decentralization these tools have on architectural practices. In particular, I am interested in research practices
that combine the experimental workshop with professional practice. The decentralization and expansion of
agency enabled by digital tools situates these practices between the polarization of the sole-practitioner and
global corporate practices. My belief is that there is an intimate connection between an expanded sense of
reason and the decentralization of these research/workshop practices to such an extent that they redefine
what it means to be an architect and by extension, can redefine the culture of architectural practice.
A parallel example illustrating the shift from the centralized command and control of CAM at G.E,
as portrayed in Noble’s Forces of Production, to a decentralized workshop enabled through CAM can be
seen through Freeman Dyson’s son, George. Freeman Dyson describes CAD/CAM as a “joyful and useful
technology” through the example of George’s sea-kayak design and workshop business. George began his
interest in boats as a sea-going nomad in the Pacific Northwest, “trying to live like an Aleut and build[ing] his
boats like an Aleut, shaping every part of each boat and stitching them together with his own hands” (Dyson
1997:186). This hobby turned into a viable commercial business through “the joys of CAD-CAM”. George
designs and translates his design into machine code, and transmits this information to manufacturers who
produce the parts. He then collects the parts and sells them to his mail-order customers with instructions for
assembling the boats. As Dyson tells of his son, “The technology of CAD-CAM has given George resources
and leisure, so that he can visit the Aleuts in their native islands and reintroduce to the young islanders the
forgotten skills of their ancestors” (Dyson 1997: 187).
If this seems like lip-service from father to son,
consider how George Dyson builds his boats as a
combination of traditional stitch and glue techniques,
improvised bent pipe through a low cost electrical
conduit bender, and only then, the precision of
CNC machined joints (figures 3.5 and 3.6). Dyson’s
boats illustrate the confluence of cunning intellect
and indigenous craft sensibility united through the
precision of digital fabrication in what is literally a

Figure 3.4.

workshop practice.

Decentralization

of

information

through NSFNET in 1991 (Kalay 2004: 35).
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Figure 3.5.

CNC machined plate joined with

Figure 3.6.

Assembled Baidarka frame with

traditional stitching. Image last accessed at http://www.

bent conduit and CNC machined joints stitched together.

flickr.com/photos/tellytom/2237316461/ on February 9,

Image last accessed at http://www.flickr.com/photos/

2010.

tellytom/94590847/ on February 9, 2010.

3.4 Embodied Cognition and Skill-Centered Reason
In addition to the support for skill-centered reason through tool-driven research in physics, there is
considerable support for thinking through making from other fields of inquiry from philosophy (Lakoff
Johnson 1999), sociology (Collins 2000, Schaik 2005, Turnbull 1993), and neurobiology (Maturana Varela 1992,
Varela Thompson Rosch 1992) which all contribute to the loosely defined field of embodied cognition. What
is unique about the relation between these different fields and their tie to architectural pedagogy is that
they seem to suggest one simple point: action precedes cognition. This follows from Gibson’s theory of active
perception in which perception is developed through an interactional engagement with the world. Even our
most basic visual perceptions develop as an embodied skill. Through sensori-motor contingencies, something
as basic as vision is not biologically inevitable but in the infant depth of vision is contingent upon both the
hands and the eyes locating an object in space such that seeing is a way of acting (Noe O’Regan 2001). Vision
is not only embodied, but embodied in such a way that it is engaged with the world.
Developing perception is not simply about basic child development, as embodied actions become
rooted in language through embodied metaphors such as how we might “grasp” an idea or how we are “in
touch” with reality (Lakoff Johnson 1999). Consequently, action and cognition precede language, not the
other way around. Following de Certeau, when language becomes detached from action, theories become
displaced from the world, or disembodied. Lakoff and Johnson challenge the privileged position of reason in
philosophy suggesting that reason is “piggy-backed” onto perception and movement (Lakoff Johnson 1999: 20).
Furthermore they add, technology offers the increased potential for the manipulation of objects and therefore
what is reasoned about (Lakoff Johnson 1999: 91).
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While the opportunity for technology to increase design reasoning is certainly desirable, technological
overload can quickly shift from design intent to dealing with the technology at hand. As Richard Sennett
suggests in his book The Craftsman, by some measures it takes about 10,000 hours of experience to become
a master at one’s trade. As skills are being acquired, focus is placed more exclusively on getting things to work.
As skills progress to a much higher level, technique is no longer a mechanical activity but enables people to act
and think deeply through the activity (Sennett 2008: 20).
Regretfully the instrumentality of digital technology seems to suggest that students and practitioners alike
should simply be able to use the tools, but the reality is quite the opposite: developing skill-centered reason
through digital tools requires both extensive skill and experience. Terry Winograd and Fernando Flores
describe a three-tiered development cycle in their book Understanding Computers and Cognition. The first tier
is a functional understanding of how a tool or technology is used, the second is to incorporate a holistic view
of the network of technologies and activiites into which it fits, rather than treating the technological device
in isolation, and the third tier looks at basic human phenomena of what it is to act and how this functional
use, and holistic network affects “language, intelligence, and rationality” (Winograd and Flores 1987: 6). The
computer is not simply for problem solving or for achieving pre-conceived ends, but helps to generate the
structure of possibilities from which decisions are made. In developing skill-centered reason, skill alone does
not suffice to develop reason, but discretion and interpretation, along with intent and evaluation in a situated
context, is necessary in order to make use of this structure of possibilities. This again highlights the coupling
between skill and reason in which too much emphasis on skill displaces emphasis from human intentions,
and likewise, too much emphasis on the isolated intellect overlooks the structure of possibilities generated
through skills and the technologies that enable them.
3.5 Gibson’s Theory of Information Pickup: Developing Skill-Centered Reason
As noted in the introductory chapter on affordances, Gibson has an instrumental notion of tools.
This makes sense if we look at basic tools such as the axe, hammer, and scissors as Gibson does. Gibson’s
instrumental view of tools follows from his sense of “ambient light” and his particular focus on visual
perception. For example, we can learn to use scissors by watching another use them in plain sight, and then
pickup the scissors and use them. Gibson acknowledges other kinds of technological tools, but in the entirety
of his Ecological Approach to Visual Perception he devotes only four pages to tools. However, in his theory
of information pick-up, Gibson shifts from tools to instruments with a clear bias toward the first person
observation of learning through instruments.
Through Gibson’s focus on first-person learning, he identified three ways of knowing: through the
use of instruments, the use of verbal descriptions, and the use of pictures. In verbal description, Gibson
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acknowledges how an observer can verbalize their awareness as explicit instead of tacit, but he suggests that
“there has to be an awareness of the world before it can be put into words. However skilled an explicator
one may become one will always, I believe, see more than one can say” (Gibson 1986:261). Gibson’s focus
on visual perception places bias on images over verbal description in which he suggests “pictures give us
a kind of grasp on the rich complexities of the natural environment that words could never do....It is not
like perceiving at first hand, but it is more like perceiving than any verbal description can be” (Gibson 1986:
262). Gibson prioritizes first person learning through instruments, because “you might have to learn to
use the instrument, but you did not have to learn to interpret the information. Nor did you have to judge
whether or not the other person was telling the truth. With a telescope or a microscope you could look for
yourself ” (Gibson 1986: 259). In this sense, instruments mediate apprehension. To jump to the assumption
that instruments transmit knowledge, as is especially easy to do with computers, is to misunderstand how
knowledge is constructed in Gibson’s theory of active perception and once again, the place of intentionality in
Gibson’s analysis. In the same way that Harry Heft connected the intentionality of affordances with the social
conveyance of functional significance, intentionality develops from both tools and socio-cultural factors. For
example, I could look down a microscope, but I would have no idea what I was looking at. Gibson’s point, I
believe, is that I don’t just have to trust someone else, but I can position myself within that way of seeing.
3.6 Positioning Myself: Developing my Skill-Centered Reason
Over a three-year period, my skill-centered reasoning follows the three-tiered development cycle
Winograd and Flores present: first learning the technical aspects of how digital fabrication tools (laser cutting,
rapid prototyping, and subtractive manufacturing) operate, to then develop a rigorous understanding of the
NURBS-based geometry that drives the machine-tool, to ultimately develop a critical position on the place
of material intelligence in this process. Following Gibson’s theory of information pick-up, through these
tool-driven experiments I could “look for myself ” developing my critical perspective first hand in a way that
abstract speculation never could. Published through a series of peer-reviewed conference papers, these
projects enabled me to position myself in the contemporary discourse of digital fabrication forming contacts
that unfold throughout the development of this research.
In my first semester of doctoral research, I developed two product design oriented projects (figures
3.7-3.8) which introduced the basic constraints of the three typical tools of digital fabrication: the laser cutter,
rapid prototyping, and the computer numerically controlled (CNC) router. Despite the technical prerequisites
of the CNC router which are at first overwhelming, understanding how these tools operate can be pickedup fairly quickly through their use. However, I quickly realized I had very limited command of the digital
geometry which controls the tools. Consequently one can know how the machine-tool operates, but if one
doesn’t have command of the geometry that controls the machine, then one doesn’t have command of the
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Figure 3.7.

The Blimple (blimp + dimple) lamp

Figure 3.8.

A series of 1’x2’ dry-block tiles are

combines friction fit laser-cut light baffles with a snap-fit

surfaced through the CNC router revealing the texture

rapid prototyped top that acts as a light diffuser. Design

and laminations of the plywood yielding a tactile surface.

and fabrication by the author in Fall 2004.

Design and fabrication by the author in Fall 2004.

machine-tool as a tool. If digital fabrication is simply for the representation of a 3D surface, just as in graphic
rendering, then very little geometric discipline is needed. However, if these tools are are intended to support
building assemblies, as real tools for building fabrication, then a rigorous understanding of geometry is required
to precisely design, fabricate and assemble each discrete piece into a composite structure. Geometry, then,
doesn’t simply represent form, but is the governing structure for the fabrication process.
Through reading the historical literature of the development of NURBS geometry in computer science,
I learned a historical fact not represented in the architectural literature: the origins of NURBS geometry is
directly tied to material systems. Pierre Bézier, arguably the forefather of NURBS, wrote his first book on
computer numerical control fabrication some ten years prior to his book on his Unisurf CAD system, the
precursor to NURBS (Bézier 1972, Bézier 1986, Bézier 1998). In the early 1990’s, NURBS-based software
designed for the software animation industry gave digitally savvy architects access to free-form geometry, but
it wasn’t until a decade later that digital fabrication became as accessible to tame this wild geometry. Unlike
the decade gap until free-form software met digital fabrication in architecture, the irony is that early CNC
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Figure 3.9.

Section of torus with visible iso-curves

Figure 3.10.

Iso-curves of surface patch fabricated

that act as controlling geometry for prefabricated plywood

and assembled creating a prefabricated physical duplicate

frames. Design by the author in Spring 2005.

of the digital design surface. Design and fabrication by the
author in Spring 2005.

Figure 3.11.

Prefabricated frames assembled in shop at RPI. Design & fabrication by the author Spring 2005.

technologies inspired the foundations of NURBS, not the other way around. Summarizing this connection,
a computer scientist, not an architect as one would think the case would be, emphasizes “each idea must be
related to the principle of a material system, simple and primitive though it may look, on which a variable
solution could be based” (Farin 1993).
Through the full-scale prototype of a laminated plywood shell, I applied this technical and historical
insight coupling digital and material techniques (Cabrinha 2005). The development of this project is included
in Appendix A. Through this coupling between digital and material techniques, I developed a rigorous
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Figure 3.12.

Numerous physical prototypes to

calibrate between digital and material techniques. Design
and fabrication by the author in Spring 2005.

Figure 3.13.

Laminating two sheets of 1/2” maple

Figure 3.14.

plywood over prefabricated frames with routed lines
to relieve surface tension/compression.

1/3 of shell assembled. Design and
fabrication by the author in Spring 2005.

Design and

fabrication by the author in Spring 2005.
understanding of NURBS geometry honed through material constraints making these digital skills meaningful
through their relationship to material fabrication (figures 3.9-3.11). More than just a technical grasp of
software tools, the shift from representation to actualization reconfigures what geometry is for while shifting
the role of the designer from image-maker to one being directly accountable for the realization of built work.
Merging geometry, fabrication tools, and material together through numerous physical prototypes (figures
3.12), opened up design opportunities that never would have been presented if left to the screen alone
(figures 3.13-3.14). Despite this material intensive investigation, the most successful lesson in the final full-scale
prototype was its failure. This material failure was the result of my technological hubris trying to outsmart the
material through software and fabrication techniques. In the end, despite sophisticated fabrication tools and
geometries, as material properties are not part of this digital geometry, this requires a material intelligence
from the designer, not the software.
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Through this project I developed a comfort with digital fabrication and understanding of digital geometry,
enabling digital technique to recede to the background of my attention creating a newfound respect for
a material’s capacity to take shape through bending. With this came a simple but profound shift in my
reasoning: instead of developing a surface and then post-rationalizing how to construct it, in accepting material
constraints, digital tools can be used to exploit the limits of materials through developing a grasp of them.
Material constraints cannot be magically overcome through digital fabrication, but rather the inverse, the
rigorous understanding of digital fabrication may in the end only enable a more sophisticated precision of
material constraints by calibrating between material and geometry.
Rather than the inherent waste associated with conventional digital fabrication techniques, sustainable
modes of fabrication can be found through understanding the nature of materials themselves. Material
becomes a design parameter through the constraints of fabrication tools, limitations of material size, and most
importantly the productive capacity of material resistance - a given material’s capacity and tendencies to take
shape, rather than cutting shape out of material.
Through an applied case study of gridshells, I developed a give-and-take relationship between top-down
formal emphasis and bottom-up material influence. Taking the bent wood spline quite literally, gridshells
provide a means that is at once formally expressive, structurally optimized, materially efficient, and quite simply
a delight to experience. Presented at two separate peer-reviewed conferences, (Cabrinha 2007, Cabrinha
2008), the development of gridshells bridges the gap between sustainability and digital technique. A revised
and expanded version of (Cabinha 2008) is included in Appendix B which includes further evaluation of my
approach with Buro Happold, the internationally recognized engineering experts on gridshell design.
Through the explicit intention to do more with less, not only reducing material waste but eliminating
it all together, my accumulation of knowledge developed to such an extent that now my appreciation for
material and the means to exploit this through digital geometry freed my reliance on the digital fabrication
tools that began this tool-driven research. Through the technical attention to geodesics, the shortest path
between two points on a surface, this path can be unrolled (flattened) in a straight segment eliminating
waste altogether, simply because the material lath no longer needs to be cut in arc-like segments from flat
sheets. However, there is no automatic solution here, and in fact, geodesics failed to distribute evenly on the
surface I was initially working with (see Appendix B for further description and images). Through developing
a relaxed surface from the same boundary curves of this initial surface, geodesics can now be distributed
evenly along the surface (figure 3.15-3.16). Through the introduction of geodesics, the associated values of
material economy develop through the precise fit between form, material, and construction technique which
is certainly enabled by software but cannot be reduced to it. In fact, the opposite is too often the case, that
when left to software alone, the kind of material constraint and economies developed here are not simply
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Figure 3.15.

Two different techniques to apply lath geometry over the relaxed surfaced. While graphically

similar, there is a fundamental difference: the geodesic curves are unrolled as straight segments eliminating waste.
Design by the author Winter 2007 - Fall 2008.

Figure 3.16.

Final rendering of gridshell surface from geodesic curves.
Design by the author Winter 2007 - Fall 2008.
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ignored, but completely un-thought. Attentiveness to materials directs ones attention beyond the symbolic
and representational nature of design, prioritizing the environmental, kinesthetic and haptic experience of
architecture. Consequently, the primary visual interface of digital media needs to be balanced by a bottomup material influence. Through this digital and material correspondence, a connection can be drawn
between digital parameters and material values. Suggesting that values and parameters are not, in the end,
synonymous, provides an opportunity to productively connect the two rather than conflate them as one and
the same thing.
Through this three-year evolution of tool-driven research, I now realize there are two kinds of
approaches that employ digital fabrication. The first approach employs these tools as peripheral output
devices for digital design, whereas the other approach focuses in material fabrication seeking the opportunities
of digital fabrication to further enable material execution. In hindsight, I realized a fundamental interest I
never realized I needed to assert: my intentions are and have always been material, not technological. While
introduced to NURBS-based design tools for my Master’s degree, I only became deeply committed to these
technologies at the point that they tied to material experience. This is tied to my deep seated image of
practice, formed in my education, that architects do not only design, they execute.
The accommodation and resistance to materials developed in the course of my tool-driven research
reaffirms that conception and execution are not a linear development from idea to realization, but conception
and execution are reciprocal influences in the shaping of design intent. In design education, where the very
image of practice is formed, the unchecked formal bravado enabled by digital tools is not only difficult and
expensive to execute (if possible at all), but lacks the material sensibility that shapes design intent. If these
tools are simply thought of as peripheral output devices, there is no opportunity for material fabrication to
feedback into design intent. However, I also take pause to assert that digital fabrication represents a return to
materiality. After all, it took some three years of tool-driven research to shift my attention from the machinetool, to digital geometry and technique, to finally arrive at material intelligence. Furthermore, this developed
after seven years of professional practice and two years of full-time teaching. If this is the experience I am
drawing from to gain this perspective with digital fabrication, then how can one expect a twenty-year old to
position these tools within their developing image of practice?
As much as my tool-driven development resonates with Winograd and Flores’s development cycle,
I also critique their phenomenological progression for being too bottom-up without the top-down social
conveyance of functional significance to challenge how these tools are appropriated into the culture of
architectural practice. In the same way that my skill-centered reason evolved into a balance between the
bottom-up material influence with the top-down global perspective, I now take this skill-centered reasoning
into my own pedagogical practices testing how material intelligence can be pulled through digital integration.
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4. Crossing the Digital Divide through Digital Dexterity
Skills, desire, and intent tend to relate (McCullough 2005: 160).
It could be argued that if one is not drawing, or speaking, or writing, or hand-crafting, certain thoughts are
somehow ‘unthinkable’ (Groak 1993: 151).
The next three chapters chart my experiences crossing the digital divide through teaching at three
different design schools from 2005-2007 each with a unique design culture (figure 4.1). Although the
computer is now commonplace at most design
schools, there are persistent problems integrating
digital media into design culture. Digital media
creates challenges and opportunities with the
particular ways knowledge is constructed in design
education. Positioning skills, tools, and media in

University of Oregon
Winter 2007:
Expanding Pattern
Digital Design Media
Spring 2007:
Inverting Civic Structures
Cal Poly, SLO
Summer 2007:
Inverting Civic Structures
Spring 2008:
Moveable Feast

RPI
Fall 2006:
Tangible Bits

the discipline of architectural practice connects to

Figure 4.1.

a student’s sense of agency. Skills are not isolated

teaching at three design schools each with unique design

techniques to learn but connect to the identity of the

Crossing the digital divide through
cultures.

architect formed in design education. Practices and the tools that enable these practices construct values.
Pragmatic and epistemic actions are presented as two stages of skill-based action. Pragmatic skills are
the goal oriented actions which have a direct effect in the world whereas epistemic actions position the user
to anticipate a course of action and therefore rely on a larger sphere of experience (Kirsh Maglio 1994).
The goal-orientated cause and effect relationship of pragmatic skills is associated with tools, whereas the
positioning of one’s present and future epistemic actions are associated with acting in a medium. Developing
digital dexterity requires skill-based flexibility and adaptability within the digital medium, while projecting a
larger image of practice through the tools.
Through folding in ethnographic methods into my teaching as well as through several interviews with
senior faculty, this chapter identifies the gap between skills and a larger projection of practice. Developing
digital dexterity is not simply frustrated by a generational gap, as I originally thought, but the challenge new
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technologies place on the underlying conception of what architectural design is. The concerns and comments
from students and faculty alike identify the intellectual split between conception and execution which digital
media have had the tendency to amplify. Identifying the digital divide as a problem within the underlying
conception of practice offers the opportunity to reconstruct the image of practice through the context
of new tools. Contemporary modes of digital fabrication and the digital dexterity they require, enable an
opportunity to cross the borders between the digital and the physical and by extension, conception and
execution. However, constructing an image of practice through skill-based development requires a careful
consideration of teaching practices that dissolve this intellectual split.
4.1 Constructing an Image of Practice
This chapter charts two parallel and at times intersecting issues. The first is what would seem to be a
non-controversial method in teaching digital skills through a materials-first approach. The second is a more
subversive though subtle anthropological approach to draw out the prevailing attitudes and resistances to
working digitally:
This perspective allows one to be part of his own culture and, at the same time, to be out of it. One views
the activities of his own group as would an anthropologist, observing its tribal rituals, its fears, its conceits, its
ethnocentrism. In this way, one is able to recognize when reality begins to drift too far away from the grasp of
the tribe (Postman Weingartner 1969: 4).
With the formal flexibility enabled by digital tools, reality certainly has drifted from design education.
Basic things like gravity become irrelevant in the student’s mind. Resisting gravity, not ignoring it, is the
seed from which the tectonic expression of architecture develops. This is more than a pragmatic issue
of construction but an epistemic development in constructing knowledge. When material execution is
incorporated as a feedback loop to conception, the shape of what one conceives and who participates in
this conception changes. The connection to the craft of making requires an active participation, whereas
the consumption of images is passive (Frascari 1984). Digital fabrication poses a particular challenge to
these active/passive associations as the screen-based interaction with computer machine-tools is an indirect
connection with material execution, and yet the speed, precision, and variation of digital fabrication offers an
active engagement in the configuration and assembly of material systems. This projects an image of practice
that is actively engaged with material execution even if not directly engaged in the actual fabrication. This
image of practice can be likened to a map that describes the territory of the realities of a practice:
When there is a close correspondence between map and territory, there tends to be a high degree of effective
functioning, especially where it relates to survival. When there is little correspondence between map and
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territory, there is a strong tendency for entropy...in the name of convention and standard practice (Postman
Weingartner 1969:15).
Reference to survival mirrors renowned architect Thom Mayne’s position on integrated practice through
digital modeling. Lecturing to a group of conventional practitioners, he forewarns:
If you want to survive, you’re going to have to change....If you’re not dealing in the direct performance of a work
and if you’re not building it and taking responsibility for it, and standing behind your product, you will not exist as
a profession (Mayne 2005).
While this threatening tone may be read as negative, Mayne’s point is how these technologies represent a
radical shift in architectural practice re-uniting conception and execution.
4.2 Developing Digital Dexterity: Pragmatic and Epistemic Actions
The integration between conception and execution requires a reconsideration of skill-based development
as skills, tools, and design media shape design intentions more than is acknowledged. Skills are associated
with what have been termed pragmatic actions, those actions that have a direct consequence or effect in the
world, whereas digital dexterity develops from what have been termed epistemic actions, or actions that are
performed to uncover information that is hidden or hard to represent internally, and thus have an effect on
the agent (Kirsh Maglio 1994). In expert use, the technical capability of skills are paired with the intentional
capacity to project a course of action (Sudnow 2001:64). In this way, epistemic actions develop from a
broader perception of pragmatic actions through which perception shifts from the tool to positioning one’s
intentions in a particular course of action. Consequently pragmatic and epistemic actions should not be seen
as two separate categories of action, but rather two ends on a spectrum of purposeful action.
A further distinction should be made between skills and the digital dexterity required to operate in a
medium. Despite Marshal McLuhan’s prophetic optimism that the medium is the message, in my teaching
experience it is clear that any single medium is not message enough. In fact, McLuhan emphasized the
hybridization of media, the interpretation of one medium by another as a process of transformation which
requires insight. McLuhan describes singular media as “make happen” agents whereas the hybridization of
media offers an opportunity to expose their structural properties and components as “make aware” agents
(McLuhan 1994: 49). This aligns with the spectrum between pragmatic and epistemic actions. Pragmatic
goal-oriented actions align with “make happen” agents while the insight, discretion, and experience of
epistemic actions act as “make aware” agents (figure 4.2). Developing digital dexterity is more than the speed
of successive skill-based actions, but is an awareness and ability to position oneself.
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4.3 Positioning Skills, Tools, and Medium
Teaching computers is a misnomer. It is people that are taught. In architectural education skill
and experience is required due to the direct manipulation through graphical user interfaces. Malcolm
McCullough’s Abstracting Craft: The Practiced Digital Hand, first published in 1996, is a liminal text bridging an
embodied sense of design with the nascent digital media through the interrelationship between skills, tools,

tool

medium

craft, and medium.
skill,” or tacit
knowledge, abstract craft
can be developed. Craft
skills Through this “inarticulable digital
medium
crafting
involves interpretation and discretion probing a medium’s capacity developing a passion for practice and the
value of the medium independent of what is produced (McCullough 1998: 29). While this interpretation and
discretion is a desired state combining skill, tool, and craft as a medium, the development of skill curtails this
placing focal attention on the tool.
Like the phrase teaching computers, the computer as a tool is a misnomer obscuring what is actually at
work. If taken literally, the computer “as a tool” isn’t good for much of anything but propping doors open, as
one faculty member commented on obsolete ten year old computers that originally cost over $5,000. While
the computer hardware is the physical interface, it is the software that is really the tool. Better still, each
individual icon is clearly identifiable as a tool such that any given software is a set of tools. If each icon-as-tool
is exposed in the graphic interface of computer-aided software, there is literally no screen area left to operate
in, which reveals an overwhelming set of options (figure 4.3). Due to the many different software packages
an architecture student needs to know, the computer should be more accurately described as a set of sets of
tools. Not only is this is a mouthful to articulate, it is a great deal to learn. Faced with an overwhelming array
of options, McCullough identified a decade ago a recurrent problem today: “the more we know how to do,
the less we know what to do” (McCullough 1998: 67). Even in any given CAD software, there are so many
tools available, that if one exposed them all there is literally no place to work (figure 4.3). Learning the tool,
then, is constructed over time and experience. Ideally students would be able to position themselves within
this set of set of tools knowing the kind of information they are looking for, and therefore the right tool to
pick-up or even if the digital medium is the right tool for the job.
In my studio teaching, I used the introductory chapters of McCullough’s Abstracting Craft as a probe
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Figure 4.3.

If the computer icon as a tool is taken literally, there is literally no place to work.

to understand the student’s perceptions of the digital medium. From the viewpoint of an older generation,
it is often assumed that students will simply pick-up the skills as they grew up with the computer. But just
because I grew up with the pencil doesn’t mean that I was able to draw without the development of that skill
through instruction and experience. Why would the computer be any different? The students I taught are the
generation that is supposed to have absorbed the computer and this is what one of them has to say:
The technology gap was also addressed in stating how as children grow up on computers, they can use them
as if they were a second language whereas some people have a much harder time picking it up. What I find
kind of interesting is how this truly works itself out. Unless someone HAS to use a particular thing they might
never try and take advantage of it. Victoria RPI Undergraduate
Even at a school such as RPI, which has such a dominant digital focus including the standard issue
Lenovo laptop, I was surprised at the range of exposure to computers these students had. Some students
are the children of software engineers while others acknowledged they didn’t touch a computer until high
school. Several of these students did not have access because they could not afford it. In one case, a student
from Ghana did not have access to a computer until coming to RPI. Although it is easy to presume that the
younger generation has always had access to the computer, this overlooks a fundamental fact: just because the
technology exists does not mean they had access to it.
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But access alone does not suffice. The hype that promotes technology can do more harm than good.
In discussing these readings in RPI’s digitally-saturated culture, many students began to chuckle about how
computer focused RPI is. In our discussion, one student blurted out “this place is crazy.” Another wrote,
I related this article to design particularly at the end when McCullough wrote, ‘A tool is for serving intent,
whereas a medium might create intent, and a machine might work on its own.’ From the second I got to
RPI and entered the architecture program, professors have been saying that with the computer we have an
amazing tool for design. I’ve also heard them say the computer is a medium through which we design. And at
the end of the day, the computer is defined as a machine...of course when it comes to designing buildings, this
is where we aren’t sure what to do with them b/c it doesn’t really matter if we can do it in the computer if we
can’t actually develop it in a physical sense b/c at the end of the day buildings are meant to be built. Madison,
RPI undergraduate student.
Without the proper positioning of skills, tools, and media in the context of architectural practice, the
students’ comments at all three schools identify three recurrent issues: loss of agency, tool break-down, and
their desire for physical / digital integration. The first and most concerning issue is the loss of agency as
students defer their intentions to the computer due to their lack of ability. The student from Ghana, who
would become the most digitally-skilled student in the this RPI studio, exposes his frustration in the first week
of the studio:
...we can’t say that we use it as a tool and we can’t say that we use it to create because we don’t create,
it creates based on what it could do and not what we want it to do. We are not at the point where the
computer becomes transparent in our use of it, I see myself making [the] thing then asking myself what do I
do to make this within the computer, what commands, what program, what do I do? And in that sense I am still
learning the complex tool/media. Tyler, RPI undergraduate
He identifies his loss of agency as he says “it creates.” Without the development of appropriate skill,
design can quickly devolve from an active sense of agency into a passive acceptance. In design education
where a student should be actively engaged in forming their intentions, the passive acceptance of “this is what
the computer gave me” is concerning. Another student who struggled the entire quarter with her computer
skills, said she would much rather work with her hands, because when she works on the computer she “gets
stopped dead in her tracks focusing on getting the computer to do what she had intended.” Despite her
frustrations, she felt it necessary to also give deference to the computer in “all of its infinite powers.” Another
student, one year her senior, noted that it was her skill that was the issue, not the power of the computer.
While certainly there were always those that could draw better than others, I don’t suspect a design
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student would defer to the pencil in its “infinite powers.” The mythology of the computer as a thinking
intelligent agent challenges students’ perceptions in ways that the pencil never would. Skill, and the lack
thereof, can quickly play into a student’s perceptions affecting their intentions and sense of agency.
This lack of ability leads to the second issue, which is the break-down that occurs creating a focal
attention on the tool rather than their design intentions. “Break-down” is a phenomenological term that shifts
perception from the task-at-hand to making the tool “present-at-hand” when the tool does not perform
as intended (Winograd and Flores 1987). In the beginner’s hands, the lack of skill and the break-down that
follows shifts a student’s attention from design to technology. In skilled hands, break-down can be a positive
opportunity requiring interpretation and context in which “the designing process is part of this ‘dance’ in
which our structure of possibilities is generated” (Winograd and Flores 1987: 163). Madison’s reflections
include both the negative and positive aspects of break-down:
...sometimes I find myself wanting to do something, but am limited either to the program I’m using, or my
knowledge of the program. If it is the latter, I learn how to do it and thereby develop my skill with the computer.
If its the former I’m faced with adapting my intent or representing it in another medium. At other times, I can
use the computer to do things that I could never imagine doing on paper or in a physical model... Madison, RPI
undergraduate student.
As a faculty member integrating digital media in my studios, this break-down and the loss of agency that
ensues is a frequent frustration:
I know that when learning to use a new program often times you get frustrated when you can’t do what you
want, and you wish that you could revert back to the things that you know you can do. The things that you have
more control over. Even after using a program for a while there are still some things that you may not be able
to do as easily (if at all) as if you were to physically build something. Julia, RPI undergraduate
Despite the negative frustrations, loss of agency and break-downs, the students frequently reflected
the need for physical / digital integration. Physical media can be an alternate approach to uncover or make
concepts tangible. Katherine, an undergraduate student at the University of Oregon, had a much more
tangible relationship to knowledge and was looking for this in the discussion on digital media:
For me, personally, the McCullough essay articulated two important issues. The first has to do with using our
hand and sensory experience to learn and gain a deeper understanding of volume, numbers, and space. I
was reminded of ‘numbers day’ in elementary school, when each student was assigned a number from 0 to
100, and was required to bring in that select number of select objects, such as pennies, jelly beans, or buttons.
53

The act of touching and holding these objects really solidified my conceptual understanding of counting and
grouping. The second issue that I think needed more emphasis during discussion was the key importance of
understanding how places are made. This includes materiality, construction process, structural expression, and
overall aesthetic composition of architecture. Katherine, UoO undergraduate student
The need for a tangible connection to their work was reinforced by many students at all three schools.
The lack of this tangible connection through physical / digital integration can lead to a conflict of values for the
student. For Emily, an undergraduate student at Cal Poly, this lack of tangible relevance creates a disconnect
between academic design and the building-industry she desired to become part of:
Malcolm McCullough’s article brings up something that I often think about: the disconnect between the
academic world of architecture and the real world construction industry. It seems to me that in many ways
it is possible for computers to aggravate this distance between tangible and intangible...I see this as a very
serious problem for architects. We are considered by many to be the critical thinkers and the innovators.
How are we supposed to think of new construction methods when our understanding of existing ones is
so limited? It is too tempting to create fantastical forms on the computer, ones that are not informed by
gravity, cost, and construction reality. Perhaps these real world factors should not dictate form, but they should
certainly be considered. And it should not be the computer or software’s job to think everything through for
us either. Technology can be a useful tool for us, but only if we are one step ahead in our thinking. We may
have something fantastical on screen but we should be simultaneously brainstorming about how to construct it.
Emily, Cal Poly undergraduate student
The loss of agency, phenomenological break-down, and conflict of values can be inverted as a positive
pedagogical model through digital / physical integration as an expansion of agency. For this reason I have
focused on developing a “materials first” method of teaching digital skills as an interaction between material
and geometry enabled by the context of digital fabrication tools.
4.4 Materials First
I introduced this “materials first” approach to developing digital skills to introduce material constraints into
the digital design workflow at Rensselaer Polytechnic Institute in Fall 2006 and the following term developed
this approach further at the University of Oregon in Winter 2007. At RPI, this was introduced into my design
studio with 3 male students and 11 female students, at the University of Oregon, this was introduced in a
seminar course with 17 male students and 7 female students. I conceived of this “materials first” approach
at RPI to introduce material constraints and properties to a group of students I presumed was more digitally
literate than I was. However, working with materials revealed what little grasp they had with the software. As
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it turns out, introducing materials first as the basis for developing digital skills bridges the gap between material
constraints and the flexibility of digital tools. This approach has precedence in the 18th Century spline used
in shipbuilding, in which the curves drawn with a wood spline were analogous to the material properties in
shipbuilding (figure 4.4). The development of NURBS-based software through mathematician engineers
such as Pierre Bézier took this material system and abstracted the material constraints out of the equation,
and now the designer must take great effort to put those material constraints back into the way one works
with digital software (Bézier 1972 Bézier 1998). Through this materials first approach, a material empathy
develops through the interaction between how material takes shape and the precision of digital tools to
control and fabricate these shapes. Pedagogically my intent was to allow a simple material feedback at the
inception of developing shape rather than post-rationalizing material constraints.
The first approach emphasizes a physical-digital-physical cycle. I began with the literal basswood spline
discussing its capacity and tendency to take shape (Delanda 2004). The capacity of materials includes
its material composition, for example how the higher grain density in basswood is superior to the looser
grain structure of balsa. In discussion with my students, many had already experienced how balsa will
snap somewhat unpredictably. The tendency of material to bend a certain way has to do with a material’s
geometric cross section, such as the weak and strong bending axis (bi-axial versus uni-axial), which students
identified from their structures courses.
Students were asked to create a simple structure from a minimum of 12 basswood splines developing
the most spatial variation with the least number of basswood splines (figure 4.5). The structure must past two
tests, the fist test and the finger test, which act as a simple heuristic for the student’s self assessment. The fist
test required that a closed fist should be able to get into the majority of spaces created, emphasizing space
over objects. As one student commented, “a thing to look through, not a thing to look at”. The finger test
tests the behavior when pressing on one stick effects the others, thus requiring the sticks to be assembled in a
network-like fashion rather than discrete individual sticks. From this material primitive, a number of principles
of NURBS-based geometry can be introduced including degree of curvature, surface development, and
surface panelization through ruled surfaces completing the cycle from material primitive, to 3D form, to 2D
cut files.
Degree of curvature is introduced through the transcription from the physical to the digital splines. At
first students had a raster mentality thinking the more points they transcribe the more accurate their model
will be. In fact, the opposite is true. Through understanding degree of curvature (figure 4.6), students
began to develop a vector mentality understanding that the fewer the points the smoother the curve
which supports an economy of information. Dexterity developed not from the speed of their skills but
understanding the basis of the system they were working with.
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From their digital splines, surface development was introduced. Student selectively built surfaces in their
digital model through a range of surface modeling approaches from lofting, railing, from boundary curves etc.
The principal point in this approach was to understand the surface as a jig constructing a preliminary surface
from which they extracted isocurves to then develop a new surface. Using the surface like a jig developed
a flexibility, adaptability, and maneuverability in working and reworking their geometry such that their skills
became fluid, not just the form.
From these digital surfaces, surface panelization through ruled surfaces was introduced to come full-circle
from physical input, digital development, to physical fabrication. Ruled surfaces are required to “unroll” threedimensional surfaces into two-dimensional shapes to be fabricated from flat sheet material. Rationalizing
these surfaces through curvature degree reduction required a judgment call on the amount of surface
subdivision - the more subdivisions the more accurate the surface but the complexity and time in fabrication
increased as well. Although rudimentary, the real world material and time constraints of fabricating complex
shapes balances their idealized non-material digital surfaces. Students also quickly realized that at each surface
seam a back-up structure was required from which the surface normal was introduced to develop structural
ribs from the surface panels. Through this process, the entire three dimensional digital model was developed
as two dimensional fabrication files.
The students were then required to fabricate an accurate physical model from this digital model, closing
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Figure 4.7.

Final Physical Model

Figure 4.8.

Final Graphic Layout

the loop from a loose intuitive physical model, to a rigorous if analytical digital model, to a more structured
physical model (figure 4.7) and a graphic layout describing the process (figure 4.8). In a few weeks, students
moved between the intuitive to the analytical; from very loose to highly structured thinking. Along the way,
they learned the software very well. Beginning with materials first, the development of digital skills became
tangible.
4.5 Materials First: Assessment
Reflections on design culture emerged through these exercises. In my exit interviews at RPI, I was
surprised how many students commented on how their digital skills developed, which was surprising as I was
learning too. As Natalie’s comments in her blog reveals, the integration with physical materials caused her to
pay much greater attention to what she was doing both physically and digitally:
What took me just a few hours to build with my hands is taking 20 times longer within the computer. At this
point, the computer is less of a tool for the task at hand, but a tool for examining the exact shape and form
of my object. I have to really see it now - every curve and subtle movement has to be observed. I have to be
more meticulous since I’m not refined at manipulating the program, which has lead to a new kind of intimacy
with my object. Natalie, RPI graduate student
Other students confirmed the intersection between the physical and the digital required them to further
hone their digital skills. One student noted that the “negotiation between the physical and the digital” helped
her to learn through this transition. Another student who I thought was one of the most digital-savvy of
the group noted that it was the material constraints that made him learn the digital tool well through the
“accuracy and connections” required with the physical integration. At first, he was so focused on his digital
model, spending hours on end, he didn’t consider the material and joint thickness until he went to laser cut
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his model. His digital model used 1/4” thick materials and joints, and yet he laser cut his model from 1/8”
material. When I pressed him on this he retorted, “1/4 inch or an 1/8 inch, whatever.” The whole point of
focusing on the friction fit joint was to develop an attentiveness to very precise tolerances. Instead, he was
more concerned with the form placing massive globs of glue in the 1/8 inch gap. He again made a similar 1/8
inch error developing a system of 7/8 inch spacers to pull apart a series of slits or gills in a sheet of wood
veneer, but in making the physical model he just rounded up to 1 inch pulling the material apart to the point
that it failed. Through this visible failure he came to understand how the precision of the joint has an affect on
the overall shape.
The most colorful example came from a Japanese student who thought the studio was unique in how
it balanced “two extremes” between the material and the computational. Growing up in Japan, she saw on
TV craftsman making joints thinking it was easy, but she had never done it before until some of the very
simple joints she was making in this class. She acknowledged the dominant digital culture at RPI saying “we
are so into one thing,” now recognizing the need to balance between the digital model and physical material
constraints:
The material is not superman. You can’t just say ‘I want you to do this.’ We always overlook material. Material
is limiting what we do a lot more than expected. Brook, RPI undergraduate
Developing a similar strategy at the University of Oregon gave the opportunity to test this materials-first
process in a social-ecological-focused school culture that did not have the digital culture that RPI had. While
at RPI the materials first approach introduced materials which honed their digital skills, at the University of
Oregon the students comfort level with material was an entryway into developing their digital skills. In a
recorded class discussion at the end of the seminar, their comments confirm the role material play had in
informing how they learned the software:
When I went into the class, I thought we were just going to learn 3D software, doing rendering whatever. I think
it was really cool to bridge the gap between design and actually physically building. I realized there was going
to be a cross there, but I didn’t realize how much I would learn from actually crossing that gap. There is like
exponentially as much as you want to learn there. Sean, UoO graduate student
It makes it so that curves are less scary now. You know you can build it, you know what you can make and
what you can’t. Adam, UoO graduate student
I think it was really good to take that digital file and make it physical. I learned a lot about proportions - in
the computer you kind of get lost in the infinite scaleness - scale gets lost a little bit - so it is good to always go
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back and check yourself. Nicole, UoO undergraduate student
Working from the physical to the digital helped one student who admitted he struggled with computers,
“I really enjoyed it. I hate digital media.” The tacit knowledge developed through manipulating material
in this materials-first process became an effective pedagogical opportunity to bridge the gap between the
digital and the physical. In the end, digital fabrication requires not only digital dexterity, but a robust material
sensibility that precedes digital mediation.
4.6 Cultural Reflections: Isolation of Media
The lack of physical connections to digital media also reflects the isolation of media both physically and in
curricula. Isolating digital media can have the effect of seeing it as unique or special, rather than simply being
integrated into the design process and the number of issues that are raised therein. At the University of
Oregon, one student commented in his course evaluation, “the discourse on craft, sustainability, and process
are not foreign to UO, but the concept of using technology to achieve those things is.” Another writes, “The
premise of the class is fascinating: computer models to physical models. We need this at UoO.”
These comments illustrate how the culture of the school crept into the seminar in unanticipated ways.
The separation between the physical and the digital was legible in the room I was assigned. At the UoO,
there are very pleasant, well lit, seminar rooms that are used for hand drawing seminars, theory seminars,
and as review spaces connected to the social life of the school. Because I was focusing on digital media, I was
placed in a windowless computer lab in a completely different building. The separation between the physical
and the digital is embodied in the very learning environments typical to most any University. Relegating digital
skills to a peripheral computer lab is now just as antiquated as when mainframe computers required their
own air-conditioned rooms. If digital media are isolated, they by definition won’t be integrated - perhaps for
some that is exactly the idea. This is not at all intended as a negative reflection on the University of Oregon,
as I believe it is true anywhere that computers are taught in computer labs.
As laptops become commonplace in architectural education, the physical isolation of media may become
less of an issue, but the problem is reflected in curricula involving who teaches it, where and what classes it is
taught in, and how it fits into the curriculum which affects students’ perceptions.
For example, I was sitting on a design review of an architecture student, she seemed to dismiss my
comments about her design, but then asked “so you are the media guy, right? Could you talk about my
drawings?” Surprised and offended that I could be labeled after only being here a few months, I calmly
considered the appropriate answer: “I am an architect.” This student saw media as an isolated skill whereas
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this is simply part and parcel of being an architect integrated into what we do, how we communicate, and
how we think. A similar memorable episode occurred as I was walking to a reception for a sustainability
conference. At this conference, I presented my gridshell work crossing the boundaries between digital
technique, material economy and sustainability. A student from the school recognized me and said, as if
surprised to see my attendance: “I didn’t know you were interested in energy issues. I thought you were a
design media guy.”
These anecdotal episodes illustrate how students compartmentalize skills, courses and the people that
teach them which is particularly troublesome when media are intended to mediate across the discipline. This
compartmentalization is only a reflection of the lack of integration in design curricula. The computer is no
longer something other, it’s something students carry with them. It is not simply that the computer labs can
go away, but integration across curricula and faculty is necessary not to push or prioritize digital media, but
quite the opposite, to simply use it pulling content through skills and technology.
My materials first approach focuses on materiality and the ability of digital fabrication to extend this
material potential. At the University of Oregon the seminar I taught was isolated in a basement computer
lab separate from the architecture school, but the course became exposed as the students carried their fairly
large physical models from studio to the seminar computer lab. Students in my seminar would report back
to me the curiosity and confusion that their colleagues and other faculty had, as after all, they thought this
was supposed to be a computer course. Hearing all of this through the students, I realized I was getting a
skewed perception of the school which only played into my pre-existing biases of the perception of digital
media in the school. Consequently, I interviewed 8 senior faculty, including the department heads of both the
Architecture Department and the Art Department as well as the Dean of the entire college. But the two
interviews that I thought would be the most contentious were by far the most illuminating. My intentions
were to provoke the issues in this generational gap by a discussion about the digital divide. The carefully
considered observations and discussions in these two extended conversations reach much further than
simply the institutional histories they represent, but expose that the core issue in the digital divide was not the
generational gap, but the intellectual split in the discipline.
4.7 Separating the Digital Divide from the Generational Gap
If the generational gap is further separated by the digital divide, it is easy for someone from a younger
generation to assume that the resistance to digital media is from lack of experience or practice with digital
tools. From passing conversations and comments from students, Don Corner, one of the most senior faculty
at the University of Oregon, was the faculty member I was most anxious about meeting with. As it turns out,
he began working as a computer consultant in an architecture firm in Boston in 1971, the year I was born.
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The computer he was working with at the time was a “mini,” from the Digital Equipment Corporation (DEC),
which I only knew of because I had just presented it to my first year undergraduates at the UoO, illustrating
that fundamentally the parts of the technology haven’t changed, only now they all fit on your lap. This
miniaturization provides an increased opportunity to integrate the computer into the design process. At that
time though, Corner’s account reflects the opposite:
There was one guy that was in charge of it, that was my supervisor, he was in charge of pushing the technology
but he wanted to push it so hard that he couldn’t really talk to the design team that well.
Corner’s integration of the personal computer into the design process had a surprisingly early start in the
late 1980’s at the University of Oregon, recalling of the department head that hired him,
He was trying to take the department into the new century and it didn’t want to go, so it ended up getting rid
of him. He and I started this program offering students the option to buy a Mac and be in sort of a bilingual
studio. When I think about it is like the bilingual education my kids went through in French and English. At this
point we were driving this thing up through studio which there was just huge resistance to. This faculty would
just try to kill it all off by the time the students got to second and third year.
This could be understandable in the late 1980’s, but old habits die hard in the tenure system. As my
students made clear to me, there is a persistent digital divide that at least a few faculty still refuse to look at a
computer drawing. I asked Howard Davis, who appeared to me as the most well-respected faculty member
in the Architecture Department, if there was still a hand / digital divide at the University of Oregon:
I think less than there was, but I am sure there is. I have a very different attitude toward digital stuff than I
did ten years ago. When I teach first year, and I teach first year graduate a lot, I insist that students draw by
hand and I almost reject digital stuff. But I also teach terminal studio, in the terminal studio I am completely
comfortable to the point that I find hand drawn final projects a little weird. I have changed, and I think that
has to do with the increase in sophistication of the medium, the fact that students themselves are much
more comfortable with it, its just doing a lot more than it was able to do ten years ago. I think it [hand digital
opposition] might be there more in the minds of faculty. I think the divide is disappearing but I am sure it is still
there.
In asking Corner the same question, he affirms the persistence of the digital divide:
Right, the problem is still there. And the thing we used to talk about, through all of these bitterly acrimonious
debates about this and that, the thing we used to all talk about - or the thing I tried to talk about - is look: we
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need a curriculum in which students are engaged in an honest discussion - an honest discussion - for what tool
to use for what, when, what it does, what’s the best way to do this, what’s the best way to do that...and all these
computer applications need to be put in that context.
It would seem the persistence of the problem is that the right questions are not being asked. Not how
to use it, but why it matters and in what context. This opens the discussion to one of design process and the
many media, both digital and physical, that support design thinking. Corner recalls the incredible investment of
faculty energy to just get the computers installed, secured, and the basic infrastructure set up like wiring hubs:
You can’t imagine how much energy went into that and how little energy was left to sit down and have the
right kind of conversations. Ok, when do you turn the damn thing off? And when is it actually helping you and
when is it hurting you? All of those fundamental questions they still have never been asked. There were all
these conventions of discourse in those days which were treating the symptoms, not the central cause. So for
example, people didn’t like the way the computer graphic output looked, so they would generate it, plot it out,
and then trace over it with pencil to get the aesthetic veneer of hand media, as if that was the issue. The issue
wasn’t that at all. It was: can you in the emerging idea about design get anything useful out of this 3D model?
Or would you be much better off with a paper model? Or would you be much better off with 2D diagrams?
And how and when should you use this thing? Because people were spending incredible amounts of energy
considering how crude the tools were in generating relatively useless views of a bad design!
Even now as graphic capabilities have improved drastically, the problems continue because it isn’t simply a
graphic problem. If students don’t know what they are modeling for and why, they quickly get lost in a sea of
details that do not add up to much. Corner continues,
The problem in general now in studio, is that a lot of students invest hugely disproportionate efforts into the
modeling stuff on the computer because its a displacement activity. It gets you around the actual hard work
that deals with fixing the concept. It’s like you think you are working, but you are not.
Although a negative reflection on the computer, this has certainly been affirmed in my experience in
teaching too. The novelty of technology can defer a student from pulling necessary information from the
computer, and instead expect it to give them something. Rather than the focus on the novelty of technology
as if it is something other, Davis sees the introduction of digital technology as an opportunity to support how
designers think:
When I think about these new tools, I think less about the content of architecture, but how we can link these
tools to the process in particular ways. I think the issue is how one can understand the design process itself,
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as this pretty rigorous intellectual exercise, and understand it well enough to see how these tools can help this
process. And see the process driving the bus and not the tools. What are things that connect to principles?
The idea of being able to look at different scales, either simultaneously or in close succession, that is a pretty
important thing. Which is what we are always trying to get students to do in the design studio and which is
always so incredibly difficult for them to do. Another thing is the loop. To not be afraid of trying something
and coming back around and throwing it out. The basic idea of going from the big picture to the small picture,
and going back again. The idea of the point of judgement itself. There are a series of things that I think most
people would agree with, that are pretty definite that one wants to be able to link the tools too. The idea of
the relationship between systems - the complementarity of systems, or components, or decisions. The idea that
one object has to do a lot of things, one spatial relationship has to solve four problems. There are a number of
things that we talk about over and over and over again that are process issues.
Design media and design process are so intertwined, some faculty legislate design media to control
the design process. This supports a didactic methodological process rather than a rigorous understanding
of design process in its own terms (Cross 1999 Cross 2001). Nonetheless, the command of media in the
design studio is a particular challenge as some faculty see themselves as the masters of media. Keeping up
becomes a particular challenge with digital media, and therefore there is often resistance to incorporate what
one doesn’t know how to do. Because of this, as Corner suggests, the shift in media is deeply contested:
When I think back on the situation when we were trying to get the Mac onto the desktop in these studios and
all this fight coming back from the faculty. And we all knew the tables would turn soon. One of the reasons
they were so resistant is the faculty were used to being the masters of media, and that they taught students
how to water color or how to draw, and the students were showing up with great facility in a medium that they
couldn’t do....Since I didn’t teach any of them with a particular expertise it didn’t bother me that the student’s
were better at modeling these things than me - it never has bothered me. But it really frightened the hell out
of these people that are used to being master’s of media and teaching the students how to make a good
drawing. They just hated the fact that the students had this skill that they didn’t have.
Considering how this issue of media is a deeply contested, and often deeply personal issue, I thought to
ask a question I never thought to pose to myself, but one I could ask as the interviewer: “Why is media so
important to design and architects?” Corner looked at me, a little perplexed by the fact I would be asking this
question, took pause, his vocal tone changed, and he spoke very slowly and clearly:
It’s this issue of being able to support very crudely developing conceptualization skills in an externally visible
format. I ask myself over and over, I remember going off to architecture school and you’d hear this pompous
professors say, well its really important that you think in section, and I was thinking, how do I do that? I don’t
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know how to do that. And then at some point your realize: I do that. When did I start? Why did I start? What
made the difference? When did I make this leap to conceptualize design concepts fully in three dimensions?
Because I know maybe gifted young students do that early, but I didn’t do that - I drew plans for a long time.
What made it snap? You are actually thinking and walking through space in your mind. To me, the thing that
did it is building buildings. Everything has to do with construction.
In the end, the tool that triggered Corner’s spatial sensibility was the hammer, not the pencil. Both
Corner and Davis went to UC Berkeley for grad school in the mid-70’s, then worked for Christopher
Alexander on the “Mexicali Experiment” building low-income housing in Mexico (Alexander et al 1985). This
was a formative experience in their early careers, and Davis has extended this through the cultural construct
of building in his book, The Culture of Building, which focuses on how vernacular architecture fused design
and construction (Davis 1999). Davis acknowledges the intellectual split between design conception and
execution in contemporary architectural practice and how this forms a particular problem in the construction
of architectural knowledge.
With some guarded optimism around digital technology, he identifies the role of “post-industrial
craftsmanship” to bridge this gap through the use of computer controlled fabrication processes drawing on
examples from the Japanese Timber industry, to stone-cutting patterns in the Cathedral of St. John the Divine
in New York City, and Frank Gehry’s Guggenheim museum in Bilbao. Commenting on Gehry’s museum, he
notes
One need not make a judgement about the building to recognize that this process points to more fluid
relationships between design, engineering, and fabrication...These programs are empowering because they
encourage ways to look at a building that are intuitive and that reunite disparate parts of the building
production process (Davis 1999: 260).
Davis’ insights how digital fabrication tools are empowering the culture of building is innovative in its own
right as his book predates the Harvard conferences on digital design and manufacturing begun in Fall of 2000
(Schodek et al 2001 & 2003). In my interview with Davis, he contrasts the culture clash from introducing
digital tools in design education in the early 1990’s to the new possibilities in connecting conception and
execution through digital fabrication:
We were in this struggle with regard to computers. This absolute mess. Some people didn’t want it at all, and
some people did, and these people couldn’t talk to each other. I think this same thing was going on in a lot
of different schools. The stuff that I saw coming out of computer-based studios here was much more awkward,
much more clumsy, you just couldn’t see why people were doing it. What I saw at other places was stuff that
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was totally arbitrary and formally based, just playing with the machine because it could be played with. So I
wasn’t making the connection. At least from looking at schools, I wasn’t seeing the value of it. At the same
time, I was familiar with Frank Gehry and I was always more interested not in the forms, but the way the
buildings were put together. I was fascinated with that because it connected to the stuff that I had actually
been working on. It actually connected with this idea of a direct connection between conception and making.
And that seems to me to be really important, because, what I have written about in the book, is that all of
this crap with the general contractor and working drawings and all that stuff just gets in the way. If you think
about traditional architecture, there is a direct connection between conception and making... And that seems
to me to be a pretty healthy thing. So then, I look at Gehry, and ok, I don’t like those buildings very much, but
there is something there. So this business with institutions, and contractors and architects it’s all the same ball
of twine. I feel now, and the way that people are talking about it, that we are on the verge of something that
is - at least something that is more interesting to me...the architect being able to have control over the product
in a very different way than the architect has had in the last 100 years. If you start to add that with a healthy
relationship with clients, then you potentially have the beginnings of something that is really great.
Davis crystallizes the disconnect between conception and execution which the early emphasis on
digital form-making amplified. Through focusing on the direct connection between conception and making
in vernacular architecture, and yet acknowledging the potential of this through postindustrial craftsmanship,
Davis makes a unique contribution outside of the typical circle of those that address digital fabrication in
architectural education. This intellectual split creates a conflict of values in the developing design student
which is likely to be far more pernicious in stopping design development than any particular skill. Conversely,
the opportunity to bridge conception and execution through the integration between the physical and digital
can be a motivation for developing digital dexterity as an expansion of agency.
4.8 Bridging Conception and Execution: Anticipating a Course of Action
The tight relationship between skills, tools, and design media effect the image of practice constructed
in design education. The materials first approach to developing digital skills was developed to introduce
material constraints into the dominant digital design culture at RPI while the familiarity of materiality made
tangible the development of digital skills at the University of Oregon. More than just a sound pedagogical
strategy, developing digital dexterity involves the flexibility and adaptability to work across digital media and
from physical to digital to physical.

