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Datais the currency of the information age. While we
bear witness to this every day in the targeted ads we
confront when we open our computers or turn on
our smart phones, it is even more invasive and ubig-
uitous than it seems. It is constantly being produced,
stored, duplicated, and exchanged. The challenge
of this information surplus is how to process it into
something meaningful.

Most of the data we store is not worth the computa-
tional power or energy required to classify and organize
it systematically. Moreover, the continuous accumula-
tion of data creates an ever-entangling, disconnected
web that increases in complexity over time and further
complicates any useful distillation. Complication, after
all, is the multi-pli-cation of various, discrete complex-
ities. And as Greg Lynn notes, “to become compli-
cated is to be involved in multiple complex, intricate
connections." Such complexities challenge all forms
of systematic organization—even processes that are
rote for computers.

The traditional approach to data storage has always
been one of classification. But for data to be more useful
beyond simple tagging and recollection, one needs to
understand its complexity—that s, the various attributes
and peculiarities that are specific to and that might not
be easily defined by a single category. Furthermore, data
is rarely static, and as information changes over time,
it further defies conventional cataloguing logics. The
key to unlocking its usefulness is to sort data using new
methods that allow previously disconnected information
to co-mingle and form connections across categories.
Such strategies provide constant feedback as data

Introduction:
The Multi Plication
of Data

Kory Bieg

Chair, 2017 TxA Emerging Design + Technology
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mutates and transforms. Who knows what will emerge
from these new mixtures, and that is exactly the point.

In his book Radical Technologies, Adam Green-
field notes:

Most of the world's data—and virtually all that's ger-
mane to systems that operate in physical space and
in real time—does not happen to reside in the neat
tables or crisply cellular structure of any databases,
and never will. So the new way of handling such sit-
uations is to look for emergent patterns in previously
unstructured data, like a large body of text, a series of
images, or indeed a real-time video feed...As they are
iteratively resolved in ever higher fidelity, the patterns
themselves begin to suggest the questions that might
be asked of them. "

The papers from this year's TxA Emerging Design +
Technology conference all tackle this theme in one way
or another. The challenge facing contemporary archi-
tecture practices is not how to collect and organize
data, but how to sift through large amounts of dispa-
rate things, bring new connections to the fore, and then
to figure out what to do with them. This new frontier of
information-based design unlocks hidden narratives and
sheds light on the unrepresented. These new combina-
tions can break boundaries, collapse hierarchies, and
set up design possibilities that traditional classification
techniques would never allow. As these papers prove,
once datais free from its categorical shackles, these
revelatory discoveries can inform new materiality, pro-
mote social agendas, and increase disciplinary overlaps.
We can recover a generative and creative intelligence in
data that has been buried up until now.

" Greg Lynn, “"Architectural Curvilinearity: The Folded, the Pliant and the Supple,” in Architectural Design 63:
Folding Architecture (London: Academy Editions, 1993), 27.
- Adam Greenfield, Radical Technologies: The Design of Everyday Life (London: Verso, 2017), 211.

2017 TxA EMERGING DESIGN + TECHNOLOGY 5






Informed Performance:
Probabilities and Speculations

in Architecture

Chandler Ahrens

Associate Professor, Sam Fox School of Design &
Visual Arts, Washington University in St. Louis
Co-Founder, Open Source Architecture

ABSTRACT

The pairing of speculation and physical testing informs
the probability of material behavior in architectural sur-
faces and entities. This paper investigates the nature of
an iterative design process that utilizes simulations and
empirical testing to co-evolve a full-scale research pro-
totype. The paper argues that simulation technologies
have accelerated the ability to speculate the behavior
of surfaces and entities while testing provides analysis,
increasing the potential to evolve the design because
the feedback loop provides information intimately tied to
formal, spatial, organizational, or environmental aspects
of a project. The acceleration allows the design to quickly
iterate and empirically test the speculation in order to
develop a family of options for the designer to compare,
analyze, and then choose the iteration most suited to
the broad range of issues involved in any project. The
paper traces the design process for the research cre-
ation project "Klimasymmetry," which flickers back and
forth between speculation and physical testing in order
toinvestigate how the pairing of simulation technologies
and prototyping informs the design process. Specifically,
the project investigates the nature of the architectural

surface's ability to generate a thermal environment,
which requires methods to predict and test the behavior
prior to fabricating a full-scale operating prototype. The
thermal environment is generated by a custom heating
and cooling radiant panel system in the prototype for
empirical testing, which was used to compare to the
digital simulations.

INTRODUCTION

The dialogue between digital simulations and empirical
testing in architecture provides a critical link between
speculation and material behavior, which suggests the
degree of probability that the final built entity will act as
predicted. This dialogue is enabled by the proliferation
of information technologies into the design studio, which
has resulted in two related impacts. The first is that the
acceleration of generating iterations, when coupled with
the ease of creating digital simulations for each iteration
and quick prototyping of physical elements, provides
a series of potentials to compare, cross-analyze, and
make informed decisions about the evolution of the
design proposal. The second impact is the increased
ability to visualize complex data about a wide range of

2017 TxA EMERGING DESIGN + TECHNOLOGY 7
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phenomena associated with the technical performance
of buildings. These two impacts are investigated in the
research creation project Klimasymmetry, where the
intimate relationship between speculation and empirical
testing was investigated in order to discuss the recipro-
cal transfer of knowledge between behavior and form.
The project addressed the speculative-testing relation-
ship with two main goals. The first goal of the research
was to closely link the formal speculation of designing
the architectural surface with its behavior, which can be
perceived via the physiological thermoreceptors of the
people who occupy the space near the panel system.
The second goal was to investigate the nature of visual-
izing non-visual phenomena through digital simulation
technologies and physical thermal measurements.

The link between form and behavior was initiated
through speculation based on thermal physiological
research. Thermal perception is subjective, yet there
are patterns of similar behavior in people based on age,
gender, and the climate they inhabit. In particular, there
are similar patterns in the way people perceive thermal
comfort across different regions of the body. People
do not perceive thermal comfort evenly across their
skin; rather, it varies per zone relative to the immediate
thermal context.! According to physiological research,
the main zones of the body's thermoreceptors can be
classified as the face, chest, abdomen, and thighs. The
order ofimportance in which people are “more sensitive”
to “less sensitive” according to thermal change varies
relative to whether the surrounding context is warm or



Thermal asymmetry & comfort
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cold. For example, in a cold context, thermal comfort is
most effective when heat is applied to the abdomen, fol-
lowed by the chest, then thigh, and finally the face. The
hierarchy of body zones rearranges when the context
switches from cold to warm. Ina warm context, thermal
comfort is achieved when cooling is applied to the face,
followed by the chest, then abdomen, and last at the
thigh (fig. 1).2 The physiological study reveals that the
link between the geometric location of where thermal
conditions emanate can be linked to the physiological
location of sensory receptors on a person’s body.

The geometric location of thermal zones from the
physiological study spatializes thermal conditions, pro-
viding distinct regions to design thermally active sur-
faces in relation to the people occupying the surrounding
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space. The guidelines for locating the thermal zones pro-
vided enough information to speculate on the surface
geometry for the radiant heating and cooling panel sys-
tem. The panel system was designed to be compact and
approximately the scale of a human, and thus needed
to generate its own thermal environment. The panels
were divided into two thermal behaviors: warm and
cool panels. One side of the object created a primarily
cool environment by having a majority of surface area
dedicated to cool panels, while the other side created a
primarily warm environment with more surface area for
warm panels. Radiant heat transfer is more effective as
the surface area increases; thus, generating a distinctive
thermal environment requires assigning a majority of
the surface available to either radiate heat from warm

Figure 2: Geometric
location of the cool
radiant panel system
inawarm environment
and warm panel in

a cool environment,
according to the
human body.
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panels or absorb radiated heat from occupants with the
cool panels. Maintaining a relationship to the physiology
of the body's thermoreceptors, in a warm context cool-
ing is most effective at the face, while in a primarily cool
climate, heating is most effective at the abdomen (fig.
2). Therefore, informed speculation about the geome-
try of the panel surfaces locates a warm panel at the
abdomen in a primarily cool environment, while a cool
panelis located at the height of a person’s face inawarm
environment (fig. 3).