In the context of digital fabrication, developing digital skills are not simply

vocational, but an opportunity to bridge the gap between conception and execution. In the end, the digital
divide is not the result of a generational gap, but the intellectual split in the discipline between conception
and execution. This shifts the conversation from technology to how tools, technology, and media construct
an image of practice. Expert use is then not simply a quicker succession of a beginner’s discrete acts, but
65

an integrated projection of intent projected from the immediacy of tool-use. The goal-oriented pragmatic
actions are a familiar association with the instrumentality of tools, but identifying the intellectual split helps
to identify the place of epistemic actions. Epistemic actions offer a “look ahead” enabling one to anticipate a
course of action. Connecting design with the anticipation of construction is not simply a pragmatic issue, but
effects the image of practice projected from the expanded sense of agency in epistemic actions.
The next two chapters focus on the construction of architectural knowledge and the place of digital
technology within this. The integration of the digital and the physical became the foundation to frame a
much wider cultural discussion about the construction of architectural knowledge and the values that are
constructed therein.
In the next chapter, I focus on two gridshell studios I developed at the University of Oregon and Cal Poly.
These studios extend the materials first approach I took in the media seminar to a more rigorous intersection
between materiality and structure to fit the context of the design studio. Looking back at how the awkward
physical models in my media seminar sparked my conversation with Don Corner at the University of Oregon,
he described these models “as a great kind of revival tour” of his interest in the concrete shells of Pier Luigi
Nervi, Eduardo Tarroja, and the timber gridshells of Frei Otto. When I interviewed Corner, he was unaware
that I would be teaching a gridshell-based studio the following term, but he clearly identified how his previous
interest intersects with mine, once again dissolving the generational gap:
To me it was really intriguing to see that especially now in this resource challenged environment to think about
reintroducing ourselves to efficiency in form that way. As opposed to the brute force application of tons of steel
that dominate the practice.... They were very labor intensive, I suppose, but very material sparing. That whole
era is gone, and it is replaced with really simple minded structural systems of gigundo glu-lams with glu-lam
purlins on a straight grid. That’s the part I miss, of fitting structural concept to spatial concept in an intrinsically
elegant and efficient way. It’s clearly NOT in the art now, but it has to come back, that notion of elegance and
structure because of material consumption it HAS to come back.
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5. Digital Integration: Shaping Form / Shaping Sensibilities

The gridshell studios presented below were a pedagogical experiment probing the resistances and
challenges of digital integration at two architecture schools. My motives were to develop a sensibility
combining the economy of means developed through the wooden lattice of gridshells paired with the
digital ability to control and expand the possibilities of gridshell techniques. Gridshells provoke a series of
particularly relevant issues today by conjoining the formal fascination within contemporary design culture
along with issues of sustainability.
The different motivations and often stubborn resistances toward working with digital tools are revealing
of both the school cultures and the lack of digital integration in these two curricula. The students’ resistances
to differing ways of working challenged some of my basic assumptions, causing me to make explicit my
motivations for digital integration as an extension of the architect’s field of vision. Ideally this digital integration
develops an interactional sensibility between designing from the inside-out and the outside-in, the interaction
between the physical and the digital, and a topological interaction between the local and the global. Despite
these great expectations, developing the practical skill along with the breadth of experience to position these
skills challenged the ambitions of this interactional sensibility. The results from these studios reinforce that
skill, experience, and values are closely interrelated such that the interactional potential of digital integration
falls short if skills are isolated from material experience and the shaping of design values.
The gridshell studios were taught at the University of Oregon in Spring Quarter 2007 and immediately
following at Cal Poly in Summer Quarter 2007 exposing the persistence of the digital divide. In architectural
education, the flexibility of form enabled by 3D software is all too often given priority over the means through
which materials give form to form. Understanding how material properties inform form is made evident
through the study of timber gridshells. Two inter-related contexts shaped my interest in gridshells. First, my
tool-driven research in digital fabrication shaped my sensibility from tool-oriented, to technique-oriented,
and finally to the material-orientation of gridshells. My development of digital-based techniques for gridshells
intersected with these studios (Cabrinha 2007 Cabrinha 2008). Second, observed through my teaching at
RPI, a school with a dominant digital culture, students overlooked how materials inform form creating my
67

desire to develop this gridshell studio proposal. However, the first opportunity I had to teach the gridshell
studio was at the University of Oregon, which had nearly a diametrically opposed design culture than the one
at RPI which motivated the gridshell studios in the first place. Nonetheless, the gridshell’s economy of means
fit well within the social and ecological design culture at the University of Oregon, providing the context to
interconnect digital tools and the values of sustainability which too often are seen as separate if not opposing
design cultures (Bechtold 2003). Rather than creating a divide, integrating skills and values shapes the
developing designer’s sensibility.
5.1 Shaping Sensibility
Tools shape practices, and practices shape sensibilities. Linked through practice, tools shape sensibilities.
After all, what is sensibility but sense plus ability (figure 5.1)? As embodied cognition shows, our sensible
understanding of the world is not biologically inevitable, but develops through the interaction between
many senses (Maturana Varela 1992). Vision, for example, is not simply in the eyes, but develops as a skill
through sensori-motor contingencies to such an extent that seeing is a way of acting (O’Regan Noe 2001).
Through what is known as the cognitive unconscious in embodied cognition, we act transparently through
our most basic bodily abilities such as walking and grasping (Lakoff Johnson 1999). These transparent actions
ground our perception becoming embodied in our way of operating and exposed in everday phrases such
as “grasping an idea” or “being in touch.” Due to this transparency, the ability in sensibility is frequently
overlooked. Conversely, when developing new abilities, such as working with new tools, focus is placed on the
ability rather than the senses they cultivate. Too much focus on abilities without the senses they suggest leads
to an instrumentality of tools and skills.
As an embodied phenomenon, the instrumentality of tools and techniques applies to traditional drawing
media as it does to the developing conventions within digital media. The spatial development of gridshells
challenges the conventions of traditional media
such as designing through plan and elevation and
the forms of design thinking these conventions
encourage. This became particularly clear when

sense

students at the University of Oregon, primarily used

+

ability

to working in plan and elevation became frustrated
by their inability to describe and develop the gridshell
spaces they were conceiving. Exemplified by one

what is sensibility?

student in her exit interview, “I almost have to twist
my brain.”

Figure 5.1.

Sensibility as the reciprocity between
sense and ability.
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5.2 Ways of Working
The relationship between skills and perception evidenced in embodied cognition can be seen in two preeminent theorists of architectural design media, Robin Evans and Greg Lynn, one focusing on the conventions
of projective drawing and the other on the topological development in digital media. The challenges and
resistances some of these students had to developing ideas spatially reinforced Robin Evans’ observation that
conventions of representation become fixed in architectural space (Evans 1997 Evans 2000). Through the
example of a short-lived 18th Century drawing technique, the developed surface, Evans emphasized that
techniques of drawing are not simply “neutral vehicles transporting conceptions into objects” nor is he so
technique-driven to suggest a causal relationship between technique and thinking:
A technique of drawing does not compel designers to do this or that; there are too many ways around it. Its
influence, though strong, is too local for long strings of instrumental effects to be hung on it. More likely it is a
matter of things belonging in sets, of a type of drawing being conducive to a certain taste, lending itself to a
certain kind of social practice, a certain arrangement of space, a certain pattern of planning.... (Evans 1997:
200).
The development of gridshells is just such a set of practices including both digital and material techniques
as well as a particular conception of space. What Evans makes visible is how architectural drawing effects the
architects “field of visibility” allowing to see some things more clearly while suppressing others, “something
gained, something lost” (Evans 1997: 199). Evans’ central focus was how the manner of working can get
around the gap between drawing and building, and how the conventions of construction and the social spaces
they create develop through the non-critical attention to drawing practices. The need for critical attention to
drawing practices is as equally important today as digital techniques become the new conventional practices.
Evans critical insight on technique applies equally well to projective geometry as it does to digital modeling
today:
Happy results do not of course occur under guarantee of the drawing technique, also requiring, as they do,
an inquisitive mind, a very strong presentiment of the sense within forms, together with a penetrating ability
to visualize spatial relations. This ability was doubtless enhanced by the practice of projective geometry, but
not purchased with it. Still, it would be as crude to insist on the architect’s unfettered imagination as the true
source of forms, as it would to portray the drawing technique alone as the fount of formal invention. The point
is that the imagination and the technique worked well together.... (Evans 1997: 180).
Evans’ cunning criticism and insight through the techniques of projective drawing illustrate how
conventional tools and techniques shape the architect’s thinking and visa versa. As digital tools become
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commonplace, they are bound in their own conventions and habits of mind.
One of the primary distinctions between the discrete elements of projective drawing and digital modeling
is topology. In Animate Form, Greg Lynn connects the curve to architectural history through such examples
as Borromini’s Quattro Fontane, an example Evans draws from as well. In the Baroque period, the tools of
the time such as the compass structured the curve through tangential arcs with each discrete section based
on its reference to the foci of a circle or ellipse. In spline based geometries, such as NURBS, each point
is interconnected such that they are defined as topological rather than discrete as in Baroque geometry.
Lynn describes this topological relationship to the curve as a negotiation between discipline and wildness
(Lynn 1999: 20). Today, the ease of manipulation of the digital spline and NURBS-based surfaces, while
mathematically disciplined through the software, is all too often completely wild and untamed in students’ use
exceeding the students’ grasp of the way these surfaces connect to the discipline of architecture.
Without positioning these instruments within a broader set of practices, new stylistic trends and
conventions of use are readily apparent in design education today. In my interview with Greg Lynn, the nondisciplined and non-critical use of techniques presented in Animate Form is something he regrets:
The sad thing is, if I look at my writing before and after Animate Form, I was as guilty, as I think everybody
is still now, of becoming a very vocational junior college person, where I am just explaining the tools. If I
could take anything back, I would take Animate Form back. It’s been good because it was early enough and
comprehensive enough, it’s the text on animation, but so much of it is pseudo-scientific and so much of it
is vocational, that I think it is not a good model for what architectural writing should be. So the stuff before
Animate Form, the stuff that is in Folds, Bodies, and Blobs, and the stuff that is after, like the Intricacy Catalogue,
or I would also say Folding in Architecture - I would put that as theorized. So there is a lot of stuff in Animate
Form that is theorized, but by putting projects in and the project descriptions, which turns out that is what
everybody wants to read, it became very vocational. All of these subsequent AD issues and most of the
discourse by people in their 30’s and 40’s now is totally vocational discourse. It’s not historically, disciplinary, or
culturally theoretical. That is a big problem. It is probably a symptom of the new technology.
While my interview with Lynn was a year after the gridshell studios presented here, his honest selfcritique as well as the critique of those in my generation is something I hope to challenge with these
gridshell studios. Lynn popularized the term “blobs” in his essay of the same name, first published in 1995,
as a topological system which offers the means through which to manage complexity while maintaining
difference and continuity (Lynn 1998: 166). Similar to how Evans’ describes drawing techniques as a means
to get around the gaps between design and construction, Lynn continues to position the blob within the
disciplinary aspects of construction through his essay, “Blob Tectonics or why Tectonics is Square and Topology
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is Groovy” exposing the “gaps in representation” through which fixed spatial typologies are the results of
localized techniques of construction (Lynn 1998). As a kind of topological construction, blob tectonics enables
alternate strategies of structural organization and construction weaving together a global spatial sensibility and
the local tectonic of its making.
Now over a decade since Lynn wrote these essays, like the non-critical use of techniques in Animate
Form, the blob has infiltrated academia as a formal monstrosity disregarding the reciprocity between space
and construction that blob tectonics were supposed to engender. In far too many academic examples
under the influence of digital media, its not that construction has become flexible and adaptable, but is seen
as entirely irrelevant. The gridshell studios reorient material as the basis for a material feedback in a way so
direct it may be easy to overlook. In fact, after my gridshell studios I looked back on Lynn’s essay, to find that
he had added a postscript to his “Blob Tectonics” to pay tribute to Sir Edmund Happold, and his development
of lattice gridshells such as the Mannheim Gridshell while working for Frei Otto.
Frei Otto’s working method was rigorously tested out through physical models focusing on how
materials inform form to get at the economy principle in nature (Nerdinger 2005). Today, the easy of freeform manipulation through software is so removed from a rigorous process, Otto has argued that “new
building culture needs the broadest possible work on its basic principles” (Nerdinger 2005). As 3D software
has removed the formal constraints that were previously contained within the limits of projective drawing
in Evans’ time, or students overlook the flexible tectonics suggested by Lynn, these studios probe how the
gridshell is a set of techniques to ground and extend the contemporary architect’s field of vision. As I had
to reiterate to my students, my interests are not that gridshells are the answer, but rather provoke a series of
issues that are particularly relevant in today’s design culture.
Despite my great expectations, the students’ challenges and resistances to digital modeling help to
evaluate the place of digital design in establishing this field of vision. This challenged my own assumptions
and expectations, forcing me to reflect upon the motivations of the digital in the context of the developing
designer’s sensibility. My naive expectation was that the precision of the curve would support a precision of
intent.
Below I introduce the studio, my methods of assessment, and the success of these studios from the
students’ point of view. I then address how the gridshell studios, in challenging my own assumptions and
expectations, help to better position the motivations for digital integration and the sensibilities that are shaped
therein.
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5.3 Gridshell Studio Overview
The gridshell studios introduce the flexibility of form structured through material resistance and the
economy of means therein. As a structured way of working, the gridshell studios were intended to develop a
bottom-up technique of material construction flexible enough to respond to more global urban architectural
issues enabling the students to draw a more global urban diagram sinuously fused down to the locality of
the pin-joint that connects the lattice gridshell. The gridshell studios were offered first at the University of
Oregon in Winter 2007 and then immediately following, at Cal Poly, San Luis Obispo in Summer 2007. Both
studios were split evenly by gender, with 9 male and 8 female students at the University of Oregon and 7
male and 7 female students at Cal Poly. The site chosen for these studios was a brown-field site between the
Willamette River and the 5th Street Market in Eugene, Oregon (figure 5.2). The site is adjacent to Morphosis’
newly opened Federal Court House which appears from the exterior as an opaque and imposing structure
despite its curving surfaces. The studio title “Inverting Civic Structures” was meant as a play of words between
the principle of inversion in Frei Otto’s analysis of gridshells along with the inversion of the opacity of the
new Federal Court House through the intended transparency and lightweight construction of the gridshell.
This connection between local structure and global politics mirrors the connection Frei Otto drew between
his material based form finding process as part of a larger vision for an open society (Nerdinger 2005). The
program was community focused through a new year-round extension of Eugene’s Saturday Market along
with a community athletic center with a commuter bicycle center and an indoor Olympic size swimming pool.

5th Street Market

Federal Court House

Figure 5.2.
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Gridshell Studio Site in Eugene, Oregon.

The design process was organized in three phases: Phase 1 focused on detailed precedent studies, Phase
2 focused on schematic master planning and basic building design, and while continuing with further design
development Phase 3 focused on the development of a detail of the students’ proposed project similar to
the quality of the precedent studies in Phase 1. Each studio began with precedent studies from recently
built gridshells such as the Savill Building by Glenn Howells Architects built in 2006 (figure 5.3), Shigeru Ban’s
Japan Pavilion (figure 5.4) and Jacques Herzog’s Expodach (figure 5.5) both built for Expo 2000 in Hannover,
and Helsinki University of Technology’s Timber Bubble built in 2003 (figure 5.6). Students developed a
graphic precedent study to gather background information and the graphic quality of these also helped me
to evaluate their digital skills. To understand how gridshells take shape through material resistance, physical
models were constructed to feel the forces at play in constructing these gridshells . The fact constructing
these models required many hands also introduced a collaborative process at the studio’s introduction (figure
5.7). As both gridshell studios were developed in the quarter system, a 10 week term at the University of
Oregon and an intensive 8 week summer term at Cal Poly, the 2 weeks these precedent studies required
emphasized a commitment to the careful material and tectonic influence in gridshells.
In Phase 2, presented at mid-term, involved master planning including site analysis, diagramming, and the
development of an organizing system, such as the grid of the gridshell. This phase focused on urban issues and
the integration of landscape features as well as preliminary gridshell studies. At both schools, the large site
planning was challenging to the students as it was not something they had been exposed to before. Phase

Figure 5.3.

Figure 5.4.

Savill Building Precedent Study at Cal Poly, Summer 2008.

Japanese Pavilion Precedent Study at

Figure 5.5.

Cal Poly, Summer 2008.

Expodach Precedent Study at UoO,
Spring 2008.
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Figure 5.6.

Timber Bubble Precedent Study at

Figure 5.7.

UoO, Spring 2007.

The physical models of the precedents

introduced a collaborative process at the beginning of the
studio.

3 continued the development of the master planning, but emphasized the building design and the physical
model as a prototype construction technique.
In the University of Oregon gridshell studio, students were asked to keep individual blogs, while in the
Cal Poly studio there was a single studio blog that each student was asked to contribute to. I took notes
at the end of studio sessions, as well as conducted exit interviews at the end of the term. As conveyed
by the students, the success of these studios was the ways in which it made concepts tangible, challenged
conventions and particular ways of working, and in how it required students to form connections across
macro to micro scales.
5.4 Grasping Concepts
The physical precedent studies allowed students to feel the material resistance of the gridshell while
making accessible the unfamiliar construction technique and the differing methods to forming gridshells
represented in each precedent study. Beth, a graduate student at the UoO, acknowledged the precedent
studies helped her “grip concepts; make them tangible.” Kevin, the most digitally savvy in the studio,
acknowledged “the structure looks so difficult, but if you get into it, it’s like - we can do this.” Once his team
learned that the gridshell of the Expodach could be made over a simple frame, the prefabricated layered
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construction went quickly (figure 5.8). This frame illustrates that each gridshell is formed through the
boundary conditions creating a complex surface from a very minimum of information. Shigeru Ban’s Japanese
Pavillion followed the traditional matt approach. The students patiently hand tied each node and then raised
the matt compressing it through two edge curves (figure 5.9). The timber bubble introduced a stick by stick
approach in which the floors, supported by temporary scaffolding, acted as jigs to connect each joint at the
floor line. The majority of these examples demonstrated an incredible attention to detail and a curiosity to
investigate how the system worked. The indeterminacy and risk within the precedent studies, such as raising
the matt of Ban’s Japanese Pavilion, introduced a form of design research into the studio demonstrating the
basic principles and methods of gridshells. At minimum, students developed a feel for materials and at best
came to understand the iterative and cyclical nature of working this way, identifying how material informs
form through an economy of means. Through demystifying gridshell construction, these precedent studies
established a way of working and set a level of expectation in the studio.
After the physical precedent studies and in their exit interviews, many students commented that this
challenged the conventions they had been taught. In a discussion following the physical precedent studies,
Beth offered “this is is a way of working so different than the way we are taught. It seems more Eastern than
Western.” Pete observed the gridshell “pushes a different type of thinking...I can do that on a rectangular
system, whether you know it or not you trust you can. Here, you don’t trust it - try it out - will it work? It
makes you rethink your rectilinear thoughts.”
The gridshell studio at the University of Oregon was broken down into two person design teams,
something fairly common in studios there. In the Cal Poly studios, where collaborative design studios are
rare, only two students decided to work as a team. Chris, one of these two students, admitted that with
the gridshell “we had to step out of our comfort zone” describing this as a “back and forth” process. In a
separate exit interview, his partner, Sam, described similarly “you can’t see the whole but have to work back

Figure 5.8.

Expodach Lamella over edge frame

Figure 5.9.

at the UoO, Spring 2007.

Flat matt technique with hand tied

nodes for Shigeru Ban’s Japanese Pavilion. UoO Spring
2007.
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and forth.” Despite many tensions they had working as a team, the way they worked together was a back
and forth process as well. While not an ideal arrangement for digital integration, Sam focused on the digital
development and Chris developed the physical model creating an explicit interaction between the digital and
physical embodied in two different people. When I asked Sam about this he responded “the way [Chris] built
the gridshell was just like lofting between two rails.” This reflects Sam’s understanding of digital technique as
the consequence or anticipation of a material technique highlighting the main theme of these studios.
Locating other cases where this way of working fails is also illustrative. In the compressed time frame of
the Cal Poly summer studio, there was a lack of experimentation likely a result of multiple factors such as the
abbreviated time period itself, the fact that it was summer, and the fact that a majority of these students were
taking the summer studio as they thought it would be easier than a full length studio during the academic
year. Nonetheless, the lack of experimentation in this group highlighted that experimentation involves risk. As
Megan, one of the most capable students in the class observed in her exit interview, she was too “focused on
getting it done.” She was so clearly goal oriented she did not like the “risk” associated with experimentation,
“I like to start a thing and get it done.” The overtly goal-driven, linear way of working is at odds with the back
and forth process of experimentation affecting the students’ perceptions and motivations in developing digital
skills. Working digitally, like working physically, involves experimentation through a back and forth process
testing ideas out, evaluating, and revising. As suggested above by Pete, the only way for this to work is not to
trust, but to try it out.
5.5 Challenging Conventions
Focusing the studio around gridshells was a provocation confronting the conventions of public buildings
as much as it was about the conventions of design process and design media. Such a focused form of design
research also offered a focused form of contemporary design criticism. To this end, each studio began with an
essay by Martin Bechtold, “On Shells and Blobs,” highlighting that:
The study of shells demonstrates that it may enable structurally efficient construction systems, provide a rich
spatial experience, and use material resources responsibly. Customization through CAD/CAM could and should
be directed towards a more efficient response to performance requirements as diverse as program, structure,
energy efficiency, lighting, and maintenance. Digital technology is not an end in itself but should play a role
in creating a more human, socially responsible, and sustainable environment. Before long, today’s separate
discourses on sustainability and digital design will, we can assume, productively connect (Bechtold 2003).
At the global level, the studio challenged the conventional separation between sustainability and digital
design, while more locally challenged the conventions of design process. In a simple example of inversion at
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work, Prof. Howard Davis at the University of Oregon, who’s reflections were made in the previous chapter,
commented in the final jury that we usually start with the plan and move up from there, whereas here
you may have to start with the roof and come down with the plan. One student’s comments in particular
confirmed the positive results of challenging these conventions. George would often visit me in my office
hours at the University of Oregon, reflecting one day: “This thing that is different raises the questions for the
normal stuff. By looking at something different, you look at the same thing in a different way.” Challenging
conventions through the gridshell was generalizable to more normative structures.
While I intended this studio to be about material resistance, I hadn’t anticipated the students’ resistance
and the manifold of challenges this posed to them. At the University of Oregon, Katy commented at the
end of the quarter that “we are stuck in one way of thinking.” Asking further what she meant by this, she
specifies the particular condition of how the building “lands on the ground. With a box you don’t think about
how it hits the ground.” Of course every building touches the ground at some point, but it was the unusual
condition of the gridshell that, like George’s comments above, “raises questions for the normal stuff.” The
gridshell begs a series of questions that are relevant for any project: what is the relationship between roof and
landscape? How do walls / roof meet the ground? How does the program meet the roof, if it meets at all?
These questions became a kind of heuristic questioning the students could take with them for more than just
gridshells.
At Cal Poly, Jason commented, “we know we are not going to do gridshells, but it raises new questions,
new problems.” In asking what these might be, he identifies the edge condition, how it hits the ground,
and then he concludes “everything is about connections.” This was a welcome sign of the studio’s success
and reiterated exactly what a faculty juror concluded at the end of the studio’s reviews at the University of
Oregon: “this project is all about connections.” The differing scales of connections formed from landscape
and urban issues to the literal pin connection that allow gridshells to take shape shifts student’s thinking about
architecture as isolated objects to becoming connected to a much larger context. Pete summarized “the
challenge of the project” through a rhetorical question: “How do you connect a site plan drawn at 1:100 with
a detail drawn at 1/2”?” Unlike a linear work flow from big idea, to building, to detail, gridshells develop from
a bottom-up fashion in which the edge curves affects the building form, and a top-down development of
building form to program. My intentions were that the interaction between the digital and the physical would
allow students to make these connections across scales.
5.6 Interaction Between Physical and Digital
Although I was invited to the University of Oregon as part of their academic roll-out of digital
fabrication, the CNC router was not operational until Spring Break - only a couple of weeks before the end
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of my second and final studio as visiting faculty. Despite this limited exposure, three teams developed four
approaches in a manner of weeks exploiting the interaction between the physical and the digital enabled by
these new tools.
5.6.1 Gridshell Mold
George developed the most conservative though straightforward approach by CNC milling a 3D mold
and then manually apply laths over the mold. As the first time using a CNC router, he was noticeably excited
to see his surface emerge from a block of foam, commenting “now that I see the form physically, I want to
change this flat spot over here. Seeing it here is so different than seeing it on the screen.” He quickly located
areas for revision, though regretfully he felt it was too late in the term to alter and re-mill his mold. He then
meticulously glued a four-layer lath over the mold using T-pins to hold the laths in place (figure 5.10).

Figure 5.10.

George’s approach: CNC foam mold with basswood laths applied at left and final model at right.
UoO Spring 2007.

Figure 5.11.

Stephen’s approach: CNC foam mold with laser cut paper strips developed from digital model.
UoO Spring 2007.
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An alternate mold approach developed by George’s design partner, Stephen, was inspired by the prefabricated shells of the Expodach employing a modular mold using overlapping rings instead of straight laths.
The ring pattern was applied to the surface and unrolled as developable surfaces and then precisely cut
on the laser cutter. Each ring was laminated from two paper strips to hold their circular shape, and then
connected at the quadrant points through overlapping bridal joints (figures 5.11).
5.6.2 Standardized Unit / Variable Shim Approach
Pete and Jen resisted what they coined the “digital fabrication approach” resulting in each and every
piece being unique. They pursued a standardized unit with a variable shim between the units to develop
shape. Ironically, what would seem a straightforward approach is exceedingly difficult to digitally model with
conventional digital software. To develop this approach they needed a powerful and expensive parametric

Figure 5.12.

5/23/07 at UoO: Physically modeling

variations from one standard unit with shims to give
variation. Similar digital modelling approaches from one
constant unit are surprisingly difficult to accomplish.

Figure 5.14.

6/1/07 at UoO: Prototype assembly

with threaded rods instead of variable shims in small
scale models.
Figure 5.13.

5/27/07 at UoO: Pre-fabricating units

with screw holes and threaded rod holes pre-drilled for
quick assembly.
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Figure 5.15.

6/7/07 at UoO: Final full-scale mock-up and presentation boards (on back of A-frame).

constraint modeler such as CATIA that Frank Gehry uses, while they were trying to do this with the freeware Google Sketch-Up. As they became frustrated with pursuing this approach through a digital model, they
quickly created a series of laser cut boxes with variable shims between the boxes to physically model the
various configurations this approach could take (figure 5.12). While they developed digital representations to
approximate this approach, they wanted to test this modular proposal at full scale. Because of their unitized
approach, they were able to create a single cut file which used the entire sheet without material waste to
create (33) 12”x24” boxes from 6 sheets of 1/2” particle board - about $80 in material. Through the CNC
router, it took one full day to cut out these boxes and assemble them, and a second day to install the mock-up
(figures 5.13-5.15).
Pete began stacking these perfectly cut boxes in different ways and observing the possibilities that he
never considered through the small scale model. As we were assembling these boxes, he noted to me, “at
first I thought we could do anything with boxes, and then through the digital and physical models we learned
how limiting they are. But now, it seems that I can do anything again with these boxes!” Ironically, Pete is the
student that commented that the gridshell “makes you rethink your rectilinear thoughts.” The full scale mockup triggered other design opportunities and acted as a preliminary proof of the construction method that
gave this student confidence to present a non-conventional proposal. In his exit interview Pete replied that
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with the full scale mock-up “we went out on a limb to have a conversation that we couldn’t have without 1:1.”
5.6.3 Periodic Laminated Approach
The most sophisticated approach was developed by the most disfunctional team which included Sarah,
a graduate student whose ADD challenged her ability to think globally, Jill, a career change student older than
I, who early in the quarter complained about work assigned over the weekend as “weekends are for rest,”
and Mike a young soft-spoken yet very capable student who kept the team together. Besides Mike, what held
this team together was a geometrical tessellated pattern that became the referent across different scales of
development. Early on, Sarah was interested in a periodic surface but became quickly frustrated trying to
model this in the computer. Mike took the modeling of this surface over learning the software as he went.
Lacking sophisticated skills and tools to track a series of unique pieces, the periodic surface and pattern
configuration created a unique, two directional, waveform from only 12 unique pieces. Mike quickly realized

Figure 5.16.

12 unique pieces to form periodic surface.

UoO Spring 2007. Diagram by the author from
student’s digital model.

Figure 5.17.

Assembly jig on floor of the gallery

Figure 5.18.

morning of final review.
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Detail of scab joint.

Figure 5.19.

Final hanging installation. UoO Spring 2007. Image by the author.

through the precision of the geometry he only had to model one quarter of one module (figure 5.16). These
pieces were then quickly milled on the CNC router, but the one thing Mike did not look at, despite my
insistence, was how these pieces would be joined. He thought he would simply glue them in place but quickly
realized that this was not going to work. Only days before their final review, when Mike conceded defeat,
Jill came at the joint with a unique perspective and a very simple scab joint (figure 5.18). With the help of a
simple cardboard jig, they were able to assemble this large model in under one hour (figure 5.17). Although
not technically a gridshell, like the prefabricated lamella structure of the Expodach, prefabricating a modular
lamella gridshell surface over these larger spans could attain further enclosure. This physical prototype was
the most impressive aspect of their final presentation, and also became the glue that bonded this team
together at the very end (figure 5.19).
As one senior faculty at the University of Oregon commented to me at the final review, “this is a really
fantastic project, you really stretched them.” However, in stretching them more issues were raised than
resolved, causing me to reconsider the successes and failures of these studios.
Following from the introduction of Robin Evans, the gridshell studios combine a set of practices with a
particular conception of space that is both complementary and critical of today’s design culture. The rigorous
understanding of how materials inform form prior to formal development encourages an economy of means
bridging the mind-set of ecology with the digital tool-set. The gridshell’s fluid spaces and surfaces necessitate
a spatial design development beyond the conventions of designing in plan and elevation. Furthermore, the
unique formal characteristics of gridshells challenge the students’ basic assumptions between landscape-tostructure and wall-to-roof posing a set of heuristic questions applicable to any architectural project.
But Evans also cautioned of the false belief that any technique will purchase results, instead requiring an
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inquisitive mind, sense within forms, and the penetrating ability to visualize spatial relationships. This critique
can be tested against the actual results of this studio as they did not match my great expectations. For many
of the students, the tangibility of concepts in the physical precedent studies opened up their imagination,
but the introduction of digital design development crippled them shutting down the reciprocity between
imagination and technique. If the physical model exploration made the gridshell’s concepts tangible, then
what ways of working did the digital open up? What are the set of practices digital modeling makes available
from which the students can appropriate to their success or peril? The student’s challenges and resistances to
adopting digital media challenged me to explicitly identify the opportunities digital modeling has to expand the
designer’s sensibility.
5.7 Spatial Development
The promise of digital modeling is to support spatial design development, but as Evans warned, no
technique can replace the designer’s sensibility. Spatial awareness is not biologically inevitable, but in child
development is coupled through tactile and visual acuity locating objects in space to such an extent that
seeing is an embodied skill. As a developed skill, and not just a neuronal development in childhood, spatial
acuity is nurtured and challenged in design education. In my experience, students with a rich spatial ability are
more adept at digital modeling, but this does not excuse the lack of digital integration for those students who
have yet to shift from planar to spatial reasoning.
The fluid sinuous formal development of gridshells challenged students’ conventions of two-dimensional
drawing and the planar habits of mind that follow. At the mid-term review at Cal Poly, one faculty member
frustrated with the disconnect between what was physically modeled and what was drawn by hand, remarked
“you can’t draw what you are conceiving.” At the University of Oregon, it was the planar thinking, not just the
means of representation, that caused me to reconsider Evans in the context of digital media. The gridshell’s
fluid conception of space necessitated a spatially rich tool-set. What I hadn’t anticipated was the student’s
resistance and lack of commitment to developing this skill-set.
One team, for example, had such a disparity between their digital abilities it limited their ability to work
together, reflected in Anne’s frustration, “what took [Dan] 20 minutes took me 3-4 hours.” More than just
the speed of completing tasks, her spatial design development was lacking along with her two-dimensional
representation skills to keep pace with Dan’s spatial ideas. The positive role of digital media was reflected in
another student’s realization that the computer was a necessary tool for the gridshell’s design development:
“It weirded me out. I had to have Rhino to get into the form of my building.” He acknowledges “we stay
away from curves and go orthogonal” perhaps because “you have to be comfortable with the technology to
get into it.”
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The resistance to working spatially through digital modeling was made clear in one memorable episode
with another student from this studio. Bill made clear that “for me, this is really a big departure from what
I normally do.” He made a series of carefully crafted small scale physical models but was unable to develop
the three dimensional structure of the gridshell through two-dimensional plans and sections as he was
used to. After I insisted that he develop his scheme on the computer, the next day I met with him to see a
3D isometric view on his screen. Impressed with what he had done in so little time, I asked him to rotate
his model to see it from the other side. He looked at me blankly as if perplexed. He had drawn a twodimensional constructed isometric using the computer just as he would a drawing board. He thought that
I preferred he drew it on the computer as if I simply had a preference for the mouse over the pencil. In
the end, he leaned on the conventions he knew not only in design representation but in the structure of his
design using massive trusses. For the gridshell studio, this is not a minute detail as the truss is a flattening of
structure to a plane and then repeating this over and over, whereas the gridshell surface is a single threedimensional surface structure that cannot be reduced to a plane. Bill’s familiar method of orthographic
drawing imparted a particularly flat conception of space and structure.
The students’ perception that choosing digital media is simply a matter of personal preference was not
isolated to this student nor one school, as was evident in the gridshell studio at Cal Poly. Many of these
students received mixed messages from faculty on the place of digital media in the design process. Sarah,
then in her fourth year of the curriculum, took two years off of school from 2003-2005. When she returned
in 2005, she noticed a strong shift in the school from the hand drafting she was taught in 2001 and now she
was clearly frustrated with having to draw on the computer. She, like several other students in this studio,
had a drafting mentality. Drawing was seen as producing a representation of design rather than a means
of exploration in design. For these students, the computer is a means to a preconceived end rather than a
medium of design exploration.
Regretfully, this drafting mentality can be reinforced by faculty. In Emily’s exit interview she too
acknowledged this shift in the school noting that through this studio she is no longer “intimidated” by this 3D
software and could see it being used for design if she was “more proficient.” But the desire and commitment
to becoming more proficient is often sidelined by faculty resistance. In her second year of school, she wanted
to use SketchUp in the studio, but she recalled the senior faculty she had saying, “no, once your design is
done you can use it for your final presentation.” This faculty was no luddite but influenced by the tools he
knew and taught. In 1994 I took a course in AutoCAD drafting from this same faculty member, with never a
mention that the same tool could be used for digital modeling.
Tom, the most capable student in this studio put it much more bluntly: “There is a disdain for the digital
here.” Despite Tom’s frustration, he was quite comfortable with the tools and picked up the new software
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quite quickly. In his exit interview, he identified the
computer as enabling a “field of vision” in which
one could be inside and outside simultaneously and
design through multiple views within demonstrating
his own spatial acuity enabled through spatial
modeling. He was also clearly frustrated with the
lack of “formal experimentation” by his colleauges,
stating “it’s our prerogative to do it.”
5.8 Digital / Physical Integration
Tom also identified the interaction between
the digital and the physical “opens huge doors for
experimentation.” In his blog posting in the first
week of this studio, he described the assets of
working digitally as the best means for the visual

Figure 5.20.

conveyance of design, but also

through hand-cut physical models. Cal Poly, Summer

Developing folded plate structures
2007.

We need cognitive as well as ‘haptic’ cues that affect intent and decision-making. Architecture by definition
isn’t simply an optical trade, so why would we accept our superficial understanding of 2-d symbols and artificial
abstracted space as a functioning understanding of a working human environment?
Tom’s commitment to physical models along with digital models makes clear an obvious point that is easy
to overlook. What is needed most for the strong interaction between digital and physical design are highly
motivated students. He worked with intricate folded paper models admitting to me “this is a lot of work
with little results” (figure 5.20). What took him an exhausting two days could have been done in a matter

Figure 5.21.