The second goal of the project was to examine the
nature of visualizing non-visual phenomena through
the generation of images. Thermal conditions are
ever-present in our designed environments but usually
so subtle that we rarely pay attention to them, unless
they stray away from ASHRAE standardization.® Ther-
mal conditions are usually only investigated in design
for functional efficiency or standard levels of comfort but
present a rich opportunity to be examined for their abil-
ity to inform spatial, organizational, and formal design
potentiality.* The perception of thermal conditions is
usually only noticed when there is an imbalance, and as
such, it is usually seen as a problem to be corrected.
Thermal conditions are dynamic and unstable, which
challenges the Vitruvian notions of architectural ele-
ments providing stability. This unstable force that is
ubiquitous in our environment is further distanced from

thy cool ermvir

All panels in predominantly warm environmient

Cool panel create cool envinnmaent

Cool panels located at face

traditional notions of an architectural material because it
is non-visual. The predisposition in architecture toward
surface, form, and texture favors light as an environmen-
tal variable that has legible tectonic behavior because
the effects are visible and reinforce those traditional
systems. The theoretician Michelle Addington argues
that thermal conditions within the built environment
are inherently spatial and thus as architectural as any
other building component.® Therefore, how can thermal
conditions be rendered to reveal their tectonic capacity?

The complexity of the fluctuating flows of thermody-
namics requires a means to visualize the data to allow
designers to recognize patterns of behavior. The need
to synthesize complex phenomena through visualiza-
tion is similar to the American scientific historian Peter
Galison's description of the tension between data visu-
alization and the mathematics of pure science in the
way images are used in the sciences. On one hand, the
scientific community is faced with the need for images
because they create descriptions that words or numbers
cannot provide, relying on our ability for pattern recogni-
tion for comprehension. On the other hand, there is the
scientific community’s rejection of images because they
forego the abstraction of a logical and rigorous non-intu-
itive reasoning that is revealed in mathematics.®

In the case of understanding the behavior of building
systems, simulation technologies provide the means



Warm environment

to visualize non-visible information. The generation of
images to communicate these dynamic behaviors is
crucial for architects that tend to prioritize visualization
over mathematics or language. Computational fluid
dynamics visualizes data from thermodynamic digital
simulations, which generates images where pattern
recognition is easily identifiable. It is the literalness of
the images produced through simulations that reveals
the probable behavior of the proposed surfaces. The
generation of images through simulation is compared
to the visualization of non-visual thermal information
from physical prototypes via an infrared camera. Empir-
ical testing provides the opportunity to understand the
actual material behavior against the simulated predic-
tion. Thus, the design process evolves through the com-
parison between the speculative simulation and testing
of physical prototypes.

Cool environment '

METHODOLOGY

The design process in the Klimasymmetry project can
be defined as a back-and-forth between speculation,
material experimentation, simulation, and empirical
testing. This flickering movement through a series of
iterations generates information that is brought forth
to the next step. At the outset, there were several pre-
determined constraints, including that the general size
of assembled panels would be similar to the scale of a
person in order to provide potential positions of ther-
mal surfaces from head to toe. The size equivalency to
a person provides a range of variable geometries to be
iterated while creating a compact object that generates
two different primary environments. One side of the
object created a primarily warm environment and the
other a primarily cool one, in order to create the oppos-
ing thermal conditions to test for perceived thermal

Figure 4: Continuity of
thermal panel surface
from one side of object
to the other.
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Figure 5: Material
prototypes with
variable density of
hydronic tubes.

Figure 6: Infrared
measurements
running thermal tests
of hot water circulating
through the panel
(measurementin
Fahrenheit).
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comfort. The method of providing heating and cooling
was hydronic tubes embedded into the surface of the
panel system, due to the efficacy of water at transferring
heat. In order to form a continuous flow for the water in
the tubes, the surfaces were linked serially. The impli-
cations of the continuity of flow between one panel and
the next is the continuity between the panel geometry.
The result is the appearance of one continuous ribbon
surface for warm panels and a second for cool panels
that wrap around the object (fig. 4). In order to create
a warm environment, a majority of the surface area
would need to be warm panels and the opposite true
for the cool side. As the warm ribbon surface wraps
around to the other side of the object to the primarily
cool side, the surface area of warm panels needed to be
drastically reduced so that the cool panels could have
greater surface area to generate the cool environment.
Thus, the same condition was determined for the cool
panels: their surface area would decrease once the rib-
bon transitioned to the warm side. The asymmetrical
distribution of the panel surfaces and thermal behaviors
created a hierarchical thermal condition on either side
of the object where the opposing thermal panel would
provide thermal comfort. The specific geometry of the
cool and warm ribbons, as well as the surface area for

each, varies per design iteration.

In order to discover the thermal properties of the
radiant panel, a series of material prototypes were
developed (fig. 5). The material selected for the panels
was gypsum, which was determined according to its
ubiquity in the built environment as a way of proposing
aradiant heating and cooling system that could be inte-
grated into interior environments easily. The ability to
form the panels to any geometry led to the use of Glass
Fiber Reinforced Gypsum (GFRG), which can be easily
sprayed into a form. Embedding a continuous hydronic
tube into the GFRG thermally activates the panel. The
spacing of the tube in the panel affects the efficacy of the
gypsum to absorb heat; thus, a series of prototypes with
variable density of hydronic tube testing was created to
test and determine the thermal property for the panel
system (fig. 6).

The operating temperatures of the empirical tests
were input into the digital model in order to simulate a
series of iterations that explore the implications of form
on the surrounding thermal environment. The varia-
tions explored include different ways to wrap the panels
from one side of the object to the other. This includes
varying the surface area and thus adjusting its ability
to radiate heat. The general rule of radiant surfaces is

2017 TxA EMERGING DESIGN + TECHNOLOGY 13

Figure 7: Design
iterations and CFD
simulations.



Figure 8: Enlarged
view of the CFD simu-
lation for the selected
iteration.

Figure 9: GFRG
spraying.
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that the greater the surface area, the more effective itis
at heat transfer. The first iteration started with a simple
form replicating the general rules of geometric loca-
tion according to the zones of perceived comfort from
human physiological thermoreceptors. Subsequent
iterations explored the effects of increasing the surface
area of one temperature and decreasing the surface
area of the other. In addition to surface area, topological
conditions were introduced to inflect the panel to start
to subtly bend around occupants. As each generation
was modified, it was simulated using computational
fluid dynamics. The simulation analyzed radiant heat
transfer between the panels and the surrounding floor,
wall, and ceiling enclosure, as well as convective air
flow. The surrounding room enclosure was consistent
in size and assumed to be concrete material with an
emissivity of .63. The gypsum panels were assigned an
emissivity of .85, where the heating panel was assumed
to have a temperature of 105 degrees Fahrenheit while

the cool panels had a temperature of 55 degrees. Due
to the intensity of simulation time, a limited number of
iterations were developed (fig. 7). The iterative design
process was not attempting to resemble optimization,
but rather searching the range of limits and providing a
family of options to compare, filter, and discover patterns
of behavior. Ultimately, iteration seven was selected as
the one to advance into the prototype phase because
the panel topology showed the creation of two distinct
thermal environments that could balance the opposing
thermal panel (fig. 8).

Asingle full-panel prototype was developed for empir-
ical testing. The plasticity of gypsum when sprayed as
GFRG allows it to form the topology of the digitally fab-
ricated frame with tensile fabric surface. Since the final
prototype object comprised of the panels is relatively
small, the goal was to have them self-structured. There-
fore, the glass fibers helped to stabilize the panel as the
hydronic tubes were embedded within the GFRG panel.



Figure 10: Hydronic
tubing laid in.

Figure 11: Embedded
hydronic tubing in
GFRG.

Figure 12: Heating
system.
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Figure 13: Single-panel
prototype thermal
test measured with
infrared camera.
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The specific gypsum used in the panels is Hydrocal gyp-
sum cement, which has a high yield strength, fast curing
time, and, when combined with the glass fibers, good
thickness-to-strength ratio. The fast curing time allows
the panels to be quickly fabricated, laminating several
layers together and embedding the hydronic tubes.
The workability of the material prefers to be applied
in a horizontal orientation and minimized vertical
surfaces. The application of GFRG can be poured, but
for an even distribution to create a consistent panel
thickness, it was sprayed from a hopper gun with an
air compressor. One-inch chopped glass fibers were
distributed on the surface during the spraying process
to ensure random orientation of the glass strands (fig.
9). Several layers of gypsum and glass fiber are lam-
inated to achieve a minimal thickness of ¥2", but also
thick enough to fully embed the ¥2" hydronic tubes
(figs. 10 and 11).

The radiant panels were supplied with hot water
from a small water heater and water pump designed
for radiant heating and cooling systems. The pump
continuously circulates the hot water through the
warm panels (fig. 12). The cooling system operates
in a similar way with the water pump circulating the
cold water, except that the heat was removed in a
small chilled water tank housed inside a refrigerator/
freezer. The first panel was fabricated, connected
to the heating and cooling system, and measured
using an infrared camera (fig. 13). Following the sin-
gle-panel test, the remaining panels were fabricated
and assembled into the final prototype. The system
was allowed to operate for one hour to ensure that the
warm panels were no longer absorbing heat while the
cool panels found a stable temperature. An infrared
camera recorded thermal images around the proto-
type in operation.