Structural folded plate variation on Gridshell theme. Cal Poly, Summer 2007.
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of minutes on a laser cutter (only further frustrated by the fact the school’s newly purchased laser cutter
was sitting downstairs in a crate as there was no agreement on where it should go). In this studio, I became
suspicious if the lack of motivation in developing digital skills was partly due to not being fully equipped to
capitalize on the investment in digital modeling through the interaction between the digital and physical
afforded by digital fabrication. Without this, most students made a decision to work digitally or to work
physically, but without the proper tools, only the most motivated students such as Tom did both.
5.9 Process Change from Discrete to Continuous
Despite Tom’s ambition, he was challenged by developing the gridshell digitally in fact choosing to
develop his scheme as a structural folded plate rather than the continuous curvature necessary for gridshells.
While he was quite familiar with digital tools, he had never worked with NURBS-based tools before and
the topological way of working they support, commenting “you have to know what you are going to do
before you do it.” He was experienced with boolean operations in solid modeling which support an ad-hoc
subtractive/additive process.
The discrete Boolean operations of solid modeling tools reify particular sensibilities manifest in
architectural education in which even exceptional students like Tom never had a sense of the totality of his
proposal either formally or conceptually. Designing through fragments, his model was “complete” when he
ran out of time and energy (figure 5.21).
At issue is not about getting the model done, but the nature of the model itself. If the model is thought
to be a physical or digital artifact, the lack of over-all comprehension can be over-looked if simply for the fact
that every architecture student knows they will never get all of the work done. However, if the model shifts
from an artifact to a model of intention then a more comprehensive nature of the model is necessary from
which local detailed development can take place. The continuous topological development can effect design
intentions as loose unstructured intentions becomes shaped through numerous filters from the global to the
local. For example, the gridshell studios intended to develop a bottom-up technique of material construction
that was flexible enough to respond to more global urban architectural issues, such that the urban diagram
would become sinuously fused down to the locality of the pin-joint that connects the lattice gridshell. This
requires an interactional sensibility which conjoins the attentive senses at particular scales of development,
from the urban to the tectonic, with the skill-based ability to test and explore these intentions through their
design development. When design development becomes fixed either through their lack of skills or the
difficulty of making changes, the designer’s developing intentions cannot feedback into the design process.
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5.10 Mis-Placed Precision
In the gridshell studios, I intended the material feedback into the design process to give structure to the
curve but nonetheless students still saw this as “crazy curvy,” “pretty,” or “arbitrary” despite the fact they all
built physical precedent studies of highly rational and simple gridshells previous to their own designs. After
seeing similar results in both studios, it appears the elegance of the gridshell is not only technically difficult,
but conceptually challenging. The gridshell is really about simplification and integration of ideas, not about
random shapes at all. The give and take relationship of working topologically is a way of working that results
in a shape, but is not driven by form first. My intentions were that developing a precision of the curve would
lead to a precision of intent demonstrating an intelligence through economy. As much as I would like to
assert the correlation between precise tools and precise thoughts, the opposite may be more likely the case:
the ease of formal manipulation of precise tools may lead to a relaxed environment for the careful crafting
of design intentions. Sketchy intentions become clouded in a veil of graphic precision. Rather, capitalizing on
flexible precision requires a robust and flexible intellect.
In the end, expectations need to be calibrated between what is expected from an experienced
professional and what should be expected from a developing design student even if they are using the
same tools. The issue is not simply the appropriate skills, but how design intent is connected to a much
larger sphere of experience. Developing a contemporary designers sensibility is bound by the interactional
sensibility enabled through digital tools, and yet this interactional potential can be overwhelming to a young
designer. Abilities need to be closely paired with the senses they are intended to arouse, slowly accumulating
an interactional sensibility expanding the architect’s field of vision and in so doing, expands the conception
of space while closing the gap between conception and execution. Presenting on a panel on integrated
practice in 2005, Pritzker Prize winning architect Thom Mayne focuses on these interactional sensibilities
enabled by digital tools:
The tools we now utilize...allow us to produce spaces that even ten years ago would have been difficult to
conceive, much less build....Our conceptual thinking is increasingly embedding tectonic, constructional, and
material design parameters. Less emphasis on designing in the traditional sense - styling, lets say - and more
emphasis on making...Three-dimensional models provided a continuity from initial concept to construction
documents...This environment is no longer linear. It allows us to continually move back and forth between micro
and macro. Think of Charles and Ray Eames and The Powers of Ten (Mayne 2005).
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6. Life Size: Environmental Knowing through Full-Scale Installations
The problem of method in forming habits of reflective thought is the problem of establishing conditions that
will arouse and guide curiosity; of setting up the connections in things experienced that will on later occasions
promote the flow of suggestions, create problems and purposes that will favor consecutiveness in the succession
of ideas (Dewey 1933: 56).
The installation plays a liminal role in architectural education. As liminal, the installation acts as a threshold
between design as intellectually conceived and perceptually experienced. As liminal, the installations presented
here transition back and forth from design as an individual activity and design as a social process. As liminal,
installations exploit the transitions between messy and precise design processes, not as oppositions, but rather
as ends along a continuum. The argument here is that design as an activity and as an experience is most
effective when spread across these thresholds and transitions. The liminal role of the installation reinforces
that design process and design product are reciprocal experiences.
In Art as Experience, John Dewey focuses on the perceptual relationship between doing and undergoing.
He connects this reciprocity between process and product noting, for example, that “‘building’, ‘construction’,
and ‘work’ designate both a process and its finished product” highlighting both the verb and noun sense of
these words (Dewey 2005: 53). Furthermore, his distinction between the process of writing, composing
music, sculpting, or painting from the process of architecture helps to situate the importance of the fullscale installation in architecture. He notes that in these arts ones perception of the process and product is
immediate and if this is not satisfactory, one can to some degree start afresh. Whereas “architects are obliged
to complete their idea before its translation into a complete object of perception takes place. Inability to
build up simultaneously the idea and its objective embodiment imposes a handicap,” which is why he also
speculates that “perhaps this is one reason why there are so many ugly buildings” (Dewey 2005:53). The
role of the installation provides just this opportunity to design through full-scale and the direct perceptual
engagement this enables. Installations can range from temporary exhibits or all too often are loose temporal
and improvised built sketches. Digital fabrication gives access to this direct perceptual engagement of
working at full-scale with a precision, speed, and ability to work across scales which is hoped will influence the
perceptual experience of the design student long after the installation is gone.
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The installations presented here developed at three different design schools in Fall 2006, Winter 2007,
and Spring 2008. Looking across all three studio installations over an extended period of time gives these life
size pedagogical experiences a longer look - an impression on architectural education that lasts considerably
longer than the short duration of the installation itself. There is no pretense that these are permanent
structures. The strength of these installations is their impermanence - light, temporary, fleeting - giving the
studio a willingness to experiment and the tools to test it out. Rather than a permanent structure, what
I hope is lasting is the perceptual shift in the design student. Working at life size through the installation
establishes the conditions to test ideas out in a way that working at one’s desk never could.
Situated in the contemporary context of digital fabrication, my intentions are to shift from a focal to a
peripheral awareness of these technologies, while upholding the opportunity they bring to the studio. The
academic discourse surrounding these tools continues to foster a dominant image of technological novelty
created by a focal attention on technology. In putting the technology at the periphery, my motivation in
pursuing these pedagogical exercises was to understand how they might enable a wider spectrum of design
experience, what Michael Speaks has coined “design intelligence”. Design intelligence is a form of thinkingas-doing focusing on innovation through speculative testing and prototyping (Speaks 2005: 75). This view
inverts the higher authority of theory and instead focuses on the active intelligence of workshop practices in
which “the intelligence of practices allows us to manipulate the conditions under which designs and buildings
are produced in search of opportunities that can be exploited. Practices, in other words, allow for a greater
degree of innovation because they encourage opportunism and risk-taking rather than problem solving”
(Speaks 2002). Speaks specifically identifies how CNC technologies are enabling workshop practices to
speculate through the full-scale prototype and in so doing, the prototype “becomes a tool of innovation and
not just a version of the final design” (Speaks 2005: 75).
In academia, if these technologies are used as expedient means to output final designs, as is too often
the case, then the potential of these technologies to extend and enable design intelligence is marginalized, if
not worse. This chapter, then, seeks to place the technology in the margin to probe how working at life size
through the installation challenges a wider spectrum of design intelligence.
Through the careful attention to what students say as well as what they do, their commentary helps to
understand the place of precision in a digitally mediated design process. Furthermore, mirroring the larger
social implications of digital media, these studio installations suggest a kind of collective-intelligence: progress
by way of differentiation, integration, competition, and collaboration. This challenges the notion of authorship
of the singular hand, even if extended through digital prosthetics, suggesting a more collective, discursive,
and experimental ‘think-tank’ bound through the installation and enabled by the precision and scalar shifts of
digital fabrication tools. In testing design as full-size installations, the students’ shift their judgment from their
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individual ‘intent’ to the authenticity of their collective experience.
6.1 Life Size: Environmental Knowing
We install ourselves in modes of apprehending nature that at first are strange to us (Dewey 2005: 348).
The goal of these installations is less the finished product, than the life size environmental knowing they
provide. Environmental knowing implies a wider embodied, or kinesthetic, approach that reaches beyond
the merely visual. The computer screen as primary visual interface to the laptop only reifies the cognitivist
attitudes of early artificial intelligence research. The cognitivist approach emphasizes thinking as a solitary
activity and that plans are first mentally visualized and only then acted out after the fact. Now some decades
later, and despite considerable critique against this position, at times the laptop-as-design-studio seems to
extend this untenable position. This is hardly a nostalgic and tired rant against “the machine”, but rather to
suggest that digital media are just now revealing their potential to connect intuitive material inputs with
articulated material output enabled by digital fabrication tools.
These installation-based studios were conceived to challenge this representational emphasis through
a shift toward embodied cognition that is interactional. Guided by about three decades of research into
embodied cognition, in Philosophy in the Flesh, Mark Johnson and George Lakoff propose that reason is “piggybacked” onto perception and action, thus inverting the presupposed higher order of reason (Lakoff Johnson
1999). Furthermore, they suggest that technology offers an enlargement of perception through the increased
manipulation of objects, and thus technology has the potential to enlarge our capacity for reason. This follows
from the pioneering work of developmental psychologist J.J. Gibson, who made a central tenet of embodied
cognition: perception is active (Gibson 1986). Visual acuity is directly linked to our sensori-motor system, such
that perception is embodied, or kinesthetic. Tools, as an extension of the body, afford the possibility to actively
explore the environment, and therefore develop perception and what we reason about, to follow Lakoff and
Johnson.
Scaffolding is presented as a third chain to active perception and the theory of affordances. Scaffolding
shifts the perception of tools and technologies from a focal awareness, emphasized in a digitally saturated
design culture, to a peripheral awareness (Clark 1998). Scaffolding supports actions which would otherwise
be impossible or un-thought of without such scaffolding. Rather than focusing on the novelty of technology,
the concern here is how these tools productively become absorbed into the design process, and their
potential to extend design intelligence. In suggesting that these digital fabrication tools are part of the
scaffolding of the contemporary design studio, the intent is to place these tools at the periphery of discussion,
instead focusing on the material, social, and environmental knowledge they support.
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The argument is not that design should follow embodied cognition, but quite conversely, when design
process is spread across a wider perceptual spectrum, as the installation encourages, design intelligence
exemplifies embodied cognition. With the installation as vehicle, understanding how the installation provokes
the design studio offers insights into the depths of design intelligence.
6.2 Research Design: Phenomenology of Design Practices
Donald Schön’s understanding of design as reflection-in-action is further characterized as a “conversation
with the materials of their situation” (Schön 1987:36). However, Schön’s observations were based on a
stereotypical coach and student model centered around the sketch. This is not to downplay the ability to
“think it out” through the sketch, but to ask: how does a change in the “materials of the situation” change this
conversation and who takes part in the conversation?
While the design investigations of the installations are a form of design research, the critical evaluation
of the installation process is a form of researching design (Glanville 1999). Schön calls this reflection on
reflection-in-action the phenomenology of practices in which “students do not so much attend these events
but live in them” (Schön 1987: 311). To evaluate this lived experience, focus needs to be placed not only on
the artifacts, what is done, but also what is said thus giving voice to the students’ reflections and observations.
The methods of ethnography, primarily participant-observation and reflective interviews, are an interpretive
effort “to rescue the ‘said’ of such discourse from its perishing occasion and fix it in perusable terms” (Geertz
1973:20-21). Critical evaluation was established through my own ethnographic documentation of the studio
process, primarily daily note taking at the end of studio, the student’s required studio blogs, student generated
“post-occupancy evaluations” of the installations, through recorded installation debriefing discussions and
finally, exit interviews. In employing ethnographic methods, the intent is not to simply describe what happened,
but to test the underlying conception of design intelligence through the lens of digital fabrication and the
implications of building life size.

Figure 6.1.
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Three of Four final installations at RPI Fall 2006

Figure 6.2.

Expanding Pattern installation at University of Oregon Winter 2007

6.3 Design Cultures
The studio-based installations presented here were developed over a period of a year and a half at three
different schools, each with unique design cultures. In the first studio in Fall Semester of 2006 at Rensselaer
Polytechnic Institute, the studio was broken down
into four teams with each team to develop an
ergonomic landscape pavilion over four weeks
(figure 6.1). Teaching many of these same students
in the previous academic year, my experience was
that these students, while fairly capable with their
digital skills, were not attentive to the human scale
of built work nor were they attentive to how their
designs were situated in a context. Therefore,
these installations were to serve two programmatic
needs: to provide an ergonomic sitting surface
for a static body integrated with an enclosure for
the kinaesthetic moving body walking through the
landscape.

Directly following this studio in Winter

Quarter of 2007 at the University of Oregon, a
technique of expanding pattern was given to create
an interior installation over two weeks (figure 6.2).
As a studio taught through the Interior Architecture
Department, the expanding pattern technique was
employed to create a screen and ceiling of ribbons to

Figure 6.3.
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Moveable Feast Cal Poly Spring 2008

direct circulation in an entry foyer. In the third studio, in Spring Quarter of 2008 at Cal Poly, San Luis Obispo,
in a studio I titled Physical Gastronomy focusing on local and global food culture, the students were asked to
create a material system that eliminated waste and could be quickly assembled, disassembled, and reassembled
to host a moveable feast (figure 6.3). The intent is not to critique any one school, but rather, to suggest that
they each emphasize discrete aspects (digital acumen at RPI, social and ecological awareness at the University
of Oregon, and emphasis on material intuition at Cal Poly) that are part and parcel of one healthy design
culture.
While the installations were certainly a culminating event for each studio, they were not the culmination
of the studio. Each installation developed over a matter of weeks as an introductory project in the design
studio. Digital fabrication is an important factor in this, as the speed of digital fabrication tools enabled the
studio to quickly produce components at full-scale with a precision that took these installations beyond
sketchy ideas. The intention was that both the process and product of the installations would influence their
final studio projects.
The students’ critical reflections of these three installations revealed several themes. Their reflections,
primarily drawn from recorded conversations at the completion of the installation, reach beyond the
specificity of their particular situation into the very
nature of design intelligence and at times, a critical
awareness of the culture of design education. In
placing both the finished installations and the novelty
of technology at the periphery, their comments help
to position three central themes: first, to understand
the transitions between the messy and the precise,
and in so doing, help to identify the place of precision
in a digitally saturated design culture, second, the
ability to work across scales, including full-scale,
quickly and with precision made risk manageable
and thereby supported a culture of experimentation,
and finally, in working on a common problem that
is literally larger than themselves, their comments
reveal a larger social transformation of design culture
from an emphasis on individual creativity to critical
collaboration.
Figure 6.4.

Expanding Pattern experiments at
UoO Winter 2007.
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6.4 Material Play
The playful attitude becomes interest in the
transformation of material to serve the purpose of
a developing experience (Dewey 2005: 291).
Each installation began with a form of material
play. At RPI, material play was introduced through

Figure 6.5.

Material Play at Cal Poly on first day

the “materials first” exercise previously presented

of studio, Spring 2008.

and did not carry over directly into the installation.
At UoO and Cal Poly, materialy play became a quick and light play of explicit techniques presented to them
(figures 6.4 and 6.5). Rather than begin with an over arching idea, material play gave the studio tools and
techniques to manipulate material, while simultaneously focusing and enlarging their perception about what
that material can do. Through these three successive installations, I became aware not only of the rules of
the play (how-to), but was able to establish the objectives of the play (what-for). “Material play” is not just a
warm-up exercise that can be discarded, but material play opens the door to experimentation. In the second
installation, they had to transpose their approaches, changing their pattern, scale and orientation, based on
material thickness, even as subtly as the change from copy paper to card stock:
I think it was interesting how we learned to manipulate material. It doesn’t just apply to paper, or cardboard,
you can do it with anything. You can make a lot of different things out of one thing. Just changing the way you
do one thing can have a totally different impact. Susan, UoO graduate student
The technique of expanding pattern in this studio was effective as it gave structure to their play. While
patterns can vary and with unique effect, the principle of alternating staggered lines is constant. Some
understood this within the first hour of play, for others it was frustrating that “it doesn’t work.” However,
the fact that something “worked” focused the play as there was an objective in the technique which could
be tested and evaluated. In one student, there was a satisfying “a-ha” moment, in which she blurted out
in studio “it works!” She later recalls:
I learned so much about how to manipulate materials. Because I was frustrated at the very beginning and you
knew I was because I didn’t understand how this could work. And then I finally got it. Then you score it here,
and it stretches, and it stretches a little bit more, creating that more lacy like look. Linda, UoO undergraduate
student
The implicit objective to do more with less in the second installation became the explicit goal in the
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third installation, ideally eliminating waste altogether. Building upon the previous installation where it lacked
attention to joint and assembly, an additional objective was to create a material system that could easily be
assembled and disassembled. Rather than one technique they had to use, as in the previous studio, I gave
them three techniques: folding, expanding pattern, and pattern tessellation. With these clearer objectives, they
had to test and evaluate - to experiment - which techniques they wanted to employ and why. What was
understood as techniques for “material manipulation” in the second installation became “experimentation” in
the third studio. Importantly, with these shared objectives, play becomes social:
I think we were all just willing to experiment too. All of the things we were working on had the potential to
work with and experiment with. We were all just willing to do that. Ruth, Cal Poly undergraduate student
Further asking what about the project gave that willingness to experiment:
Its playful. We were making something and working together. Ruth, Cal Poly undergraduate student
Through previous experiences, I could anticipate their frustration as they realize the slightest change in
material thickness affects the design outcome. What I had not anticipated, was how working into design
constraints, enabled their willingness to experiment:
It [starting with cardboard] would have cramped the imagination. To start with cardboard it is not as flexible,
but paper gave us the feeling that we could experiment with anything. And then from there we could take the
cardboard and modify it instead of just throwing it out. Mary, Cal Poly undergraduate student
As these students attest, material play is an essential ingredient in opening up the imagination. Rather
than impose rigid material constraints from the outset, working into material constraints fosters curiosity
and risk-taking, and paired with clear objectives, a willingness to experiment.
6.5 Physical Sketch Models
Like the hand sketch alluded to in Schön’s one-on-one conversation between student and teacher, all
three studios reinforce the importance of physical sketch models in the collaborative design process. These
rough, improvised sketch models acted as social artifacts in which design discussions were literally worked out
with many hands. Rather than arguing over design solutions, the loose quality of the sketch model gave access
to multiple voices without need of rhetorical persuasion, nor digital, sketching, nor modeling skills.
In the second installation, challenged by how to draw these expressive material studies, the studio
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discussed what could be done rather than working it out. For a moment, that discussion lead to frustration
and argument, which was a stark change of character for the eagerness the studio had previously with
material manipulation. Spontaneously, I began to sketch model, “you mean like this?”, and the messy
improvisation began with several students alternatively stepping in to both suggest and work out their ideas.
While there never was a final sketch model, it was just enough to unite the studio. In the end, we were all
surprised how much the final installation resembled that improvised sketch model.
Similar to the second installation, the third
installation was basically entirely worked out in
physical models, alternating between rough sketch
models to more refined larger models to full-scale
prototypes. In other words, every idea was worked
out in the open. In the first installation, the presence
and absence of sketch models was most revealing.
With the two teams that worked primarily digitally,
their design was constantly in flux with no physical

Figure 6.6.

record to trace their design intentions. Perhaps not

Wall as initial sketch model. RPI Fall
2006.

incoincidentally, the two teams that relied on their
digital models had the most team tensions, despite
an uncanny resemblance between the digital master
model and the final installation (figures 6.9 and
6.13). The two teams with clear process illustrated
through their physical model development also
worked the best together (figures 6.6-6.8). I had
asked for a digital master model, with the intention
that each team member would contribute to it. In

Figure 6.7.

actuality, there was a single individual who modeled

Structural and spatial development.
RPI Fall 2006.

the majority of the project, essentially controlling its
development.
Perhaps obvious, and yet easily overlooked,
the crucial role of sketch models in these studios
is not simply to represent ideas, but to get them
out. As sketches, and without concern for craft and
precision, the improvisation of these models opened
the conversation to the entire group. While material

Figure 6.8.

Final sketch model with seating
integrated. RPI Fall 2006.
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play may foster curiosity, and physical sketch models
support design collaboration, which certainly isn’t
particular to full-scale installations. What is particular
to installations, are the implications of scale itself.
6.6 Scalar Shifts
Most noticeable in the fist installations is how

Figure 6.10.

these students worked across scales, enabled by easy

Initial scaled prototype: what was

easy was done quickly, but testing how material bends

access to laser cutters and a CNC router (figures

across ribs was avoided. RPI Fall 2006.

6.10-6.11). Perhaps the most significant aspect of
digital fabrication tools on the design process is their
scalability. One can work with the model as a scaled
working prototype and test it out at full-scale as a
proof of concept with minimal effort. This proved to
be problematic as well, as the lack of full-scale testing
in the earliest installations, with one case in particular,

Figure 6.11.

From scale prototype to full-scale. RPI

meant the project was essentially a full-scale sketch

Fall 2006.

model (figures 6.12-6.13). Nonetheless, the
presence of at least three scales, from small sketch
models, to larger prototype models, to full-scale
proof of concept, is an encouraging reminder of the
human dimension of built work, even while working
at smaller scales.
Figure 6.12.

Elements prefabricated at 2am the
day before final installation. RPI Fall 2006.

Figure 6.9.

Figure 6.13.

Student’s screen capture of digital
master model.
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Full-scale sketch model?

RPI Fall
2006.

Figure 6.14.

Initially a concrete joint seemed like

an easy solution, but failed upon testing. RPI Fall 2006.

Figure 6.15.

Clamshell CNC wood joint. RPI Fall

Figure 6.16.

Joint in final installation.

RPI Fall

2006.

2006.

A well recognized consequence of working at full-scale and working within the constraints of machine
tools and material sizes is designing for assembly and the importance of the joint. Rather than impose a
standard kit of parts approach, or learn the implications of materials and methods through lectures, the
students quickly come to this realization in building their own work. Furthermore, working under the weight
of full-scale places emphasis both on the constructability of the joint and its structural capacity, or lack thereof
(figure 6.14). Failure, while at first disheartening, is an important realization of the limits of materials and the
necessity of testing ideas to then try a different approach (figures 6.15-6.16).
In the installation at the University of Oregon, the accumulative effects of the complete installation were
not understood until it was done. The assembly and joining of the laser cut panels was not considered. In
the end, I came up with the idea to use 1/8” aluminum rod as a stiffner inserted into white PX tubing used in
drip irrigation systems. Even with this stiffner, the joint was not pre-thought requiring each hole to be holepunched by hand and the stiffner threaded through (figures 6.17-6.18). One student commented on assembly
and testing joining:
We should have numbered every panel, and built a prototype of the thing. Donna, UoO graduate student
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Figure 6.17.

The social and collaborative aspects of

Figure 6.18.

Aluminum rod inserted into white PX

assembly, patiently and carefully weaving the rod through

tubing for drip irrigation systems creates a joint and panel

the laser-cut material is like a modern-day quilting bee.

stiffener. UoO Winter 2007.

UoO Winter 2007.
The fact that they never really tested the joints meant they had to hole punch countless holes through
thick card stock was a firm, if humorous, reminder to test connections:
Had we known the connections, we would have saved our hands. Barbara, UoO undergraduate student
The students hadn’t tested the joints because they did not see the relevance until feeling the weight of it:
It didn’t come together until it became really big. Because I think with the connections we were working at the
smaller scale. So when it is big, and all over the place, it is like wow. Lisa, UoO undergraduate student
I think the size was very limiting to us. We couldn’t test what it was going to do. You can’t take a smaller
model of this, and have the same results as the life size thing. Susan, UoO graduate student
In the end, the final installation was the prototype and the test:
We understood how it worked because we put them together. Susan, UoO graduate student
What is most compelling is a word not often heard when working at smaller scales: “test”. This was
reiterated in the third studio at Cal Poly as well:
You can’t learn by doing these little tiny models, because once you get it at this full-scale, well, a lot of us were
saying, it takes on a life of its own....In the end, we all had to collaborate to figure out exactly what we were
doing. Mary, Cal Poly undergraduate student
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While there are important pedagogical lessons working at full-scale, there is also the very significant
implication on a young designer’s developing identity to inhabit their own work, to literally install themselves:
It got me excited about the project just because of the scale and because of the fact that you could see
yourself in the space. Then also not just seeing the system work, but seeing how well if it is like this, what if we
do this, what if we do this. The fact that we cut a whole out of it and said, well it is nice to see through, but that
is not the right solution. It just developed from there, and seeing it full-scale was really exciting. Sharon, Cal Poly
undergraduate student
6.7 Peer Review and Public Acceptance
As public work, not only do students install themselves, the publicness of the first two installations were
powerful reminders of the social experience and acceptance of architecture, outside the familiar confines of
the architecture gallery.

In the first installation, a student in the studio came across a LiveJournal blog entry

praising these “ridiculously awesome” installations. The entry reads: “Dear 4th-year Archies: Thank you. I am in
something like 18 different kinds of love with whoever put up the benches/chairs around Sage and the VCC.
They’re really kind of ridiculously awesome” (http://community.livejournal.com/rpi/140874.html#comments).
In the on-line comments that followed this post, one of the four installations was not received as well, causing
an emotional breakdown for one of these team members. The fact that these structures were so well
received by the engineering community was an inspiration to the students, and yet the negative reaction to
one was perhaps more real than I anticipated.
In the second installation, the studio selected a site that was the entry foyer between the architecture
department and the art department as an explicit attempt to bridge these two programs even though they
were in the same college. Architecture and the Allied Arts were apparently no longer “allied.” As one
student puts:
We left our little teeny tiny classroom where nobody ever sees us, and we had to take over the school and
expose ourselves. Donna, UoO graduate student
And while the third installation ended up being a very temporal and private event, one student
humorously captures the importance of getting out of the gallery:
Can you imagine if we set this thing up in Berg [the gallery], set up the halogen lights, invited people over
to critique it and eat minnie muffins? That would suck. It would totally ruin it. Because you are so much
more forgiving when you are just enjoying it and not like trying to turn it into this art piece. Amanda, Cal Poly
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Figure 6.19.

At Cal Poly, students worked individual

Figure 6.20.

Lateral and cross-over research was

the first two days, then formed smaller groups making

encouraged, this student taking a knife to a full-scale

specific proposals, to then select one final proposal. Cal

mock-up that others built. Cal Poly Spring 2008.

Poly Spring 2008.
undergraduate student
The humor in this last comment also has sharp teeth. While certainly this installation is not above
critique, in fact was continually critiqued along the way, the opportunity to install themselves in their work
allowed them to evaluate the experience of their work rather than distance themselves through a defensive
position common at the end of almost every studio. Working at full-scale flattened critique, enabling a
considered evaluation by students and professor alike in what was right in front of us.
6.8 Authorship vs. Ownership
While each installation is an exhaustive effort, the students’ commitment and energy put into them is
inspiring. Particularly compelling is that individual authorship was never an issue, but rather the installation
itself bound the studio through their willingness to experiment and their desire to work at full-scale. The
shift from individual authorship to collective ownership is an important cultural shift emphasized in the fullscale installations and enabled by digital fabrication. Working at full-scale on something literally larger than
themself required a common commitment in which the full-scale proof of concept helped to mark this shift
from authorship to collective ownership.
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Most evident in the last two installations as a result of the clear design objectives, ownership was
developed through lateral research – the opportunity to test out options, even if not used, fostered a sense of
ownership in the studio. Each studio member was expected to actively explore a series of design options, in
which these preliminary material studies were presented as studio research with any particular proposal free
for someone else to pursue (figures 6.19-6.20) . As one student in the third studio recalls:
At one point you said something like, ‘this is a class project, it is ok to steal.’ I thought that was so refreshing in
an architecture studio because we tend to be territorial. I think that just opened everybody up, and that made
it so much more of a class thing, rather than an individual thing. Anne, Cal Poly undergraduate student
The opportunity to exhaust an idea, even if not taken up in the final installation, gave a sense of
investment in the entire process:
One thing I loved about it was the opportunities throughout the thing to break away into separate groups, and
really follow what ever interest you have...We all worked on a separate thing for a couple days and put a ton of
time into it. Even though it didn’t work, you feel like you still contributed to the entire project by working on that
separate design. You have investments, even if it ends up not getting built. Amanda, Cal Poly undergraduate
student
6.9 Understanding the Place of Precision
Remarking on her first experience with digital fabrication tools, one student observed that the ability to
shift from small scale to test it out at full-scale made risk manageable. In The Nature and Art of Workmanship,
David Pye wrote about the workmanship of risk and the workmanship of certainty, noting that certainty is
built upon risk. Through this, he critiques the false opposition between the hand and the machine, and instead
suggests that it is about precision, when precision is warranted. The students’ comments seem to confirm
Pye’s description of risk and certainty, and help to identify the place of precision in the design studio.
Despite their limited exposure to digital tools and digital fabrication, in asking the students in the second
installation what the laser cutter enabled them to do, they understood the basic affordances of digital
fabrication: “production,” “precision and consistency,” “speed,” and “with the computer, variation, it allowed us
to basically do the same thing, but allow it to be different.” While this is accurate, what was revealing was
what followed:
It also allowed us to not be afraid to take risks. Because if every time we experimented we had to do it by
hand, I don’t think we would want to. We would find one mediocre one that would work, and do it. Melissa,
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UoO undergraduate
You have to do it and test it. But if we were doing it all by hand, we would have sat there and said, ‘oh this
works. It took us this long to get this version, it works, lets just use it.’ Susan, UoO graduate student
While the basic affordances of these tools such as precision, speed and variation may appear as very
mundane, these students’ comments articulate the affordances of these affordances: the ability to experiment,
manage risk and test ideas out. In defining the place of precision, this conversation continued to help
understand the role of the hand:
I don’t think you could have understood how it really works unless you had done it by hand....A lot of it is trial
and error....[with the laser cutter] you still have to go and print them out, but you are not understanding which
point in the process that was the faulty part. But when you are doing it by hand, its working, its working, and all
of a sudden that made it not work anymore. Barbara, UoO undergraduate
Summarized by the same student who was frustrated at first that she couldn’t get her expanding pattern
to expand:
You are able to distinguish which elements are working. Linda, UoO undergraduate student
Over a year later at Cal Poly, the third installation studio confirms, with some nuance, the previous
students’ comments. In this case, the precision of digital fabrication allowed them to evaluate their design as a
kind of test or proof of concept:
When you have the CNC router, you don’t doubt your craft.....if you have it done with the CNC router and it fails,
you go back and think about your design, instead of second guessing if the craft was perfect. Patricia, Cal Poly
undergraduate student
If we had done [it by hand] and then our thing fell, we would be thinking, ‘man, if we had just cut it better.’ Or if
we had had more time and been more precise. But now we can just purely look at it objectively as design, and
we can say, oh it is the design of the leg. Amanda, Cal Poly undergraduate student
In a previous studio discussion, one student commented that because of the digital production, her
relationship to the work was different. Asked again what she meant by that:
Yes, because then you end up with a group of worker bees, basically. You end up with a group of laborers and
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Figure 6.21.

Students introduced to CNC tangential
knife. Cal Poly Spring 2008.

Figure 6.22.

Precision affords rapid assembly. Cal

Figure 6.23.

Poly Spring 2008.

Final assembly of installation. Cal Poly
Spring 2008.

a group of people with the whips. With this, none of us had to do that. We design it, we think about it, it is
more intellectual I guess, and less labor, and you feel like you’re are doing something unique. Amanda, Cal Poly
undergraduate student
This extends the place of precision from managing risk and testing, to identifying an unanticipated role of
digital production: to liberate the studio by removing the “worker bees”. These students’ design investigations
were cut and explored by hand, but the ability to quickly, and precisely produce at quantity gave them the
opportunity to evaluate their design ideas empirically and qualitatively at full-scale through the installation
experience (figures 6.21-6.23).
6.10 Gendered Ways of Knowing
With the exception of gendered pseudonyms, I have been silent about the effects of gender in this
ethnographic analysis. As I argue for an integrated and embodied design process, I would be remiss to not
acknowledge the aspects of gender in our embodied sensibilities, even if this is not the focus of my research
here. According to feminist and architectural historian Mary McLeod, the role of gender in architectural
research made it’s peak in the early 1990’s. She notes the waning of interest in gender studies may be to
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the very success of feminist scholarship (McCleod 2004). In architectural education today, there is a 60/40
gender split, 59% male and 41% female, in those students entering and graduating in accredited Bachelor and
Master’s degrees in architecture (NAAB 2009). In the studios and seminars I have drawn from here, these
numbers are inverted with 58% female and 42% male students in my classes, or in total 59 female and 42
male students. The gridshell studios at both the University of Oregon in Spring 2007 and Cal Poly, San Luis
Obispo in Summer 2007 were split evenly by gender, with 9 males and 8 females at UoO and 7 males and 7
females at Cal Poly. Initially surprisingly to me, those studios that were hands-on through full-scale installations
were predominately female students. At RPI, in the Tangible Bits studio in Fall 2006, there were 3 males and
10 females. At the University of Oregon, the Collaborative Patterns studio in Winter 2007 which included
the Expanding Pattern installation, which was a studio taught under the Interior Architecture Program, was
entirely female with 16 students. The Physical Gastronomy studio at Cal Poly taught in Spring 2008, with the
Moveable Feast Installation, had 6 males and 11 females.
In terms of gender equality in enrollment, architectural education is doing well to attract and retain
both male and female students. The profession, however, is not doing nearly as well. In the 2009 AIA Firm
Survey, female architectural interns were at 40% of all interns, which matches the 40% of female graduates
from accredited architecture degrees (AIA 2009). However, these numbers quickly fall-off with career
advancement. Only 20% of licensed architects are represented by females and only 17% at the partner and
principal level. As females enter the profession, the disparity between the rise of gender equity in architectural
education and the lack of equity in career advancement is of clear concern (Gregory 2009). Even if gender
equity in architectural education outpaces that of career advancement, like the lack of gender equity at the
partner level, the lack of female faculty in architectural education is deplorable. According to the 2009 NAAB
Survey, only 26% of all architectural faculty are female and only 19% of faculty at the rank of full Professor are
female. As there are documented gendered ways of knowing (Rosser 1995), it only follows there would be
gendered teaching styles as well as learning styles. Mary McLeod cites the lack of interest in gender studies in
architecture due to young faculty’s interest in sustainability and digitalization, as well as globalization (McLeod
2004). But could there be a gender bias in the choice to focus on sustainability or digitalization?
For example, feminist researcher on gendered learning styles, Sue V. Rosser, who was initially trained in
Zoology, has focused on feminist approaches to teaching biology, noting in particular:
Ecology is the field within biology where the traditional scientific theory and approach are most in harmony
with a feminist approach to the subject. Ecology emphasizes the interrelationships among organisms, including
human beings, and the earth (Rosser 1986: 28-29).
This gendered focus on ecology is matched by the gendered interest in sustainability in architecture,
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exemplified in the book Women in Green: Voices of Sustainable Design, co-written by a female and male (Gould
Hosey 2007). Certainly both genders have interest in sustainability, but identifying gender bias suggests
there may be masculine and feminine approaches to sustainability. For example, approaching sustainability
through a technological fix such as hybrid cars and solar panels could be seen as a masculine approach. Not
that these technologies are bad, but to solely accept a technology fix extends the status quo, rather than a
reconceptualization of our patterns of behavior and their affect on our ecosystyem, which Rosser identifies
as a feminist approach in biology. In Women in Green, Gould and Hosey borrow from ecologist David Orr’s
distinction between technological sustainability, which is quantitative and relies on doing the same thing more
efficiently, and ecological sustainability, which is qualitative and requires a fundamentally new way of doings
things (Gould Hosey 2007: 9). Furthermore, in alignment with Rosser’s feminist stance on learning styles
(Rosser 1995 & 1997), Gould and Hosey draw from contemporary research that girls learn through social
interaction rather than through the simple transmission of information (Gould Hosey 2007: 131). They
interview three leading female architectural professors, each with a focus on sustainability, and each of these
professors identify that the best way for students to learn is to experience themselves as part of nature
through physical experience and in so doing, develop their body knowledge through hands-on, kinetic, fieldrelated learning and the immersion in tangible experience (Gould Hosey 2007: 132-136).
In looking back to gender in my studio teaching, this feminine emphasis for hands-on tangible experiences
corroborate which might seem like a disproportionate interest in females in my hands-on design-build studios.
This brings me then to the discussion of the digital, and in particular, the approach of digital integration
taken in this research. Looking back to the question of gender bias in the choice between sustainability and
digitalization, if sustainability is feminine, then is digitalization male? These are easy stereotypes to fill, even
if in error. Rosser identifies the scenario of a female being good at project management through her social
and writing skills while a male student may be best at computers and software, but Rosser emphasizes the
best learning opportunity is to switch their assumed roles to develop a more well-rounded perspective
(Rosser 1997: 46-47). It’s just too easy to associate computers with males with supporting evidence from
the dominance of boys in computer games. It’s not just computer games that attract males and detract
women, such as first-person shooters, but the kinds of activities these games encourage. The video game The
Sims, which focuses on the development of more life-like social networks, changed the video game industry
over night and those that played it by attracting males and females alike (GMA 2005). My point is not to
associate sustainability with femininity and computers with masculinity, but rather, just as there are feminine
and masculine approaches to sustainability, there could be feminine and masculine approaches to digital media.
What is needed is a complementary approach not only to digital integration, but a complementary approach
to digital integration and ecology as well. In attempting to do the latter, a more gender complementary
approach to developing digital skills may be the result as well. I have attempted to do the latter by beginning
with a materials first approach, through the economy of means in timber gridshells, and finally, in this chapter,
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through the zero waste design criteria to develop material economy. This requires a more tangible and
collaborative approach toward digital integration. Rather than a brute-force focus on technological bravado,
my views are shaped by my students’ reflections and their gendered sensibilities. Looking across all three
installations over an extended period of time, my pedagogical influence evolved from a more explicit method
oriented ‘how-to’ in the first installations to a proposition oriented ‘what-for’. Shocked by the lack of craft
and material waste in the first installations, craft became understood to be more than the result of skills, but
based on crafting curiosity through a solid proposition, in which developing material economies became that
proposition. As one female student commented, “more process, less material.”
The most revealing statistic regarding gender in this research is not simply the majority of females who
seem to be interested in hands-on learning, as was emphasized in Women in Green, but without intention I
quoted from female students disproportionately more than males students. Even if weighted for enrollment,
with 1.4 more females than males in my courses, I was almost 2.5 times more likely to quote from a female.
By and large, I found females to be more reflective and conscious of their actions in class discussions, whereas
males were more focused on getting the technology to work, but didn’t care much to discuss it after the fact.
The care and consideration in these students’ responses, even if perfectly natural to the flow of discourse in
our post-installation debriefings, enabled me to position these projects in the ways that I did. I can’t help but
to think that if I had a studio full of men, even if the material artifact was not substantially different, the results
of the reflective discourse would have been different. This is a significant consideration in regards to the
instrumentality of technology I would like to suspend. Simply producing it does not reflect the affordances of
digital fabrication, but rather, the opportunity to reflect upon ones actions thereby situating technology in the
course of practice. This perspectives supports a more organic view of technology that is an extension of our
body, and in so doing, the automata within digital fabrication allows for a reflection on our actions as a way to
shift positions briefly looking in from the outside (Canguilhem 1992). It is this reflective and discursive stance
that may be a feminine characteristic which is vital to putting digital integration in context. Language itself,
how we talk about the work and the issues or aspects of the work that are deemed valuable, is an important
aspect to suspend the instrumentality of digital fabrication. Reflection must occur before these experiences
can project back on the image of practice.
Digital fabrication becomes an important aspect of this collective and discursive design studio as it
enables the physicalization of ideas that can be tested out in the open. The success of the installations
presented in this chapter developed through a materials first approach that was loose and sketchy,
which made concepts tangible, to then further develop design proposals in complexity and detail as
working prototypes through digital fabrication. Of the four student installations at RPI, which were more
technologically focused due in part to my own developing technological know-how, the two student-led
groups that were more problematic were those that the design process was dominated by the digital model
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controlled, perhaps not coincidentally, by male students. Studies have shown that male students assert more
confidence in their math abilities, beyond their actual abilities, giving a false sense of bravado (Kimmel 1999).
A careful line needs to be drawn that separates a student’s naivety from lack of experience from a gendered
arrogance in ability. Hands-on learning develops experience for all students, while the digital bravado I have
recognized in many male students can be tempered through testing-out through physical prototypes. The
dominant image of formal novelty only amplifies this masculine digital bravado which suggests this is a socially
motivated trait, not a genetic one. While the digital aspect of digital fabrication may fill masculine stereotypes,
the physical hands-on testing of material prototypes may fulfill feminine attributes more than one might
otherwise presume by enabling a tangible and collaborative design processes. As with the complementary
views developed through gender integration, the most significance aspects of digital fabrication are not the
products they produce, but through working at full-scale, enabled by the scalar shifts of these tools, the
installation bound the studio in working something out that was literally larger than themselves, shifting studio
from a collection of individuals, to a cooperative, integrated, and collaborative community.
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7. Crafting Culture: From Building the Blob to
Building Studio Culture
As I have closely followed the influence of digital fabrication in design education over the last seven
years, there is no doubt a strong technological determinism that stems from the instrumentality of the
technology. This instrumentality can be seen in the recurrent habits of use and conventions now prevalent
in architecture schools. However, to blame this solely on technological determinism has an instrumentality
all its own: it’s the technology’s fault. Both luddite criticism and technophilic praise create a focal attention
around technology. Through a series of interviews of the early adopters and current practitioners of digital
fabrication in design education, the goal of this chapter is to reposition this determinism through a larger
projection of studio culture enabled through these technologies.
Having the right tools alone does not suffice, but rather these tools must be situated in a particular
pedagogical context. Developed through five case studies employing digital fabrication in seminar and studio
teaching, an alternate if indirect effect of these case studies points to a healthy shift in studio culture from
the isolated individualistic authorship of the traditional studio environment to a materially engaged think-tank
bound to a common interest. Before this pedagogical positioning can take place, I begin with a brief historical
context around the appropriation of digital tools in general and digital fabrication in particular. This places
focus on the human intentions in technological appropriation rather than their instrumental effects, shifting
the conversation from the technological means to build the blob, to a much broader pedagogical discussion
around crafting studio culture.
7.1 Technical and Cultural Impact
In my interview with William Mitchell, the most influential figure in the integration of digital technologies
in architectural education, he notes of his interest in digital technology in the mid 1960’s:
It started to become obvious to me that computer technology was developing incredibly fast and it was going
to have a huge technical and cultural impact on architecture. I set out trying to understand that, firstly. And
then I became more and more embroiled in exploring the technology and seeing what it could do.
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Mitchell highlights a central point: the technical and cultural impact on architecture are interconnected
influences. Positioning the technological impact in the context of a discipline can have a tremendous influence
on the culture of a practice. Without that proper consideration, technology can indeed get out of hand, as
Mitchell reflects on his influence within architectural education:
Now what has happened in the schools now is....well sometimes I feel like Dr. Frankenstein. You unleash
things and then the monster lumbers. We did unleash a long time ago the introduction of water jet cutters
and laser cutters and 3D printers into the design studios, and they are everywhere now, right? [laughing] It’s
like monkey’s on typewriters, any weird shape and it’s gonna make it. That is a little bit mindless too. But
on the whole I think it is a very very positive thing, because I think design education and design studios have
become too much like the executive office suite. There is paper shuffling, and very abstract information, formal
manipulation. This brings it back to where I think it should be, which is close to the shop floor. That is where
you really make things.
As Mitchell has become known for his theoretical texts, often a mix between the cutting edge of
virtual technologies with science fiction, such as his City of Bits (Mitchell 1996), e-topia (Mitchell 2000), or
ME++(Mitchell 2004), the very material origins of his interest are easily forgotten. For example, in a survey
of “Architect’s Favorite Toys” in 1997, Mitchell’s favorite tool was Immersion’s Microscribe-3D digitizer which
is a digital input device from physical objects which creates a physical to digital bridge (Barreneche and
Sullivan 1997). Mitchell’s students digitized plaster
casts of their torsos, using this information as design
parameters to digitally design furniture, and then
fabricated back into the physical world through CAM
producing pieces of furniture molded to the student’s
body (figure 7.1).
Digital fabrication should not be seen as
peripheral output devices to the computer, but quite
conversely, that the entire enterprise of computeraided design should be thought of in conjunction
with the physical world, suggested by Mitchell’s
physical-digital-physical loop. Historically speaking,
NURBS-based CAD systems were an outgrowth

Figure 7.1.

of computer numerical control fabrication, not

plaster cast torso at right, Microscribe Digitizer in his

the other way around (Bezier 1972). In talking

hands, and digitally fabricated chair at left. Image from

about the origins of CAM begun at MIT, Mitchell

Bill Mitchell in 1997 with student’s

(Barreneche Sullivan 1997).
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acknowledges Steve Coons and Ivan Sutherland who are primarily understood as developing software, but
In many ways was an outgrowth of that work in numerically controlled milling. Because they realized we have
to find some way to control the thing. It’s kind of ass backwards in a way. But that is really where it began. It
was always in my consciousness that this was where it had come from, and where it would be going. I always
regarded the emphasis that developed in the ‘70’s and ‘80s on drafting systems and rendering and that sort of
thing as a temporary diversion, you know it really wasn’t all that important.
Mitchell reaffirms what is normally thought of as the development of a graphic system is, at its roots,
conceived in relation to material manufacture. Prior to his theoretical and speculative texts, Mitchell wrote
one of the first comprehensive textbooks on computers in architecture with Malcolm McCullough. The
first edition of Digital Design Media published in 1991 made little mention of computer-aided manufacturing,
whereas the second edition, published only three years later in 1994, has an entire chapter devoted to
CAD/CAM processes. In this second edition, they outline “The Studio of the 21st Century” with a diagram
illustrating “a design studio fully integrating traditional and digital media” (figure 7.2) In design education today,
these three integrated modes of design development, drawing, physical models, and digital models, become
polarized or prioritized rather than focusing on their integration. As indicated in their diagram, the very thing
that should drive the integration of these different modes of design development is building itself. Toward this
focus I now look directly at computer-aided manufacture, or digital fabrication, in architectural education.
7.2 Tooling-Up
Although computer-numerical-control technologies were developed in the early 1950’s and became
predominant in industry in the 1970’s and 1980’s (Noble 1986), Frank Gehry’s office pioneered the use of
aeronautical software CATIA paired with CAM in the Barcelona Fish in 1993. This is also about the time a
few schools began to acquire CNC routers and laser cutters. Part of this later adoption is simple pragmatics
as costs and usability became more accessible in the 1990’s along with the development of the personal
computer. Beyond these very real pragmatics, discussing the tooling-up of architecture makes visible the
interests that motivated their acquisition. Although not intended when I sought these interviews, there are
two clear webs of influence coming from Harvard and Columbia, each with nuanced motivations.
Dan Schodek, Research Professor of Architectural Technology in the Department of Architecture at
Harvard, and one of the early adopters of CAM in architectural education, recalls acquiring their first mill
somewhere between 1990-1992. Lisa Iwamoto, Associate Professor at UC Berkeley, and a well known
current practitioner/educator of digital fabrication, was a student at Harvard at that time graduating in1993.
Right after graduating, she began to teach first year core design studios at Harvard between 1994-1995,
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Figure 7.2.