RESULTS
The back-and-forth repetition of the iterative process
between simulation and testing generated a collection
of potentials that were analyzed together to reveal sev-
eral patterns of behavior. The efficacy of the thermal
context was related to how a person is able to perceive
the opposite thermal condition at the physiologically
most effective location. All iterations generally located
the warm panel around abdomen or chest height in a
cool environment while they also generally located the
cool panel near head or chest height in the warm envi-
ronment. The specific location, topology of the surface,
and quantity of area varied per iteration. The series of
iterations and the patterns of behavior in the simulations
revealed that when the surface wraps around a space,
it is more effective at creating either the warm or cool
environment. Between the two environments, the simu-
lations showed that the warm radiant panels had greater
effect on the surrounding context than the cool panels.
The development of the final physical prototype
allowed the ability to compare the speculation of the
simulation of the selected iteration against the final built
entity. The infrared thermal camera was used to record
a series of images around the prototype. The camera
used did not have the ability to set a standard range
for the false color mapping, so the visualization varies
per image. The camera was able to record the surface
temperatures and localized surface conditions, but not
the air temperature around the panels (figs. 14-16).
Therefore, the infrared camera was not able to give the
same level of feedback as the simulations predicted. The
imaging was able to reveal that the physical prototype
was more effective in heating than in cooling because
the panels were able to maintain a high temperature
(between 90 and 105 degrees Fahrenheit) in the heating
panels compared to the cooling panels. This is related to




the cooling system, which was able to maintain a cold
surface of 62 degrees Fahrenheit. This surface tempera-
ture was less than predicted in the simulations. A larger
cooling system would be needed to maintain a cooler
surface temperature.

DISCUSSION

The nature of thermal conditions is complex, and it is dif-
ficult to associate the invisibility of the phenomena with
the design of the architectural surfaces that radiate heat
or absorb it. Simulations and empirical testing helped to
predict the potential impact the geometry and surface
area had on the space surrounding the panels, provid-
ing a more informed speculation on the development of
form and performance. The experiment avoided being
overly deterministic by utilizing not an optimization algo-
rithm, but rather a more informed process of co-evolving
form and behavior. Focusing on the nature of an archi-
tectural surface made the behavior of a non-visible
phenomena visible through the formal geometry as the
initiator of the thermal environment. Synthesizing the
entire investigation from design to prototype revealed
that the speculative design decisions about the form
seemed correct, but running the simulations and testing
physical prototypes provided valuable feedback on the
speculation. The knowledge was generated through a
design process that flickered back and forth between
speculation and testing to promote a deeply embedded
relationship between form and performance.

With the rise of information technologies in the design
studio, various notions of performance-oriented archi-
tecture have developed. The term "performance” can
have a wide range of meanings, from visual expression to
analysis, to modes of production and operation.” Upon

Figure 14: Cool side
of the prototype (left)
and infrared thermal
imaging (below).

investigating the nature of performance in the design
process, it would be reductive to limit the term to either
the making of form as image-based or deriving from util-
ity as stated in the idiom “form follows function.” With
the influence of information technologies, the ability to
fold in additional parameters such as technical utility
into form generation begins to challenge the hierarchy
of either function or form. Rather, the conception of
the architectural entity is more nuanced and complex,
synthesizing image and behavior. The theoreticians
Eran Neuman and Yasha Grobman coined the term
Performalism to incorporate both technical optimization
and perceptual aspects of form as figure.? Rather than
the dichotomy of form versus function, Performalism
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Figure 15: Warm side
of the prototype (right)
and infrared thermal
imaging (below).
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seeks to consolidate the two within the process of gen-
erating the architectural object. Predicting technical
utility in the design process relies on analysis, and,
with the influence of information technologies, this
often translates into the employment of simulations.
Branko Kolarevic and Ali Malkawi discuss the inter-
relation between performance and design practices
as “blurring the distinction between geometry and
analysis, between appearance and performance.” ?
This blurring has an impact not just on the how build-
ings operate, but on the way forms are conceived.
The practitioner and theoretician Michael Meredith
traces the development of a formalist approach to
design and the influence of analysis and simulation
on the profession. He describes how “in the last few

years, formalism went from geometry-as-god to per-
formance-as-god. If Eisenman would say, ‘The logic
of geometry made me do it, today people would say,
‘The sun angles made me doit."1° As a critique, Martin
Bechthold discusses how engineering has long been
using performance-based analysis for optimization,
while it is only within the last few decades that archi-
tects have been exploring performance in a very broad
manner and often as a way to justify form.!* Rather
than seeking an alibi for form, performance collabo-
rates with expressive aspects through a speculative
and analytical design process that quickly evolves the
architectural entity through informed performance.