The studio of the 21st Century: A design studio fully integrating traditional and digital media. Figure
redrawn from original (Mitchell McCullough 1994: 460).

recalling at this time, that Kimo Griggs began teaching a course officially called building processes but in
actuality it was really furniture making. Luis Boza, now Assistant Professor at Catholic University, and graduate
of Harvard just after Lisa Iwamoto, was introduced to CNC technologies through the course that Kimo Griggs
taught. He recalls attending class in Kimo’s shop with a CNC router that had to be programmed directly in
G-code. As illustrated in this tight web of relationships, it has taken over a decade from the introduction of
these technologies in the mid-1990’s to begin to understand their impact on design education today.
Whereas you might expect a well laid out plan and first-hand experience prior to making such a capital
purchase, Schodek admits “I didn’t know what to do with it, none of us did.” With his engineering background
and as an architectural educator with focus in building systems, Schodek admits it “was kind of a no-brainer”
to take interest in computer-aided manufacture. While there was some context for what the tools could be
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used for, Schodek concludes this purchase was “fundamentally, kind of learning what it was good for.”
The combination of this basic tool-driven research and the connection to industry through a series of
case studies developed into three Harvard symposia titled New Technologies in Architecture: Digital Design
and Manufacturing Techniques from 2000-2003 (Schodek et al 2001 & 2003). The publications from these
symposia then developed into the first and only comprehensive textbook, Digital Design and Manufacturing:
CAD/CAM Applications in Architecture and Design, authored by Dan Schodek, Kimo Griggs, Martin Bechtold,
Marco Steinberg and Kenneth Kao, published in 2005, over a decade after the introduction of digital
fabrication at Harvard.
Another strong web of influence developed around Columbia University. In Fall of 1999, just prior to the
Harvard symposia, Greg Lynn, then a faculty member at Columbia during the paperless studios in the early
1990’s, along with Doug Garofalo and Michael McInturf completed the Korean Presbyterean Church heralded
as the first built paperless project. About the same time, the young firm SHoP, all graduates of Columbia, built
the much praised Dunescape for the first PS1 Summer Warm-Up Party in 2000. Both projects, it so happens,
are in Queens, New York, and more significantly both pushed the envelope of digital design and animation
software but were built through traditional means.
At the same time as Columbia’s paperless studios were pushing the limits of form through animation
software, William Massie was experimenting with CNC technologies in a basement at Columbia University.
He acquired a CNC mill in 1993 as Coordinator for Building Technologies Research, a position he briefly
held after graduating from Columbia. Scott Marble, now the Director of the Avery Digital Fabrication Lab at
Columbia, taught in the paperless studios along with Greg Lynn, Hani Rashid, and Jesse Resier. Marble recalls
this as
an incredibly energetic and intellectually stimulating period at Columbia. Stan Allen was there, Jesse Reiser was
there, Greg, Hani. We were all in our early 30’s, and late 20’s - we were just kids...The general trend at the
time, was using the computer to generate new formal typologies. It was very much about time and movement.
It was all very interesting, but it had stepped aside from making or building and those aspects of architecture.
Phillip Anzalone, now the Technical Director of the Avery Digital Fabrication Laboratory in collaboration
with Marble, was a graduate student in one of the early paperless studios Greg Lynn taught and later worked
for Lynn on the Korean Presbyterian Church. After Anzalone’s experience in the Lynn studio, he designed
and fabricated a preliminary prototype of what would become his patented Trusset system, a parametric
space-frame truss fabricated through bars and nodes not unlike Schodek’s early interest in digital fabrication.
To fabricate these early prototypes, Anzalone notes “there was a mill down in the basement nobody used. I
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think Bill Massie bought it. Nobody knew how to run it, so we sat down there and opened up the door and
figured out how to run the machine.” This was in Fall 1996, just after Massie left Columbia in the Summer of
1996. A decade later when I interviewed Anzalone in Fall 2006, he notes, “it seems to me that they [Massie
and Chuck Hoberman] were a little too ahead of their time. There just wasn’t the interest or infrastructure
really to do it. Everybody was focused on rendering and animation, and not construction.” Although Massie’s
acquisition of digital fabrication at Columbia was roughly commensurate with Harvard, the dominant digital
formal interest at Columbia overlooked the opportunities in material fabrication. The school culture was
just not ready for it. Still true today, the seduction of the screen is often of greater interest than the rigorous
configuration of material assemblies enabled through fabrication.
The intended focus of the Digital Fabrication Lab at Columbia is for full scale mock-ups and prototyping.
To this end, the lab has two primary pieces of equipment acquired in 2005, a 4x8 CNC router and a water-jet
machine, located in a small space in the basement of the school. As Anzalone describes, one of the biggest
handicaps the school has in its urban setting is simply space: “if you’re doing one-to-one construction, you
need a construction site kind of space, which never really happens in an urban studio.” As simple as this may
be, the focus on full-scale prototyping is met with resistance for the more typical representational desires of
students and faculty alike. Anzalone notes,
There are some professors that their thing is shape, right, and so they want access to the fabrication lab or their
students access to the fabrication lab, and we know what they’re going to do. They’re going to make blobs, or
landscapes, or something like that. And we have to somehow make sure that this doesn’t end up being the
case because it’s not what we want them to do in the lab.
This issue is both a pragmatic and pedagogical one. The pragmatic issue is simply one of accessibility of
a large graduate school which includes the resources of both tool time as well as faculty and staff time to
support these tools, not inconsequential when a simple surfacing job could take several hours for a single
project, let alone a studio full of students, to say nothing of the hundreds of students in the school that might
like access. Moreover, as pedagogical tools, they require a proper context and purpose. The tool alone
does not make it fabrication. This is easy for students to forget when these tools are referred to as “digital
fabrication.” In fact, keeping the laser cutter outside of the Digital Fabrication Lab was a conscious effort as
Anazalone emphasizes,
Because what everybody thinks is fabrication is exactly the first set of tools you’re talking about. Laser cutters,
of course these are fabrication in a way, but these are used in schools not as fabrication machines. They’re
model-making machines.
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Simply having the right tools is not enough, but must extend from the culture of the school and at the
same time, a projection into the context of practice. Without this positioning and as these tools become
standard practice, they carry with them many exciting opportunities but also concerns of technological
determinism.
7.3 Resistances: Technological Determinism
Architect Philip Beesely, Associate Professor of Architecture at the University of Waterloo, and one of the
chairs for the conference on digital fabrication in 2004, Fabrication: Examining the Digital Practice of Architecture
(Beesely Cheng Williamson 2004), was influenced by the Harvard Symposia. Beesely identifies himself as part
of the first generation of digital modeling in architecture school in the early1980’s. Recalling several decades
of development in digital design, he notes in particular the tediousness of the process at that time,
We had to do the trig our self. And the three coordinates for every point of the space we actually had to figure
out, write it down, and then read it in. And, then make a database which would then make a three-dimensional
model and it was really cool to do hidden line, that’s great. But, you earned every single bloody point; every
single point was a labor.
Through a decade of practice beginning around 1989 he experienced the “tool-up” of the large Canadian
firm Jack Diamond and Donald Schmidt. All the while, he maintained as he still does, an art practice through
which he won the Rome prize in 1997. Rome became “the bridge” between his professional work and his
installation work through his first collaborative multi-disciplinary digital studio. He developed what he refers
to as “geo-textiles” which
Became a formative term with the concept of repeating strategies, modular, bottom-up, and emerging qualities
from that repetition. That kind of intimacy in performance and dynamism that comes from the combination of
materiality with repetition and rigorous configuration became a cluster of terms that was very significant for me.
Now, that then made me very ripe, let’s say, for specific tools.
After attending the first Harvard symposium on digital fabrication, he was “hungry for this new gear”
and won a grant to acquire these tools around 2001. The difficulty of acquiring these tools and equipment
was not simply the money, but a resistance from many faculty. Like many architecture schools, there was a
healthy resistance to technological determinism, and with this a polarization that saw new technologies as only
deterministic. As he recalls,
So, determinism that is the idea that a tool creates a possibility is held with very great suspicion. And my
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proposal was viewed as a determinist proposal. ‘What? You’re going to bring in all this exotic gear and you are
going to save the world. Well, really Philip, what that would result in our experience is that you will have lots of
boys pushing buttons and getting the preset tutorials that the software designers will have proposed. And it will
actually be really ugly and grotesque and irresponsible.’ That certainly wasn’t the only story, but there was that
atmosphere of feeling of displacement and vertigo, very attractive.
While one cannot deny the instrumentality of these tools, Beesely’s own creative optimism saw an
attraction in the friction between these polarized views through “the combination of cultural critique, poetics
and craft and technical innovation seemed to me to be a rather effective braid.” Beesely’s own synthetic
sensibility is evidenced by his geo-textiles, bridging barriers rather than the wall that technology is made out
to be. Of course technology is at first a wall, a barrier which pushes you back, restricts you, requiring an
investment to learn as well as imagination to challenge the possibilities not immediately obvious.
7.4 The Digital Material Divide
The resistance to digital physical integration is one that many schools have dealt with, illustrated by the
fact that the first introduction of digital fabrication at Columbia in the early 1990’s went no-where, only to
be introduced a decade later. As these tools are now commonplace, the intent here is not to pause on
numerous stories of resistance, but to make visible some of the persistent challenges in the digital material
divide. At the University of Oregon, where I was invited to teach in Winter and Spring 2006 to roll-out digital
fabrication, the CNC router as well as a pair of Roland mini mills were purchased as a joint effort between
the Architecture and Art Departments. The Art department had just formed a Digital Media Arts program
and wanted to integrate this with the more traditional material-based arts such as metalsmithing, jewelry
making, and sculpture. In discussing the opportunity of digital fabrication in the art curriculum with Kate
Wagle, Chair of the Art Department and the principle art faculty behind this acquisition, I asked her what her
highest hopes were for these tools:
My highest hopes is that it is totally integrated across the school and among our media programs...I see it as
totally integrated, as part of the set of tools that are available, but I see it integrated next to the traditional
tools. It just gives us a bigger, more interesting palette to work with. And it also gives the students a connection
- it’s a connection they have to make with the way the world is made around them.
Despite the importance for students to draw this connection, she casually acknowledged to me that
the digital media arts students were “designing for the screen.” While provocative, these students lacked a
material sensibility evidenced when they were asked to construct an installation of their work. Conversely,
the art professors I briefly worked with were drawn to the direct materiality of their art in the first place, so
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had little interest in the abstractness of digital fabrication. This crystallized an issue I had sensed for some time:
the very people that have the material sensibility to exploit digital fabrication have little desire to deal with the
technology that drives these tools, and those that do have the digital interest typically have little interest in the
obduracy of materials. In architecture, this can be seen in the gap between image and materiality.
According to Luis Boza, Director of the Design Technologies Concentration at Catholic University,
when he arrived the school had a very successful concentration in visual imaging and rendering, but when
the computer began to shift toward making, as a result of the laser cutter, it also called into question the role
of the digital model. As a result, there was immediately a tension with those that had been the computer
experts through the visualization concentration and the development of a new concentration in fabrication.
The pedagogical motive shifts effecting not only what kinds of software gets taught but the very issues that
are deemed relevant:
One is mainly about visualization and visualization, in a sense I think, is about making as photorealistic an
image as you can...The students who were in the media concentration could render the hell out of an image but
they just left out the detail, the material. It was just a map. There was no understanding of structure. It was
just about reflections and light.
But then the students in the fabrication, they had all these beautiful models and physical things but they
couldn’t present their process. They just had them, so it was like they instantly appear, so they could learn from
each other but they’re still – there is this kind of split. We haven’t found a way successfully to take those two
types of people because it’s been taught in such a way that it’s about image and it’s about the graphics and
they’re into graphics but they’re not so much into architecture or making.
This split between representation and fabrication is a familiar challenge. Not only is there a place for
both, but the two need to inform each other. Both examples above illustrate two different kinds of people
whereas digital fabrication might operate best through a synthetic sensibility between these two polarities.
But even once the relative commitment to digital tools is made, the image is often more believable than the
real world constraints of tools and materials. The abstract has become more real than the concrete (Kwinter
2008: 74ff). Because of the digital mediation with digital fabrication, students first design on the screen, only
then to attempt to get some sort of physical output. For students, the abstract digital image is often more
real than the concrete constraints of tools and materials creating a disbelief in the physicality of material
assemblies and an all too often naive optimism that if it works in the computer, then it must work in the
material world.
Jeffrey Taras, graduate of Columbia just at the time Columbia was again getting into digital fabrication, and
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one of four founders of Associated Fabrication, recalls a familiar story to anyone who teaches in this area. In
2005 he began teaching a fabrication seminar at Pratt Institute by giving the students access to Associated
Fabrication’s high-end CNC router. Students would bring some complex form generated in their studio
project, and try to make it in the seminar. He recalls a familiar student scenario, saying,
‘Look. I don’t care where you start form-wise.’ But I’m like, ‘If you’re gonna tie yourself to this thing, you can do
whatever you want in the computer. You can make that thing just do crazy shapes and you can’t build most of
them. I’ve been doing this a little longer and I’ve been doing it for other people. There’s no way.’ And they just
look at me like, ‘But I can do it in the computer.’ It’s like, ‘Just take some paper and the X-ACTO blade and just
– and see what you can do. You have to just make these things, make some things.’
The irony is the very tools that are intended to exploit materials are in fact the same tools that make
students reluctant to explore materials through more traditional methods, as simple as the X-acto knife.
Malcolm McCullough, student of William Mitchell’s and co-author of Digital Design Media, as well as author of
Abstracting Craft and Digital Ground (McCullough 1997, McCullough 2005), and Professor of Architecture at
the University of Michigan, comments on this same irony of the necessity of access to digital fabrication tools
and yet the over-reliance on technology instead of just using an X-acto knife. I asked him what he had seen
within in CAD/CAM that could be of benefit to architecture and what could be a detriment:
One absolutely unintended consequence is the legitimation of ornament. One intended consequence is the
rediscovery of the cut sheet, which is a great thing, because it leads directly into material economies, I like
that alot, also of interest again is the laminate and the weave, and renewed interest in the envelope, which
is sometimes pushed forward by the green agenda, because in the 90’s and Decon and early computers
when you just booleaned the shit out of stuff and got one of these [gesturing with his hands], there was no
envelope! So these are pluses. Minuses, well, you know there is this bio-morphogenesis....That stuff tries to
then translate into physical fabrication but the problem is the way the physical media go together with sheets
of stuff and fasteners and glue, is not biological. It doesn’t grow, fractally branch, and so on. So that is a
problem. Another problem is there is a real bottleneck to the fabrication gear, compared to how many people
have access to Maya or Rhino - it’s all Rhino here. And still another problem is it makes people very very
lazy. Undergraduates never use an X-Acto knife, because we’ve got a gazillion lazer cams. So they are doing
things on the lazer cam that they could do just as well with an X-Acto knife. Just as people are doing things
in Second Life that mirror the banality of everyday life, which I believe reflects the shallowness of their cognitive
background. Having grown up getting driven everywhere in suburbia - they are not going outside. So the exit
line is to go outside.
The dominance of screen-based digital programs, from Rhino to Second Life, instead of augmenting or
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enabling the physical world has too often been seen as a replacement for it. Rather, McCullough’s insistence is
to engage the physical world, its materials, its constraints. He described this cognitive development as a simple
related chain of experiences:
The kid who goes outside and plays trips over stones and roots, and falls on the ground. And the kid that goes
out balances and runs and develops haptic orientation, as a cognition person would call it. Moreover a kid that
goes out and plays develops what is called intuitive physics, my kid last night was explaining how food was too
spicy and he is drinking bubbly water and the pressure was making it go out his ears. So he understands about
pressure through systems, and he understands about bubbles - and he learned that from playing outside. The
kid that goes outside falls, and then learns balance and then learns intuitive physics and is then able to mess
with tools and would understand the difference between a needle nose pliers and a vice grip. The kid who
understands about tools is able to improvise mechanically. The kid who is able to improvise mechanically is
able to develop an empathy for physical structures. A kid who is able to have empathy for physical structures
is able to develop an appreciation for difference of expressionism, and the idea that there would be creative
expression in a medium of structuring things. Because phenomenology is the study of recurrent structures in
cognition. Therefore that kid can develop a sense of artistry in making things....
So, deep cognitive background in intuitive physics, leads to mechanical literacy, leads to empathy and structured
productions which leads to creative genres. That is the basic developmental pyramid that I see undermined
when children, not architecture students, don’t go outside. And when they get to architecture school, there is not
much anything I can do for them, and when they get a hold of Maya, what’s missing is the impetus to have a
referent in the world. So you can make a 3space curve and you can write some parametrics that will sweep
that to a mapping of itself, and then branch that to make three more of those, and then let it loose, and it just
proliferates, so you’ve got formal novelty, which the older generation of architectural educators hasn’t figured out
that with computers, any fool can do that, they still think that it is interesting.
The fundamental issue here is not a technological issue, but a material one. With the incredible flexibility
digital software enables, an equally robust knowledge of materiality needs to develop in parallel with digital
skills. In hindsight, it is easy now to assert that to take digital software without the connection to material
systems was a historically and developmentally inevitable diversion, but nonetheless a fundamental mistake in
the integration of digital tools in architectural education.
As a result of the lack of material consciousness in students along with their developing digital skills, habits
of use quickly set in. Readily apparent at any school today, these habits of use, or conventions, have both
practical and pedagogical limitations.
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7.5 Machined: Becoming Acculturated
While the ease of use of these tools can be a benefit, the habits of use and conventions can stop design
development at the very place that the tools are positioned to exploit: the tectonic expression of nonuniform material assemblies tested out through prototypes as well as full-scale installations.
Lisa Iwamoto, now Associate Professor of Architecture at UC Berkeley, was made aware of digital
fabrication while teaching at Harvard, but it was through a teaching and research fellowship at the University
of Michigan in 1996 she began to see the effects of the laser cutter in the school’s culture. She recalls the
students engraving Edwardian cornices and facades, detailed handrails, and other superficial applications that
any school with a newly acquired laser cutter goes through.
It was her experience of these very routine uses along with the desire of a designer in an academic
setting to pursue research through design, that she began the first in a series of full-scale installations that
mounted her career. In the late 1990’s, there were precious few precedents for this, but she recalls specifically
Greg Lynn’s Artist Space exhibition and Bill Massie’s concrete wall developed at Montana State. The
confluence of a very small sampling of the potential of these new technologies, along with the instrumentality
and superficiality of the same tools in student’s use, charged her own creative interests in teaching and design.
When Iwamoto arrived at UC Berkeley in 2002, the computer labs were outdated and under-utilized with
no digital culture in the school nor did the students even own computers, a contrast to what was going on
at the University of Michigan. Despite being first introduced to the laser cutter in 1997 at the University
of Michigan, it took a two-year effort from 2002-2004 to get a laser cutter up and running at UC Berkeley
illustrating the long gestation period from learning about the tools to acquiring them long before any true
academic research can begin. However, once implemented, they quickly became part of the school’s culture:
They were immediately assimilated, and not just them but the people who took it the next year already knew
exactly what to expect. It’s funny because I also give lectures in the class with precedents, and Greg Lynn, Bill
Massie and SHoP, you know, whatever, all those guys, as well as bigger projects, but the first year I taught it I
was like, ‘Here’s rapid prototyping. Here’s a stereolithography machine. This is how it works. Here’s a fused
deposition modeling machine.’ Now it’s like I can’t even talk about it because their eyes are just like completely
glazed over and they’d be so bored. They already know it all. That was even like the second year I taught it, you
know? There was only 15 people in the class the first year. I think because we ended with a physical product
that other people could see, and the school let us leave some of them up for a while, that people just got used
to it.
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While the visible access of physical artifacts enabled these tools to become assimilated into the school,
after two to three years of seeing the same conventions, such as egg-crating and lamination, she presented
these approaches as precedents, but then prohibited them from her fabrication seminar:
It’s a perfectly great way of making something actually, but it’s the kind of thing where you can let the tool
make your decisions for you. I don’t mean digital fabrication. I actually mean digital tools, like automatic
contouring which makes all those parallel sections. Usually you make it orthogonal because you have your grid
set up in your workspace. So yeah, I mean we still do – students still do sectioning because of course you’re
going from a three-dimensional shape and you’re making it out of a two-dimensional piece of material, so it’s
important to somehow figure out how to get it flat. But to me, it’s like the way you section it and for a while, it
did seem like it was just the knee-jerk reaction to make some shape parallel to ground, cut and then just north,
south, west or whatever sectioning. So everything started to look the same, even though the forms were really
different. It’s really the aesthetic of the tectonic in a sense, it’s the result of that that defines the architecture
more than the overall form.
This shift from the habitual and automated means to represent a form in physical material toward the
rigorous configuration of material assemblies required to construct full-scale work marks a threshold between
tools of output toward tools which enable disciplinary innovation. Both approaches have their place, but
habits of use become problematic when the assimilation of convenience in representation is thought to be a
tectonic development.
The primacy of the formal image over materiality is reified in the digital renderings in architectural
publications, such as Greg Lynn’s Animate Form. As Greg Lynn made clear in my interview with him, these
images are only conceptual sketches before any rigorous design development has taken place. As rendered
images, however, they were seen as final artifacts:
I think the assumption that a surface-based architecture would be unarticulated, and seamless, and smooth
and shiny and all of that stuff I never - It’s funny it never crossed my mind that that assumption would be
there, but the ubiquity of that assumption amazed me. And it is just because I would publish a rendering or
something, which I saw as geometry - controlling geometry for building components - but everybody saw, and
of course they did, they saw it as the finished building. For me it has always been important to get articulation,
whether it is in textures as it comes off of the tool, or components that are arrayed in a series, or panels that
are seamed or patterned. Articulation, and the part to whole relationship of seeing something as being built
from components, it is always a big deal even in a model, to a mock-up, to a building. That is the thing that I
think is important...For me the shape isn’t as important, it is how you make it.
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The rush to representation challenges the slow and disciplined development of tectonic material systems.
Philip Anzalone was a young intern working for Greg Lynn on the Korean Presbyterian Church, and now as
Technical Director for Columbia’s Digital Fabrication Lab, his role is not simply to manage the operation of the
tools but the integration of these processes within the culture of the school. Through his role as fabrication
consultant and design critic, he bumps into conventions all the time. For example, recalling his experience on
the Korean Presbyterian Church,
I got to see how the whole concept of animation becomes design, lofting, slicing and dicing, at the time it was
really quite innovative. Now that may be a little passé, but I got to see all of these things in person and start to
look at it. And I still have to say that at the time I wasn’t too critical I was just absorbing. But afterwards, you
start to use that as a reference point, which is really good at saying when a student comes along and shows
you something, you say well, that was done years ago in this way. If you want to do that, here’s how it gets built.
If you don’t or if you’re trying to do something innovative, you’re not.
Anzalone is able to offer a constructive critique of that approach and what that technique entails, but in
presenting conventions of use as a historical precedent, shifts the conversation from the tool to the discipline.
Innovation then, doesn’t occur at the tool itself, but the tectonic and disciplinary connections enabled by
technology. The pedagogical challenge is to connect the development of technical expertise with the
discipline of architecture through the material assemblies of buildings. As Anzalone observes:
A lot of the classes I do at Columbia and even at Pratt, I teach them, even though there’s a bunch of equipment
there, is based on the idea of putting things together. More about assembly than just output. I feel that just
to output digitally is only halfway there. And that’s what we’re trying to get away from here at Columbia, and
Scott Marble is really into the same sort of thing, is that really this is not just an output shop – it’s not a service
bureau. It’s not a 3D printer. If we’re really making things, people should learn how to put things together. It’s
a lot more experience which they require a little bit of detailing. Students don’t know the difference between
metals, and wood, and so on. This all has to be learned, as well as fundamental construction.
This presents some of the persistent pedagogical challenges of these tools in an academic context.
Beyond the pragmatics of access and the learning curve of the technologies themselves, the iterative process
of testing ideas out as a feedback loop into the design process requires an equally iterative pedagogical
reinforcement. This requires a curricular pedagogical commitment, not simply an ad-hoc collection of digital
skills courses. Columbia teaches many of their technology skills classes as six week seminars, which includes
not only software courses, but an attempt to fold introductory courses on digital fabrication in this same
format. According to Anzalone:
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We realized after a year and a half that doing six weeks or even full semester seminars in digital fabrication
wasn’t enough time for them to do anything of significance. And so what ended up happening is that you get
95% of the people doing something just to try it out and just making something small, or a table, a piece of
furniture, or something like that. And then the 5% that manage to produce something of some significance,
what they had to do was dedicate their entire – in other words, they had to bring studio into it or they had to
disregard studio a bit in order to really spend their time on the machinery.
Because you have to do numerous processes, you have to try it, see what works, and try it again. What you
think is gonna hold up, maybe doesn’t. Just the simple fact of specifying and ordering material takes an
enormous amount of time and students don’t realize that you just don’t hit print and pick up the project. You
have to find out what like, what alloy of aluminum, how are you gonna bend it afterwards, which order do you
do it in, pre-drilling the holes for bolts, so forth and so on.
7.6 Pedagogical Tools
The kind of material experience and expertise that needs to be integrated into digital fabrication do not
simply extend from the tools themselves, but require an inquisitive mind and sound pedagogical positioning.
From those that I interviewed, I now look at five different case studies of how digital fabrication has been
employed as pedagogical tools. The focus of these case studies is not simply about pedagogical strategies to
be codified as if to be reproduced, but rather how these examples reflect a larger vision of design culture.
Karl Daubman, Associate Professor of Architecture at the University of Michigan, was a student of William
Mitchell’s completing his Master’s of Science at MIT in 1999. After graduating he received the Oberdick
Teaching Fellowship at the University of Michigan and has been teaching there ever since. Karl was only
peripherally introduced to digital fabrication in his Master’s studies, but developed a critical tool awareness
that played out in how he was self-taught:
When I was there [MIT 1997-1999] they just got a 3D Printer, and probably just got the laser cutter...So it
wasn’t even fabrication when I was there so much, but with the people that were there, like BIll Porter, BIll
Mitchell obviously, I think there was a focus on how the tool impacts what you are doing and how you work
with those things, how you understand the tool. A lot of discussion of tools and what a tool is. It was really only
after I started teaching, being self taught, starting the fabrication lab.
Daubman has written about this tool consciousness as,
An ethos of making exists that uses defined limits of method or equipment to shape the design process....All
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tools have limits and basic parameters that influence their use. Examples of these limits might include bed
size, max cutting area, max depth, etc. If understood, managed, and synthesized into the design process, these
limits have the ability to push back and become generative. Digital fabrication is productively defined by these
limits in a way in which rendering and visualization can not be...these limitations can and should be viewed as
design opportunities used to frame design thinking (Daubman 2004).
Through a critical understanding of the tool, constraints become enabling. The architecture department
at the University of Michigan was able to fund this new equipment when it began requiring students to
purchase and maintain their own laptops, therefore stopping support for clustered computer labs which
freed up both budget and space for what became known as the FAB LAB. When I met with Daubman at the
end of Fall term in 2007, he was transitioning this fabrication seminar to a new faculty member. He began
teaching this course in Fall of 2002 and has taught this course with about 15-20 students each semester ever
since. The course developed along with Daubman’s accumulation of knowledge from a more vocationalbased course the first year to a focused form of tool-driven research described as a “think-tank.” Through
the repetition of the course, three specific projects developed: working with flat material (figures 7.3-7.6),
a casting project (figures 7.7-7.8), and a joint project (figure 7.9). Each project has both a pragmatic skillbuilding component but embedded within each are particular material and tectonic values that work beyond
the instrumentality to represent predefined form. Working with flat material puts an emphasis on 2D
material fabrication with the laser cutter rather than developing a form first to then reverse engineer into
buildable components. In his “Local Repetition and Global Differentiation” digital fabrication seminar, one
team was inspired by Mogul Temples they saw on a trip to Bombay, re-imagining these screen-like patterns
from flat sheet through an iterative study of digital and physical mock-ups (figures 7.10-7.12). This think-tank
mentality keeps the course fresh for Daubman, but also denotes an important shift from sole authorship to a
constructed social development over time:
The thing I have been able to do pretty successfully over the last few years is to build, rather than repeat the
same thing over and over. Bring in the work from the previous semester and say ‘this is what we did before, and
this is how I want to push it further. Your challenge is to push it further than the guys did last time.’ So there
is not the ego thing, where ‘I want it to look like this, or I want it to look like that.’ They start from a point and
they can develop it from there. I think it only works in the seminar - I probably wouldn’t run a studio that way, I
might, but thinking about ‘here’s the tool, here’s the bit’ how do you unpack all of this out and still think about a
project from there?
As Daubman further expands on the challenges and frustrations of teaching such skill-based seminar
courses:
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Figure 7.3.

Flat Fabrication from folded sections

are able to be continuously modified through parametric

Figure 7.5.

control, in this case Gehry Technologies Digital Project.

Sheet metal fabrication cut sheets
Image courtesy of Karl Daubman.

Image courtesy of Karl Daubman.

Figure 7.4.

Digital Prototype. Image courtesy of

Figure 7.6.

Physical Prototype. Image courtesy of

Karl Daubman.

Karl Daubman.

It is always the difficulty, you run out of time by the time they are starting to learn the impact of those things
and what they are doing and when they are starting to propose things. It’s interesting, what do you take out? I
always ask the students at the end ‘is there anything that I could take out?’ Inevitably they say you could take
out a whole bunch of stuff from the beginning, because they are at the point that they have it.
In the end, the tool has become transparent to them becoming so familiar with the tool it is easy
for the students to forget what they didn’t know in the very beginning. The particular irony in skill-based
development is that it requires a tool-consciousness foregrounding the tool to learn it, but ideally students
develop enough skill that it becomes transparent putting the tool in the periphery. It is not that the tool
disappears, but the student’s focal attention shifts from getting the tool to work to the careful consideration
of the elements and their assembly. Through this, the pragmatics of skill-based learning become elevated to a
larger issue of intent. As Daubman highlights,
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Figure 7.7.

A basic unit is modeled in 3D software

and rapid prototyped to assemble into a screen. Image
courtesy of Karl Daubman.

Figure 7.8.

A CNC milled mold is used to create

larger concrete cast prototypes of the basic unit.

As

a result of the unit, only one mold needs to be created.
Image courtesy of Karl Daubman.

I think there is the mastery of the pragmatic that
becomes poetic. You can see that in different
people’s work when they have a really amazing
grasp of what they are doing and it becomes
something else. It is transparent but it is also so
well considered.
The consecutive and constructive development
in Daubman’s seminars from flat materials, to
casting, to focus on the joint include a pragmatic
understanding of tools and materials through the
organization around a bottom-up approach from

Figure 7.9.

the joining of materials to their configuration in

Japanese joinery, the joint project focuses on forming

assemblies. An important parallel development is

complex angles within the constraints of the 3-axis CNC

not only material, but social. Approaching this series

router. This joint is rapid prototyped to speed up the

of seminars as a think-tank offers a considerable shift

process of this quick exercise. Image courtesy of Karl

from the isolated authorship emphasized in design

From

precedents

in

traditional

Daubman.
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Figure 7.11.

Half Scale laser cut prototype. Image
courtesy of Karl Daubman.

Figure 7.10.

Parametric digital model allowing for

weave of different thickness laths to create differing levels
of transparency. Image courtesy of Karl Daubman.
education, by bringing past seminar work forward
into current seminar to push this tool-driven research
further. In the end, material and social assemblies
merge in the joining of knowledge toward innovation.
As digital fabrication is frequently offered in boutique
seminars whose implications on studio projects is
not always clear, in the end the social aspects of the
think-tank developed through the seminar may have
a lasting effect on studio culture.
Luis Boza, assistant Professor of Architecture at
Catholic University, and graduate of Harvard in 2000
was given a basic introduction to CAM in one of the

Figure 7.12.

first classes on digital fabrication offered by Kimo

assembly and different levels of transparency. Image

Griggs, but like Daubman, was largely self-taught

courtesy of Karl Daubman.

through his teaching experience. Unlike Daubman,
Boza’s opportunity to employ these tools in his
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1/4” scale mock-up demonstrating

teaching was through the design studio rather than in the seminar. This created a challenge to have students
develop their skills and at the same time focus on the larger design issues. As Boza recalls,
There were a bunch of discussions about how to teach digital in school and because you end up teaching
tutorials a lot and in my studios, I try not to teach tutorials. I might say – spend a day just kinda walking them
through the general premise of the software and then they can figure it out. They’re smart. They’re more digital
savvy than I ever was, so they’ll figure it out and so, for me, I think that it’s important to teach them what the
tools can do and then teach them how to think through the tools, right, whether it’s a software or whether it’s a
mill....So when we’ve used the mill or the laser cutter or the waterjet, for that matter, we try to teach it in that
way, not necessarily say, ‘Now this is the way to do it’, but ‘this is the way it works.’ The principle behind the
machine and in doing that, I think that you now start to understand that it is more of a – can be more of a
design tool. It can impact the design and during schematics for that matter rather than just having kind of a,
‘Okay, design’s done. Press the button and build it.’
The irony is that a student’s technological determinism with these tools does imply a “press the button
and build it” mentality, which conflicts with Boza’s interest in full-scale construction and the attentiveness to
details and material assemblies this requires. To shift focus from tool to material assembly, Boza inverts the
design process first playing with materials and the tools to become familiar with not only the constraints of
the tools but of materials themselves, to then develop a prototype for an architectural component, which
establishes parameters from the materials and tools, and only then apply this to a program. As he describes,
You rewind the process as to what you would typically do, but they’re doing it backwards to develop parameters
from the materials and the tools.
This develops through experience at a very basic material level in which the design process is learning
what parameters matter and how to exploit them. According to Boza, “how to understand how to develop
a set of parameters.” Ideally this shifts design process from the production of objects, to design as a reflective
practice that shapes values, not simply digital parameters.
Through a series of studio-based full scale installations, Boza, is learning as well through these projects.
Consequently, the projects themselves become an illustration of that development process - a development
process which in hindsight is almost inevitable.
The first studio project, coined “Scaled Tools”, was co-taught while Boza was a visiting faculty member
at Catholic University. Students developed a series of scaled and full-scale mock-ups for street furniture in
Washington D.C. Students employed new digital tools to the school such as an Immersion Microscribe 3D
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digitizer and their newly acquired laser cutter. The design proposed was a bench comprised of a wooden
frame and a metal skin with each aspect taken on by two different teams (figures 7.13-7.15). As Boza recalls,
There was two concurrent projects, the bench and there was this other experimentation with bending metal.
To me, both things were failures in the end. It was mostly because students were designing this thing and
they’re like, ‘Oh, man. I can bend this surface and I’ll fold it and we’ll just cut out metal and fold it back.’ Well,
the gauge they picked in aluminum doesn’t bend and there were just – okay, just let them go and when they
realize they can’t bend metal, it’s like, ‘See?’ Because they’d never even touched a piece of metal.
This issue here is a kind of material ignorance or material hubris extended through the belief that if they
see it on the computer screen, then it must be possible. Echoing the exact issue that Jeffrey Taras recalls, Boza
continues, “‘It can do it in the computer,’ they’d say.” Blinded by new technologies, it is easy to look past the
basic constraints of material.
In the second project, an acrylic laser cut ceiling assemblage (figures 7.16-7.17), Boza acknowledges a
process antithetical to the material and tool approach previously mentioned:
When we did the hanging installation, we knew we were going to use the tools but we just designed something
and used it to output it rather than trying to allow it to filter into the front end of it.
One of the unanticipated aspects of the precision of laser cut pieces and designing for assembly, is that
the installation went together incredibly fast:
We started putting it together and I went to a conference and I’m like, ‘Okay, I’ll see you when I get back next
week.’ And that next morning on my email was a picture of it done and I was like, ‘Wait a second.’ Apparently,
they stayed up all night because they were having fun doing it and finished it.
The joy of assembly is afforded through the precision of prefabricated assemblies. As a consequence of
the technique of egg-crating, a result of designing shape first without material or tool feedback, Boza notes
“there was tons of waste.”
In a similar way that Daubman developed a more vocational series of seminars first, to then direct
more issue based seminars organized around digital fabrication, in the third project, Boza focused the studio
around craft: craft in materials, craft in techniques of forming such as casting, bending and perforating, and
craft in assembly. This project created a veil used to define a space for a student lounge from a perforated
compound curved plywood surface constructed from four layers of wood laminated over a form-work
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Figure 7.13.

Laser-cut bench prototype.

Image

courtesy of Luis Boza.

Figure 7.15.
Figure 7.14.

Full-scale fabrication of bench frame.

Bench skinned with sheet metal.
Image courtesy of Luis Boza.

Image courtesy of Luis Boza.

(figure 7.18). Boza’s documented process of this project focuses on the unintended discoveries made in the
process as a play between the precision of CNC and the subtleties of hand crafting. In particular he notes
the “value of research as a method of gaining design knowledge” through “a more refined knowledge of
material manipulation and tool usage” (Boza 2006). These three projects are full-scale illustrations of what I
believe to be a consistent developmental process which can be anticipated from the tools. The first project,
in attempting to build a blob, illustrates a kind of material hubris which expects that what can be done on the
screen can be done through material, and consequently a successful failure for none other than the realization
of the constraints of materials. The second project defers more to the laser cutter than to the potentials
in material, exploiting a now conventional technique of egg-crating, making visible a considerable amount
of material waste in this process. The third project consciously exploits the limits of material balancing the
precision of digital fabrication with hand crafting. This triptych could be over simplified as first form over
material, then technique over material, and finally a crafted balance between form, technique, and material.
This reductive reading of these three projects resonates with me as it mirrors my own development, and the
development I have seen in others.
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Figure 7.16.

Assembly of water-jet cut aluminum

egg-crate frame. Image courtesy of Luis Boza.

Figure 7.17.

(Right) Final installation below central

skylight with acrylic infill. Image courtesy of Luis Boza.

Figure 7.18.

Curved laminated plywood veil. Image courtesy of Luis Boza.
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However, what Boza did next reflects a positive and socially conscious application of these technologies.
Through the invitation to redesign the library of one of Washington D.C.’s elementary schools, Boza applied
the collaborative material research he developed in his previous design-build studios to a real-world project.
Boza recognized this as:
An opportunity to use these technologies in a real project and show the students that they can be used not
only in their design and the design tool and all those things but the fact that it can get them closer to being
part of construction. I think there is a shift towards design-build in the profession, and I think this is going to
make that shift grow even more.
In this project, Boza combines clear pedagogical goals, the context of a shift in the discipline, as well as his
own social goals:
What I’m interested now is not so much the impacts on education but the impacts on society. I think that
there’s a real benefit and if you take kind of the tool and the design and you put those together, there’s a
connection there and the designer has the ability to deliver now rather than just relying on someone else.
There’s a real opportunity there to connect out with the idea of community design or design for people who
otherwise could not afford it. The discussion up until now has been about these technologies as the high end,
right? And to me it’s almost the opposite. It brings high-end design to a low-end user group....if from the very
beginning you understand the tool and what it’s capable of but now efficiency and economics becomes a part
of your decision in how the tool is used, now you start to achieve that triple bottom line, that society or culture,
economics and efficiency, environmental efficiency.
The innovation in the library project is not within the tools themselves, but the opportunities afforded
through these tools to precisely design and prefabricate a set of components to be installed on-site (figures
7.19-7.20). Rather than the drive to continually innovate with the tool, Boza proposes an alternative and
socially conscious form of practice enabled through digital fabrication.
While Lisa Iwamoto was at the University of Michigan, she began to position her academic career as a
mix between teaching, design research, and the design-build process initiated through the full-scale design,
fabrication, and installation of a faculty resource room at the University of Michigan (figure 7.21). Through
this project, “the design-build process acted as a pedagogical tool to encourage the students to integrate
construction technologies and materials into their design thinking, and to bring full-scale fabrication into the
design at an early stage” (Iwamoto Scott 2001). Shortly thereafter, she left the University of Michigan for UC
Berkeley, an opportunity to return to her northern Californian roots. In the faculty resource room project,
Iwamoto began to play with the sensuousness of materials, such as cast rubber. In asking her where this
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material sensibility comes from, she attributes this to
the rich environment she grew up in in Northern
California:
When did that creep in? I don’t know. That’s one
of those things. We’re from northern California. We
think there are a couple things out here that are

Figure 7.19.

Library before renovation. Image
courtesy of Luis Boza.

Figure 7.20.

Completed Library. Image courtesy of Luis Boza.

really engrained in you. One is just the wildness of the environment, which is something that we always try to
harness in some way. Another thing is just that I think the tactilian sensuousness of the city and the landscape.
Those things have just always been really attractive to us. It’s cultivated and yet it doesn’t feel like it.
Material sensibilities develop from the environments we inhabit, which may be as true for geographical
regions as it is for the studio environment in design education. After her early pedagogical experiments in
digital fabrication employed the now familiar techniques of egg-crating (figure 7.22), she banned the familiar
conventions of egg-crating to focus on cultivating a material sensibility. In the Digital Weave installation,
developed over five weeks in a semester studio, techniques of sectional slicing are used to rationalize the
geometry in the process but not to directly fabricated it. Parallel to developing the design geometry, students
investigated expanding material assemblies, which involved a think-tank collaborative studio environment.
The Digital Weave project is a great illustration of how focusing on material assemblies, rather than
accepting formal conventions such as egg-crating, can give form to form (figures 7.23-7.24). At the same
time, the Digital Weave project challenges studio culture, questioning the isolated authorship in typical studio
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work and the professor’s role in this. While she was accustomed to running team projects in her fabrication
seminar, but she admits:
I had run a group project before, but I didn’t run16 people trying to do one thing together. So they kind of split
into groups. They split into teams and they each made their proposal. They only liked their own, so voting was
just ridiculous. Whoever did theirs would just vote for theirs.
It took Iwamoto to jump in, grab a material study from a previous project and tell the class “I think this is
the one we should do.” With three weeks left, now they had a material system, but not yet an over all form.
She recalls:
But at that point, the number of people instead of being a detriment really started to be an advantage. I broke
them up into groups one would just study material, one would work digitally, one would work on the form, and
one would be project management, basically associated.
Installed for one day in the San Francisco MoMA through their Contemporary Extension, the installation
had to be designed to be easily assembled and disassembled which helped to form the assembly criteria for
the project (figure 7.24).
While the students were at first guarding
their own creative territory, the ability to see the
project develop at full-scale shifted the studio from
a collection of individuals to a group of individuals
collected to develop the project. As Iwamoto notes,

Figure 7.21.

Faculty Resource Room at the

Figure 7.22.

University of Michigan. Image courtesy of Lisa Iwamoto.
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Egg-Crate

technique.

Image

courtesy of Lisa Iwamoto.

Figure 7.23.

Figure 7.24.

Digital Weave expanding material section. Image courtesy of Lisa Iwamoto.

Digital Weave installation at SFMoMA. Image courtesy of Lisa Iwamoto.

For that project, once the students started seeing how it was going together, I think is when everyone really
got on board. There were actually some really great leaders in that class, and they made a big difference...But
yeah, I mean absolutely, when you’re building something that everyone can actually physically sit in, it’s a big
difference.
For all the instrumentality of digital fabrication, the collaborative and explorative environment it enables
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is more significant in design education than the artifacts the tools produce. In this, digital fabrication acts as
a scaffolding enabling a material sensibility cultivated from within the pedagogical environment. For Iwamoto
and the work of IwamotoScott, it is the direct hands-on do it yourself opportunity that digital fabrication
provides,
I do feel like it liberates the practice in the sense that you can do it yourself. I find that really, really exciting.
Scott Marble, now the Director of the Avery Digital Fabrication Lab at Columbia University, was part
of the young faculty teaching the paperless studios at Columbia in the mid-90’s. Although he was always
interested in fabrication and the tectonic, it wasn’t until a decade later that Marble was able to reintroduce
the tectonic through digital fabrication. Through the commission for a Slide Library at Columbia University
through his research practice Marble Fairbanks, he decided this was the perfect opportunity “to shake things
up a bit” linking his practice, his position at Columbia University, along with his client, as well as Mark Wigley
then the new Dean at Columbia’s Architecture school, the University’s Facilities Department as well as the
University General Council all of which had to approve of this risky alliance. Marble acknowledges these
“expanded alliances” are made possible through the opportunity to take responsibility for risk enabled
through the accountability of the virtual prototype and the precision of digital fabrication. Beyond fabrication
itself, these expanded alliances have an effect on the culture of practice through the reorganization of
relationships and responsibilities between designers and fabricators, clients and institutions. As Marble notes,
Complex form has been useful to accelerate the process [of forming new relationships]. In the end, it is not
dependent on that. Ultimately, once these alignments and collaborations gel, it really won’t make a difference if
its a square or a blob, but the relationships, it’s the working relationships which are important to maintain.
While the project was at once about these expanded alliances, it was also a case study to test the limits
and opportunities of digital fabrication and the associated Building Information Model (BIM)(figures 7.25-7.26):
We were extremely didactic that every single piece of this project has to come from our computer model. This
is like the ultimate BIM. We were cutting out little pieces of blocking. People were like, ‘Can’t we just cut this on
the table saw?’ And we said, ‘No, everything has to come from the computer file.’ It was important to do that.
Again, hugely successful, fabricated and built in the summer, put together in about two weeks. We compared
it to a piece of IKEA furniture...all the pieces are numbered and students put it together. It was one of those
alignments where you have client on board, facilities on board - the mixture was right to do that - the project
wasn’t so big that the liability was an issue - how much could really go wrong?
Despite this test of the process, the fabrication technique employs the most conventional approach of
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Figure 7.25.

The Virtual Prototype, or Building

Figure 7.26.

Detail of Slide Library Virtual Prototype

Information Model (BIM), specifies every discrete piece

includes horizontal threaded rods, bolts and washers, and

such that it can be fabricated and quickly assembled.

each piece including holes as well as different materials

Image courtesy of Marble Fairbanks Architects.

such as glass inserts shown in the center. Image courtesy
of Marble Fairbanks Architects.

slicing a form and laminating it together which is actually quite material and labor intensive. In questioning
Marble about this, he admits:
Yes, because we were experimenting with a BIM process, a totally integrated process, that even though it
was a small project, we tried to make it as complicated as possible. We tried to make it the most inefficient,
complicated wall possible, to just push the limits of the test. So yes, in terms of can you make a wall more
efficient? Sure. Its the most absurd wall that you can imagine. In the end though, I have to say, and the point
of that slide library, even though it is very inefficient and very labor intensive, but it actually became so labor
intensive it wasn’t about eliminating labor, but actually creating more labor, creating more work - which is a
good thing. But there are qualitative aspects of that wall that are only possible because it is so dense.
You see that wall and you know that it is solid. There is a significance to it as a result, and that is what I would
call the qualitative. It is an utterly didactic project, it is totally done through quantitative means. I describe what
we try to do is to take quantitative techniques to such an extreme that it creates qualitative effects.
The project demonstrates how the rigorous and explicit design development of this quantitative process
enabled the precise fabrication over the summer to be assembled in two weeks (figures 7.27-7.29). Despite
this self-described didactic process, there is a sensual qualitative aspect to the heavy MDF wall (figures
7.30-7.32). In terms of the impact of digital fabrication, it should be judged on different criteria than the
lightweight temporary installations such as Iwamoto’s Digital Weave project which was more about cultivating
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Figure 7.27.

(Top Left) From the Virtual Prototype,

wall laminations are cut from 1” MDF sheets on the CNC
router. Image courtesy of Marble Fairbanks Architects.
Figure 7.28.

(Left) Inventory of MDF laminations

ready to be installed. Image courtesy of Marble Fairbanks
Architects.
Figure 7.29.

(Top) Although each piece is unique,

the precision of each unique piece allows students to
assemble the wall like a piece of IKEA furniture. Image
courtesy of Marble Fairbanks Architects.
a material sensibility than it was about testing a complete file to fabrication process as was the case for
Marble, allowing the architect to take accountability within these expanded alliances.
While Marble developed these expanded alliances from the viewpoint of professional practice, Kevin
Klinger, Associate Professor at Ball State University and the founding Director of Ball State’s Institute for
Digital Fabrication, has exploited the expanded alliances between practice, industry, and education from the
viewpoint of design education. Like Marble, Klinger’s pedagogical practice is not about digital fabrication, but
the pedagogical opportunities that develop from the direct connection between conception and execution.
Even as founding Director of the Institute for Digital Fabrication, Klinger is clear to emphasize:
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Figure 7.30.

Completed Slide Library.

Image

courtesy of Marble Fairbanks Architects.

Figure 7.31.

Drawings of cut files were used as wall

motif. Image courtesy of Marble Fairbanks Architects.
Figure 7.32.

(Left) Wall bulges out to bring

borrowed light from existing skylight into corridor. Image
courtesy of Marble Fairbanks Architects.
Digital fabrication is not the center. Digital fabrication is a kind of technique, a potential for realizing projects
in a particular way. But we don’t want to be machine centric and just celebrate the fact of making things for
the sake of making things, anymore than we want to celebrate form for the sake of itself. So, I think there
are bigger ideas in enacting the potential of the machine, serving as a device to realize things, but become
extensions of how we situate ourselves in the world.
A clear example of how digital fabrication enables students to situate themselves in the world is through
the design-build project called the Calibration Channel in a studio Klinger led named “Streams.” The project is
situated along the Snake River in the Mounds State Park just outside of Indianapolis, Indiana. The siting of this
project became a critical component capturing and amplifying the sound of the trickling river below through
the tunnel-like form (figures 7.33-7.34). While clearly a formal gesture, the form acted as a device to calibrate
oneself in this particular environment putting the form at the periphery drawing this natural environment out.
As Klinger described in the interview,
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If you go to the site and sit in the bench at that moment, when you lean your head back you can actually hear
the amplification of the sound of the river, and it works. That all of a sudden tells you more than any kind of
speculation about it. It evolved from an idea that maybe this could be a potential and that through testing and
fine-tuning, the thing got to work really well. But, it wasn’t until you’re actually sitting in that place and hearing
the effect that it became important. It came from a lot of time on the site, just listening to the river and
being in a forest and tuning themselves in to the place itself. And then, wanting to try to help others calibrate
themselves to the particularities of that very particular place.
Not only did my own on-site experience confirm this, but as we were standing looking at the project,
a jogger came by and proceeded to tell us about the project. With no knowledge of who we were or why
we were there, he got it right; he understood the project. Not only were these students able to situate
themselves in the world through the immersion into contemporary tools and techniques parallel with the
immersion into the physical site giving time and attention to listen to the environment, creating built work in a
public park system allowed the students to situate their work in the public realm engaging a different public in
a richly experiential way that one they are typically exposed to in design education. As Klinger recalls,
I think the joy came when the people that were part of the park system that were helping with the front loader
and the delivery of the limestone feet. All the people that were not really in architecture at all or had much
exposure to it were following very closely the project as it evolved and when it was finally realized they took
kind of a pride in what it actually did. And they took it on themselves to become the kind of diplomats of this
piece, you know to explain it to visitors in the park and that kind of thing. And they loved the result. And when
students saw that this had an impact on this group of people, it was a really incredible reward for them.
Naturally, digital fabrication provided a direct connection to tools, techniques, and materials through the
rich learning experience in full-scale construction, but this work also provided a direct connection to the user’s
experience in the public realm shifting the student’s perception from object to experience. Furthermore, as
is common with the projects that Klinger develops through the Institute, a connection with local industry
formed a mediation between these students’ tool-enabled agency and a much larger industry to situate
themselves as future practitioners. As Klinger goes on,
There is this other layer that in working on these kinds of projects we are having a conversation with industrial
partners who are trying to figure out how they can compete with China. Advanced manufacturing seems to be
a viable option for them because you can have mom and pop shops with high-tec equipment that really major
manufacturers have. This relationship to production is quite promising. So digital fabrication is an opportunity to
completely rethink tooling our workforce. That in and of itself is a valid and noble pursuit.
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Figure 7.33.

Conceptual section through Calibration Channel illustrating intended amplification of river sounds.
Image courtesy of The Institute for Digital Fabrication, BSU (IDF).

According to Klinger, the once prominent Indiana
limestone industry is now reduced to making fairly
routine mass produced window sills that are then
cut to length due to both less demand for limestone
in buildings as well as competition to China. The
contoured limestone feet for the Calibration Channel
were digitally fabricated directly from the student’s
three-dimensional computer file, a first for the local
limestone fabricator they worked with (figures 7.357.38). Now these fabricators encourage this process

Figure 7.34.

to generate new work and a more economic

audible amplification and focusing of river sound below.

Final installation along the river with

workflow.

Image courtesy of the IDF.

While digital fabrication is not the center, the tools enable these students to situate themselves in the
world through their own design process, the public’s experience of their built work, and the connection to
local industry. Despite these opportunities, these experiences are rare, something Klinger acknowledges
frustration about:
The division of labor now is really quite frustrating. This [digital fabrication] is an opportunity to keep people
involved all the way through from conception to production. I feel practice is in a dire situation. If I think twenty
years out, the way that we think about the architect is going to have to shift.
The lack of integration between design and industry is also reflected in the cultural lag in the tenure
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Figure 7.35.

Industry Collaboration: the Institute

Figure 7.36.

for Digital Fabrication worked with the Indiana Limestone

CNC milled limestone foundations.
Image courtesy of the IDF.

industry exchanging a 3D digital file for fabrication for the
first time for this fabricator. Image courtesy of the IDF.

Figure 7.37.

Academic and Industry collaborations form physical and pedagogical foundations. Image courtesy
of the IDF.

Figure 7.38.

Final assembly of Calibration Channel. Image courtesy of the IDF,
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system and the isolated displacement of skills and tools rather than their integration across and within the
curriculum. As Klinger remarks on digital tools,
It shouldn’t be thought of as a kind of silo or a void that needs to be filled by the young generation. And you
know over here you’re gonna get your digital skills, tools and that sort of thing. I mean, all of these questions
need to be thought of holistically and in a total curriculum and in a comprehensive education that really looks
at what it means to be able to understand architecture.
The five projects presented here serve to make explicit the particular understanding of architecture
drawn out through digital fabrication. This shifts the focus of digital design from surface representation to the
tectonics of material assemblies through parametric flexibility coupled to the means of flexible manufacture.
The ability to fabricate these material assemblies quickly and with precision at full-scale enables these projects
to move beyond the design studio projecting back into the public realm.
The ability to test-out design propositions may have far lasting consequences on the culture of design
education than the instrumentality of the technology that surrounds the discourse around digital fabrication.
For one, the think-tank mentality questions the assumed idolatry of individual authorship encouraged in
the traditional design studio nurturing a culture of collective design research. Through the direct hands-on
experience, digital fabrication liberates this culture of material research making it at once accessible and more
meaningful. While this think-tank culture of research can be pointed toward innovation within the discipline,
it can also be directed outside of disciplinary innovation through societal impacts such as bringing high-end
design to those that could otherwise not afford it, as well as the combination of tool and material sensibilities
to develop economic and environmentally responsible work. Of course the two need not be separate, a
most promising avenue is linking disciplinary innovation with environmental and social responsibility. This can
begin with the expanded alliances between designers, educators, students, clients, contractors, industry and
institutions to conceive and actualize real projects. The direct pragmatics of tectonics, technology, and material
assemblies enabled by digital fabrication can be brought to bare on this because it connects conception with
execution which makes this risk manageable opening up opportunities within these expanded alliances. To
what degree these projects are actually actualized may not have as big an impact as the student’s realization of
how they are able to position themselves in the world.
7.7 Crafting Culture: the Cross-Disciplinary Atelier
With the potentially increased roles and responsibilities in connecting conception with execution through
these expanded alliances, there is also the recognition in the breadth of expertise and distributed knowledge
required to innovate. This shift from paper-based propositions to real-world prototypes opens the door to
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this cultural shift. While digital fabrication is just a small part of this, the material connection within the entire
information exchange made possible through networked technologies grounds the information exchange
back into the constructed material world. Looking back to Bill Mitchell at the introduction, bringing design
back close to the shop floor has both a technical and cultural impact.
To develop his Design Laboratory, Mitchell has had to remove himself from the confines of the typical
architecture studio taking the best aspects of architectural education but not restricting itself to architectural
projects. One of the most innovative projects they have undertaken is a new car for General Motors which
doesn’t just redefine what a car is, but how one drives it, how it is owned, how it is parked and stored,
and how these may effect urban design. In my conversation with Mitchell, he notes the intricate weave of
technical and cultural development in these kinds of projects:
These are intensely ambitious projects, huge stuff comes into them, very cross disciplinary. You have to deal
with structural systems. You have to deal with mechanical. You have to deal with sophisticated electronics. You
have to deal with battery technology. You have to deal with an urban system scale of how it is all going to work.
You have to deal with the right electrical grids to supply these things, at a technical level it is very complex, and
at a cultural level it is very complex. The way we do it is to extend the atelier model which comes right out of
architecture. We make cross-disciplinary ateliers. We don’t do it by traditional architectural division of labor
where you are the structural engineer...We don’t do that, I have never believed in that. So this is much more
the atelier model, no hierarchy, anybody can talk about anything, you build up intellectual capital in the group, a
lot of peer to peer learning, the ethos is that if you know something, then the rest of the group needs to know
about it; it is your responsibility to bring them up to speed. It’s cross-disciplinary, it is cross-generational. These
groups all the way from old-timers like me, and serious post-docs, right down to the youngest undergraduate
and often they are the most creative, of course, as you would expect. So that mode of the cross-disciplinary
atelier and essentially a strategy of fast learning. You can’t know everything about every design domain, this is a
crazy ambition, but what you can do is develop a strategy of very fast learning, so you can move into a domain,
so sort of, on the fly, learn to do automobile design.
This larger pedagogical strategy of the cross-disciplinary atelier model augmented by a technologically
enabled strategy of fast learning offers a considerable opportunity for a cultural shift in design education.
Mitchell further describes how this strategy of fast-learning takes place:
It comes from challenging projects, doing hands-on, and having this atelier setting, and having this ethos of peerto-peer learning, and being plugged into the big wide electronic world helps with that...So it’s a combination of
the very intense face-to-face atelier situation with the expanded electronic world injecting into it. That is very
powerful. So in some sense it is connected to the traditional design studio, but in some other sense it is radically
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different. It does cross disciplinary boundaries, and it is highly digital. Suddenly in my work in the last decade or
so now, I have never worried about whether we call it architecture or not, as long as it is intellectually interesting,
socially progressive, I don’t care whether we call it architecture.
Although Mitchell comes out of the architectural education system, and certainly this model of education
is an extension of this, the Design Lab at MIT extends from a critique of the now conventional forms of
architectural education:
Well, mainstream design education, I think, is in big trouble...I think the kind of ghetto-ization of design into
these little narrow disciplines comes out of a kind of 19th Century conception of the profession. 21st Century
problems don’t come packaged that way. Every interesting design problem I encounter these days sprawls
in some messy way across a lot of disciplinary boundaries. I think there is an urgent need for at least an
alternative stream of design education to break out of that ghetto. It is really really crucial. This is what we
do with the Design Lab here and it is precisely for that, and we don’t worry about all of these structures of
professional licensing, recognition, and that sort of thing. Frankly we are educating a very very small group of
very smart people who are going to be leaders and they are going to make their own way in the world.
Nonetheless, the majority of faculty in architectural education do have to respond to accreditation
criteria in professional degree programs. In pressing Mitchell further to draw clear distinctions between
what is possible at the Design Lab with what is possible in professional education, it is not just the kinds of
projects that guides the Design Lab, but the method of design process that can carry through to professional
education:
I think any design school can effectively have some component of the multi-disciplinary atelier, I don’t think that
it is at all incompatible with the traditional professional degree program and licensing structures. I don’t think
they can go as far down that path as we are at the Design Lab, but I do think they can go down that path. I
think this is a really really vital thing. The biggest impediment on this in most places is, it is incompatible with
an authoritarian style of teaching. Where you rely on seniority and maybe superior knowledge of some domain,
once you adventure into this very adventurous cross disciplinary work that doesn’t work. It really is a team
effort, it is a joint thing between faculty and students, it’s not hierarchical.
William Mitchell’s insights place emphasis on the interrelationships between technology and culture.
Digital fabrication is not simply a peripheral set of technologies but historically and culturally ground the
position of technology closer to the shop floor. The prolonged impact of this is not simply the instrumental
tools to build the blob, but enable a cultural shift in studio pedagogy toward a think-tank bound through a
common problem. Clearly the tools alone do not do this, but requires a pedagogical positioning weaving the
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technological and cultural impacts together. Inverting the design process through techniques of manufacturing,
designing flexible material assemblies, and testing these out through physical prototypes draws-out the
technological assets of digital fabrication, while the think-tank research collective offers a cultural innovation
in design education. Engaging physical work not only liberates the think-tank, but situating work in the public
realm shifts design intent from object to experience, and the shift to full-scale integrated systems requires
a distributed intelligence in the design studio. In the end, what is needed most is not more technology, nor
more robust techniques to exploit technology, but challenging and culturally relevant projects which project
deeper into the cultural life of a practice and the tools that makes this possible.
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8. Risky Business: from Research Practices to the Abstract
Workshop in Design Education
The risk associated with contemporary means of digital production, from digital fabrication, to parametric
modeling, to the virtual prototype, does not risk the health, safety, and welfare of individuals, but the risk
associated with the accountability in the material execution of built work. In other words, it is not the
professionalism of the architect that is in question, but the very identity of the architect in the building process
marginalized due to the separation of conception from execution through the legally drawn line separating
design from the means and methods of construction. Crossing that line is risky business.
This chapter focuses on several research practices and a new genre of workshop practices enabled by
digital fabrication. The challenges and opportunities of these practices and their reflection on contemporary
design culture help to position the pedagogical place of digital fabrication not as an argument for the
design-build process as I originally sought, but rather in the formation of the image of practice as an
abstract workshop. Abstractions develop from real world objects and experiences becoming generalized
as abstractions taking the general from the concrete (Varela 1992). Without the tie to the materiality of
architecture, the digital design process in design education has become not too abstract but in fact, far too
literal of a procedure that extends from the instrumentality of the tools themselves. Ideally, the abstract
workshop would be grounded by material systems but not fixed within one particular domain or application,
and in so doing, can leverage scale in a way direct fabrication never could.
8.1 From Craft to Profession
Technology is not an isolated tool to learn, but a tool which develops from the history of a practice,
and the development of a practice’s cultural life (Lave Wenger 1991: 101). If put in this perspective, variable
patterns and automation are connected to medieval architectural practices as illustrated by the mechanical
devices in the Lodge Books of Villard de Honnecourt in the 13th Century (Bucher 1979). As the Renaissance
was forming, the innovations in Brunelleschi’s dome for Santa Maria del Fiore in Florence such as the
system of chains and vaulting without armature in his double shell design illustrate his understanding of
general principles (Angelil 1989). However, the dome could neither have been constructed, nor could the
construction have been conceived without the large scale models, full scale templates, unique molds for bricks,
and truly novel hoisting machines constructed through Brunelleschi’s workshop (King 2000). For Brunelleschi,
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the artifacts he constructed act as an interface between design and construction in which “designing the
dome” was not separate from “building the dome” (Cooley 1988: 197).
This is not to glorify the romantic image of the architect as master-builder, but rather to emphasize the
necessary interaction between conception and execution. After all, Brunelleschi did not lay one single bring
nor was he even a master mason, nor was the term architect even in use in the middle ages. The shift from
craft to profession in this country became befitting of a gentleman because it involved intellectual labor rather
than physical labor (Woods 1999: 7). In the best sense, the gentleman architect occupied a position of great
trust between client and craftsmen. In actual practice, then as now, this tenuous relationship creates distrust
between architect, client, and contractor, and consequently the built environment is marginalized. Bridging
the gap between conception and execution has enormous potential not only in the design innovation of built
work, but projects an image of practice that closes the gap between design as abstractly conceived and design
as practiced and experienced.
8.2 Research Practices
8.2.1 Transmissive Patterns: Thom Faulders
As many of those I interviewed, Thom Faulders bridges the gap between academia and practice through
his own research practice, the Faulders Studio. He identifies the role of a research practice as “part of an
ongoing dialogue” through which there may be two different ways to read the work itself:
While the user might use it or be in it or live in it in one form, it exists as a kind of currency in another form
through its image or through people who don’t live there coming to see it or what have you. And then it’s
attempting to put forth some other questions, some issues.
Faulders’ larger interest is in responsive architecture through the integration with multimedia and
contemporary technologies, something he notes is very much part of the culture in the San Francisco Bay
Area. An aspect of this research practice are the transitions between digital media and the execution of built
work.
Faulders is conscious of the digital transition on his practice as his own education is all pre-computer. As
an illustration of this transition from traditional media to electronic media, as a Master’s student at Cranbrook
Academy of Art, he produced what he polemically refers to as “the last drawing” (figure 8.1). Through
obsessively drawing a series of lines with a graphite pencil over a thin casting of plaster, he found that if he
drew the lines dense enough that the graphite would pass electricity. Marking this liminal stage between the
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Figure 8.1.

“The Last Drawing”: the transition from a representational medium to an electronic medium

which transmits information illustrated through drawings so densely scribed with graphite they are able to transmit an
electrical charge which is identified in the counter below the drawing. Image courtesy of Thom Faulders Studio.
hand drawing and the electric drawing, Faulders reflects:
The desktop computer didn’t exist then, that just wasn’t the norm. What this became was kind of this fusion
of the drawing plus the electronic drawing. And so subsequently looking back on it, it was kind of like the last
drawing, just think of how much time we’ve had to spend with these straight edge things, it just drives you crazy.
Because if you have a job drafting, that’s what you’re doing all day long, and that’s long gone. And at the time it
seemed like why don’t I just do so many lines with so many straight edges that they all just go away.
This illustrates a shift from drawing discrete entities as representational symbols, even as basic as lines,
toward a medium so densely infused that it begins to transmit information through the passage of electricity.
Describing the potential of the digital medium:
So you have something that seems so inert and yet it’s high speed. So it’s almost no longer a thing. It’s less a
noun and more a verb which is something I continue in responsive architecture...That computer is very much of
a thing, but if you look at it holistically of what it’s up to because it’s so actionable, because it’s so responsive,
because it’s so transformative, it seems to be more verb like.
At the same time, Faulders is resistant to being associated with too much technological determinism.
After all, verbs alone do not form concepts. Faulders is clear to emphasize that his work is not simply about
this execution, but the cultural aspects of patterns of difference and variation afforded by these tools. In
particular, the way in which variation “gets back to the user, the body, the percept.” For Faulders, responsive
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Figure 8.2.

The simple surface of the Mute Room.
Image courtesy of Thom Faulders Studio.

Figure 8.3.

Simple surface develops pattern and

variation through contact with occupants. Image courtesy
of Thom Faulders Studio.

architecture can develop through materiality rather than an architecture that is technologically focused
through mechanically actuated moving parts as is often associated with responsive architecture. For example,
in Faulders’ Mute Room, the technology of variation is not in the design process nor the tool, but in the
material itself (figures 8.2-8.3). Using memory foam, the soft and subtle curving surface develops pattern
and variation tracing the record of those that have touched, stepped, and laid down on the surface. In his
Deform house, while the pattern is fixed it continually moves across wall and ceiling surfaces as a continuous
visual field (figure 8.4). The direct transmission of the electronic drawing enabled Faulders to study the effect
of these patters at full-scale in plotted form (figure 8.5), while at the same time directly transmitting this
information for the precise digital fabrication of the pattern (figures 8.6-8.7).
This project was made possible through the precision and economy of pattern afforded by digital
fabrication, but the project itself is not about digital fabrication. Technology forms the bridge between a
designer’s intention and a user’s perceptual experience. This is particularly the case in his recently completed
project Air Space Tokyo. The project itself was divided between two designers, the primary Japanese architect
designing the very minimalist steel and glass house and photo studio who hired Faulders as the designer for
the patterned cladding system.
Of all the information that Faulders was given at the inception of the project, what stood out prominently
is the dense canopy of trees that occupied this site in an otherwise densely populated site in Tokyo (figure
8.8). The play of light and shadow through layers of branches became the guiding concept for the skin of
the building, not to represent the trees themselves, but the perceptual engagement of this variable pattern
in the 20 centimeter depth of skin that Faulders was given to work with. The compression of layering and
patterning was developed through a series of hand-cut physical models including large-scale models to
test the perceptual experience visible at larger scales (figures 8.9-8.10). Faulders recognized he needed
parametric tools to study the variation he desired. He collaborated with Sean Ahlquist who created the
parametric model for AirSpace Tokyo in the software Generative Components (figure 8.11). The parametric
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Figure 8.4.

Pattern is wrapped from wall to

ceiling including across skylight openings. Image courtesy
of Thom Faulders Studio.
Figure 8.5.

(above right) Evaluating plotted

patterns at full scale. Image courtesy of Thom Faulders
Figure 8.6.

(right) The same file for the plotted

pattern is used to directly fabricate the panels. Image
courtesy of Thom Faulders Studio.
Figure 8.7.

(lower right) Deform house

completed. Image courtesy of Thom Faulders Studio.
model formed a bridge between internally driven
intentions and externally driven constraints (figures
8.12-8.14). For Faulders, the initial physical study
models established:
What are your boundaries, what are your
possibilities, and then I think, one does at some
point need to start thinking in a more complex
[way]...because you’re inviting function and context
and viability and longevity and weather, just all
these things that one must deal with any ways. It’s
no longer just pattern.
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Figure 8.8.

One of few remaining groves of trees

that sit on this construction site in densely populated
Tokyo. Image courtesy of Thom Faulders Studio.
Figure 8.9.

Numerous physical study models were

created to study the effect of looking through a canopy of
trees. Image courtesy of Thom Faulders Studio.

The development of the parametric model
was teased out in the design process connecting
conception with execution, but was anything but
automatic:
Figure 8.10.
I mean this thing, there was so much digital and

Physical models were studied across

scales, including several full scale cardboard mock-ups.

computational work on this, but it does look like I

Image courtesy of Thom Faulders Studio.

just sit there and start sketching...but that certainly
was not the case. You know, it’s not like the computer can do this for you. You’re still in the driver’s seat. Does it
take you places that you couldn’t have gone? Yes. Do you discover things that I could have drawn this by hand,
but I didn’t? Had I drawn something by hand it probably would look different than this. It’s very similar to other
drawings, sketches, things that I’ve been thinking about, but it is digitally driven. I mean our final outcome is
because of the tool, no doubt.
Air Space Tokyo (figures 8.15-8.16) is an intriguing example of both concept-driven and tool-driven
developments, and a thoroughly collaborative enterprise. The conceptual drive to create a complexly layered
pattern of openings to simulate the perceptual field of a grove of trees was enabled by the tool-driven
expertise to systematically control and regulate a series of real world constraints pushing the design intentions
further still. Viewed from the inside out, the project itself is a curious mix between the minimalist Japanese
interior layout, and the completely unanticipated effects of the view from within as if looking through this
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Figure 8.11.

Generative Components parametric

Figure 8.12.

Overlay between CAD elevation

model identifies the explicit relationships from which the

and the parametric pattern to coordinate two different

graphic is generated. Image courtesy of Thom Faulders

construction systems. Image courtesy of Thom Faulders

Studio.

Studio.

Figure 8.13.

This graphic emphasizes the holes cut which illustrates a stark visual difference from the physical

study models despite the fact they are both generated from discrete holes. Image courtesy of Thom Faulders Studio.

Figure 8.14.

Final pattern from overlaying two different layers. Image courtesy of Thom Faulders Studio.

forested canopy through the blurred glass (figure 8.17).
The transmission of information enabled through digital tools enables Faulders to study his larger interest
in variable pattern and difference while at the same time integrate this with the real world constraints
required in the execution of built work. The parametric model for AirSpace Tokyo is a real-time conduit
which enables the evaluation of a desired visual appearance with the real world constraints necessary to its
execution. This required the transmission of information not only internally in the software, but through the
collaboration creating such project specific conduits requires. As Faulders’ recalls of this process,
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Figure 8.15.

Air Space Tokyo completed. Image
courtesy of Thom Faulders Studio.

Figure 8.17.

Blurring the lines between the

minimalist Japanese structure, designed by Japanese
architect Hajime Masubuchi of Studio M, with Faulders
facade is in the end, like looking through a canopy of
Figure 8.16.

Air Space Tokyo elevation detail.

trees. Image courtesy of Thom Faulders Studio.

Image courtesy of Thom Faulders Studio.
At first you think it can do more than it can. I mean we just think snap your finger and – it cannot do that.
And I’m constantly amazed since I’m not, first generation in it, I think, OK, let’s bring this person in, I’m sure it’s
all just going to fall into place. It does not at all.
The real power of the tools is the ability to mediate between intent and execution which requires
human discretion to evaluate and human expertise to construct that conduit in the first place. Through the
transmission of information, the two ends of that transmission need to be closely calibrated such that they can
understand each other, which is a connection formed in the design process itself. The transmissive patterns of
Faulders’ research practice form a bridge between design intent and a user’s perceptual experience enabled
through the technological transmission of information connecting conception and execution.
8.2.2 The Ripple Effect: Marble Fairbanks Architects
When Scott Marble began teaching the paperless studios at Columbia in the early 90’s, it wasn’t
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simply education that he was concerned with, but he saw the computer “as a tool that redefines the whole
discipline,” a position he still holds today. Marble adopts the term bootstrapping as “a small amount of
very strategically placed information that causes a rippling effect.” In their book of the same name, Marble
Fairbanks identifies the technical and social relationships of the term bootstrapping:
In colloquial social terms, bootstrapping refers to the ability of the disenfranchised to rise up despite dominant
power structures. In its more recent use as a technological term, it refers to hardwired circuits that enable
generative growth (i.e. the small amount of software hardwired into computers that allows the installation
of further software). For an architectural practice, bootstrapping suggests an approach that places renewed
significance on the discrete and specific material and organization decisions that are made within an expansive
and increasingly connected global context - a globalism in which the dominant tendencies of large institutions
overshadow the effect of the individual actions that collectively make up those institutions (Marble Fairbanks
2005: 8).
The direct connection between conception and execution afforded by digital fabrication is more than
simply a technical matter, but represents a reorganization of power for architects to take control of material
execution. In many of Marble Fairbanks Architects projects, minor elements of digital fabrication play out as
major effects in the architectural space such as the Sciuscia Restaurant and the recently completed Toni Stabile
Student Center. For example, the Sciuscia Restaurant, a project designed and constructed in a compressed
two month period, uses a series of powder-coated laser-cut aluminum perforated wall and ceiling panels that
integrate lighting, ventilation, and acoustical needs along with various ways the social space can be divided
through a series of sheer curtains (figures 8.18-8.20). Combining an accelerated construction schedule
with the intricate ceiling assembly required integrating design and construction reorganizing the standard
relationships between client, architect, and fabricator through the direct fabrication from the architect’s CAD
files. As Marble observes in these projects:
Anytime you do this you are taking risk, huge risk...In the most simplified way, it is about the relationship
between designers and fabricators. That is where there has to be some restructuring.
The real issue is not technological but the legally defined power relations which separate conception
from execution. As Marble emphasizes and reflects on design education,
I think the most important thing it is not about the tools. It is a positive thing that students have begun to
reengage with physical matter again, but it can’t be seen as a kind of nostalgic thing in the interest of making,
that is not what it is about. It really is about the reorganization of power...One of the more fundamental things
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Figure 8.18.

In addition to traditional construction plans and details, each individual panel is described including

the position of breaks and the pattern to be laser-cut directly from the MFA’s digital files. Image courtesy of Marble
Fairbanks Architects (MFA).

Figure 8.19.

Sciusscia Restaurant laser-cut ceiling

Figure 8.20.

Panels are closely coordinated to

panels integrated design and fabrication. Image courtesy

accommodate for geometry changes, lighting, HVAC, and

of MFA.

acoustical needs. Image courtesy of MFA.
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with digital technologies is it’s about communication. When design and fabrication merge into the common
language of digital information, then there is a whole new ability to communicate in different ways. It is about
communication. The ultimate example of that is the internet. The internet reorganized society, we need to
think in those terms, not just how we can make cool stuff. You have got to reorganize.
8.2.3 Managing Complexity / Managing Risk: SHoP Architects, Inc.
Bringing designer and fabricator together at the very conception of a project is an approach that SHoP
Architects has taken on the Zinc cladding of the Porterhouse Condominiums, their Camera Obscura or most
recently on the undulating brick façade of 290 Mulberry Street. Through this approach, real world constraints
become operative design criteria enabled by digital tools to manage risk and complexity through virtual
prototyping.
As not only the architects, but co-developers in the Porterhouse Condominiums completed in 2003,
they shared some of the financial risks in the project. In sharing this risk, they also garnered trust with the
developer to “do something with some iconic value, and do it for a price that was standard” according to
Chris Sharples, one of the four founding partners of
SHoP. There are several aspects to the way SHoP
was able to achieve this iconic value, such as the
ability to purchase the air rights of the neighboring
building to maximize the saleable condominiums
thereby balancing the pro-forma of the building
while at the same time giving it is iconic massing
appearance between old and new (figure 8.21).
Along with balancing financial viability and form
through this massing strategy, the most celebrated
feature of this building is its panelized skin. Through
bringing together fabricator, contractor and designer
early in the project process managing complexity
and managing risk become reciprocal processes.
Through this careful calibration between fabrication
constraints, the economic limits of the project, and
their desire for variation, the several hundred panels
used in the project could be reduced to 15 panel
types (figures 8.22-8.24). Because of the traditional

Figure 8.21.

boundaries between means and methods, design

Porterhouse Condominiums built on
top of existing masonry building.
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Figure 8.22.

The Zinc facade system is broken

Figure 8.23.

Construction

drawings

for

the

down into a family of related parts. Image courtesy of

Porterhouse identify each panel type, and coordinate

SHoP Architects, Inc.

each individual panel in an assembly sequence schedule
effecting means and methods. Image courtesy of SHoP
Architects, Inc.

Figure 8.24.

Each zinc panel is coordinated into panel types and their individual dimensions to be directly

fabricated by Maloya Laser in Long Island crossing the boundaries between conception and execution. Image courtesy
of SHoP Architects, Inc.
158

and construction, what might seem like something that should be standard practice is in fact a novel approach
with the architect integrating design, fabrication, and installation through the rigorous configuration of a
material system.
Although completed some two years after the Porterhouse, SHoP’s Camera Obscura was designed
around the same time as the Porterhouse as evidenced by the thorough assembly drawings in their influential
issue of Architectural Design, Versioning: Evolutionary Techniques in Architecture (SHoP 2002). This pavilionsized structure allowed SHoP to extend this rigorous configuration of material systems throughout the
entire structure through the virtual prototype of every element in the structure (figures 8.25-8.30). Sharples
distinguishes this project from the Porterhouse,
The camera was over 4000 pieces, everyone different, everyone fabricated off site, and brought together, so
that one was much more about coordination and directions. And what we really liked about that one, is the
builder really enjoyed the process. Why couldn’t all buildings go together like this?
SHoP is able to exploit the messy integration between design intent and the limits of material fabrication
by bringing the constraints of material execution into the design conception as operative design criteria
blurring the lines between design, fabrication, and assembly through the rigorous configuration of material
systems and assemblies afforded by digital means. To achieve this, Sharples highlights a central point:
The biggest tactical bridge that you have to make is the extraction process from the digital to the real. And
that is why here in the office we have the 3D printer and the laser cutter, that everyone who is working on
CD’s or working on the design has access to those pieces of equipment. Because they have to think about how
do I extract information from my virtual prototype into this first scale prototype. That to me is the first stage of
the actualization of the building process, what is interesting about that is it is not a representational process, its
an actual process. Whereas models and renderings are always seen as representational.
This shift from representation to actualization through digital means became the foundation of SHoP’s
practice beginning with their grounbreaking MoMA/P.S.1 installation “Dunescape” built in 2000. Although built
through traditional means stick by stick, the project was designed through animation software and constructed
by plotting full-scale color coded templates for direct fabrication anticipating digital fabrication before it
became a buzzword. Their innovation was not principally technological, part marks a cultural shift in the
architect’s role from representation to actualization. About half a decade prior to Dunescape, Sharples recalls
of his and his partners education at Columbia in the early to mid-90’s,
We all went to school with the understanding that architects design and they build things - they execute. When
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Figure 8.25.

Worm’s eye view of the virtual master

model for SHoP’s Camera Obscura. Image courtesy of
SHoP Architects, Inc.

Figure 8.28.

Sequence of assembly diagrams.
Image courtesy of SHoP Architects, Inc.

Figure 8.26.

From this master model, construction

is broken down into a series of prefabricated assemblies.
Image courtesy of SHoP Architects, Inc.

Figure 8.29.

Camera being assembled.

Image

courtesy of SHoP Architects, Inc.

Figure 8.27.

Construction documentation includes

schedules which identify each individual piece to be

Figure 8.30.

prefabricated. Image courtesy of SHoP Architects, Inc.
160

Completed Camera Obscura. Image
courtesy of SHoP Architects, Inc.

we went to school we found that is not exactly what they teach you. It didn’t come right away, but we noticed
we weren’t learning a lot about how to design and formulate that design in the built environment. But I am not
sure that this should be considered an academic problem, but learning techniques and new tools, I think that is an
academic problem.
Yet, even so, it is clear that when new tools and techniques are taught in education, they become
problematic if not tied back to the built environment. Sharples continues later in the interview,
When we were in school, and some people got a hold of the SGI’s, like Ed Keller, and suddenly it was more
about modelling and rendering - effects, all about rendering effects. People would come on reviews, like Peter
Eisenman, and he would be like: ‘how did you do this, would you like to come work in my office?’ We realized
everyone was being pulled in by the effects. Recently I was on a competition in China with someone from a
very large corporate firm - which I won’t mention - but he referred to the computer as something they pretty
much use for rendering. That is how people still see it. Its just rendering and drafting which is just another way
of not doing it by hand. So people are taking new equipment, and applying old practices.
SHoP’s practice is not simply about form, but the form of practice. The ways in which they are able
to manage complexity and risk flies in the face of the traditional boundaries separating conception from
execution which becomes reified when applying new tools to old practices. This is what Marshal McLuhan
referred to as looking in the rear-view mirror. Rather, McLuhan saw automation as synthesizing a unified
field of experience through information driving mechanism. Through this pairing of information with action,
McLuhan described automation as “a way of thinking, as much as it is a way of doing” (McLuhan 1994: 348-9).
Despite the unified field of experience connecting conception with execution, there is still resistance
to this the wave of technology by practitioners and students alike. In describing the process of the Camera
Obscura in a lecture, Sharples recalls a student standing up saying:
‘What you are telling me is the machines are taking over.’ And I said, ‘No, what I am telling you, is that we don’t
have to sit here nailing nails in with a hammer anymore.’ Because that is what construction is now, you are
basically controlled by a process, you can’t craft what you are trying to do. Architects and builders should work
together, and each should be feeding off of their experience and knowledge and crafting bringing back the spirit
of building.
SHoP echoes McLuhan’s unified field of experience by not resisting the mechanical paradigm, but adding
information to it, re-integrating a process that was lost in industrialization. While equipped with the latest
tools and technologies, Sharples looks back to Ruskin toward a digitally-enabled post-industrial craft:
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Ruskin always felt that the spirit of building was lost as a result of industrialization, the machine controls what
you do, and the speed of the machine controls your time, and so we are pretty much going full circle.
Coming full circle to a kind of post-industrial craft is enabled by the confluence of three integrated
factors in SHoP’s practice. First pre-fabrication through the precision of digital fabrication enables the rigorous
configuration of a variable material system enabled by, second, the ability to manage this complexity through
a dynamic three dimensional master model which enables not only the ability to manage these discrete
pieces, but the real-time modification of them in relation to other associated material systems, and finally, the
interoperability between software and models enables the distributed expertise of multiple players which in
turn effects the master model and production down the line. Accepting this interoperability is a new model
of practice in and of itself, as Sharples observes,
There was that period where we all thought that we had to work with the same software, then realized that
there were so many different problems, and so many different scales. And then you have CFD and parametric
opportunities, scripting, plug-ins and interoperability. We realized in the past 18 months, it’s all about
multiplicity: if you need that tool, grab that tool. Don’t learn everything about that tool - don’t become a wood
carver that can only work with one chisel - use it when you need it.

Now the issue is, how do you extend that

attitude with other people you are working with outside of the office? What this all collapses down to is the
idea of design space. What architects have to understand, is there first problem is defining what the problem
is. Then developing the criteria based on that problem - that is their envelope. And that envelope can change.
SHoP’s most recently completed project, 290 Mulberry Street, was literally shaped by the constrained
envelope they had to innovate with. Located in New York’s Little Italy neighborhood, local zoning laws
required a majority of masonry coverage, requiring SHoP to integrate their desire for facade variation within
a long historical trajectory of masonry building. The ways in which the brick’s unique material constraints
drove the exterior of this project foreshadows the ways in which advanced tools and technologies come to
be integrated with very traditional materials, means, and methods. Internal to the office, the project became
a test-bed for software interoperability with the fairly conventional building construction testing a complete
Building Information Model (BIM) through the software REVIT. At the same time, matching their design intent
with the particular constraints of the brick was tested out in nearly every conceivable contemporary software
package from parametric modeling in CATIA and Generative Components to Rhino and Rhino Scripting.
To make the requirement for brick coverage cost-effective, SHoP employed a unitized pre-cast concrete
wall panel which locks together the masonry coursing held together by a form-liner. While this established
the fabrication system, the undulation in the facade was conceived in relation to traditional brick corbelling.
These constraints identified the design problem, according to Sharples:
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The constraint of the brick molds was 3/4”
projection between each brick. This is where we
are learning our techniques through software, and
we are applying these techniques to solve real
problems or generate effects, and then you start
working with fabricators, and they tell you how their
equipment works and what techniques they use, so
you marry those two relationships together.
Further establishing the design criteria for the
facade were the external constraints of the zoning
envelope and the panel fabrication process. Panel
depth, and therefore the amount of total undulation
in the panel allowed, was a balance between the
percentage of exterior wall allowed to cantilever
over the property line maximizing the saleable
square footage while minimizing the incredible
weight of the exterior wall which effected the size
of the foundations spanning the subway tunnels
below (figure 8.31). As a masonry exterior building,
there are numerous dimensions to coordinate with
the brick coursing such as the column grid, floor to
floor heights, and window openings. Due to the

Figure 8.31.

pre-manufactured brick panels, SHoP employed

a highly constrained design space balancing allowable

an elegant economy of means to the mold making

extension over the property line, panel thickness and

process developing a family of wall types from one

therefore weight, and maximizing interior saleable square

master mold creating a cost-effective variable but

Degree of variation is established in

footage. Image courtesy of SHoP Architects, Inc.

modular system which maintains the dimensional
coordination of a simple brick (figure 8.33).
Despite this coordination, the fabrication of the panels themselves and the conveyance of this information
ultimately effected the shape of the wall from the constant variation of a continuous spline curve to the
constant slope of a straight line (figure 8.32-8.36). This is simply a result of the conveyance of information
as the spline and its associated complex surface could not be described point by point, and thereby remodeled by the fabricator. The change to constant slope meant the diamond shape surface could be plotted
at its critical points with a simple line connecting the dots. In interviewing Federico Negro, SHoP’s project
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Figure 8.32.

Despite an exhaustive R&D effort

with spline-based geometry, the panel geometry was
configured through straight segments which could be
accurately conveyed to the panel fabricators. Image
courtesy of SHoP Architects, Inc.

Figure 8.34.

Shop drawings from panel fabricator

develop from the master mold. Image courtesy of SHoP
Architects, Inc.

Figure 8.33.

Necessary

Economy:

each

prefabricated panel was developed from one master

Figure 8.35.

mold. Image courtesy of SHoP Architects, Inc.
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Prefabricated panels delivered on-site.
Image courtesy of Stuart M. Johnson.

manager for the facade, he conveys the challenges
of information exchange across multiple trades and
contracts:
You really have to look at things and say, well,
look the form-liner is the only person that you’re
really dealing with that has to have a really clear
understanding of this curvature. However, the
form-liner’s contract was held by the pre-caster’s
contract, which meant we didn’t get to write it. It
also means that the model that the form-liner
worked off of was a model that was preset and
defined not by us, but by the pre-caster. They had
to rebuild this whole model. This model was rebuilt
by three different entities.
These three different entities had to arrive at the
same answer. We were acting as the people that
said, yes, this is correct or, no, this is not correct. But

Figure 8.36.

we couldn’t really direct them that much...We’re

290

Mulberry

Street

under

construction.

sending out files for them to reference, but they’re
not going to fabricate off of it. They didn’t deal with
the same software that we were using.
Despite ambitions of interoperability, this is a clear example that there is not a closed loop in postindustrial interoperability. Consequently, the transformation of information and its particular medium of
translation has a very tangible impact on design. In the end, whether this is a failure of the process or simply
a part of the process is an open discussion. For Negro, he came to accept this as a better solution. Looking
back on the incredible research and development process across multiple software packages, Negro reflects:
Sometimes we get enamored with the idea of the software and being able to manage millions and millions of
points of information. Not to say it was not useful. It actually, it was useful because once we learned that we
could do it, we decided that it wasn’t what we wanted to do anyway, which was great. It was a great learning
experience because in the end you learned that just because you can do it doesn’t mean you should.
We found out in the end that it was actually the rebuilding of all of these models and different software that
165

got us to understand the geometry and to understand that all we needed was a simple elevation drawing in
AutoCAD to do the whole thing and that’s absolutely true.
There was enough complexity built-in, that I would say going through that whole process was really educational
in the sense that we were able to then see where all the complexity was and make really clear decisions on
every step of the way with saying, ‘This complexity is unnecessary so then we’re going to do it this way so it’s
manageable.’ It’s manageable complexity.
Negro’s comments reflect a maturing of the office through a critical reflection on the relationship
between the extensive formal possibilities with software and the real constraints not only of fabrication
technology, but the means of information exchange. But Negro generalizes his critical perspective in this
project through a shifting emphasis in the practice from direct digital fabrication to a more integrated and
nuanced relationship to technology:
One of the things that I, somebody who’s been on this project for three years now, one of the things that I
love the most about it is what I consider to be the digital part in all of this is embedded. What I mean by
that is that you mentioned Porter House. Porter House really is a direct to fabrication job because there the
construction material is very much the material that will be the finish material. This is the system and then
this is sort of the level that we were at 10 years ago, or however many years ago it was when that thing was
beginning to get designed.
But it really was about the sophistication that we had as architects at that time. Now, we’re talking about
something completely different. The piece of material that actually got milled, lets just say to give this a
relationship back to the digital process in terms of direct to fabrication, is the part that actually got tossed out
when it was done. It’s a form that is created to make the final form.
It creates the form-liner so it’s three steps removed from the final product. The final product still has all of the
craft of the form-lining process. It has a shipping process that includes going from Pennsylvania all the way to
Canada. It has the regular carpentry of building the form work around the form-liner in the precast-liner. And
it has, of course, there’s the setting of all the brick, which is done by hand. It has the grouting of all the seams,
which is done by hand. There’s about 800 bricks per panel so imagine grouting that.
That’s really the key and that’s really what was most interesting about this project to me. We really tried to
use technology as a cost-saving technology that opened up a possibility to do something that was unreachable
to us prior, but at no point do we want to say that this thing was made by the computer or anything like that
because it was part of a much larger process.
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Architectural practice is contingent upon the opportunities and constraints in any given project, such as
the requirement to use brick in the Mulberry Street project, and therefore, drawing any definitive trajectories
is in part, circumstantial. This only reinforces that the method of design matches the material execution. The
most effective image of practice that SHoP conveys is forming that tactical bridge between the digital and real
by discussing at the very inception of a design project what the material constraints and opportunities are
through conversation with the trades that will be involved in the ultimate execution of it, and thus forming
operative design criteria based upon these material and fabrication parameters. The shift from representation
to actualization that SHoP began with the Dunescape effects not simply the execution of built work, but the
very conception of architectural practice.
Looking back at all three research practices, Thom Faulders articulates the shift from representational
media to the transmissive digital medium bridging design intent and the user’s perceptual experience through
an active link between design geometry and material. As Faulders is clear to note, this link is actively formed
through the design process beginning with loose ideas becoming structured through material constraints
and design parameters. Noting the architect’s marginalization due to the separation between conception
and execution, Scott Marble draws the connection between technological and social change pulling-up the
architect from marginalization to one that is actively engaged in the reorganization between client, architect,
and fabricator. Of course, the accountability in this integrated role is risky business. SHoP Architects identifies
the reciprocal relationship between managing complexity and managing risk enabled through the tactical
bridge between the physical and the digital. In forming this bridge, material constraints become operative
design criteria through the active digital medium. Collectively, these research practices draw out the shift
from passive representation to an active engagement connecting conception and execution effecting not only
construction, but the very image of practice constructed through built-experience.
Through the direct connection between conception and execution afforded through digital fabrication,
a new genre of designer-led workshop practices is forming which bridges the 19th century workshop with
21st Century technology (Menking 2005). These hands-on physically and digitally engaged workshop practices
expand the boundaries of architectural practice while being challenged by the issue of scale due to this direct
connection.
8.2.4 Crafting Up: Point B design
The ability to negotiate and manage complex information chains through digital tools enables a scale
shift for what might otherwise be a very limited design-build workshop. This is exactly the case for a small
workshop practice named Point B in Philadelphia. With a total staff of between 3-7 people, walking into
the workshop is a curious mix between shop, design office, and extreme material curiosity made visible
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Figure 8.37.

Point B Design office with half-scale

Figure 8.38.

mock-up of Dantchik gallery as conference room.

Not your everyday design office, Point

B’s shop is an extension of their design office.

by numerous physical models, scale prototypes, and material experiments (figures 8.37-8.38). John Shields,
founding principal of Point B, had worked in both a large corporate office in Chicago for three years and then
a small design-build firm in the late 1980’s and early ‘90’s. Through these polar extremes of design practices,
he witnessed what he sees as “the chop up” of design practice splintered into discrete fields from design,
engineering, and construction management in particular. What drove that, as Shields recalls, was simply fear
of liability giving up domain over design through not accepting risk and accountability. As Shields recalls of this
chop up,
What I view of that is a mislay of opportunity of building up that body of knowledge, in that nobody focused on
what we do as designers, and nobody focused on how to use the tools in a way that made better buildings.
Consequently, Shields began Point B as a small design-build practice totally integrated from design to
construction. However, like many such practices, they were highly limited to the scope of projects they could
execute limiting their built work to bathroom and kitchen remodels. What does carry over from those
beginnings is the physical workshop space of that practice, which is a critical component to how they have
appropriated contemporary digital tools. In our four hour conversation, Shields acknowledges the atypical
nature of their work space, observing “nobody sits in a room like this.” As a stark contrast to computer labs
or even the glossy veneer of many corporate design offices only amplified with the shift to computers, the
messy vitality of Point B’s space fosters material experimentation and prototyping creating a tangible effect on
both those that work for him as well as his clientele,
I believe as a target for our designs, that material as an object in context affect people psychologically and
when you are occupying those objects as architectural space, they affect you that much more. I have always
believed in that. So as a design objective to get to there, an environment like this enables you to test at full
scale, in real time....the idea is the informality of this place, and the informality of the people involved in this
space as well, is a reflection of how much real life plays in to our design...its all about life, living, and affecting
168

lives in a positive way hopefully. So it is very tangible and physical.
Consequently, the way he has appropriated the most advanced digital tools, such as the parametric
program Generative Components on the Dantchik residence, their largest commission to date, is completely
tied to material systems while leveraging an increased scale in their practice. In contrast to their material
practice, I asked Shields what the digital brings to their practice. As if baffled by the simplicity of the question,
he responds:
What does the digital bring to us? Oh my God. For me, who can’t say anything in one sentence, here it is: for
evolution to occur you need a long delta t, or a million iterations. So what it has done for us, is compress the
time. You have the opportunity to do all of the context analysis at a much quicker pace, also the repercussions
of digital fabrication to be able to produce multiple physical responsive tools - it’s all about getting some
response. In fact, Ali Malikowi at Penn, spoke with Branko [Kolarevic], I loved his statement, in the context of all
of these amazing tools and performance modelers, in the end, it is to convince yourself. Half the time when
you make shit there is the borderline between raw subjectivity or sculpting and actually composing something
by using those digital tools. Because you can model in time and forward, we can study lines of predictability
because we want to know how things are behaving, materially. It falls back to the material side, honestly, so that
is the linkage... In the end, you could make the statement that the digital only enables us to study our materials
better. It could be that simple, because we compose the materials, the tools don’t.
Confirming the tactical bridge between the digital and physical that Chris Sharples emphasized, the
physical environment of Point B’s workshop environment encourages physical experimentation and
prototypes, such as the half-scale prototype of the Dantchik residence from hollow-core doors which became
the office conference room. Through the Dantchik residence, Shields exemplifies how the connection
between conception and execution afforded through the contemporary digital tool-set enables a social
bootstrapping pulling-up Point B’s small workshop practice into a globally engaged practice. Point B employed
the parametric modeling tool Generative Components beginning with the logic of a basic material system
or primitive state model, as Shields refers to it (figures 8.39-8.40). Through this primitive, they are able to
quickly test a series of alternatives and quickly evaluate numerous iterations through their own subjective
discretion and judgement as well as more quantifiable data such as solar radiation and structural consultation
with engineers. This primitive state front loads their design process bringing material systems earlier into the
conceptual stage giving design flexibility through parametric control, and at the same time further control
down stream through further control of purlin dimensions and spacing of the roof framing to variables in
the slab dimensions as they relate to the primary structure (figures 8.41-8.42). Simply put, the material logic
drives the parametric system.
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Figure 8.41.