CONCLUSION

The Klimasymmetry research project was a nascent
investigation into understanding the nature of ther-
mal surfaces that evolved from collaboration between
formal expression and performative behavior. The
iterative design process provided feedback between
speculation and analysis that made it possible to
visualize what are typically non-visual phenomena.
The ability to predict and measure thermal conditions
and rendering with spatial implications increases
their potential to become architectural materials
used in design with an importance similar to that
of walls, windows, or floors. Thus, the inclusion of
architecture’s soft, dynamic environmental elements
expands the possible mediums with which to design.
While the feedback between simulation and empiri-
cal testing will increase efficiency and predictability,
the opportunity to open new territory for conceptual
exploration has greater potential to impact the archi-
tectural profession.
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Figure 16: Transition
from cool side to
warm side of the
prototype (left) and
infrared thermal
imaging (bottom).
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ABSTRACT
Thermoplastic Concrete Casting explores molding tech-
niques for glass fiber reinforced concrete (GFRC) using
non-woven thermoplastic textiles. Casting in concrete
typically requires extensive formwork that takes time,
material, and a significant amount of labor to produce.
This project experiments with a novel way of creating
formwork quickly for casting, while eliminating heavy,
rigid molds and scaffoldings for support. Incorporating
sartorial techniques borrowed from tailoring and pat-
terning in clothing production, the textile is cut and felted
together (a process of needle punching where fibers of
the textile are entangled together), then heat-stiffened
over arigid frame, ready for GFRC casting.
Thermoplastic Concrete Casting attempts to inte-
grate what otherwise are disparate areas of research
— from computational design for developable surfaces
using physics-based modeling software (Kangaroo
plugin for Rhino/Grasshopper) to formal and perfor-
mance testing of GFRC, to research and development
of molding techniques with non-woven textiles. The pro-
totypes produced are explored at two scales: first, at an
object scale, with the reproduction of Eames” molded
fiberglass armchair and Saarinen’s Womb Chair, bothin
concrete, and second, at an architectural scale, with the
installation of an 11' X 7" wall composed of five modules

with an adjoining table surface. The full-scale wall not
only tests the structural conditions related to joining dis-
crete panels together without a framing system, but also
the formal, spatial, and experiential effects through the
design of exaggerated open-ended funnels as apertures
through the wall. Beyond proof-of-concept, the project
attempts to seamlessly integrate digital design and fab-
rication processes into textile concrete casting and to
challenge typical casting techniques in service of novel
design possibilities.

1INTRODUCTION

Casting concrete is one of the most labor-intensive
processes for building, often covering a large portion
of the project’s overall cost (Lab 2007). Beyond the
time, material, and physical labor involved in building
the formwork for casting, the formwork itself is already
invested with intellectual labor by specialists ranging
from structural engineers to concrete technologists
that work with mixes, addressing specific applications
and loading conditions. As such, the ‘craft’ of concrete
casting is involved on all fronts. While prefabrication
has made the use of concrete more cost effective and
time efficient, developments in tools and techniques
are reconfiguring the ways in which formwork is pro-
duced for shaping concrete. This project seeks to form

2017 TxA EMERGING DESIGN + TECHNOLOGY 21



Figure 1: Overall view
of installation with
chairs and wall.
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concrete through non-traditional methods by exploring
the use of thermoplastic textiles as formwork for casting
glass fiber reinforced concrete (GFRC).

Thermoplastic (as opposed to thermoset) polymers
undergo a reversible transformation from solid to liquid
when heated. The non-woven thermoplastic textile used
(trade name Fosshape) comes in two weights: 9 and 18
oz/yd. The textile, similar in texture and thickness to felt
fabric, has typically been used for sculptural works or
costume design. The material can easily be cutand sewn
together like any fabric. But when heated with a steamer
or heat gun, it shrinks and stiffens into a three-dimen-
sional form. This unique characteristic of the material
(heat-shrinkage) provides opportunities for both manual
and digital investigations.

Employing techniques of tailoring and pattern
making for clothing production, the project makes
use of developable surfaces to transition between
2-D and 3-D to explore complex surface geometries.
The cross-disciplinary link between the sartorial pro-
cess of patterning and architectural modeling/formal
investigation is the concept of developable surfaces
whereby complex surface geometries could be
rationalized to flatten into 2-D patterns. For clothing,
patterning address how the 3-D shape of the body,
especially a double curved form, could be fattened
into patterns for textile cutting. The cut patterns, typi-
cally based on formal efficiency (least number of cuts
for sewing), is then assembled with different types

of seam structuring either based on performance or
for aesthetic purposes. For architecture, developable
surfaces enable complex geometric surfaces to be
unfolded into a flat pattern that could be cut out of
sheet material. The cut material could then be assem-
bled, much like clothing production, into 3-D form
with seam structuring considerations. Thermoplastic
Concrete Casting takes advantage of these concepts
and techniques for 2-D and 3-D translation in working
with the thermoplastic textile. Computational tools
are employed through physics-based modeling tech-
nigues that simultaneously allow for constraint-based
design and analysis, especially in predicting the effects
of the shrinkage of the textile as well as seam struc-
turing. Working computationally and heuristically,
the project developed through a series of prototypes,
testing different techniques and processes for textile
formwork making for casting with GFRC.

One of the proposed advantages of this approach is
that complex geometries such as double-curved sur-
faces can be efficiently created, stiffened, and sprayed
with GFRC (instead of relying on subtractive processes
such as CNC milling or hotwire cutting to achieve com-
plex geometries). The exploration includes not only the
development of form-finding techniques in relation to
patterning and seams, but also the addition of second-
ary stiffening material (such as polyurethane foam) to
the surface to aid in prepping the mold surface. Felting
techniques were employed to join discrete panels of
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non-woven textiles together. Felting is a binding pro-
cess whereby barbed needles punch through layers of
non-woven material, entangling the fibers together. This
process of binding does not require the addition of sewn
threads or adhesives. The exploration of Thermoplastic
Concrete Casting takes advantage of these concepts
and techniques as molding processes, enabling the
textile formwork to be:

+ more lightweight and easier to handle;

» folded up for compact shipping (before the tex-

tile is heat treated);
« produced substantially faster than milling or
other subtractive processes; and

« produced fromsignificantly less material volume.
As such, this project is an experimental project about
formwork making that also aims to further the inte-
gration of computational technology (of software and
fabrication processes) in building practices that might
challenge conventional ways of casting in concrete.

The outcome of this project was tested at two scales:

one at object scale, which included a reproduction of
the Eames molded fiberglass armchair and Saarinen’s
Womb Chair, and second, at architectural scale, with the
installation of an 11' X 7" wall composed of five modules
with an adjoining table surface. Working at the object
scale initially enabled a familiarity to be developed
in working with the textile. This knowledge was then
developed further into a computationally based simu-
lation of the material's characteristics to then design the
larger-scale wall system. The following sections of this
paper describe the techniques and processes, as well as
the final documentation, of the project installed for an
exhibitionin March 2017 at the Liberty Research Annex
Gallery, Ann Arbor (fig. 1).

2 BACKGROUND

The research and development of Thermoplastic Con-
crete Casting stems from three core areas that are
interrelated: fabric formwork and the development of
processes for casting concrete; complex geometries of
developable surfaces; and non-woven textile manipula-
tion (felting). This unique combination is possible given
the alignment of contemporary digital technology avail-
able for architectural production and the availability of
affordable materials for experimentation, in this case, of
thermoplastic textiles and GFRC.

2.1 Textile in Architecture and for Concrete Casting
Textile inarchitecture is mostly relegated to interior sur-
face applications. It lacks the structural capability that
rigid materials offer for building. Soft in nature, textile
has generally been explored for its material character-
istics to absorb sound, filter light, and, spatially, to divide
or articulate boundaries and thresholds (Semper 1989).
Softness afforded by textile usually negotiates our body
with the environment, be it as flooring treatment or as

upholstery for furnishing. Textile's tactile properties
dominate its functional role.

The most commonly used textile in the building con-
struction industry is possibly Tyvek, which functions as
a moisture barrier within the envelope of the building.
This membrane is not rigid and must be fixed onto a
stiff surface or frame. Amore widely explored field where
textile plays a crucial role in architectural production is
its use for concrete casting as flexible formwork. This
area of investigation for architectural designs has a
long history, going as far back as late 19th century with
fabric-formed concrete floor slabs, to more contempo-
rary investigations by Mark West through his Center for
Architectural Structures and Technology (C.A.ST.) lab
(Veenendaal 2017).