From the primitive type, variation of

Image courtesy of Point B
Design.

Figure 8.42.
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along a law curve. Image courtesy of Point B Design.

parameters. Image courtesy of Point B Design.

Figure 8.43.

Primary steel structure is prefabricated

Figure 8.44.

including test assembly inside a Chinese factory. Image
courtesy of Point B Design.
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Straight wood framing constructed
on-site. Image courtesy of Point B Design.

Front loading the design process enabled by the capabilities of these tools also means bringing an
increased level of expertise earlier in the project’s design process necessitated by the liability that is opened
up through this fluidity from conception to execution. On the Dantchick gallery, Shields collaborated with
Front Inc, now one of the premiere design consultancies on complex cladding systems. The small size of
the residence allowed Front to test the waters with a closer synthesis between primary structure and the
building envelope by prefabricating these integrated systems in China (figures 8.43-8.44). The tight integration
between material systems and parametric control enabled Point B to leverage scale in a way that direct
fabrication never could, while opening doors to a global practice through the ability to manage complexity
and risk.
8.3 Workshop Practices
Since I met with Point B, they have expanded their traditional workshop with a CNC router and with
this purchase expanded their business plan with a fabrication arm and consultancy. The relative affordability
of CAM along with the close integration of digital tools and the geometric complexity they enable is opening
up a whole new genre of workshop practices bridging the role between design office, design consultancy,
and fabrication shop. Associated Fabrication and Situ Studio, both located in Brooklyn, New York, are full
fledged workshop practices, whereas designtoproduction, located in Zurich, Switzerland, operates as a digital
fabrication consultancy on large geometrically complex projects. In each case they are quite clear that digital
fabrication is their market opportunity. In the case of Associated Fabrication and Situ Studio, while the
productivity of the CNC router makes their business solvent, their ambitions are to develop their own design
practice enabled through their access to these tools. In all three cases, despite their intentions to work more
closely with architects in the design process, the separation between conception and execution is illustrated
by the fact these workshop practices are more often than not hired by contractors and fabricators.
8.3.1 Re-Imagining Production: Associated Fabrication
The four founders of Associated Fabrication, all graduates of Columbia’s Graduate School of Architecture
in 2005, also began their design firm 4-Pli just after forming Associated Fabrication. When I first met with
Jeffrey Taras in Oct. 2006, the company was just barely one year old, and struggling to pay their two employees
and pay their rent let alone themselves. Their design office was literally in their shop (figure 8.45) making clear
how their design ambitions piggy back onto Associated Fabrication:
We figured we couldn’t make enough money just doing our own design work but we could make money if we
bought this tool. Associated Fabrication as a business entity started first and it was a very conscious decision
so that that would subsidize us doing our own work because we would have the tool and we could use it but
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Figure 8.45.

Associated Fabrication and their design office, 4-Pli, indicated in the dashed circle (when I visited
two years later, they had moved their design office upstairs).

basically other people more or less would be paying for it and we could use it when other people weren’t.
With this connection to this particular mode of fabrication, their early design opportunities were also
closely tied to the tool both economically and aesthetically designing with this tool in mind. Taras continues
with what this access does for them as a design entity:
I would say it’s greatly influenced the projects that we’ve done. Everything we do is kind of designed with that
tool in mind. I mean from the very outset, it’s like, ‘Well, we’re gonna use that.’ So our furniture looks a certain
way. The architecture looks a certain way. We haven’t been as experimental as we would like to be, mostly
because we’ve been just trying to do work for other people to make money and so we’re really trying now to
get to that point where we actually can be more kind of playful and like see what the thing can do. I can see a
day where it’s just another tool that we have and we may use it a lot. We may do projects where it doesn’t get
used that much but I mean it’s a big investment. I think once you have it, it’s hard to not design with the thing
in mind.
Taras was introduced to digital fabrication, in principle, while a student at Columbia though he never
had access to the tools. Right out of school, their first commission for the restaurant Little Giant was made
possible through their nascent knowledge of digital fabrication. The chairs, tables, bar and wall of wine racks
for the restaurant were designed to be cut on the CNC mill, fabricated, and then assembled on site, giving this
community restaurant a distinctive character while making the project economically viable (figure 8.46). Two
years later, when I met with Taras again, Associated Fabrication had received local notoriety as well as being
identified in Architectural Record, the primary trade magazine for architects in the United States (Sokol 2007).
During this period, Associated had become much more economically viable and expanded its staff and design
office into a second story accessed by a derelict stair, and expanded with a new piece of machinery, a large
scale platen former for forming large sheets of Corian over CNC milled frames and molds. While it could be
said that their initial success with Associated Fabrication limited their design opportunities with 4-Pli, the reality
of the national recession in full swing when I visited two years later meant the converse was also true. Like
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many their design work dried up, but their fabrication
work kept them afloat in very challenging economic
times. If this is about new modes of practice,
economic viability is a very real concern.
Their work continues to be what Taras describes
as “really big furniture” while the projects they
are able to undertake have doubled or tripled in
value. On the Cirrus series for Zaha Hadid, their
material palette had become more sophisticated
including more sophisticated joinery and the jigs
necessary to make these larger free form pieces

Figure 8.46.

(figures 8.47-8.50). With this project, there is nothing

of Little Giant were designed to be fabricated off-site

innovative about its construction technique. In

and assembled by the design team making their design

speaking with Taras, one thing is noticeably clear:

economically viable.

The interior fit-out and furnishings

architects are often poorly informed about these

Image courtesy of Associated
Fabrication.

fabrication techniques and what it takes - and costs - to make such things feasible. With the Hadid Cirrus
project, a different fabricator had worked for two months on it and still couldn’t figure out how to do it, giving
Associated a very limited amount of time to figure out how to build it.
Often architects are far less experienced or knowledgeable about what this process entails. For example,
Taras will get email inquiries from architects with nothing other than a rendering attached wanting to know
how much it will cost. The irony in this question is that to come to an accurate price, the entire construction
needs to be designed and rethought, as it was not something the architect considered. To do this, then,
requires the full development of an accurate virtual prototype and any necessary physical prototypes along
the way. As Taras observes,
I think the architect gets to a form and all they really care about is the form and so we have to figure out how
to produce that form with the limitations that we have. Our kind of like shop drawing phase is the phase of
re-imagining for our means of production basically...most of the things we do are really one-offs and so we need
to figure out [how] to do it before we do it and then we charge them for that.
This reflects the architect’s lack of knowledge in realizing complex forms, and inversely, it reveals the
slow accumulation of knowledge and experience that becomes embodied through the workshop practice of
Associated Fabrication. More than just a production shop, the development of knowledge in these workshop
practices connects design with the anticipation of construction which is still a form of design work that is as
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Figure 8.47.

Assembled section of Zaha Hadid’s
Cirrus with assembly jig in background.

Figure 8.49.

Gallery installation of the Cirrus.
Image courtesy of Associated Fabrication.

Figure 8.50.

Gallery installation of the Cirrus.
Image courtesy of Associated Fabrication.

Figure 8.48.

While essentially large furniture, the

piece is larger enough to require being broken down
into smaller sections to be shipped and assembled in its
gallery setting.
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Figure 8.51.

Bus shelter benches for the 2010

Winter Olympics. Thermo-formed Corian over CNC

Figure 8.52.

Thermo-formed

CNC plywood molds.

plywood frame assembly. Image courtesy of Associated

Corian

over

Image courtesy of Associated
Fabrication.

Fabrication.
much intellectual labor as it is physical production. This experience has led them to new materials and their
associated tools, such as their newly purchased platen former which can form 1” thick Corian over molds.
This also points to their growing sophistication of tool use which doesn’t jettison their initial investment in
tools and material techniques designing with the CNC router in mind, but rather, builds upon this allowing
those techniques to be the jigs and molds for new material techniques as can be seen in some of their recent
work (figures 8.51-8.52). Beyond these new tools and materials, it is their investment in their own intellectual
capital that has allowed them to make the scale shift in their work:
The projects that are getting outside of furniture scale are going to be that kind of thing where part of it is
our fabrication knowledge, part of it is just our sensibility being architects and part of it is just our experience
dealing with digital data and managing it and kind of moving it around and getting stuff made out of it. On
some level, we become like a facilitator, like a data manager. I think there’s more things like that that we’re
getting to.
8.3.2 Model Fabrications: Situ Studio
The workshop practice of Situ Studio develops along very similar lines as Associated Fabrication, with the
noted exception that the five founders of Situ Studio came out of Cooper Union, a school with a noticeably
different design culture than Columbia. While finishing their education at Cooper Union, Situ Studio began in
2005 as a collaborative design space and workshop in the Cooper tradition balancing the drawing room with
the hands-on experience of making (figure 8.53). Wes Rozen, one of the founding partners of Situ Studio
recalls of Cooper,
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Figure 8.53.

Situ Studio: between the shop and the drawing room. Shop as laboratory shown here, and through
the door to the right is the open design office.

Is how much encouragement there is to spend time in shop and the discussion around craft and intention to
how things are put together, the tectonics of materials. How things come together as a core of how we go
about architecture. It is somewhat old school now, they are still tied to standard wood working tools, and even
drawing. It is changing now, but somewhat reluctantly. Certainly making things is key.
Further supported by partner Bradley Samuels,
There is always this anticipation with whatever you are drawing, ‘how am I going to build this?’ How am I
going to make the model of it, and not only how am I going to make the model of it, but you are often asked
to do things in full scale, so you can’t go too far in studios in that school, without the consideration of the
physicalization of your ideas.
This perspective became the beginnings of Situ Studio growing into their space and their company,
purchasing tools as jobs allowed. Despite the anti-digital sentiment both Rozen and Samuels recall of
their Cooper education, they purchased a basic CNC router similar to what many schools have, but
considerably less industrial (and costly) than the router at Associated Fabrication. This more limited form of
capital investment mirrors their desire to not be tied to production, but operate as design and fabrication
consultants. According to Rozen,
We are starting to work with a lot of other CNC shops, shops with bigger machines on a more industrial scale,
and finding ourselves working more as consultants. It doesn’t make sense for us to drop hundreds of thousands
on tools that we aren’t going to run all the time anyhow. While we enjoy making things, and definitely keen on
digital fabrication, we have other interests. We are trained as architects and plan on moving more and more to
our own design and research projects, and the digital fabrication will be very much a part of how we do what
we do, and how we collaborate and interact with the architecture world.
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In a short period of time, Situ Studio has made inroads into a number of high profile architectural firms
through making geometrically complex architectural models for these firms, something that is profitable for
them but does not match their ambition as designers and fabricators. They refer to these as “service projects”
as opposed to those projects that develop from within their own design office or as design consultants for
other firms. However, constructing the complex geometries of these architectural models introduced them
to both new digital software techniques as well as rapid prototyping, laser cutting, and CNC routing which
has enabled them to position themselves as consultants on full-scale work. The profitability of these “service
projects” allows them to experiment in their own design work, and at the same time, they are savvy enough
to realize that these model making projects have opened doors to a diverse range of notable architecture
firms from Peter Eisenman to SOM, just as the founding partners of Situ Studio were coming out of school.
Through this exposure, they are beginning to realize more ambitious fabrication projects.
Their first opportunity on a full-scale architectural commission was underway when I met with them
in December 2007. The project, completed in Summer of 2009, was for the interior entry lobby for One
Jackson Square, in New York City, a major condominium development designed by Kohn Pederson Fox (KPF).
Situ Studio was hired by KPF as fabrication consultants for the design of a laminated wooden canyon in the
entry lobby. This collaborative process included milling several material studies in their shop, fabricating a full
scale prototype as a kind of demonstration, and the complete digital documentation of the files for fabrication
(figures 8. 54-8.56 ). However, unlike Associated Fabrication, Situ Studio was only interested in taking the
actual construction to the prototype stage while they managed the production of the project fully functioning
as consultants from design to construction management (figures 8.57-8.59). As Rozen describes:
[This] is a good example that we don’t want to do the construction, of course we could have our router running
for one month, but we have other things we want to do. It is a good example of prototypes that come out of
our office, and fabricating as a way of demonstrating to the client, and then to begin a relationship with a larger
shop to do the fabrication. These tools have been around for a long time, just not necessarily used for these
applications. So we are going to help oversee that process because they are normally just making cabinets
with this crazy beautiful machine.
As a business model still being tested out, their “service work” continues to keep the firm solvent while
they continue their own design work enabled through digital fabrication. With the recent completion of
One Jackson Square, time will tell how their role as a fabrication consultancy will prosper. Nonetheless, this
delivery method marks an interesting middle ground between a workshop practice and a design consultancy.
In both the workshop practices of Associated Fabrication and Situ Studio, there is a clear scale threshold that
is difficult to cross due to the limits of the tools they are working with as well as their working knowledge
of the most advanced computational tools. Designtoproduction operates on a completely different scale of
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Figure 8.55.

Material

studies

with

different

plywoods and grain orientation. Image courtesy of
SituStudio.

Figure 8.54.

Full-scale mock-up fabricated by

Figure 8.56.

SituStudio. Image courtesy of Situ Studio.

Figure 8.57.

Cut sheets of profiles to be laminated,

and then surfaced again. Image courtesy of Situ Studio.

Shop fabrication by others, with individual profiles at left and lamination at right. Image courtesy
of Situ Studio.

Figure 8.58.

Completed panel. Image courtesy of

Figure 8.59.

Situ Studio.
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Exterior of lobby. Image courtesy of
Situ Studio.

production. Without an actual fabrication shop they are not tied to the constraints of their own tools while
the practice is enabled by the computational expertise of cofounder Fabien Scheurer.
8.3.3 Optimizing Fabrication: designtoproduction
Designtoproduction operates as a specialized conduit between the most advanced and daring
contemporary architects with the most sophisticated industrial fabrication shops neither of which have the
computational expertise to organize, optimize and materialize the code to fabricate the thousands of discrete
pieces these designs require. Although designtoproduction is not a workshop practice as is Associated
Fabrication and Situ Studio, it did begin in earnest as a research group at the ETH in Zurich with several
hands-on design-build projects. As evidenced in the Swissbau pavilion in 2005, Scheurer has ties to the
sophisticated craft within Swiss industry employing a 5-axis CNC router and friction fit bow-tie joints (figures
8.60-8.61). In these design-build projects, the design process was inverted taking the students to the end of
the chain showing them the machine and the material they had at their disposal on the very first day. The
knowledge of material and fabrication processes is necessary from the very beginning, if, as Scheurer notes,
the project was to be completed on time and on budget. Although the students were familiar with laser
cutting, it was their first exposure to industrial digital fabrication. The interesting thing, as Scheurer recalls of
this experience,
Is really to take the students out to the fabricators to actually talk to the guys in the sawmills who have a
completely different perception of the world and get them into a dialogue in a way, which is really interesting
because they just - they stand there and say, ‘No, we can’t do that,’ and then they are able to explain why
because the stick is too long for the machine or there is only a certain style of wooden beams available on the
market, for example. How would you know? And all those little constraints come in on a 1:1 scale.

Figure 8.60.

Swissbau Pavilion (2005).

Image

courtesy of designtorproduction (DtP).

Figure 8.61.

The compound miter joints through

the 5-axis CNC router with bow-tie joints. Image courtesy
of DtP.
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While Scheurer is able to bring in this back-end and its associated tolerances, constraints, and fabrication
logistics into a unique pedagogical process in a small design-build project, on the large geometrically complex
projects he works on designed by architects from UN Studio, Renzo Piano, Zaha Hadid, or most recently
his work with Shigeru Ban, these types of issues are not even considered until the project moves into
construction illustrating the clear separation between conception and execution:
In most of the cases where this fabrication [is] actually done, we’re hired by either the fabricator or by the
general contractor and not by the architect. Simply because when the architect is in the process, digital
fabrication is not yet that issue. This is mainly a problem of the process itself.
There’s a straight cut between the design phase and the building phase, which means that there’s no
information coming from the backend of the process up the chain and informing the design process, which
is a shame I have to say...Mostly because the architects don’t have any budget to play with in the first place.
Sometimes, and I don’t want to be rude, but some of them are straightforward ignorant.
Similar to the lack of professional knowledge Taras has experienced at Associated Fabrication, Scheurer
notes similar experiences, paraphrasing an email by a large European office: “’This is the model of an outdoor
sculpture we designed. We have no idea if we should build it in aluminum, wood, steel, fiberglass, carbon fiber,
whatever. But you know everything so could you just give us an offer, put a price tag on this.’ ” For Scheurer
to do this, he has to essentially redesign the design proposal for fabrication which is the extensive work effort
that Scheurer is paid for in the first place. Scheurer summarizes,
In easy terms of economics, either you do it and save the money, or you source it out and pay for it. That’s the
thing that hasn’t arrived in all the brains.
The issue here is not simply the economics of paying for this expertise, but the material feedback
necessary in the design process. For example, designtoproduction played a pivotal role in the execution
of the timber gridshell in Shigeru Ban’s Pompidou Metz (figure 8.62). While hired by the timber fabricator,
Scheurer’s involvement cuts across the surface geometry, the intricate material constraints of each compound
curved timber element, and the craft knowledge of the Swiss timber fabricators. His experience on this
intensive three month development process gives Scheurer a unique perspective on the gaps of knowledge
within the design process, industrial fabrication, and the role of workmanship. Scheurer was given a 3D mesh
of the surface which is not useable for fabrication, requiring him to develop a custom dynamic relaxation
script to generate a NURBS surface from the 3D mesh. From the continuity of curvature in this base surface,
a rigorous and sequential process developed the gridshell laths including the segmentation of these into
fabricatable sections (figures 8.63-8.66). There were over 1,800 unique pieces totaling 11 miles of custom
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Figure 8.62.

While architect Shigeru Ban is well known for his attention to materiality, his design for the Pompidou

in Metz, France, took an uncharacteristic leap from the formal simplicity of his previous projects. Image last accessed
from http://www.centrepompidou-metz.fr/site/?espace-presse on May 6, 2010.
fabricated glulam beams with each continuous lath segmented in a way that could be fabricated, transported,
and installed on-site (figures 8.70-8.74). Each glulam lath is nominally a 6” x 18” glulam, developed over the
complex surface in a four-layer gridshell and joined by a unique pin at each intersection (figure 8.69). “The
trick,” as Scheurer describes, “if you have a curved beam inside a straight blank, you’re cutting the fiber and if
you cut the fiber at an angle of more than five degrees, the deeper you cut the fiber, the weaker the girder
gets.” So Scheurer wrote a custom Rhinoceros plug-in with nearly 20 different variables to segment the
beams taking into account the blank type of glulam stock (straight, curved, or doubly curved), segment length,
where the lengths are segmented, and analyzing the given solution to stay under the maximum five degree cut
angle to maintain the structural integrity of the wood fibers (figures 8.67-8.68). The plug-in did not automate
a single optimized solution, but gave discretion to the timber fabricator allowing him to explore possibilities
and potential scenarios for segmentation and to manage each discrete piece. Scheurer summarizes,
That was the interesting point here that, actually, we had a combined process of craft knowledge and tools that
accelerate the actual construction of the thing.
The shear scale, complexity, and precision within this process raises some serious questions about the
nature of this production and how much of this back-end, should be brought to the front-end of design. Is
this an expertise that an architect should know? Scheurer is slowly accumulating knowledge and experience
with each project and new scenario thrown his way, beginning with the early design-build academic research
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projects to the many complex projects they have
taken on since opening designtoproduction in
2006. While not a workshop practice such as
Associated Fabrication or Situ Studio, the intent of
forming a bridge between design and construction
is very much their market opportunity. In some
sense, not having direct access to the tools keeps
designtoproduction aligned with the experts in
industry:
Figure 8.63.
We would be completely lost without the

Rigorous re-modelling of gridshell

geometry beginning with rails swept through surface

fabrication experts because we don’t have a

normals at intersection. Image courtesy of DtP.

workshop. We don’t have the expertise in how
to deal with it. The only thing we do is sit down
with the fabricators and talk to them and sit down
with the engineers and the architects sometimes
and talk to them and try to match the ideas in a
way. And, of course, the expertise is growing from
project to project. We are on the second Shigeru
Ban thing now and there were a lot of questions
I didn’t have to ask a second time. In the second
project, we went in four weeks, the whole way, what

Figure 8.64.

Nominally 6”x18” glulam girders

developed from railings. Image courtesy of DtP.

took us three months in the first project, in terms
of programming and actually planning. Because, of
course, we can reuse the knowledge and we can
reuse part of the programming anyway. So it is, of
course, about knowledge.
Through this accumulation of knowledge and
their role as a bridge in the current knowledge gap,
Scheurer describes the role of designtoproduction
as an abstract factory. The operation of
designtoproduction viewed as an abstract factory

Figure 8.65.

enables them to bridge this knowledge gap by

to aid the craftsmen in the accurate segmentation of each

providing a general class of material, fabrication and

gridshell timber taking into account some 20 variables.

logistics expertise to feedback into the particulars

A custom Rhino Plug-in was created

Image courtesy of DtP.
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Figure 8.66.

Figure 8.67.

Digital master model of Pompidou Metz gridshell. Image courtesy of DtP.

A custom designed Rhino Plug-

Figure 8.68.

Illustration showing unique members

In aids the timber craftsmen in the segmentation and

inside of straight planks, which each blank itself is a

optimization of each unique shape within a glulam blank

unique size optimized for the member to be fabricated

which can be straight (left), single curved (middle), or

from the blank. Image courtesy of DtP.

doubly curved (right). Image courtesy of DtP.
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Figure 8.69.

Hardwood plug which connects to its

nearest neighbor, with hole for steel pin through all four
layers. Image courtesy of DtP.

Figure 8.70.

Production runs of glulam timbers

Figure 8.71.

5-axis

timber

mill

fabricating

showing plugs and steel pinned spline joint between

compound girder from straight glulam blank. Image

members. Image courtesy of DtP.

courtesy of DtP.

Figure 8.72.

Gridshell installation with steel pins through four layers and metal standoffs for roofing application.
Last accessed from http://www.flickr.com/photos/johannjm/3624716976/sizes/l/ on May 6, 2010.
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of a design problem, before the design itself becomes fixed over time. Through the combination of craftbased knowledge enabled through custom software-based tools, designtoproduction is able to break the
scale threshold necessary to realize these complex projects. In their realization of complex projects, Scheurer
offers his most cunning criticism of architects that simply want to eschew the realities of construction:
The complexity is not taken away from the designer just because there’s a tool. It’s more the other way around.
The more sophisticated the tools are, the more complexity the designers can handle. But once the complexity
is in the project, it doesn’t go away anymore. You have to drag it down the whole way until the fabrication. So
the less complex the project is in the first place, the easier it is to get it done at the end. If you put in the
complexity at the beginning, you have to find a way of how to deal with it until the very end.
Bridging this connection between design and fabricator is exactly what Scheurer intends to do as an
abstract factory, but the primary issue, as Scheurer affirms, is in the industry itself,
In the first place, the process and the thinking has to change...The quality of the outcome can be much higher if
the form, the shape, the design and the materiality match in a way.
8.4 From the Abstract Factory to the Abstract Workshop
Scheurer’s image of the abstract factory exemplified by the combination of craft knowledge with
industrial software-based tool development for projects such as the gridshell for the Pompidou Metz
demonstrates the extraordinary expertise and efforts in the realization of such projects that certainly goes
far beyond that which is expected in design education. Nonetheless, the ability to generalize the abstract
relationships from the particulars of a situation is a pedagogical opportunity. If digital fabrication is that piece
of strategically placed information that enables a ripple effect, then what is the position of these tools in design
education and what ripple effects might one anticipate? For all the professional bootstrapping that Scott
Marble is looking for to reorganize the industry, he poses,
One of the questions I still ask myself is, do we really need the tools? Honestly my answer is no. To get at
the most important issues surrounding this, the tools are absolutely not necessary. I think they are useful,
but only in a tangential way...In my opinion what is driving the real shift to progress in manufacturing is being
driven by the profession. The schools are way behind. Part of that is just logistics. Schools can’t deal with the
infrastructure that is necessary to do this. So schools’ positions are maybe to theorize it, and not get away from
making, but to theorize practice more through these tools, as opposed to being just technicians that know how
to use these tools... Part of it is, that when you do have the tools there, they become the focus. So I start to
seem them as a distraction to the discourse and the discourse is more important than the tools. This is why
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you need to be very careful with them, I think.
In my interview with Greg Lynn, he voiced the very same concern of the lack of a strong intellectual and
theoretical discourse in the profession, criticizing that so much of the discourse today is purely vocational
discourse “just making shapes, and talking about justifying shapes.” In this, I too realized, that in fact the tools
themselves could prolong the non-intellectual basis of the discourse, in which Lynn responds:
It’s true. The novelty of the tools could prolong the fact that there is no discourse. It is funny, that is why I like
so much, say, a naval architect doesn’t think a CNC mill is a big deal. They know they are necessary, but they
know that it facilitates all kinds of other things that are important to their field. But they don’t fetishize the tool,
or they don’t explain their work by the tool: ‘oh well, this boat has a CNC milled plug, rather than a laser cut...’
They do understand that all of these techniques are important, but that they are only important to the extent
that it contributes to their medium of design and their aesthetic discourse and technical discourse and all of
that stuff.
No doubt the direct access to digital fabrication has opened a renewed interest in pursuing architecture
as a workshop practice. These hands-on material design practices are indeed liberated by the precision,
speed, and variation within digital fabrication, and yet at the same time continually bump into a scale threshold
limiting the work to unique features within a larger architectural framework. While this genre of workshop
practice is an open opportunity and desirable for many hands-on architects, to cast these tools solely under
the purview of design-build practices does not capture the full disciplinary and pedagogical implication of
these tools. Through the integration of technology within SHoP’s practice, from the direct fabrication of
the Porter House to the distributed approach in Mulberry Street, the intellectual development of those in
practice reflects back on design education. In my roundtable interview with five of some of the best young
staff at SHoP, they were critical of design education. In speaking about digital fabrication in particular, Steve
Sanderson, then the Director of Technology Research at SHoP, critiques the direct fabrication approach
common in design education:
The idea that, as a young architect, getting out of school you understand how the mill operates so the next
logical thing to do is to go buy one, and open a fabrication shop. Which fine, there is certainly some value in
that, but at the same time, I feel that if that is all you are learning through these tools, then you are missing the
whole point - again the larger engagement with ALL of the people involved in the process. I think the emphasis
in schools seems to be much more about mastering or understanding the tools so you can do it yourself. Its
not about what you need to do to in order to have it outsourced, that is the interesting part. What changes,
as an architect, when you are no longer in direct control over the information that is going to make your thing?
You have to transfer what you are doing into what someone else can use. That whole process is an interesting
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challenge, and should be taken up more in the academy.
At the same time, Federico Negro, who himself participated as a student in The Design Workshop, a
design-build studio at Parsons, counters Sanderson,
I definitely think putting yourself into the position of the fabricator, maybe for one studio, to understand the
other side, is completely valid. However, to focus it all on these technologies, we are talking about two or three
technologies over and over and over again, I think misses the point. It gets back to what we were talking about
earlier - the scalability of the concepts that are learned through it. My issue would be why is this being called
digital fabrication at all, why aren’t we talking about ‘digital information management’, whatever it is. If it is
about integrated project delivery, and if it is about getting from here to here - here is the idea and here is the
product whatever that product may be - we are going to have sit around with a bunch of different people. That
one specific CNC mill? Well that could be like .01% of the whole process. Its the scalability of concepts that
matters.
8.5 From the Literal to the Abstract Workshop
My central argument for the abstract workshop is not to avoid the direct physical contact with materials
and fabrication, but to challenge the larger disciplinary strategies and opportunities they represent such
as the transfer of information and the scalability of concepts. As the best abstractions are drawn from
real world experiences, lest they be too abstract, immersing oneself in the literal workshop is a critical
step in the development of the abstract workshop. The pedagogical opportunities of working at full scale
through installations and design-build studios afforded by digital fabrication opens up many issues beyond
the tools themselves, such as the collaborative process of design, the contingencies of material constraints
and assemblies, as well as the transfer of information from the digital to the physical and the physical to the
digital. The challenge and opportunity in these projects is to engage the students in an on-going dialogue that
captures the disciplinary issues beyond the instrumentality of the full-scale production itself.
Through this, students may expand their own habits of use with the tools at their immediate disposal,
such as the laser cutter. The scaleability of 2D cutting, from laser cutting chipboard to laser cutting or waterjet cutting large sheets of steel, is an opportunity to anticipate the fabrication of actual construction while
working at smaller scales. In this sense, the architectural model becomes a prototype demonstrating the
rigorous configuration of a material system. As such, it can act as a test of construction or as a simulation of
fabrication and assemblies rather than a representation of form. When SHoP was asked to exhibit the model
of their Camera Obscura, for example, because it was developed as a complete virtual prototype identifying
each discrete piece for fabrication, the physical model was able to be laser cut at a smaller scale from the
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full scale fabrication files, and then quickly assembled as a scaled prototype of the actual construction. The
work associated with this construction is not only in the assembly itself, but primarily in the design of material
systems which anticipate their fabrication and assembly. In SHoP’s design process, as drawn out in my
interviews, the physical model becomes the physical verification of a digital to material translation process as
much as it is used as a vehicle to convey a construction process to the broader team of clients, engineers, and
contractors.
With the example of the Camera Obscura, this complete scale model is possible due to its small size,
and therefore without abstraction risks still being seen as a representation. The model as prototype may be
more pedagogically effective as a local assemblage of a more general system. For example, in the parametric
development of the Dantchik residence, John Shields emphasizes beginning with the primitive state of a
basic material assembly allowing the material parameters to create the associated parameters through
which variation proceeds. In academia, Shields is clear to note, the same parametric tools are typically
employed without the link to any material system or material logic, quickly becoming a tool for the study
of form alone only later to be post-rationalized as a material system, if thought in those terms at all. From
an educational point of view, parametric tools offer the potential to introduce a very basic tectonic system
explicitly identifying tolerances and parameters demonstrating an understanding of a basic system, to then play
out these material logics in the context of a design problem including the scaled fabrication of the material
assemblies as a physical simulation and verification of the digital physical translation.
This suggests a rich pedagogical context for the practical tectonic understanding of material systems,
while at the same time, can project further into the disciplinary opportunities than the practical orientation of
tectonic systems alone. In one continuous thought, Greg Lynn connects this disciplinary opportunity with a
reflection on his own teaching approach and his experience in practice:
It was always tough to get people to draft, and I still think on the computer you can solve something with more
sophistication with a two dimension cut, or even you could say a detail, but I think if you take a moment, and
try to get everything working in the moment, and then it proliferate in the whole, it is much more expedient
than, say like most of my students now...Even though I say all the time, ‘We are going to start with an idea
in section, and then we are going to go to 3D modeling, and we are going to use the same tool to draw the
section as that which we are going to use to draw the surfaces.’ Still, what they do is try to model everything
in 3D, and then pass a cutting plane through it and either call it a plan or a section. So part of what the
paperless studio thing did, which still is around, is this idea that you don’t do cuts anymore, and you don’t look
at a moment or a detail anymore, you do the whole thing in 3D. To me, it is very, very interesting the way
somebody will take control of the construction of something by transmitting a 3D file, or 2D files. That makes
architecture real interesting and puts the architect in the position to do more because they are actually taking
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on more responsibility, and risk. I think that is the real interesting thing about the technology. That is why
building models and prototypes in the office is important, because we can go to somebody and instead of
saying, ‘Here is a shape, can you figure out how to build it?’ We can say, ‘We need to cut 25 sheets of plywood
and here are the files that your machine will use. How much is it going to cost for you to output it?’ If you have
this stuff in house, or you learn this stuff in school, it gives you more opportunities because you are not asking
somebody else to work something out, you are just asking somebody to fabricate it for you.
Relating risk with the necessity of developing virtual and physical prototypes comes full circle from the
risky business of research practices to the abstract workshop. Lynn’s reflection on the resistance to abstract
the general into a specific plan, section or detail is likely a familiar problem to anyone teaching in architecture
today. The myth of the complete 3D model as total representation is as pernicious as the myth that with
digital fabrication one need not concern themselves with construction anymore. As emphasized by Scheurer,
the complexity designers are capable of as a result of 3D digital tools does not go away, but must be carried
on down the line to the very point of fabrication. If thought of as a linear progression, design education is
not likely to get to the point of fabrication save for small design-build projects. Consequently, the inverse
tactic from material detail to parametric strategy makes good sense.

Looking back to bootstrapping, as

the strategic placement of a small piece of information, this strategic placement must look toward the larger
implications than the technological implications itself. Abstraction and representation are not dead, but
must seek to project an image beyond the directness of technology’s instrumentality. Through the strategic
placement of material techniques and fabrication within the context of the contemporary digitally enabled
design studio, the abstract workshop suggests that architects can be actively engaged in the construction
process without being blinded by it.
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9. Conclusion: Craft, Scale and Economy:Tradition Re-Tooled
Over the last two decades, there has been a dominant image of technological progress in architecture
propelled by the images and promises published in architectural media more than the real world limits of
built work. Like many, my interest in digital fabrication was to introduce the opportunities and constraints
of material fabrication into the digital design process as a kind of material checks and balances to the formal
flexibility in digital tools. From the view from within design education over nearly a decade now, the tools
alone are not sufficient to provide these checks and balances, but require, as it were, input from a different
legislative branch - a connection to disciplinary ways of thinking and working. My intentions are not to
leverage professional progress through a technological mandate, such as threats of “change or perish” or
“innovate or perish” as has been done from within practice and education respectively (Mayne 2005, Celento
2007). It’s not that I disagree with these views, but rather, I take a different tact connecting digital fabrication
to the workshop traditions of the discipline thereby connecting conception and execution. In arguing for
tradition re-tooled, my focus is on the reciprocity between processes and values as a basis for disciplinary
ways of thinking and working afforded through the contemporary digital-tool set.
I briefly address how the mythologies of technology overlook how tools are connected to the history
and culture of actual practices. Through a series of interviews with leading practitioners and educators of
digital fabrication in architecture, craft, scale and economy surfaced as recurring themes that connect digital
fabrication to a disciplinary way of operating. Craft focuses on the design process through the connection
between risk and certainty and the particular consciousness this enables. This craft consciousness effects
not only the quality of projects that are produced, but the very culture of practice shaping an attention to
intention. The critical attention to scale and economy, I propose, are operative terms that work as a heuristic
for the developing designer shaping both process and intentions. This, I argue, is part and parcel to the
discipline itself and a powerful projection into the culture of practice enabled by the contemporary digital
tool-set.
9.1 Automatic Mythologies
There is probably nothing more damaging to actual practice than the mythology of technologies, the
exaggerated claims of present capabilities extended into the promises of future capabilities. Through this
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“cult of the not yet,” technology becomes a cause when it is presented as totalizing making inflated claims for
social transformation (Coyne 2002: 45). The optimism of the internet and virtual environments, for example,
influenced a generation of 90’s architects to jettison material experience in competition with this virtuality as
if it were some totalizing replacement of the material environment. In actual practice, as we are all familiar, the
internet has certainly been part of a social transformation in communication and commerce, but has become
integrated into daily life.
The mythology of technology stems from the central claim of automation. As seen in Siegfried
Giedion’s Mechanization Takes Command, mechanical automation creates an “idolatry of production” creating
a clear separation of conception from execution, quite literally in the case of hog butchering. Through this
mechanistic conception of technology, “the relation between methods of thinking and of feeling is seriously
impaired or even disrupted” (Giedion 1969). Rather, Giedion optimistically projects “a new balance between
the spheres of knowledge. The specialized approach has to be integrated with a universal outlook. Inventions
and discoveries must be integrated with their social implications” (Giedion 1969).
Marshal McLuhan’s optimism for automation picked up where Giedion left off. For McLuhan, the
electronic infusion of information transformed Giedion’s mechanical paradigm of endless rotation now
connecting a way of thinking with a way of doing through which the custom-built supplants the mass
produced (McLuhan 1994: 352). McLuhan’s instrumental optimism that new media make this connection
between thinking and doing is reflected in his aphorism the medium is the message. Yet, only three years later,
this optimism is tempered in his The Medium is the Massage suggesting that without a larger critical awareness,
technological optimism leaves only an inventory of effects (McLuhan 1967).
Now four decades later, and approaching a decade of digital fabrication in architectural education, without
a larger critical perspective digital fabrication too is reduced to an inventory of effects. The very servomechanisms that drove McLuhan’s optimism in 1964 are still the same servo-mechanisms that drive today’s
digital fabrication tools. McLuhan observed of all automatic machines, “the source of energy is separate from
the process of translation of information, or the applying of knowledge” (McLuhan 1994: 350). As opposed
to the direct relation of work in mechanical systems, this separation of powers creates an indirect relationship
to physical work separating the power of knowledge from the energy expended to do the physical work.
This presents an important paradox to McLuhan’s optimism for the union of thinking and doing. The union
is in fact abstract or indirect. If focused too directly at automation itself, such as in digital fabrication, the
machine seems to replace work all together. Rather, a much more integrated look is required to see that the
technology does not replace, but rather displaces the place of work.
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The potential of digital fabrication is not in its idolatry of production, but the displacement of work
further up the design chain allowing execution to feedback into conception. This is both powerful and limiting
at the same time. This abstraction is powerful as it pulls material execution into the design process, potentially
bringing together conception and execution, but at the same time is, in fact, a highly constrained and abstract
process. In design education in particular, this abstraction is problematic if not connected to a strong intuitive
material imagination on the one hand and a projection into the discipline of practice on the other. The
connection between conception and execution in digital fabrication is anything but automatic, but must be
teased out of the design process. Automation, then, is not at all what the word applies - automatic - but is
simply a small piece in a much larger integrated design process.
With this critical attention on the place of automation, the separation between labor and knowledge that
automata provide can enable a critical reflection on action (Canguilhelm 1992). Automation, then, should
be positioned not simply to produce objects, but to enable critical attention to what is being produced.
Conversely, the habits of use directed through automated tools demonstrate a lack of critical attention. The
central issue, then, is not automation, but the critical refection on ones actions which can be described as an
attention to intention.
In my interviews, craft knowledge develops from this attention to intention. When craft is directly and
solely related to physical artifacts, such as with handi-crafts, machine automation calls into question the role
of craft if not its disappearance. This creates a machine/hand dichotomy which still surfaces in architectural
education today.
9.2 Crafting the Image of Practice
In The Nature and Art of Workmanship, architect and craftsman David Pye dispels the false hand-machine
dichotomy noting a machine-tool and a hand-tool are not mutually exclusive, but appropriate to the task at
hand (Pye 1995: 26). Consequently, handicraft and hand-made are historical terms. Noting the ambiguity of
the word craft as both artifact and process, Pye turns to two aspects of workmanship: the workmanship of
risk and the workmanship of certainty. The workmanship of risk is the preparatory and productive process on
the way to certainty. Pye’s driving motivation for the workmanship of risk is the increasing industrialization of
production creating the loss of aesthetic and social diversity. He critiques the “clinical” quality of design, and
identifies four reasons diversity is dying out:
1. The workmanship of certainty has yet to find out how to produce diversity and exploit it.
2. In partly industrialized industries, such as the construction industry, highly regulated components 		
are fitted and assembled by the workmanship of risk consequently the workmanship is often 		
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extraordinarily bad.
3. Those practices such as cabinet-making which use the workmanship of risk with both high 		
regulation and diversity are dying out because of the cost of what they do.
4. Free workmanship is also dying out, for the same reasons.

The first he acknowledges is “undoubtedly the most important. The workmanship of certainty can do
nearly everything well except produce diversity” (Pye 1995:129). He places hope in CNC technologies to
enable the diversity of shapes and surfaces in the workmanship of certainty, an astonishing acknowledgement
considering this was first published in 1968. Over four decades later, with the ubiquity of CNC technology,
the relationship between risk and certainty has not been dissolved, but is more valuable now than ever. The
attention to surface variation enabled by digital fabrication can overlook the larger attention to intentions as
design ideas move from loose to structured thinking.
In my interview with Greg Lynn, he acknowledges being guilty of the “crafty” aspect in his own work
acknowledging that this craftiness is too tied to the tool. For example, the tooled surface from the
Embryological House (figure 9.1) to the Alessi Tea Set (figure 9.2) has become a Lynn trademark. In contrast
to these machined surfaces, in his recent Bloom Residence the laser-cut plywood egg-crate becomes a formal
armature for the hand application of Venetian plaster. Through this example, Lynn prefers the notion of
expertise over craft,

Figure 9.1.

1/4 scale massing model of the

Embryological House. Image last accessed at http://
www.moma.org/images/dynamic_content/exhibition_
page/23492.jpg on April 16, 2010.
Figure 9.2.

Alessi Tea Set fabricated from blast-

formed titanium with tooling scallops from CNC molds.
Image last accessed at http://www.strangeharvest.com/
greg_alessis.jpg on April 16, 2010.
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Figure 9.3.

Greg Lynn studio filled with physical models and prototypes.

Whether it is getting a tool to be expert enough that it just goes together one way, so you don’t need laborers
trying to figure out how to build it, or whether there is somebody who is really good at what they do putting
a skin on it. I like that. I don’t fall in love with the shape for a shape, but I do become interested in it when it
becomes rigorous and logical.
Even so, the development of expertise either in the design of the assembly or in the individual’s skill
develops through a crafted process moving from the imprecise to the precise; from risk to certainty. Rather
than the dominant image of shiny and precise surfaces published in magazines, Lynn’s studio is more like
a craftsman’s workshop overstuffed with physical models and prototypes as a physical record of this
translation from imprecise to precise (figure 9.3). This translation process follows Pye’s workmanship of risk
which requires judgement, dexterity, and care. Developing digital dexterity should not be isolated from the
development of judgement, and visa versa, as they are more tightly bound than they may appear. Intentions
are often shaped by ability, as “ability, desire, and intent tend to relate” (McCullough 2005: 160).
9.3 Cultivating Judgement and Dexterity
Through the tight relationship between judgement and dexterity, the development of skill applies equally
to the development of judgement as it does to the dexterity in the crafting of objects and images. This
broader reach into the intellectual dimensions of craft was drawn out in my interview with Doug Garofalo.
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He identifies the role of craft in design education as an extended skill-set:
Which certainly includes all forms of drawing, digital and not, all forms of model making, digital and not, I would
keep extending it to be about verbalizing, presenting, and laying out a project successfully. How do you present
it in a clear, articulate way? And how do you conceptualize a given project? Where do you start? To me it is
still about craft when you talk about how you respond to a particular problem. How do you craft an argument?
You have to make distinctions of technique, I think for obvious reasons, but I just don’t limit craft to making
physical or visual things. It is the whole package of crafting arguments, crafting the senses, crafting presentation.
This broader view of craft connects skills with intent through the crafting of design propositions.
Developing even just the skill-based dexterity places increased demand on curricula in the face of developing
traditional abilities as well as digital dexterity, becoming the source of faculty resistance to appropriating new
media. But even when this resistance is surpassed and students are ever digitally dexterous, as many students
are today, their discretion of when to use which tool and why it matters is as much an aspect of crafting
propositions as it is in their dexterity in crafting artifacts. As it turns out, with the precision of tools today the
precisely rendered image or the precisely machined surface is not necessarily met with a precision of intent.
9.4 Crafting: Idea and Experiment
With the speed and precision of variation afforded by digital fabrication, the workmanship of certainty is
able to maintain the diversity Pye thought was the greatest challenge. This does not absolve the workmanship
of risk, but on the contrary, it makes risk manageable enabling the development of work that would otherwise
not be done.
Linking back to Pye’s interest in developing aesthetic and social diversity, digital fabrication effects not only
formal genres, but new genres of digitally enabled workshop practices. For Associated Fabrication, craft is
located at both ends of production but not at the machine as it cuts. The machine mediates craft, but is not
craft itself. The craft happens abstractly in the computer as an anticipation of construction through particular
methods of fabrication and quite directly at the end of production with the assembly and hand work in
finishing. Jeffrey Taras, one of the four founding partners of Associated Fabrication, locates these two aspects
of craft in their work:
Part of the craft happens using the computer and re-imagining the thing. Everything we do gets made, so it’s
produced in a specific material that requires a specific way of working with it. But then, actually, a fair amount
of craft or hand working still goes on after the fact. None of what we’re doing is absent of sanding or finishing.
So there’s still a certain level of polish and hand finishing and all that goes on.
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This finishing and polishing is accomplished through a form of craft that is well understood: it is direct.
As Taras notes, there is still a great deal of art in concealing blemishes and imperfections despite the precision
of digital fabrication. However the abstract craft associated with “reimagining” the work develops through
the anticipation of construction requiring both judgment and digital dexterity. This form of abstract craft may
be harder to identify because it is indirect.
Developing this abstract craft operates through the workmanship of risk at the intersection between
digital and material techniques. For example, Associated Fabrication’s latest work develops from their newly
purchased platen former which enables them to mold 1” thick Corian over CNC-cut plywood molds. Before
they could do this with certainty, they experimented with thermo-forming plastic in their home ovens along
with new digital techniques of scripting for an experimental installation. As Pye specifies, the preparatory role
of the workmanship of risk involves the manufacture of tools, jigs, and apparatus that make certainty possible.
This is clearly the case in this installation through the move from direct digital fabrication to employing digital
fabrication to create the jigs which made the work possible (figures 9.4-9.5). Through this project, Taras
acknowledges this relationship between craft and experiment in their practice:
For us, the craft and experiment might be the same kind of thing because it’s us figuring out the limitations
that we have in terms of software or machinery, and then we have an idea and so how do we get those two
things to work together?
This tool-driven research has opened new possibilities for Associated Fabrication such as their work for
the 2010 Winter Olympics in Vancouver or the intriguing and risky material process for benches for the Bronx
Museum by Vitto Acconci (figures 9.6-9.7).
In my interview with architect Thom Faulders, he critiques the association of craft solely with material
making. Similar to the way Garofalo emphasizes crafting propositions, Faulders bridges idea and experiment
through drawing out an attention to intention:
Craft somehow always gets assigned unfortunately with material and making which to me is a misnomer. I
would imagine what anybody in any profession or endeavor is up to, craft simply comes into kind of a pursuit of
excellence and also the wherewithal and an attention to detail and extreme quality. Being able to pull it off.
So it could be the craft of the text. In architecture we’re interested in craft as it relates to new technologies
because of these new innovative possibilities that, yes, we do in fact have or are finding or discovering. Part of
that is what can you do with this, but then the other aspect of that craft is what does it answer to?
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Figure 9.4.

Tool-driven risk pairing new digital

Figure 9.5.

techniques of scripting with forming Corian over a jig.

Installation of exhibit. Image courtesy
of Associated Fabrication.

Image courtesy of Associated Fabrication.
The craft of the idea is that it’s basically relevant to an ongoing discourse or interest or cultural presence or
what have you. So it’s not just about the fact that you made something.
For a long time, I’ve never found it very interesting that somebody, even though I’ve done it a lot myself, they’ve
spent a lot of time making something therefore it must be good. I think that’s a myth about craft.
For me it’s about experimentation and innovation. The traditional woodworker, the craftsman or craftswoman,
they’re trying something out. They’re taking the time to mess around with something instead of just stick it
together, and to me the conceptual component in there is innovative or experimental and that’s how I hope to
think about craft.
We might say if it’s extremely well crafted it looks like it’s up to something and its presence supports it not only
functionally, but through intention, attention to intention.
Craft, then, is neither isolated in the idea nor in the experiment, but the connection between the two
through the “attention to intention” and the “wherewithal” to pull it off. In the mid-1990’s when architecture
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Figure 9.6.

Thermo-formed Corian from CNC

Figure 9.7.

Thermo-formed and expanded Corian.

milled molds and assembled over a CNC marine grade

Design by Vito Acconci Studio, fabrication by Associated

plywood frame. Design by Pedestrian Studio + Inform

Fabrication. Image courtesy of Associated Fabrication.

Design, fabrication by Associated Fabrication.

Image

courtesy of Associated Fabrication.
culture began its obsession with the formal capabilities of digital tools, theorist Sanford Kwinter cautioned of
the “tendency to lose sight of the existential aspects of our relationship to the material and built environment”
(Kwinter 1996: 89). Rather than the absorption of virtual images or the passive reception of information,
Kwinter reminds that attention requires effort and action. It is work (Kwinter 1996: 92). Like Gibson’s theory
of active perception, this attention is not passive, but is actively engaged; it is interactional. The tools and
materials one interacts with shape what one is attentive to. However, there is nothing automatic in the tools
creating this attention as this active attention develops from the user, not the tool. The attention to intention
is demonstrated in the well-crafted process, but the cultivation of this craft sensibility is nurtured through
culture.
9.4 Post-Industrial Craft and Culture
There is a renewed interest in how craft knowledge bridges the gap between conception and execution
lost as a result of industrialization (Sennet 2008, Crawford 2009). A closer look at these craft practices
reveals the social motivations that connect the craftsperson to their culture of practice. In Richard
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Sennet’s, The Craftsman, he observes that the contemporary role of craft is not only due to the honed skills
of an individual, but is socially motivated exemplified, for example, in the open-source structure of Linux
programmers through their desire for quality-driven work (Sennet 2008:243). The social motivation for
quality-driven work is present in traditional forms of craft too, such as the Japanese Shokunin. The English
translation of the Shokunin, as craftsman, does not express the cultural meaning of the Shokunin which implies
not only technical skill but an attitude and social consciousness (Russel 2007). To this end, the Japanese word
“haji,” which roughly translates as a sense of shame, reflects a cultural pressure to do the best quality work
to avoid this derogatory reference of “haji”(Russel 2007). This cultural imperative for craft continues in 21st
Century Japanese construction. In Howard Davis’ The Culture of Building, postindustrial craft extends into
computer numerical control in Japanese timber framing which allows for both the precision within traditional
Japanese timber joinery and variation from house to house (Davis 1999:258).
In looking at the continued role of the culture of craft in 21st Century Japanese joinery, it is instructive
to note the U.S. government sanctioned and subsidized the tooling up of computer numerical control in the
United States in post World War II from direct pressure to compete with Japanese industry (Noble 1986). In
this machinic technological drive, we purchased the tools but did not bring the culture of the craftsman along
with it, something design education should take note of.
A prime example of the culture of craft and the most advanced technological production is under
construction right now in Metz, France at Shigeru Ban’s Centre Pompidou, presented in the previous chapter.
In my interview with fabrication consultant Fabien Scheurer, co-founder of designtoproduction, he describes
the “working honor” particular to the culture of craft in Swiss industry:
It’s part of the culture. Actually, we have to tell the craftsmen that they should stop here because no one would
see that gap in the final construction in the end. It was intended to be a tolerance gap.
Swiss born himself, he observers,
The Swiss are very well known for waiting until the others have made all the mistakes and then they make it
better. So they sit down and think about things. They go through it and they just don’t take a hammer, run
away and try to build it right away. And if they fail, they try again. And that is actually a culture that is very
good for prefabrication because once the thing is shipped from Switzerland to South Korea and comes out of
the container, it either fits or not.
Scheurer’s essential mediating role in this ambitious gridshell was to precisely configure the lath
geometry and the segmentation and joints between each uniquely shaped glulam piece totaling over 11
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miles of material. To achieve this, Schuerer created a unique Rhino Plug-In with some 20 unique variables
to account for where the pieces are segmented, the shape of the glulam blank each piece was fabricated
from, as well as structural criteria which limited the angle the wood fibers could be cut at. Through these
unique requirements between structure, assembly, and economies of fabrication, Scheurer is clear to note
that an automatic optimization made little sense. Rather, designtoproduction put this tool in the hands of
the fabricator enabling them to use their judgment and experience in which solution to accept. As Scheurer
critically observes:
That was the interesting point here that, actually, we had a combined process of craft knowledge and tools that
accelerate the actual construction of the thing.
By enabling the culture of craft in Swiss industry, craft and technology mediate the design process,
including the culture that these tools operate within and the cultivation of judgment and dexterity they
support. Arguably the most critical role of design education is in the cultivation of the culture of practice itself,
a culture developed from the history of practice, influenced from industry, but most certainly a culture that
develops from within design education.
Scott Marble, an architect and educator with a two decade-long view of the role of digital tools in design
education, observes:
Craft can become a useful term again if we understand it through some form of mediation. In other words,
craft in the most traditional definition is really about a 1:1 direct relationship with material. I think if that
is the definition you are looking for we are out of luck. With digital technology it is a much more complex
explicit form of mediation, but it is still one which allows us to use the term again, and make it usefull....
parametric [tools] and scripting support more and more complex forms of mediation, but when we get to
digital fabrication, it circles back [to materiality]. It is one way of thinking about craft in the context of digital
technologies.
Craft, now as ever, requires the cultivation of judgement and dexterity. Developing digital dexterity is not
simply the application of goal-driven skill, but the ability to fluidly maneuver in the digital medium throughout
the design process. In a material practice, digital dexterity alone does not suffice but becomes meaningful
when it intersects with material and fabrication constraints. Constraints do not impose upon some ideal
individualistic mythological Promethean creativity, but rather enable innovation. Situating craft as the mediator
between idea and experiment requires both the dexterity to pull it off and the attention to intention through
the development of judgement.

Individual judgment is shaped by one’s experience and what one knows

how to do, but judgment is also socially shaped. Crafting intentions situates judgment and dexterity in a wider
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socio-cultural context as an interaction with the world. The pragmatic consequences of this craft are indeed
artifacts, hopefully beautiful, necessary, and useful, but the epistemic consequences is a consciousness of how
one positions themself in the world. That is craft consciousness.
The cultivation of this craft consciousness is a pedagogical opportunity. The instrumental view of
technology might seem to replace craft, but quite on the contrary, the distributed relationships and
opportunities afforded through contemporary tools requires a more holistic and equally distributed
understanding of craft through the attention to intentions. If this attention to intention defines craft
consciousness, then what is this conscious of? In this way, I propose “consciousness of:____” as a kind of
heuristic device to draw out the essential ingredients of a healthy culture of practice.
Surfacing as recurrent themes in my interviews around digital fabrication, scale and economy require
critical attention in digital fabrication. Scale and economy are so familiar to the profession, but rarely critically
considered in design education. The consideration of scale and economy are necessary ingredients within the
discourse and practice of digital fabrication and the wider digital tool-set digital fabrication is part of. With the
consideration of scale and economy as a demonstration of craft consciousness, scale and economy have both
pragmatic object-oriented consequences as well as much more significant epistemic implications that help to
construct the image of practice.
9.6 Scale Matters
A pervasive myth of digital tools in architecture is that you can simply scale it up. This myth becomes
particularly acute when digital design meets digital fabrication most visible in the false belief that rapid
prototyping will, one-day, scale-up rendering material design and assembly irrelevant. This mythology of rapid
prototyping technology extends the cult of the not-yet deflecting critical attention from the disciplinary
relationships between scale and size. Even as rapid prototyping has ever slightly larger build volumes and
further evolves into rapid manufacturing, as is happening today, what is true for industrial design does not
necessarily follow for architectural design (Rhoades 2005). Architecture is unique due to its shear size,
consequently, the relationship to scale is different than in industrial design. You can’t hold architecture in your
hand. This is more than simply a technological or practical matter, but size and scale effects what matters
to a discipline, how we make sense of the world and our place in it (Whittaker 2008). Due to the size of
architecture, working at scale becomes a primary abstract tool for architectural design. The abstraction of
scale is a fixed referent in the material world, for example a unit of measure such as the foot refers historically
to the body’s foot. Literally and figuratively, the design process becomes dis-embodied when this sense of
scale is lost. Basic units of construction also provide a material referent in the world, such as a common brick
which gives a sense of scale. Peter Lynch, formerly the Architect in Residence at Cranbrook, developed a
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pedagogical exercise of the unit as a basic building block not only of the pragmatics of construction, but the
perception of architecture itself:
Our discipline is marvellously unset. Every scale is, in itself, a problem. It’s not just a gradient, from door knobs
to cities. Each one has its own quality and potentiality, and that is very beautiful...The idea of the unit, which
has to do with a separate construction of walls, floors, vaults, unitary spaces...so that is there. But the unit is
ultimately a way of opening up architecture. You could call it a tool, but not an artifact. With that, I think it is
scaleable.
Through that very physical referent to the world and the body that assembles with it, the unit is not
just a pragmatic artifact but signifies a way of operating that transgresses the particularities of the unit one
is working with. For Lynch the unit is a pedagogical tool that acknowledges a “poetics of constraint” which
shapes disciplinary and societal values (Lynch 2003). The consciousness of scale demonstrates not only the
pragmatic development of material systems, but a poetics of constraint that at once acknowledges material
limits while expanding the horizon of experience through exploiting those limits.
9.7 The Paradox of Scale
Scale and size are tightly bound, but not synonymous. It is known that an ant can lift ten, to twenty, even
one hundred times its own weight, but if that ant were scaled up to human size, it would be crushed by this
weight. Scaling-up is an 8-fold increase in size due to the volumetric conversion (length x width x height),
which has a significant impact on mass and weight and the associated resistance to gravity. Digital design tools
in architecture focus on geometry, but the basic physics of mass and gravity are absent from the digital tools
that architects use today. The Gothic cathedral builders gave the appearance of defying gravity by paying
careful attention to the material means to resist gravity, not by ignoring it. At that time design ideas were
tested out at full-scale in the course of construction, while the sketches from the lodge were the anomaly.
The lodge itself, literally attached to the Gothic cathedral’s construction site, could be seen as a working
laboratory testing ideas out even in full-scale prior to their actual construction (Turnbull 1993). Through this
working laboratory, conception and execution were tightly bound.
Today, the profession of architecture has an inverse relationship to these medieval practices. Working
through scaled abstractions is the norm and testing ideas out at full-scale is the anomaly. The precision of
scaled drawings enabled the architect to be removed from the immediacy of construction to deal with larger
issues of design and planning. Over time this abstraction of scale removed design from material construction
all together creating a split between conception and execution. The opportunity for digital fabrication to
bridge the gap between conception and execution develops through a unique relationship to size and scale.
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Unlike measured hand-drawings which begin with a particular scale, digital design is developed at full-scale
which can then be scaled down for paper output. As digital fabrication has a direct 1:1 relationship to the
computer file, there is a direct relationship between drawn representation and material fabrication.
This direct connection to material fabrication and the ability to design and build at full-scale is one of the
primary motivations for adopting digital fabrication for William Massie, one of the early adopters of digital
fabrication in architecture. The paradox between drawing and material fabrication is evident in Massie’s
competition proposal for the Battle of Little Big Horn Memorial. Blurring the boundary between design and
fabrication, his submission was “drawn” with his CNC router as a bas-relief in 1/2” thick PVC. Because his
submission was not deemed as drawings, it was disqualified from the competition (Porter and Neale 2000).
Through the direct relationship between design and building afforded by digital fabrication, Massie constructed
the Big Belt House, which won a Progressive Architecture award in 2000, without the use of construction
drawings, the very scaled abstractions which have separated architects from the construction site. Massie’s
personal connection to making developed in design education as the making of physical models “was the
greatest labor I could imagine, I loved making these things much more than drawing.” Blurring the separation
between conception and execution developed,
As soon as I started making things, it was required. And I have actually been battling that thing forever.
Because architecture, even architectural education, wants to separate these things. Even the most
sophisticated people do not want to bind those worlds together...The whole white collar blue collar relationship
is absurd....This is why all of this technology in a screaming way closes back that door and that to me is a
significant thing. It is the re-compression of that socio-economic separation....But there is this white collar blue
collar relationship that I always thought architecture and engineering bridged that gap.
However, working at full-scale presents a paradox: with the time and material investment required
to work at full-scale, the less opportunity there is to work across scales limiting the scope of work one can
manage. The direct connection between design and building at full-scale enabled by digital fabrication was
viewed by others as Massie’s achilles heel, limiting the scale of his own production to about residential scale.
9.8 Scale is not Size
Despite this challenge, Massie has come to accept that “scale is not size.” Architects and designers
often conflate scale and size when they speak of a “large scale project,” but despite the size of the project
all architecture is built at 1:1.

If the motivation for digital fabrication is a direct connection to full-scale

fabrication, as it is for Massie, the size of the project is not as relevant. In fact, Massie’s latest tool is a building
complete with a two-story 5-ton Gantry crane inside the building:
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I just want to build buildings, and I own a building that I can build buildings inside...I am completely comfortable
spending the rest of my life building what I can build in that room because that is my interest.
Like any tool, it too becomes an enabling constraint by designing with these limits in mind. For example,
his recently completed American House 08 includes a model of the building and gantry crane to understand
how the constraints of that building will effect the buildings he creates (figures 9.8-9.11). As an early adopter,
Massie’s pursuit of the direct connection between design and fabrication has opened a new genre of digitallyenabled design-build workshop practices that come to accept the limitations of size through their personal
interest to work directly at full-scale.
9.9 Size Matters
While scale is not size, size does matter. Working between design and fabrication on some of the largest
and most geometrically complex projects built today, Fabien Scheurer, co-founder of designtoproduction, is
clear: size matters (also in Scheurer 2008). Well aware of the issues and approaches of digital fabrication in
design education, Scheurer is firm:
Manufacturing methods don’t scale, that’s the first important thing to know. So if you can mill something on a
3-axis mill, a little model, it’s not possible to do it even 10 times larger.
Because the subtractive milling process is dealing with volume, scaling up has drastic impacts on time and
material. In taking that common assumption literally, he proves the absurdity of such a proposition:
If you have one hour on a 1:50 model, a 1:1 model would take you 14 years. Fifty times fifty times fifty times
one hour. It’s 125,000 hours. It’s 14 years. It’s just easy math behind it. Or you can take a 50 times bigger
tool, and you have to try drive it at 50 times the speed. It’s a Porsche on the autobahn. There’s no machine in
the world that could do it.
It’s an extreme example, but only proves the nonsense in thinking the technology will simply scale up for
you. Rather, as Scheurer keenly observes,
You have to think about different methods. So the machine is actually the same, but the manufacturing
method changes.
On the direct fabrication of a project such as the timber gridshell at the Pompidou in Metz, fabrication,
shipping, and assembly must be carefully choreographed simply because there is no place to store 11 miles
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Figure 9.8.

Massie’s American House 08 under
construction.

Figure 9.9.

Figure 9.10.

Detail view between shower and

Figure 9.11.

closet entry.
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(Left) Scale model of shower.

Final construction view between
shower and closet entry.

of custom doubly curved heavy timbers either at the fabricator or on the construction site. Taking scale
seriously then cannot conflate size as synonymous with scale, but rather scale and size must be carefully
choreographed.
9.10 Scale: Translation and the Material Imagination
Changing scale is a process of translation. You don’t just need a bigger tool. Laser cutters have created
a renewed interest in scoring, folding, and patterning thin sheet material such as the expanding pattern
installations of my design studio presented earlier. Inspired by simple shredded packing paper, similar
approaches can be seen in many schools or even in laser cut steel as demonstrated in Reiser Umemoto’s
PC Vector wall commissioned by New York MoMA in 2008. But even the PCVector wall, while using a large
industrial laser, represents only a 3-fold increase in scale from the typical laser bed size in schools. To develop
this technique as a material system, you don’t just need a larger tool, but a translation in the approach.
The technique of expanding pattern is not a new idea, but has resurfaced due to what Chris Bardt,
principal of 3Six0 and architecture faculty at RISD, describes as the “pathology of the laser cutter.” In 3Six0’s
Sun Shelter competition, sponsored by the New York AIA and the Van Alen Institute in 1997, they proposed
a similar structure developed from this technique of expanding pattern to cover the 800’x100’ pier receiving
third place in the competition. They began to play with sheets of rubber, then paper sheet and finally
developed it in expanded sheet metal. As a design concept, this material approach was a combination of
material tectonics, the programmatic intent of controlling the sun’s rays, and a formal strategy all in one. Kyna
Leski, partners with Bardt and faculty in charge of the first-year curriculum at RISD, points out the intent of
the competition was to build the project, so they had to translate this system of slits in sheet form to a unit
that could be fabricated at full-scale:
A lot of people looked at that and said, alright, but you can’t do that at a larger scale. You can’t take this entire
acreage of material, cut slits in it, and expand it. We weren’t proposing that. We were proposing that it be
constructed out of a series of units. There is a translation because of the scale.
While the immediacy of material manipulation is a powerful tool for design concepts, the power of
design is to translate the immediacy of this materiality into a completely different system due to the size of
architecture. This requires an abstraction of the material fabrication process, which Kyna Leski argues is the
architect’s place to imagine this translation, not simply a technological issue. The direct relationship between
design and fabrication afforded by digital fabrication does not dissolve this necessary translation, but the
constraints of materials and limits of fabrication require a process of translation which is a design opportunity.
Digital fabrication enables this design opportunity by extending the intuitive material manipulation through
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an analytical design development testing the translation process. In this process, direct material manipulation
and digital fabrication are best positioned at two ends of a continuum provoking and testing this translation
process between idea and experiment, and from the workmanship of risk to the workmanship of certainty.
As many schools have now absorbed digital fabrication after years of digital media in their design studios,
it is helpful to look at other academic traditions, such as RISD’s focus on material imagination, that have been
resistant to digital media without this material input. Leski recalls when many of the faculty first arrived at
RISD over 15 years ago, they argued constantly, but “what we found was our common ground was tectonics.”
The fact that during these years in the mid 90’s the dominant image of the digital medium was for the
generation of form rather than a material-based tectonics, RISD resisted computers in their curriculum. Leski
describes the role of the material imagination in their first year curriculum:
The curriculum is what I would call material imagination. There is a reasoning that is done through material,
ideas emerge through material. Material gets in the way and it interferes with your preconceived ideas so that
things get revealed and don’t work out the way you want them to. The material complains. So things come
up using material. At RISD, we use material to generate ideas. Then it talks to the kinds of things that happen
when you have to design, and you have to be much more precise about the concepts entering measure, and
being fabricated. We go right to the door of fabrication at RISD and it connects very well to what we do in our
practice. What I mean by coming up to the door of fabrication is that you build analogously, you are working
with sheet material, you understand the properties of sheet material, you understand the material geometry
of whatever material you are using. And these are analogous properties when you go to build. You may not
be using paper, but there are still similar laws the way sheet material behaves even if it is steel. The generative
aspect of that happens in the first semester, but with a sense of responsibility in looking ahead. That what you
are doing here has a role when it is fabricated, not doing it blindly.
Now that digital fabrication has enabled a return to materiality through digital means, RISD is now taking
interest in digital fabrication not as an output of the digital, but rather, as an extension of material fabrication
that connects with the values of the school. According to Leski,
We have been slow to incorporate the computer...but there is recognition of the greater role an architect can
play in fabrication if you are that close to creating the shop drawings. That is very consistent with our pedagogy,
because RISD has the history of a craft college. The discipline of architecture expands and shrinks and moves
around over the centuries, and now that it is tip toeing on fabrication drawings, we are happy to include that
because that seems consistent with what we do and what we have always done. But there is a recognition
that there is a kind of intelligence in the hands that comes out, so we are not going to exclude that from our
process of generating ideas.
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From the perspective of design education, the translation between scale is a pedagogical opportunity.
The consciousness of scale tests the ability of intent to communicate on many levels from urban design, to
building planning, to material fabrication. As digital fabrication gains clarity as scale converges to 1:1, the
translation between scale, size, and intent converges toward building tectonics. Digital fabrication is neither
totalizing, as it offers little to issues of urban planning for example, nor is digital fabrication automatic if put in
the context of the design process. Rather, digital fabrication tests the translation from material imagination
to material execution bridging the gap conception and execution. Through this direct connection between
design and material fabrication, the precision of digital fabrication demands greater clarity in working across
scales, not less.
The direct connection between digital fabrication and digital design process creates unique challenges and
opportunities in design education. In expert practitioners, the expectation for material execution is assumed
in the design development process. For example, in SHoP Architects Camera Obscura, the digital model was
a complete virtual prototype such that a scaled physical model was laser cut as a test of this virtual prototype.
Or, in the case of 290 Mulberry Street, the requirements for brick, the desire for surface variation, and the
economic necessity for prefabrication, established the explicit design parameters that structured the design
development. In both cases, design is developed with the anticipation of construction.
Pedagogically, this presents a conundrum, as students do not yet possess the technical knowledge of
building systems while they are also learning rudimentary design skills. This disconnect between technical
knowledge and design process is further amplified in the digital design environment. As scale, like gravity, is
absent from the digital design environment, digital fabrication offers a pedagogical opportunity to test the
translation process in design from conceptual ideas to material execution. This material introduction to
scale shifts scale from an abstract unit of measure, such as the foot, to the real-world physical constraints of
materials and their unitized construction. Pragmatically, this focuses attention on the tectonics of architecture
and its material execution. The epistemic potential, however, reaches through material execution to the
material experience of architecture and in so doing, shifts what architecture is thought to be about. Through
the basic development cycle from pragmatic to epistemic actions, the implication of material constraints and
fabrication limits opens up architecture through the critical attention of scale. This in turn effects the image of
practice linking material execution to material experience, and in so doing effects design conception through
crafting an attention to intentions. While scale and size are reciprocally related, acknowledging this disciplinary
paradox allows the design student to position themselves. In the end, digital fabrication must be placed
within its own limits, neither totalizing nor automatic, neither the only tool, nor the only scale to be attentive
to. Accepting these limits, the pragmatic consciousness of scale in digital fabrication is demonstrated through
the attention to material constraints and the limits of fabrication, while the epistemic consciousness of scale
is demonstrated through the perceptual experience opened up through exploiting these limits. In the best
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sense then, digital fabrication returns to a sense of scale not through the measurement of scaled drawings,
but a perceptual and haptic connection to scale through material systems. This returns to Lynch’s pedagogy
of the unit, which included the pragmatic and tectonic assembly of architecture, but more broadly opened up
the perception of what architecture is about which could lead to a poetics of constraint through the material
imagination.
9.11 Economy of Means
The material imagination acts as a bridge between the translation of scale and an economy of means.
Typically with digital fabrication, material considerations are made only after the form is developed with
little if any opportunity for material feedback. Developing an economy of means requires that material and
fabrication considerations are brought forward into the design process as value-based design criteria; designing
as if materials mattered. While scale provides a material referent to the world, economy can be critically
engaged in it. The values associated with doing more with less bring intent into consideration beyond the
technological promise of mass customization. The promise of mass customization focused at the tip of the
cutting tool, rather than the interaction across the entire design process from idea to material consumption.
Designing for an economy of means can operate as productive design criteria elevating the quality of design,
rather than reducing it through the solitary drive for pure efficiency.
9.12 Inverse-Economics the Production of Waste
Through my tool-driven research and studio-based full-scale installations, I became critical of the amount
of waste generated in digital fabrication. Through my interviews with leading educators and practitioners of
digital fabrication, I learned that I am not alone in these concerns. Luis Boza, Assistant Professor at Catholic
University, has led several successful design-build studios enabled by digital fabrication, but in the end, he
recalls,
I just look around and I’m like, ‘This is shameful.’ You always feel bad.
Having experienced this waste, Boza is now able to take a more critical stand in regards to economy,
If from the very beginning you understand the tool and what it’s capable of but now efficiency and economics
becomes a part of your decision in how the tool is used, now you start to achieve that triple bottom line, that
society or culture, economics and environmental efficiency.
Boza has made economics an operative design criteria by inverting the design process through designing
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a variable and economic material assembly which then informs the design process. The need for this material
feedback loop is apparent in industry as well. If economics are not considered early enough in the conceptual
phase, fabricators can do little to counteract this. Jeffrey Taras, of Associated Fabrication, observes a similar
lack of economy,
Because we’re dealing with a constrained sheet size and you’re cutting these kind of crazy forms, if we’re using
10 to 15 percent of the material, I’d be shocked. We just have these crazy pieces of scrap that we can’t really
use them again.
Furthermore, because they are working with many different types of material, from plywood, MDF, to
Corian and acrylic, Taras observes,
Nobody wants that. It’s like this toxic stew of powder.
With fabrication left to the production stage of design, there is not an opportunity for a material
feedback loop to effect a more productive economy of means. In my interviews, several examples make
visible how an economy of means become operative design criteria.
9.13 Designing for Economy
Soo-In Yang and David Benjamin, co-founders of The Living, while classmates of Taras’ at Columbia,
took economics as a critical position in posing the question: “what if ‘good’ architecture and bottom-line
development were the same thing?” They exemplify how the material imagination connects to an economy
of means through their strategy of “weak strength.” They connected thin materials together to make them
stronger, and in so doing, proposed an economical system testing their proposal at full-scale through the speed
and precision of digital fabrication (figures 9.12-9.13). Implicit in their proposal is a critique of the dominant
formal emphasis in architecture. In my interview with Soo-in Yang, he describes
The architecture scene has gone through this whole blob phase, and then now everybody is trying to figure
out how to make that blob that they’ve been developing for ten or 15 years. So we knew that there was a lot
going on in making complex geometries, and we wanted to do something different...So we thought, ‘Okay, so
it might be interesting if we did a project that’s not about making complex geometry but really using CNC for
efficiency’. There would be value that comes with efficiency, like it can provide cheap housing for people...
Their value-based design intentions also connect to an economic view of technological appropriation,
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Figure 9.12.

The Living’s Faster, Better, Cheaper

Figure 9.13.

The principle of weak strength: “we

prototype made from a kit-of-parts of prefabricated

imagine a new kind of structure to make a frame of

sections of thin plywood. Image courtesy of The Living.

many weak elements rather than a few strong elements.”
Image courtesy of The Living.

We learned just enough to do a project, and we proved just enough to open opportunities for ourselves.
But in order to prove new ideas and make a proof-of-concept out of it, we had to make it in full-scale and
demonstrate it, even if it’s a partial thing.
Designed through a series of physical prototypes and demonstrated through a full-scale prototype, this
project illustrates the connection between scale and economy developed through their attention to intention.
This includes a conscious economy of intent in tool-use knowing “just enough” without being completely
engrossed in the technology. While developed as graduate students at Columbia, their “just enough”
philosophy became a platform for what they coined “flash research.” Consequently, their concept of flash
research develops through an economy of means through three factors. First, a budget under $1,000, second,
a duration of less than three month, and third, to develop a proof-of-concept through the creation of a fullscale functioning prototype. Their research practice, “The Living,” is a living example of how economy and
scale coalesce positioning themselves early in their careers.
A similar critical attention to developing an economy of means positioned the young digital fabrication
consultancy and design practice SituStudio. Not unlike the “just enough” approach to technology in The Living,
Braduel Samuels, one of the five founders of SituStudio, makes clear,
We are not a techno-fetish office. It is not about the tools nor about digital fabrication per se, this is important
to say. I think the pavilions we have done illustrate that we are not about advanced technology all the time.
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Situ Studio designed and fabricated a series of three pavilions for the annual CitySol music and market
festival in Stuyvesant Park along Manhattan’s East River waterfront bringing the environmental movement
into New York City. Their Solar Pavilions Two and Three, designed for the 2007 and 2008 CitySol Festivals,
provided the context for Situ Studio to experiment and critique the consumptive character of contemporary
digital fabrication processes. They challenge the notion of ideal geometries and form toward a bottom-up
process beginning with optimizing the cut-sheet to eliminate waste altogether, save for the width of the cutting
bit. Co-founder Wes Rozen and Samuels identify the economy of means in these pavilions:
We saw that component of digital fabrication, particular with standard sheet sizes and complex geometry,
there is always this margin between the two. It feels uncomfortable to have that margin. With the Solar
Pavilion Two we wanted to not have that margin. The margin was the width of the cutting bit and we wanted to
keep it at that.
And Samuels continues:
Taking biomorphic forms, then stick them on a 4x8 sheet, it gets expensive. If you think about how much you
are spending on these sheets, you start to realize you don’t want to be wasting material.
For these pavilions they developed a series of computer-generated scripts that optimized the cutsheet pattern testing through an iterative bottom-up process through a series of full-scale mock-ups in their
workshop hanging on them to test for strength, and then refining, re-scripting, and recutting. While they were
able to optimize the cut sheets to eliminate waste, as a reconfigurable pavilion type constructed through a
prefabricated kit of parts, the installation process was viewed as a self-organizing system challenging the notion
of ideal geometries. Situ Studio armed the large installation team with a basic set of assembly rules, allowing
the design to unfold on the site without a predefined plan. As Rozen notes, “having that joy of building built
into how things are cut is important to us.”
Although similar in appearance from a distance due to the common nest-like appearance, Solar Pavilion
Three demonstrates a year’s development in Situ Studio’s experience from Solar Pavilion Two. In contrast to
the castellated zipper-like appearance of the plywood assembly in Solar Pavilion Two, in Solar Pavilion Three
the wood assembly is a straight strip again utilizing the entire sheet though this time without fanfare, along
with vertical slots routed into the strip to accommodate a system of joints (figure 9.14). Instead of the tiestraps joints used the previous year, two more sophisticated joint systems are employed included water-jet
cut aluminum H-connectors as well as aluminum struts (figure 9.15). These struts push the wood laths out
of plane allowing a further sophistication in material and structure. In Solar Pavilion Two, arc shaped pieces
were cut from the plywood sheet whereas in Solar Pavilion Three the wood strips were designed to bend
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developing strength like a gridshell. As with the previous pavilion, the iterative development through full scale
mock-ups was a necessary component to this bottom-up design process (figure 9.16) and instrumental in
following through on their zero waste mandate which can be assembled by others through a few simple rules
(figure 9.17).
As research prototypes on a limited budget, these pavilions are raw and can easily be critiqued against
the refinement and smoothness of form that is typically expected through digital fabrication. The very
rawness of these pavilions is a refreshing critique of the dominant discourse around form, inverting this
toward an optimized kit of parts with an installation logic built-into the piece such that others can assemble
and adapt the structure on-site as a self-organizing system. Their workshop practice makes visible the waste
in the top-down digital fabrication process and inversely, the means and tools to critique this process through
full-scale installations.
The workshop practices of the The Living and SituStudio combine the material imagination developed
through the precision of digital fabrication and associated digital techniques. The craft consciousness of
these practices develops not simply from the attention to detail in their material fabrication, but through
their conscious attention to their intentions. Developed through an economy of means and designed and
demonstrated through full-scale installations, these projects illustrate the connection between craft, scale, and
economy. These projects offer a critical and promising projection from a new generation of young designers
who at once employ digital tools while being critical of their habitual use.
Marble Fairbank’s Flatform prototype for the Museum of Modern Art’s Home Delivery show
demonstrates a similar balance between the material imagination and economy of means exploited through
digital fabrication from developed practitioners. Flatform began through the study of a series of paper
prototypes (figure 9.18), developed further through stainless steel prototypes (figure 9.19), to then be
demonstrated as a full-scale wall prototype (figure 9.20). In contrast to Marble Fairbank’s Slide Library and
the inherently materially consumptive process developed three years previously, Flatform is a zero-waste
prototype including the elimination of external fasteners through the ability to bend laser cut tabs that
interlock with the opposite panel in a Velcro-like fashion (figure 9.21). The Flatform prototype demonstrates
that an economy of means as operative design criteria can provoke innovative solutions with aesthetic
delight. Employing laser-cut powder coated patterned steel in other projects such as the Sciuscia Restaurant
presented previously, the work of Marble Fairbanks Architects also demonstrates an economy of intent
focusing design attention on particular if minor architectural elements which have a major impact on the
architectural expression. Like the development cycle from pragmatic to epistemic in the consciousness of
scale, ideally the pragmatic development of an economy of means will lead to an economy of intent.
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Figure 9.14.

Material assembly for Solar Pavilion Figure 9.15.
Three. Image courtesy of Situ Studio.

Figure 9.16.

Fabricated H-Clip for quick assembly.
Image courtesy of Situ Studio.

Typical for the design of both installation, the full scale mock-up was a primary means to design, test,

and evaluate the systems which would have been far too difficult to evaluate digitally. Image courtesy of Situ Studio.

Figure 9.17.

Solar Pavilion Three (2008) interior. Image courtesy of Situ Studio.
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9.14 Economy of Intent
While developing a bottom-up economy of means develops through the critique of ideal form,
developing an economy of intent critiques the dominant image of formal novelty. Even Greg Lynn, well known
for his interest in technological novelty, identifies with knowing when is just enough,
Real early on there is a decision made where you are going to invest both the gesture and the construction
budget in those things. I have never had somebody say, ‘we love the embryological house, how much would it

Figure 9.18.

Developing the material imagination

Figure 9.19.

Further development and scale shift

in early design studies for Flatform. Image courtesy of

through metal prototype. Image courtesy of Marble

Marble Fairbanks Architects.

Fairbanks Architects.

Figure 9.20.

Hand-bent joint diagram. Image
courtesy of Marble Fairbanks Architects.

Figure 9.21.

Flatform installation at MoMA’s

Home Delivery Show. Image courtesy of Marble Fairbanks
Architects.
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cost to make one.’ And then when you tell them, the say, ‘Ok lets do it everywhere.’ From the planning, to the
structure, to the furniture, to the whatever, lets do that everyplace. I have never had that client, probably don’t
expect to.
For Greg Lynn, there is a connection between the design problem and deciding where to invest your
energy,
Knowing where you want to put your energy, I think is always an important thing. I jokingly always say, if you
look at two thousand years of experience, you would do it in the ceiling, you put 90% of your energy in the
ceiling... I think it is less clear now where to put your energy, and that is an interesting thing for architects to
think about. Where do you want to put that design intensity and where do you want not to put it? A lot of
times that is a more important decision than what it is.
Economy is then a demonstration of discretion and appropriateness which takes time and experience
to develop. The judgment and dexterity of the craft consciousness applies to more than simply skill, but an
attention to intention which focuses the design problem. Economy as an operative term need not be aligned
with cheapness nor efficiency but can productively shape design intent through focusing where to place design
intensity.
Acknowledging this economy of intent dissolves the mythology of totalizing technologies. As digital
fabrication is part of a much larger design and construction process, it does not mean everything is completely
digitally fabricated. Chris Sharples, founding partner of SHoP Architects Inc, squarely describes,
You don’t do it to the whole damn building. Porterhouse is a good example of that. We just did it to the facade
and some of the kitchen stuff. But now we are looking at some projects that might be as high as 5% and
some might be as high as 30% digitally manufactured. It’s like Boeing’s Dreamliner, 50% is composites. I figure
in 10 years the whole thing will be composites. But look at the impact on fuel efficiency - 30% savings. So,
everyone really talks about green, green, I really believe working this way is green. This is a sustainable way to
work. You can actually measure out how much you need. It’s like being a really good cook; it’s all in the prep.
You get everything set-up and then bam.
For example in the Mulberry Street Condominiums, SHoP’s most recent built work, the undulating facade
was developed through a single mold. The mythology of the mass customization approach would suggest
that every mold for the project could be unique, which while technically true, disregards the realities of
economics. The most expensive part in this process is the mold itself, and therefore early on in the schematic
design phase of the project the decision was made to use a single mold which could be blanked off to create
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a family of unique panels. Economics and aesthetic design are able to resonate through this integrated design
process bringing execution into conception to develop an economy of means.
The critique of mass customization is not that it is wrong, it is just not right enough. Mass customization
focuses on the instrumentality of technology, that is the directionality of the tools and what they can do,
more than the intentionality or values associated with customization. It is possibility without intention. An
alternate to the dichotomy between mass customization supplanting mass production is lean production.
Lean production combines the best features of craft production with the affordability of mass production
to improve quality while providing a more diverse range of products and more challenging work (Womack
1990:277). Computer-aided-manufacturing is at the core of lean production, but this is more than simply
a technological advantage but a cultural one. Waste is not only associated with tangible things like physical
material, but applies equally to intangible things like ideas and knowledge (Rowe 2008). The Japanese cultural
perspective from which lean production takes its cue is knowledge-based rather than product-based. In
this view, Toyota doesn’t simply produce automobiles, it continually develops knowledge and then applies it
(Rowe 2008). Through this, an alternate question can be asked: What forms of knowledge does any given
technology support and how might this inform the culture of practice?
My central argument to re-position digital fabrication as tradition re-tooled is to connect this technology
with particular forms of knowledge central to the discipline of architecture. Craft, scale and economy direct
particular forms of knowledge in the design process, and in doing so, connect processes with values. Crafting
is a process that binds conception and execution teased out through the design process. Allowing material
execution to feedback into the design process, effects the designers attention to intention, including shifting
attention from the production of objects to the material experience of architecture. Scale and economy are
particular values associated with this material experience, which are often over-looked in the instrumentality
of digital fabrication.
Without an attention to scale, digital fabrication tools are simply printers of form, placing emphasis
on the objects produced rather than the forms of knowledge tested out through material execution. The
direct connection between the digital and the physical afforded through digital fabrication is able to provide
a material referent in the world, but only becomes meaningful at the point the composition of material
elements feedback into design intent effecting the subtle realization that when the work changes scale, the
work changes. This shifts how digital fabrication is used from the production of objects, to the configuration
of material assemblies. Yet, too much attention on material assemblies can prioritize the technical overlooking
the larger social significance of architecture. Joining and assembly are not just technical, but social terms. In
this, craft as the attention to intention can be calibrated with the demonstration of scale such that the crafting
of intentions does not need to reflect the technology, but rather prioritize the social and material experience
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of architecture while demonstrating a nascent ability to execute.
Focusing on economy does not need to legislate efficiency, but rather direct focus on a robust economy
of intent demonstrating the value of the means and materials employed. This places emphasis on articulating
the value of what it is done, not just how it is done. Minimizing or even eliminating waste can be an effective
pedagogical tool to calibrate skills between geometry and material, while projecting a social consciousness
of what is done. Through this attention to intention, craft and economy are closely bound. Craft includes
judgment and the demonstration of discretion which applies not only to an economy of means, but an
economy of intent. In a material practice, means and intent are reciprocally influences. Taking an economy of
means seriously in digital fabrication could direct a clarity of intent demonstrating the value of what is done.
Taken collectively, craft, scale, and economy do not follow as extensions of digital fabrication, but quite
conversely, the demonstration of craft, scale, and economy through digital fabrication extends the culture of
practice. Positioning digital fabrication in this way is not simply a technological issue, but a matter of design
culture. In summary, this cultural shift develops through a broader conception of affordances, positioning
digital fabrication as an extension of the material imagination, and how this projects a particular image of
practice.
9.15 Affordances, the Material Imagination and the Abstract Workshop
As J.J. Gibson’s theory of affordances is coupled to his theory of active perception, affordances bridge
the subject-object gap. The affordances of tools, for example, have not only a direct consequence on the
objects produced, but affect the tool-user’s perception prioritizing some attributes while concealing others.
Furthermore, affordances operate not just between a user and a tool, but are situated in a particular context
of action, which Gibson defined as an ecological niche. Through this perspective, tools mediate between
intent and action.
By positioning digital fabrication as an ecological niche with particular affordances the instrumentality of
digital fabrication can be put to the periphery to focus on how and in what ways these tools mediate forms
of knowledge afforded the perceiving subject. These perceived affordances do not develop simply from the
instrumentality of the tools, but the situated context in which they are placed. As pedagogical tools, their
functional significance is socially-conveyed. Pedagogies have affordances too. They direct attention to particular
issues while concealing others. In the developing designer, the trick is to carefully calibrate the affordances of
design pedagogies pulling the affordances of technology through the situated design context. The mythology
of automation is that students will simply pick-it up. What they quickly pick-up is habits of use, which can
distract from the means of investigation the technology was supposed to engender.
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Positioning digital fabrication as pedagogical instruments requires just enough knowledge to know their
capabilities, but more importantly how they are situated within the context of practice. In repositioning digital
fabrication as tradition re-tooled, rather than technological novelty, my focus is how these tools effect the
form of practice not simply the form of what is produced. For those critically engaged in digital fabrication,
these forms of practice and the forms it enables are not separate, but contextually bound. As digital
fabrication becomes ubiquitous, this critical engagement can become decoupled. Are we left with forms of
practice or forms produced by digital fabrication? Craft, scale and economy are values fundamental to the
practice of architecture, irrespective of the technology employed. Conversely, the demonstration of scale and
economy in digital fabrication demonstrates an attention to intention and the sensibility to execute. In so
doing, situating the tool and user into the context of practice.
Despite the opportunity of digital fabrication, affordances include dangers as well as opportunities. The
biggest danger of digital fabrication is that it suspends the material imagination it was meant to engender.
For all of the opportunities to create a direct link between conception and execution afforded by digital
fabrication, the actual relationship to material is indirect. No amount of digital skill alone will change this, as
this is not an issue of digital technique, but an embodied experience that develops from a feel for materials.
This includes not just physical texture and appearance, but the ability for material to bend, fold, and crease, to
be cast and molded, as well as to resist and support, and not least, the physical weight and joining of materials.
These are all essential sensibilities for a young designer to cultivate the material imagination projected into
their work. Digital fabrication is not a substitute for this material imagination, but the reciprocal analytical
development of this material play. This requires a synthetic sensibility to translate between the loose thinking
of the material imagination with the structured thinking in digital fabrication. Digital fabrication enables this
translation process through the ability to test material propositions and assemblies, rather than to simply
speculate about them, which, in turn, can further the material imagination.
Cultivating this material imagination in design education projects a particular image of practice. Digital
fabrication has enabled a renewed interest in the material practice of architecture through a new genre of
digitally-enabled workshop practices blurring the boundaries between designer and fabricator. To associate
digital fabrication with only this direct and literal form of workshop practices overlooks the broader impact
of digital fabrication on architectural design culture. The abstraction of digital fabrication can leverage scale
in a way that direct fabrication never could. The myth of simply scaling-up can be inverted, such that the
anticipation of full-scale construction can be miniaturized through the precision of digital fabrication such as
laser cutting, while testing it out through prototypes. The prototype teases out the translation process without
being tied to material production while situating the designer in the material experience of architecture
Without a material feedback loop, digital design has created a disconnect between the abstract image
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and material experience. The emphasis on image over experience effects the values and intentions that are
shaped in the design process. Through the affordances of digital fabrication, attention shifts from what the
tools produce to what the tools afford the user in the context of design practice. Moving from the hands-on
embodied material imagination to digital fabrication is a process of translation from material information to
the abstract data-driven digital information that drives digital fabrication. In an age of electronic information,
a distinction must be made between the form of information a tool needs and the form of information a
designer needs. Furthermore, a third and important distinction must be made in the forms of information
needed by others as the execution of built work is a collective and distributed process across knowledge,
experience, and interests. The instrumentality of digital fabrication certainly biases the execution of artifacts,
while these material artifacts also externalize and contextualize the material experience of architecture in
this distributed design process. A designers knowledge and experience is needed to form linkages across
these forms of information to connect conception with execution. Technology plays an active role in enabling
these linkages, but these linkages are formed through human experience and experiment teased out in
the design process. Data might flow, but information is formed. The form of information itself is informed
through the particular constraints and parameters of a design’s context. Digital fabrication injects material
and fabrication constraints into the data flow of digital design which effects how a designer forms information,
and importantly, it also effects how a designer is informed. At its best, the digital fabrication process enables
the designer to form conduits between design intent and material execution as a feedback loop through
parametric tools and physical prototypes. These material and fabrication constraints contextualize the digital
design process into the lived material experience of the built environment.
Images play an important role as well as they project beyond the immediacy of material experience. The
image in the imagination can be collective as well as individual. The image of practice as an abstract workshop
is a reflection on design culture as well as a projective image cultivated in the design student within design
education. The significance of digital fabrication in design education is not only in the artifacts produced, but
how these material and fabrication constraints contextualize the digital design process into the lived material
experience of the built environment. Situating digital fabrication in the context of design practice directs
the conscious attention of scale and economy at the core of the disciplinary forms of knowledge of the
architect. As with digital fabrication, the attention to scale and economy should not drive design intent, but
contextualize design intent. The attention to scale afforded by digital fabrication enables the configuration of
variable material assemblies, while at the same time this attention to scale situates the designer in the human
and perceptual experience of architecture, thus affecting an attention to intention. Economy contextualizes
the exquisite possibilities of this customization through digital fabrication in a world of more limited material
and economic constraints. Ultimately, the acknowledgment of economy in the design process is not only
about doing more with less, but how a particular design proposition reaches across many different issues
through an economy of intent. The attention to economy in digital fabrication can act as an interface between
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the material experience of architecture and more global issues beyond the immediacy of material experience.
In this, the attention to economy can demonstrate the value of design. Through the image of practice as
an abstract workshop, the designer forms the linkages across the distributed design process while projecting
design intent beyond the immediacy of the object to life itself.
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Appendix A: From Bézier to NURBS: Integrating Material
and Digital Techniques through a Plywood Shell
Each idea must be related to the principle of a material system, simple and primitive though it may look, on
which a variable solution could be based (Farin 1993). 						
A.1 Introduction
The recent focus of digital fabrication in architecture has reintroduced material processes with digital
processes. Since at least the early nineties, the accessibility of both computer software and hardware
motivated a formal renaissance in architecture propelled by glossy renderings. This formal emphasis has
only been compounded with the ease of formal manipulation enabled by non-uniform rational b-splines
(NURBS). With the recent introduction of computer numerical control (CNC) in architecture, the ability
to build this formal manipulation is no longer novel. Moreover, the approach to formal development and
material fabrication is met with a certain schizophrenia: formal development up to a point, and then the form
is handed over to be sliced up, often in orthographic sections, to then be milled. Although NURBS were
introduced to architecture before CNC technologies, the origins of NURBS are tied directly to a material
system.
This research project was motivated by the fact that Pierre Bézier, arguably the forefather of NURBS,
wrote a book on numerical control nearly ten years before publishing his slightly more well known book on
the Unisurf CAD System (Bézier 1972). Further reading reveals a startling fact: Bézier and others at the time
developed the foundation of what is now NURBS as a result of the development of computer numerical
control in the 1960’s. The irony is that early CNC technologies inspired the foundation for NURBS - not
the other way around. In other words, the tool necessitated more robust techniques to exploit the tool.
While CNC technology gives the possibility to slice up any shape and fabricate it, is there not a more robust
approach to integrating form and material through the relation between NURBS and computer numerical
control?
The motivation behind this question is two-fold. First it is presumed, and all too frequently the case,
that the software leads the development of form through its encoded emphasis with the designer’s direction
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and intentions filtered through that medium. For example, in one case study “Form Follows Software,” it is
argued that each software interface either enhances or hinders the development or 3-d alternatives beyond
the default primitives (Serriano 2003:187). Furthermore, it is argued that the formal flexibility of NURBSbased programs, which is more akin to digital clay, is an accomplice in obscuring the tectonics of these artifacts
(Serriano 2003:188-9). Although there is no doubt evidence to support these two theses, is this necessarily
so? First, even if one only conceptually understands the mathematical principles behind NURBS, learning
the software is a question of preferable interface, not of encoded bias or proprietary tricks. Secondly,
understanding the origins of the material processes that inspired NURBS development implies an obvious
link to material systems and processes, bringing into the digital process a question of material making. The
argument presented here is that there is a great deal more information embedded within the NURBS surface
than merely representing a shape, but indeed in directly fabricating it.
Briefly three built examples are given which form the parameters of this particular research project.
Then, a brief overview of b-spline principles are introduced that lead to both a working vocabulary and
certain techniques that are a more materially informed approach to working with NURBS. Specifically,
a digital technique of developing conceptual NURBS geometry into piecewise surface patches are then
flattened based on the material thickness and density. From these flattened patches, a material technique is
developed to accurately remove material to allow the rigid flat material to re-develop into compound curved
surface patches. This technique is demonstrated through a rigorous and replicable computational process, and
fabricated as a full-size installation. The goal of this research is to develop a correspondence between digitally
driven surface and digitally driven material processes. The application of this technique as a rational and
flexible system is to support the dynamic response of form and material toward such performative aspects as
structure, daylight, ventilation, and thermal properties.
A.2 Precedent
Examples of digitally fabricated structures are now ubiquitous, at least in the architectural media. Despite
their formal eloquence, these projects generally rely on similar techniques of description and development
to fabricate these forms. The evolution of materially informed processes on digital development occurs at a
much slower timeframe than the speed of which formal representation can be published through images and
publications. For example, a close inspection of Frank Gehry’s work from the Guggenheim in Bilbao, to the
Experience Music Project in Seattle, to the Sosnoff Theater at Bard College, and the Disney Concert Hall in
Los Angeles reveals a slow but significant impact of material processes and digital development revealed in the
actual experience of the work through smaller details that are often glossed over in publications.
Although the Disney Concert Hall technically predates the Guggenheim project, the long delay and
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Figure A.1.

Orthogonal slicing or “egg-crating”

Figure A.2.

Thermoformed

acrylic

panels

of primary steel structure in the Bubble. Image from

over CNC milled foam molds. Image from (Kolarevic

(Kolarevic 2003: 35).

2003:35).

consequent redesign and redevelopment of the Disney Concert Hall reveals the development and knowledge
based experience of both Frank Gehry’s office and the fabricators that his office works with, with the most
obvious example, among many, being the move from a curved limestone skin to a titanium skin. Three more
succinct examples that illustrate an evolution of technique are Bernard Franken’s BMW pavilions “The Bubble,”
“The Wave,” and “The Brandscape” developed between 1999-2000.
These pavilions are simple programmatically and illustrate an explicit focus on developing material/digital
processes through these projects. The process of these projects is presented in Branko Kolarevic’s Architecture
in the Digital Age: Design and Manufacturing (Kolarevic 2003). The Bubble’s main structure was developed
through orthogonal slicing yielding a rigid egg-crate representation of the form (figure A.1). The precise
form is then enclosed with acrylic sheets thermoformed from CNC milled polyurethane molds (figure A.2).
Despite the egg-crate structure, the pavilion’s novelty resides in its use of compound curved surface patches
as opposed to geometrically reduced ruled surfaces. While these acrylic patches directly correspond to the
digital model, they are clearly not structural.
The following year, Franken’s pavilion “The Wave” and similarly developed “Brandscape” focused on
evolving the primary structure away from the egg-crate approach. Instead of representing the form through
the approximation of orthogonal slicing, the evolution in these projects is using the iso-parametric information
embedded into the digital model to develop the doubly curved steel pipe structure. However, the CNC
pipe-bending machine only curved pipe in one direction, and therefore the doubly curved structural section
was segmented into approximately 100 singly curved pieces. The secondary structure similarly consisted of
a lattice of double curved aluminum tubes, but due to the flexibility of the aluminum section, and the gentler
degree of curvature in one direction, each aluminum lattice line could be CNC bent in one direction and
curved into the second direction as they are fixed in place (figure A.3). The skin in this pavilion is simply fabric
stretched between the lattice openings.
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Although these projects are now five years old,
the evolution these projects present appears to
have met an impasse, as there has been little further
development in this direction. Specifically, despite
the Bubble’s egg-crate structure, the thermoformed
surface patches are developed from a direct
translation of the digital form to material form, albeit
with the less than desirable intermediary mold. In
the Wave, the primary structure develops directly
from the iso-parametric information embedded

Figure A.3.

in the surface. The limitation of this project is the

perimeter follow the iso-parametric structure of the digital

compounded cost in assembly of the singly curved

surface responding to surface geometry rather than egg-

steel segments to build the doubly curved iso-

Curved aluminum infill and steel pipe

crating. Image from (Kolarevic 2003: 38).

paramteric lines of structure, yet an opportunity is
also revealed through the natural characteristic of certain materials to bend in at least one direction, such
as the aluminum tubes. Combining the assets of both of these projects, is there not a way to combine the
embedded information of the iso-parametric lines with a structurally rigid surface patch to develop a true
free-form self-supporting structurally rigid shell?
A.3 From Bézier to NURBS: Principles of B-Spline Differential Geometry
It is not the intention of this historical review to follow the derivations of the differential calculus of these
mathematical curves, but to uncover the implications of this mathematical basis on material form. It cannot
be overstated that these advanced mathematical techniques were motivated by the burgeoning methods of
computer numerical control in the automotive industries at Citroen and Renault in Paris, and Ford and GM in
Detroit (Farin 1993: 363). Through the understanding of a couple principles behind b-spline geometry, a more
accurate correspondence between digital and material process is possible. Of principle concern here is first
the idea of piecewise construction exemplified through the evolution of the Bézier curve into the b-spline.
Second, exemplified through the development of Coons surfaces, which is mathematically speaking a patch,
outlines the differences, and potential, of distinguishing between a patch and a surface. The combination of
these two principles leads to a materially informed technique of rebuilding schematic NURBS surfaces into
piecewise bi-cubic patches.
Although many mathematicians were working on the same problem, the French mathematician Pierre
Bézier was the first to publish the mathematical basis of what is now known as the Bézier curve (Farin 1993:
XV). Generally speaking, the Bézier curve is the basic building block of b-splines and NURBS surfaces. A
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Bézier curve is comprised of a series of control points, wherein the curve only passes through the first and
last control points, or end points. The lines that connect these control points are known as the control
polygon. Despite their free form, these curves are the graphical expression of the parametric equation:
C(u)= ∑ni=0 Ni,p(u)Pi , wherein {Pi} are the control points, and the {Ni,p(u)} represents the pth degree of
the Bézier curve (Piegl and Tiller 1995: 81). In the simple Bézier form, the degree of the curve follows the
number of line segments in the control polygon, or one less than the number of control points (figure A.4).
For example, a Bézier curve of degree one (linear) is a line segment despite being derived from the same
parametric expression above. A Bézier curve of degree two (quadratic) can be seen as it’s degree is one
less the number of its three control points, this follows with a Bézier curve of degree three (cubic) which
is very common in computer graphics applications. A b-spline, however, can be described as a piecewise
construction of Bézier curves where the intermediary control
points with the line passing through them are
From Bezier to NURBS:
Principles of B-Spline Differential Geometry

defined as knots (figure A.5).

Linear
(Degree of 1)

From these simple elements, a surface can be
generated by continuously moving either Bézier or

Quadratic

b-spline curves through space, connecting similar

(Degree of 2)

curves in the opposing direction to the control
points of the generating curve, indicated as u and v
directions. Mathematically speaking, this is known as

Cubic
(Degree of 3)

the tensor product approach (Farin 1993: 271). In
lieu of modifying a given curve over time, a given

Degree Matters

surface can be modified through its control net, or
lattice. These types of surface manipulation are so

Figure A.4.

familiar to architects working with NURBS that their

Bézier curve degrees based from the
same equation.

mathematical origins are typically unknown. It is not

Figure A.5.

Cubic Bézier curve and B-spline curve as piecewise construction of cubic Bézier curves.
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Figure A.6.

Coons patch development through bi-lineal blending of two ruled surfaces.

the particular math that is significant but the rationality in building up the system that is fundamental. Where
the b-spline curve is a piecewise construction of Bézier curves with the knot marking the beginning/endpoint
of subsequent piecewise Bézier curves, these knots become iso-parametric lines in the surface. Note that a
true Bézier surface would therefore have no intermediary iso-parametric lines, which is defined as a patch.
Whereas the Bézier curve was seen as the mathematical building block of the b-spline, the Coons patch can
be seen as the mathematical basis of b-spline surfaces (Farin 1993: XV).
The mathematician Steven Coons is attributed for his derivation of a surface from four boundary
curves. Most architects are familiar with lofting, forming a surface from a series of curves or line segments.
Lofting between only two curves results in a linear interpolation between them or a surface generated by
straight lines or rulings, known as a ruled surface. Coons developed his method of a surface defined by four
boundary curves through a technique of bi-linear blending. Each opposing set of curves are lofted with the
resultant grid blended into a continuous surface (figure A.6). While the solution of bi-lineal blending this ruled
mesh is elegant, it is also problematic as a result of the linear interpolation from one curve to the next. For
variable surfaces which rely on more than four boundary curves, as most do, the Coons patch is not informed
by neighboring patches thereby creating creases at the boundary conditions. Mathematically speaking, “cross
boundary tangents along one boundary depend on data not pertaining to that boundary”(Farin 1993: 369).
Although there are blending functions to smooth out these differences, they are frequently undesirable as they
alter the defining boundary curves.
This brief knowledge of Coons patches is useful for two reasons. First, although patches may not be
as advantageous in conceiving form, there primary benefit is to rationally reconstruct a surface from a given
network of curves maintaining the logic of that network. Secondly, with the knowledge that these patches are
bended from two ruled surfaces, it is possible to degree reduce these patches in one direction resulting back
into a ruled surface.
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A.4 Digital Technique: Schematic NURBS Geometry into Piecewise Bi-Cubic Patches
While the subject of this paper is not formal conception, it does imply the introduction of material
systems and processes at much earlier stages of formal development. To this end, the technique presented
here relies on simple geometry taken from a torus (figure A.7), however this technique could apply to any
surface. The very limitation of the patch, that “cross boundary tangents along one boundary depend on
data not pertaining to that boundary,” becomes
the opportunity for this technique of rebuilding
the original NURBS surfaces into piecewise bicubic patches. If developed from an appropriately
formed network of NURBS, the boundary curves
of the patch can be developed as a seam between
adjacent patches where the patch boundary edges
separated by that seam do share the same tangent.
The result is the same continuous curvature of the

Figure A.7.

Original NURBS surface taken from

original NURBS surface but separated as patches.
More significantly, the piecewise construction is
not merely a different representation of the same
NURBS surface, but the spacing between the isoparametric b-splines (isoparms) can be correlated
to particular material unit sizes. In this example,
the original NURBS geometry was rebuilt based on
a standard 4x8 sheet size of plywood (figure A.8).
These dimensions can be verified through flattening
a particular patch (see below) or simply verifying the

Figure A.8.

appropriate spline length.

Rebuilt surface with each surface
patch no larger than a 4x8 sheet of plywood.

In schematic development, a minimum of isoparametric lines will likely be desired to maintain
global control. However, once the form is set, it is
suggested here that adjusting iso-parametric line
density is directly related to product scale and
detail when the surface is connected to a material
process. For example, the isoparm density would
be different for say a stapler, than for a building. That

Figure A.9.

is, size matters in this process. It should be made

Example of piecewise reconstruction
of bi-cubic patches.
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clear that for representational purposes this is nearly irrelevant. However, when tied to material parameters
and processes these isoparms exhibit a potential much greater than simply representation. The isoparms can
be seen as seams in a material process whereby adjusting the isoparm density creates a correlation with a
material dimension and/or a material process. In this way, the process of slicing is not necessary, as the object
or building can be broken apart at the seams. For example, in an injection-molded product, I might choose to
split the surface more or less down the center into two equal surfaces. However, for much larger products,
such as architecture composed of many large pieces, distinct techniques are necessary.
After the original NURBS surface is rebuilt based precisely on particular material parameters, the
surface curves can be extracted and reconstructed as bi-cubic patches in piecewise form. These are termed
“bi-cubic” as the b-spline curves in opposing direction are both of cubic degree. Although this is a basic
and straightforward approach, when NURBS are only seen as digital representations of form the material
implications of this technique would not be apparent. Furthermore, other approaches such as triangulation
have dealt with the rough approximation of continuous curvature, but are developed from the reconstruction
of the entire surface, globally as a mesh, thus dropping the parametric expression of the generating curves.
Triangulation also yields a field of complex joint angles that must be dealt with. By rationally constructing
NURBS geometry, continuous curvature can be achieved while simultaneously simplifying the assembly of
joints as a result of their shared tangents, and creating a digital/material synthesis through the correlation of
material parameters and process through defined iso-parametric seams.
While the technique of piecewise bi-cubic patches simplifies the joint, the challenge resides in
economically fabricating these bi-cubic (compound curve) patches. Of course these surfaces could be
milled from a solid chunk of material, though this is obviously time and material consuming. Similar to the
acrylic patches in Franken’s Bubble, intermediary molds could be milled and thin sheets of material could be
laminated to the mold. However, the most economically and materially desirable solution is to flatten these
patches utilizing flat stock material and basic two and three axis CNC technology as these are the most
common in the industry (Kolarevich 2003: 34).
At this point in the process, there are two options in flattening the patches to work with flat stock
material. The first option is to degree reduce the patch in one direction into a developable surface, and the
second option is to use specific software that can flatten compound curve material based on the material
thickness and density. A developable surface is a sub-set of ruled surfaces whose rulings are parallel (a
cylinder) or concentric (a conic section). As a result, developable surfaces can be iso-metrically mapped, or
unrolled onto a plane. A compound curve is simply a curve in both directions, or doubly curved, as in the
bi-cubic patches. Although both options require specific software solutions, option one rebuilds the surface
into a developable surface such that it can be unrolled regardless of material properties. The challenge
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of flattening compound curve material is that the material is actually stretching, creasing, and/or tearing
and therefore the density and thickness of the particular material must be taken into consideration by the
software.
A.5 Option One: Degree Reduction of Bi-Cubic Patches to Developable Surface
Although ultimately this project proceeds with the second option, this option results from the review
of the mathematical principles of NURBS and will likely be invaluable in different applications. While by
definition, the bi-cubic patches (curved in both
directions) are not developable; a degree reduction in
one direction will yield a ruled surface, or technically
a dual degree patch (cubic in one direction and linear
in the other direction). Furthermore, as a result
of the piecewise construction of bi-cubic patches,
each boundary curve shares the same tangent
with the adjacent patch, and therefore through
reducing the degree in one direction this technique
will yield a developable surface. Pause must be

Figure A.10.

given here to stress that degree reduction in one

Option one: rebuilding doubly curved
surface patches as developable surfaces.

direction of any NURBS surface will not necessarily
yield a developable surface, but will yield a ruled surface. However, in this technique, as the original NURBS
geometry is rebuilt through a piecewise construction of patches, this approach to degree reduction should
yield a developable surface at each patch.
Although it would be easy to proceed with this project in developable surfaces by unrolling them
through Rhinocerous3d sofware, this formal approximation is not satisfactory compared to the intended
compound curve model. Care needs to be taken in which direction to reduce in degree as it not only will
effect the appearance of the surface, but depending on the geometry can also split the seams. Furthermore,
projects which successfully use ruled surfaces approach ruled surfaces at the schematic stage of design as a
material/geometric restraint, such as the physical paper strips in Frank Gehry’s design process, and not as an
approximation of a desired compound curve surface (Killian 2003: 78). Scale is also an issue, as larger projects
utilizing smaller ruled surfaces may appear as compound curved as Gehry’s work exemplifies. The attempt to
develop this project through ruled surfaces suggests that the successful use of ruled surfaces is more a part of
conceptual development, accepting the material constraint of curving in only one direction.
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A.6 Option Two: Flattening Compound Curvature through a Software Approach
The software approach to flattening compound
curvature was previously the purview of advanced
aerospace, automotive, and aeronautical software
and therefore presented a daunting learning curve
to mention nothing of expense. With the recent
introduction of Lamina Design software, this has
changed. This stand alone, single function software
is both inexpensive and easy to use. Unique to this
software, is its ability to flatten compound curvature

Figure A.11.

based on material density and thickness. This is

Option two: bi-cubic (doubly curved)
surface patches.

intended neither as a product endorsement nor
software tutorial, but this direction would not have been pursued without Lamina. The illustrated examples
on the Lamina website are of smaller sculptural objects and furthermore are objects formed by only the
surface. This is problematic as architecture obviously deals with much larger pieces and is always a composite
of multiple systems. For Lamina to work, surfaces must be rebuilt as a mesh thereby dropping the isoparametric information. However, through the piecewise technique of bi-cubic patches presented here, the
boundary condition is all that is necessary so long as it is proportionate to the material process employed
(e.g. in this example a 4x8 sheet of plywood with a 4x8 CNC router). Although this may appear as merely
procedural, all too often I have encountered an indifference to surface construction stemming from the digital
model as only a representational model of form expecting the software to do it for you. In this way, this is
not a critique of this particular software, but supports the need for the digital process to be informed by the
material process – an intelligence from the designer, not the software.
A.7 Material Technique: Routing Uniform B-Splines at Lines of Stress
For clarity, this paper has presented a linear process of moving from digital to material, with the
knowledge of the material parameters, such as a unit size, informing the digital process. However, as both the
digital process and material process were being tested at the same time, it cannot be stressed enough that
the material development proceeded in tandem with the digital development. While a great deal of research
was geared toward the digital technique of accurately rebuilding the NURBS geometry, an equal amount
of physical research was based on the ability of the material to form a compound curve as well as simply
testing the file translation process from digital to material processes. This project proceeds with plywood as
the material of choice for a number of factors, but particularly for the ease of use of working with wood, its
relative inexpensive cost, and most of all that I had unlimited access to a woodshop with a 3-axis CNC router.
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Certainly other materials could be used and their
specific properties would modify this process.
A.8 Test Patch
A small test patch was fabricated as an initial
demonstration of this process. Curvature analysis
was used in Rhino to locate the patch with the most
extreme curvature (figure A.12). From this analysis,
a section of this patch and frame was flattened

Figure A.12.

with Lamina. The frame was simple to fabricate

Red areas have the highest radius of curvature, and are

and assemble with dados at the corners to register

Mean curvature analysis in Rhino.
therefore the most problematic sections.

the pieces. For the 3/4” structural skin, a technique
was necessary to selectively remove material at
regular intervals relative to the double curvature
desired, which was a particular challenge as all four
edges were of unique curvature due to unrolling
the compound curve patch. Although it added for
a complex workflow, the solution was easy: use the
blending function in Adobe Illustrator. This function
rebuilds these lines as a blending of uniform b-splines,
whereas the differential geometry of NURBS is
formed by the non-uniform basis of isoparms. These

Figure A.13.

First test patch (exterior)

paths were then milled using a 3/4” ball endmill to a
depth of about 5/8” of a 3/4” piece of plywood. A
ball endmill was used instead of a square endmill to
avoid stress failure at the internal corners. This patch
was then easily screwed to the frame (figures A.13
& A.14). This quick sample identified three issues
for further development. First, the blending lines
were more dense than necessary in one direction,
but more importantly were not dense enough in the
second direction creating a noticeable segmentation
at the edges. Second, the material does not naturally
want to bend in both directions, and therefore

Figure A.14.

formed a flat spot at the center of the approximately
242

First test patch (interior) showing
grooves to allow for curvature of flat panel.

1’ by 2’ sample. Third, although the skin is inherently
stronger as a result of the compound curvature,
because of the routed grooves it easily supported
about 30 pounds, the weight of a child, but began to
crack upon my full weight.
The structural integrity of the skin was of utmost
concern and two options were considered. The first
was to infill the cavity with polyurethane foam which
expands creating an insulated and potentially rigid

Figure A.15.

structure. The second was to laminate a thin sheet

laminated skin held its shape when frame was removed.

Grooved

test

patch

with

1/8”

of material to the grooved plywood such that the
grooves could not flex.
A sheet of 1/8” masonite was milled to the same flattened path profile, glued to the plywood and
then screwed to the frame to dry overnight (figure A.15). After removing the screws, the laminated skin
maintained the exact shape of the frame, and the new shell would support my full weight without cracking
and minimal deflection. This introduced a more robust approach toward a true structural skin independent
of an intermediary frame, and therefore this option was pursued in this project. Through this move toward
lamination, an obvious option of using several thinner sheets would eliminate the need for the grooves.
Although this is a viable option, it was avoided in the attempt to minimize the number of pieces and the more
complex apparatus required to laminate multiple sheets together. Moreover, as thinner material was more
flexible, it also meant an increase in density of support structure for fabrication possibly even necessitating a
continuous mold, which was to be avoided in the first place. Finally, the thinner laminations resulted in nearly
double the material cost as thinner sheets are not priced proportionally to their thickness. Therefore, it was
desirable to develop a technique mating two skins each with an exposed exterior face, unlike the laminated
sample above with 1/8” masonite. It was decided to laminate two skins of 1/2” wood considering particle
board, plywood sheathing, and veneer plywood.
A.9 Frame and Skin
If the frame was not to be used in the final installation, could it be avoided all together? Theoretically, if
there was a way to register the two offset shells through pins or dowels, the frame could be avoided. It must
be made explicit that this would only work if the two skins were offset in the digital model and precisely
flattened taking into account there thickness resulting in the slightest dimensional variation. Yet as a result
of the surfaces being offset from each other, they share the same surface normals - that is, any line drawn
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Figure A.16.

Blend pattern to allow for double
curvature including dowel holes.

Figure A.17.

CNC routing of two mating skins .

Figure A.18.

Mock-up of two laminated patches

confirming alignment of dowels registered at surface
normals.
perpendicular to the surface would likewise be perpendicular to the offset surface. Therefore, when these
sheets are flattened, a hole drilled perpendicular to the surface would then become normal to the surface
when the pieces take their shape. More significantly, if the holes are precisely placed, the holes should align
only when the surface takes its shape and could be doweled fixing their position. Holes were proportionately
located based on the same blending lines developed from Adobe Illustrator, only now the blend was made
more dense to create a pattern of grooves and alternating holes (figure A.16). Two sample patches were
fabricated, lamninated, and connected together through a recessed spline joint (figures A.17-A.18). The
ability to register the two laminations through dowels proved indispensable in laminating the skins, however
it proved impossible to wrestle the wood into compound curvature without the frame. The frame then
really becomes a stretcher and also a physical check that the skin is at precisely the correct curvature. If the
previously described option one, of using ruled surfaces was used, this same technique of hole alignment and
peg registration could possibly be used without a supporting frame or mold, as the wood has no problem
curving in one direction, so long as there is minute movement between dowel and hole, including material
flexure.		
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In addition to the need for lamination, the test patch revealed two other issues, one regarding visual
segmentation as a result of the grooves, and second, a flattening of the material at its unsupported center.
Numerous material studies were made on 1/2” 3 layer cabinet grade birch veneer plywood and 1/2” particle
board adjusting groove spacing and depth, testing for flexibility. As plywood is not an isotropic material, the
grain direction of the laminations has a significant impact on its ability to bend, and therefore deeper groove
depths were tested perpendicular to the strength of direction. While particle board is more iso-tropic
than plywood, it has almost no flexural strength and therefore segmented or slightly cracked at the grooves.
Exterior plywood sheathing was briefly tested, but is rarely perfectly flat and therefore difficult to precisely mill
the grooves. Furthermore, plywood sheathing has numerous knots, plugs, and internal voids that resulted in
failure. For the project developed here, it was decided to proceed with 1/2” cabinet grade veneer plywood
with grooves spaced at maximum of 3” on center, and 3/8” depth, leaving 1/8” of material, or about one of
the three laminations. Further structural analysis may suggest alternating the grain direction between layers.
However, as plywood generally comes with the grain strength in the long direction, to alternate the grain
directions the piecewise construction of bi-cubic patches would have to be based on a 4’x4’ max module
and not the 4’x8’ max module used here, doubling the number of pieces and therefore compounding the
number of joints. The flattening of the material at its unsupported center was simply overcome by adding an
intermediary vertical b-spline support in the final frame.
A.10 Model as Prototype and Frame Final Assembly
The frame itself demonstrates the direct translation of iso-parametric information to material structure.
While orthographic slicing yields a series of flat sections, utilizing the iso-parametric lines yields singly curved
(or ruled) surfaces. The original surface was offset 4” for structural depth, and digitally modeled as a modular
series of nine frame patches (figure A.19). These frames were then unrolled, and tested in a laser cut scaled
physical model from the same files that were to be used for full scale construction (figure A.20). This
physical model indicated a sequence of construction, as well as the need for curved corner bucks to give the
boundary of the frames their correct curvature. Due to both the critical evaluation from this scale model, and
due to the fact that it is constructed from the same files to be used in full scale construction, this suggested to
me that the laser cut model is not merely another form of a design representation, but becomes a prototype
of actual construction. The cut files were modified with the precise location of each plywood corner brace
marked with dados. The corner braces proved instrumental in assembling the full size frames with the
addition of each piece developing the frame shape, including closing the gap in the final corner with clamps to
complete the shape (figure A.21). Due to the prefabrication of each frame patch, the assembly of the entire
structure was done quickly, accurately, and with ease (figure A.22).
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Figure A.19.

Development

frame

patches

in

modular assembly.

Figure A.20.

Flatness of top edge in laser cut

model revealed the need for corner braces to create the
accurate shape.
Figure A.21.

Sequence of assembly of final frame

with custom cut corner braces giving the accurate shape.
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Figure A.22.

Quick assembly of prefabricated frame in shop.

A.11 Modular Skin: Design for Assembly
The full size frame was left assembled as skin and joint options were tested on it. Through these
numerous material and lamination tests, greater attention was placed on its surface quality creating a screenlike object at a scale between furniture and architecture. As a demonstration project, the grooves became
articulated at the surfaces in conjunction with their structural necessity. Routing all the way through the
material in one direction, the material took the curvature as well as expressing its construction. Similar to the
dowels normal to the surface, the grooves only aligned as the panels took their shape (figure A.23).
As a full size installation/demonstration project,
an additional constraint was to create an object
that would easily be assembled, demounted and
re-assembled elsewhere. This placed emphasis on
a removable joint between the nine prefabricated
panels. Several options were considered, including
doweling, puzzle pieces, and a fingered spline joint.
In the end, the simplest joint, a 1/2” lap joint was
used. However, due to the size and geometry of

Figure A.23.

these panels, a great deal of stress is placed on the

Lamination of final skins including
exposed grooves.
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Figure A.24.

HDPE Tenons

in

three

panel

Figure A.25.

assembly.

Threaded ends of tenons used to
post-tension the assembly together.

joint, and therefore the simple 1/2” lap joint only became feasible when a system of post-tensioning was used
in conjunction with the lap joint. By including vertical ball end grooves back to back, an approximately 3/4”
round void was created, making it possible to run a continuous dowel in that void for additional support.
However, a wooden dowel created too much friction, and was therefore impossible to remove. This
introduced a new material to the project: high density poly propylene (HDPE). HDPE is relatively inexpensive,
is very flexible, has a very low co-efficient of friction, with a high tensile strength, and is easy to fabricate.
These HDPE rods were tapped at the ends and used as tenons to post-tension the panels which aided greatly
in the assembly of the structure (figures A.24 & A.25).
A.12 Skin Final Fabrication
The final fabrication of this project was no small affair, with the frame fabricated over spring break, and
the laminated skins fabricated at the end of the academic year when the wood shop was more or less vacant.
Laminating each patch over the frame was a blend between choreography and chaos. Each patch required at
least ten clamps that were sequentially tightened to distribute the stress as uniformly as possible. However,
despite the rigorous digital process and numerous smaller test pieces (figure A.26), the full size patches builtup enough surface tension along the larger surface that each piece buckled at one fairly consistent location
(figure A.27). One of the three bays was able to be assembled as a demonstration of the potential of this
installation (figures A.28 & A.29). Despite the frustration of this physical failure, pushing the material to
its limits is also indicative of the need for further material research in tandem with the digital techniques
presented here.
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Figure A.26.

Numerous test samples and final

Figure A.27.

fabrication.

Figure A.28.

Final assembly of three panels

Failure at lamination grooves due to
accumulation of stress across the surfaces.

Figure A.29.

supported by temporary frame.
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Detail of screen surface including
HDPE tenons.

A.13 Conclusions
The motivation of this research project is based on the relation of the material process on the digital
process. In particular, through the mathematical and historical review of NURBS surfaces, it is found that there
is a strong correlation between NURBS and material processes moving architecture beyond representations
of form toward physical processes informing form and enabling the design process. The emphasis of this
project has been on the digital technique of developing schematic NURBS geometry into piecewise bi-cubic
patches informed by material parameters and processes into a materially related digital model. From this,
two options are presented: one in working with ruled surfaces and one in working with compound surfaces.
A material technique of routing uniform b-spline grooves was used to develop the directional material
properties toward compound curvature.
Building applications in polyurethane injected compound curved stressed skin panels as well as
compound curved concrete formwork are two clear structural applications utilizing the techniques presented
here. As a result of the material failures in final fabrication, one of the conclusions of this research is that
working with ruled surfaces and compound curved surfaces is more than simply a question of degree
reduction, mathematically speaking, but a fundamental question of material resistance – a parameter not
included in the “material parameters” of the digital model presented here. While the digital techniques
presented here are an important development in integrating digital and material techniques, the material
techniques require future work with emphasis placed on the material resistance inherent in the material as a
result of the curvature. Material research needs to focus on material composition: iso-tropic vs. non-iso-tropic
materials, material density, and thickness of laminations in compound curvature.
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Appendix B: Gridshell Tectonics: Material Values Digital
Parameters
B.1 Introduction
The tension between form and material is neither a new one, nor is it necessarily a digital matter. As early
as 1934, Henri Focillon suggests that matter imposes its own form upon form (Focillon 1992). With today’s
digital fabrication tools, material is all too often seen as a homogenous substrate with the outputs of digital
fabrication tools essentially creating physical representations of digitally derived form. Useful and at times
inspiring, yet clearly this matter does not impose its own form upon form. Said another way, there is not an
inherent material feedback loop in the digital design process.
Material morphogenesis, as the name would suggest, is more than simply a material feedback loop in
the design process, but suggests a material system that derives form. Contemporary fabrication tools are
not simply about material output, but are a means to extend the material capacity, complexity, and variation
of a material system. Research practices such as Ocean North are a noticeable proponent of this approach.
They note that “natural morphogenesis” develops its complex form from the systematic interaction between
internal material capacities and external environmental influences and forces. Inspired from this natural
morphogenesis, they situate their “computational morphogenesis” on the complex interrelationships between
material capacities, manufacturing constraints and logics of assembly, and external micro-climatic conditions.
In Achim Menges’ teaching research at the Architectural Association’s Design Research Lab (AADRL), focus
is placed on micro systems on material assemblies and their aggregate effect on larger structures. They
emphasize a bottom-up approach, critiquing the “indulgence” of 1990’s formalism (Menges 2007).
B.2 Material Values Digital Parameters
The potentials for a bottom-up, material centric design approach are far more than simply pragmatic
issues, but have strong philosophical, conceptual, and perhaps even ethical values. Working backwards
through a chain of philosophical influences from Gilles Deleuze and Felix Guattari to Henri Bergson, Manual
DeLanda, like Focillon, is working against the philosophical indifference to material. This Platonic indifference
suggests that ideas are simply actualized by the addition of matter - a view that matter is an inert receptacle
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of external ideas. Rather, the view DeLanda takes up is that material is an active participant in the genesis
of form. He focuses on two central aspects of material qualities: their capacity and tendencies (DeLanda
2004). To oversimplify this case in the wood spline, its capacities are its bending strength and its tendencies
develop from its axis in bending (bi-axial vs. uni-axial). These material capacities and tendencies are material
constraints. From a material morphogenetic point of view, constraints are not simply limitations, but become
productive by shaping design parameters. Quite literally, material constraints ground design. Viewing constraints
as productive can have a powerful affect on design concepts. After all, attentiveness to materials directs ones
attention beyond the symbolic and representational nature of design and instead prioritizes the environmental,
kinesthetic and haptic experience of architecture. Consequently, the primary visual interface of digital media
may be balanced by the material influence through taking the wood spline quite literally. Through this, there
is a connection between material values and digital parameters. All too often the “parameters” of digitally
derived work are abstract points - if abstracted at all - from which form is instrumentalized. These ‘datascapes,’
as Reiser + Umemoto contend, are “an unfortunate consequence of design in the semantic mode” (Reiser
2006: 217). Suggesting that values and parameters are not, in the end, synonymous, provides an opportunity
to productively connect the two rather than conflate them as one and the same thing.
While many may argue that the free-form fascination in contemporary architecture is a consequence
of NURBS based software, an overlooked historical fact is that material constraints and parametric flexibility
were the foundations of the system. While Pierre Bezier, among many other mathematician/engineers, is the
father of today’s NURBS systems, the motivation to develop the system was based on a coupling between a
simple parametric structure in response to the physical constraints of computer-aided manufacture. One year
before his death, Pierre Bezier recounts: “To sum up the basic ideas of the system, it can be said that it came
from the ability to work, think, and react in the rigid Cartesian world of machine tools and, at the same time,
in the more flexible, n-dimensional parametric world” (Bezier 1998). Of course, the very physical spline that
Bezier abstracted into what we now know of as the Bezier Curve, contained both the material resistance of
the wood spline and the geometric constraints of the weighted ducks. Ironically, in abstracting the geometry of
the constraints, the materials capacities and tendencies were abstracted out of the system. Simply put, material
constraints are not built into this digital system. In exchange for these lack of material constraints, and the
restriction to plane curves (2d curves) and fixed spline lengths, we get an incredibly adaptable flexible system
built upon space curves (3d curves) and infinitely extensible curves. In architecture this has given a new formal
renaissance, and the blob as a new typology. However, the accessibility of NURBS based software long before
the accessibility of today’s digital fabrication tools has only extended the philosophical ideas that material is a
receptacle of externally driven forms. Consequently, taming this wild geometry is so frequently done through
slicing and egg crating that these techniques have become synonymous with digital fabrication.
This research takes the material spline quite literally by looking at its capacity to take shape, rather than
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cutting shape out of material, as well as the tendencies of the cross-sectional area of the spline to bend in
a very constrained manner. While clearly a conservative and very constrained approach, the result is a giveand-take relationship between material and geometry that is easily constructible, materially efficient, and
structurally expressive architecture. In the end, the goal is not to suggest gridshells are the answer, but rather,
that the precedent of gridshells may be a pedagogical tool developing material values in a digital design
culture.
B.3 Gridshell Precedent
The first examples of gridshells were developed
through the partnership of Architect Frei Otto and
a young Ted Happold, then an engineer at Ove Arup,
exemplified by the timber gridshell at Mannheim in
Germany built in 1975. Although very few gridshells
have been built, there has been a resurgence of
these structures in the last eight years through
Shigeru Ban’s Japanese Pavilion and Jacques Herzog’s
Expodach for Expo 2000 in Hanover, Helsinki

Figure B.1.

University of Technology Wood Studio’s timber

the Savill Building by Glen Howells Architects and Buro

bubble at the Helsinki Zoo (2003), Edward Cullinan’s

Happold. Image last accessed at: http://www.flickr.com/

Downland Gridshell (2002), and most recently Glen

photos/8821760@N04/541148115/ on Thursday April

Howells Architects’ Savill Building (2006) (figure B.1).

22, 2010.

Contemporary gridshell grecedent,

Typically these structures are fabricated from a flat mat of straight laths, or paper tubes in Ban’s Pavillion, and
then raised and/or lowered into shape. The Expodach is a prefabricated lamella approach and the Timber
Bubble is constructed piece by piece of pre-formed laminated laths.
B.4 Principle Definitions
Structurally, gridshells have the properties of a structural shell, which gains its strength and stiffness
through curvature, with a shell formed from double curvature as the most efficient in terms of minimum
use of material. Gridshells are typically constructed through a criss-crossed pattern of straight laths. Synclastic
surfaces are curved only in tension or only in compression. For example, an arch is formed using only
compression, and a dome is a rotated arch. Geodesic domes are examples of synclastic shapes. Anticlastic
surfaces, or saddle shapes, have tension forces in one direction and compressive forces in the other stabilized
by the tension forces. The significance of anticlastic surfaces is that they are more flexible in their formal
morphology and structurally more efficient from the balance between tension and compression forces.
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B.5 Gridshells Applied
This applied gridshell research developed over
the course of about one year and ran parallel with
teaching two gridshell studios. This chapter focuses
on the techniques and challenges of developing
gridshells with conventional digital tools. A
separate chapter on teaching the gridshell studios
is presented in the following section on researching
design. Despite the curving surfaces of gridshells,

Figure B.2.

Base surface.

they are typically constrained to straight barrel vault
warehouse like spaces as a result of the flat matt technique of raising or lowering lattice gridshells. To challenge
this plan-oriented constraint, the base surface for this experiment developed from a 90-degree turn through
four boundary curves and one center curve (figure B.2).
B.6 Lath Pattern: Projected, Applied, and Geodesic
To develop the gridshell, a pattern can be projected onto a surface, however this is limited as the pattern
can only be projected in one direction. Another method is to simply “apply curves” to a NURBS surface
(figure B.3). While at first it appears this is an easy method to depart from the opposing UV logic of NURBS
surfaces, in fact, the pattern is stretched proportionally across the surface in reference to the density and
shape of the UV curves. While this gives a uniform variation - a proportional distribution - of pattern to shape,
there is no relation to material constraints despite appearances otherwise. A third approach is to construct a
lattice network over a surface through a series of geodesic curves. The geodesic curve is the shortest path on
a surface between two points - in other words it is a true line on a surface. While engineering firms such as
Ove Arup and Buro Happold have had proprietary software that can evaluate a surface based on a geodesic
net, the ability to develop geodesic curves is a recent addition in the release of Rhino 4.0. Comparing the

+

=
Figure B.3.
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Illustration of applied curves on surface.

Figure B.4.

Proportional distribution of curves

Figure B.5.

Geodesic curves (shortest curve on
the surface) applied to surface.

proportional distribution (figure B.4) of apply curves to a geodesic net (figure B.5) is revealing. Clearly the
geodesic net fails to be useful on this shape. Consequently, the proportional pattern was developed further.
B.7 Lath Joint Geometry
A critical component of timber gridshells is to develop strength and rigidity through a multi-layered
approach. This is also necessary to allow the straight laths to pass each other at their nodal points - a critical
joint in gridshells. For example, in the Downland Gridshell, a patented pin/plate joint was developed (Harris
et al 2003). To accurately develop these surfaces in the digital model, a simple set of geometric guidelines
must be followed such that the development of each lath overlaps square to the surface normal at each lath
intersection (figure B.6-B.8). Each lath is a ruled surface and can therefore be unrolled. However, as a result
of the proportional distribution, each unrolled lath is a crescent shape rather than a straight lath. Because
each node is located at the surface normal, the node connection is square to the flattened unrolled lathe.
Consequently, when the laths are put in place, the node holes will align only when the laths take their correct

Figure B.6.

Development of accurate multi-layered approach and pin joint registration at surface normal.
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Figure B.7.

Suface normals at intersection of

Figure B.8.

Detail of multi-layer lath approach

applied curves.

pinned at surface normal.

position as a kind of pin registration. The digital
model was further refined (figure B.9) to create
a physical section model, including the precise cut
files to be laser cut (figure B.10). A section model
was built as a prototype testing the accuracy of
these developed surfaces and the pin registration at
the nodal points (figures B.11 and B.12). With the
success of this model, the digital model was rebuilt
such that the applied grid pattern once developed
as laths could then be unrolled to fit on a board of
clear Oregon Pine (figures B.13). At this point I took
pause, as cutting crescent shapes from solid boards
of clear Oregon Pine, only utilizing about 60% of the

Figure B.9.

material, was not only an expensive propostion but a

Digital

rendering

of

section

of

gridshell.

contradiction in the goals of the project to do more
with less.

Figure B.10.

Sample cut files for section model including holes for pin joint.
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Figure B.11.

Physical section model.

Figure B.12.

Pin joint registration at surface
normal.

Figure B.13.

Although the digital model was refined such that the laths would fit on 1x8 or 1x10 boards

of clear Oregon Pine to be cut on the CNC router, the inefficient use of materials was both expensive as well as a
contradiction in the goals of the project to do more with less.
B.8 Surface Relaxation: Form and Geodesic Pattern Revisited
In the form-finding procedures of Frei Otto, the hanging chain models find a minimum energy form their relaxed state. In contemporary examples such as the Downland Gridshell, a software based dynamic
relaxation technique was employed. Connecting the minimum energy Geodesic curve with a minimum energy
(relaxed) surface seamed a plausible approach. Through a surface relaxation plug-in (www.reconstructivism.
net), the base surface was relaxed with the four boundary curves constrained. The grid pattern was applied,
and from these same endpoints a geodesic net was developed which created a more uniform distribution
of the geodesic net as compared to the geodesic curves applied over the original non-relaxed base surface
(figure B.14).
In comparing an unrolled lath from the same relaxed surface, one with a proportional distribution of
applied curves and one with the geodesic curves, while the pattern appears similar the significance of the
geodesic curves is made clear. The relaxed surface with a geodesic net that is evenly distributed, is able to
be developed from straight laths (figure B.15). This is not only significant to eliminate material waste from
this process, but gridshells develop their strength from the grain structure of the wood and therefore even if
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unrolled lath

The geodesic curves applied to the relaxed surface are unrolled into straight segments.
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shapedmaterial
pieces were
would likely result in the wood splitting from the grain structure being
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cut. More generally, this simple example proves a significant point: a give-and-take relationship between topdown formal emphasis and a bottom-up material influence is necessary.
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Figure B.16.

Rendering of final relaxed surface gridshell constructed from straight laths.

B.9 Verification with Buro Happold, Los Angeles
The international engineering firm Buro Happold has developed expertise in gridshells from the
early Mannheim Gridshell in 1967 developed by founder Ted Happold to many of the recently completed
gridshells introduced earlier. While I was aware that they had proprietary software for the dynamic relaxation
techniques used in the Downland Gridshell, for example, I had no idea if the gridshell development in this
research was a trivial problem for them. Fortunately, I had the opportunity to consult with engineers at
Buro Happold Los Angeles to compare my results with preliminary testing with their software. While their
proprietary software Tensyl does combine surface relaxation with material properties, it cannot automatically
develop both a relaxed surface with a geodesic pattern. Consequently, they were interested in this research
as well.
Using my base surface, two different loads were applied to this surface during the surface relaxation
process in Tensyl. The first run used minimal material resistance more like a fabric structure to compare
with my results with the surface relaxation plug-in in Rhino. This yielded a surprisingly loose and flattened
bulb shape which was neither visually satisfactory nor was the increased curvature at the bulb and the
flattness at the top viable to the gridshell technique. Evaluating geodesics applied to this surface through
another software Robot, this led to failure due to deflection. Neither their approach nor mine accounted
for the strength of wood in bending and the upward force this material resistance would provide. In the
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Figure B.17.

Section diagram comparing original relaxed surface with two approaches developed in consultation
with Buro Happold Los Angeles.

second analysis, applying an upwards load vector, approximate to the thin laths used in the gridshell, modified
gridshell
material values
digital parameters
thetectonics:
shape substantially.
Cutting
a section obliquely along the diagonal of one of the wood laths, ACADIA
a clear 2008

comparison can be made (figure B.17). The surface with an upward load vector closely resembles the shape
of a catenary arch - a shape derived through the hanging-chain models used by Frei Otto.
A revised gridshell model (figure B.18) was developed from this revised surface which is fairly similar
to the gridshell design in figure B.16. The noticeable difference is the reduced headroom to the left of the

Figure B.18.

Revised gridshell model after consultancy with Buro Happold.
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inside curve which can also be plainly seen in the section in figure B.17. The more general conclusion from
this verification with Buro Happold Los Angeles is that this is hardly a trivial matter to be left to software
alone. Clearly the relationship between form and material is lacking in software architects use, but is able to
be resolved, if introduced early enough, with collaboration with engineers such as at Buro Happold. However,
the introduction of geodesics and the associated values of material economy through the precise fit between
form, material, and construction technique is a complex matter that is certainly enabled by software but
cannot be reduced to it. In fact, the opposite is too often the case, that when left to software alone, the kind
of material evaluation and material economies presented here are not simply ignored, but completely unthought of.
B.10 Conclusion
The intent of this applied research is to propose an economy of means through understanding the
nature of materials rather than mimicking the aesthetics of natural systems. While digital fabrication tools are
a welcome and significant addition to the architects’ tool-set, the ‘digital’ aspect of these tools typically suggest
form first only much later to consider material, if at all. Gridshells inverse this relationship suggesting a bottomup materials first approach to form finding. However, the matt technique of developing gridshells yields a very
constrained formal morphology, and while elegant, has limited application. The gridshell tectonic developed
here intends to balance the geometric constraint based on a physical laths capacity and tendencies to take
shape with a more globally flexible form suggesting a give-and-take relationship between a bottom-up and
top-down formal organization. It also serves to critique the proportional distribution of surface sub-division
and applied patterns in parametric tools which are still tied to the non-material NURBS surface, in favor of
approaches that use geodesic or minimal energy curves derived from a materials capacities and tendencies to
balance form and material.
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