Fabric forming by West highlights the advantages
of textile's flexibility, particularly its ability to drape, as
a way of integrating structural intelligence (funicular
forms) and material performance in concrete’s capacity
to be molded beyond the rectilinear flatness of typical
mass-manufactured materials for building (West 2017).
Fabric forming explored by West includes fluid pressur-
ized formwork, as in concrete filling the fabric mold to
achieve resultant forms vertically (columns or walls, for
instance) and horizontally in open trough molds that are
non-pressurized, casting onto textile surfaces. Building
components produced include columns, precast panels,
beams, and trusses. Beyond elemental components,
concrete forming with fabric, for West, features the fluid
nature of concrete as a material in its unique ability to
mold into expressive, ornamental details. In most of
these cases, the ornamentation is generated by the
natural stretch and folds of the fabric, not by tailoring it
into shape. The limitation of using flat textile was inten-
tional for the sake of construction efficiency, to limit the
extensive processing that was typical with conventional
means for building.

More recent research on concrete thin-shell struc-
tures using flexible fabric forming have been done by
the Block Research Group (BRG) at ETH Zurich in Swit-
zerland (Veenendaal & Block, 2014). Their production
employed the use of fabric and cable-net as formwork
for alarge span roof structure. Fabric, in this case, is cut
and seamed to achieve anticlastic curvatures to opti-
mize material and structural efficiency. Our exploration
in tailoring is to account for either bunching or creasing
for more extreme surface bends, or the potential for the
textile to rip under stress based on deformation. Ther-
moplastic Concrete Casting differs in scale and focus
primarily in the potential for more extreme design of:
1) anticlastic surfaces (especially in switching direc-
tionality) through computational means of working
with tailoring processing for the fabric, and 2) pushing
GFRC casting to achieve thinness and lightness for
novel architectural forms to develop a building system
of precast modules.
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Figure 2: (clockwise from top left) Paper scaled
model for seam and curvature analysis; GFRC
tests for thickness, pigmentation, and form;
felted seams of patterned non-woven textile; test
mold using plywood stretcher showing textile
and concrete layer; and early test of GFRC cast
showing thinness and curvatures.
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Given these precedents, Thermoplastic Concrete
Casting deviates from other flexible fabric formwork
inquiry by asking: What happens when textile is made
rigid, and how might architectural production take
advantage of this novel circumstance? In addition, given
the advancement of CNC tools and computational soft-
ware to manage efficiency in streamlining workflow from
design to output, could more non-conventional means
of textile manipulation be integrated into textile casting
for architecture? How might these combinations, of
technological and material rethinking, guide and offer
innovative ways to reimagine formal, constructive, and
experiential designs?

2.2 Typical Molding Techniques for Complex
Surfaces
Formworks for the molding of complex geometry are
time-, material-, and labor-intensive. They are usually
produced subtractively, either milled out of a solid mate-
rial with a 3 or 5-axis router or hot-wire cut based on ruled
surface geometries (or in combination). Microtherm by
Matter Design and Cagliari Contemporary Arts Centre by
Zaha Hadid Architects are good examples (Clifford and
McGee 2016; Flory and Pottmann 2010). Microtherm
was cast from molds that were first hot-wire cut and
then milled out of solid EPS foam, and the geometry of
the facade of the Cagliari Contemporary Arts Centre was
rationalized based on ruled geometries in order to con-
sider how it could be built. A key advantage of using fabric
formwork for complex geometric castingis to reduce the
amount of material waste through subtractive processes
for the mold's production as well as cut machining time.
Mold making for complex surfaces usually involves
a geometric rationalization process. For this project,
working with mostly anticlastic surfaces, the geom-
etries are rationalized to be developable or flattened
as patterns. The concepts of developable surfaces for
manufacturing are shared by designers across a wide
range of industries ranging from clothing production to
shipbuilding (Clifford 2010). In clothing manufacturing,
for instance, tailoring and patterning are fundamental,

for giving garments form and more structure or stiffness
at the seams, and for material efficiency in cutting from
bolts of flat fabric. Such processes are similarly consid-
ered in architectural production, especially in shaping
complex, non-linear surfaces of synclastic and anticlas-
tic curvatures (Pottman 2007). Computational model-
ing and physics-based simulation for this project was
necessary not only for geometric analysis, but also for
incorporating parameters from material tests to inform
design and direct CNC fabrication. A major focus of this
project was to develop computational approaches for
analysis, design, and fabrication as a comprehensive
and seamless process.

2.3 Needle Felting for Non-Woven Textiles
Given that non-woven felt material comes in both syn-
thetic (e.g. polyethylene or polypropylene) and natural
(e.g. wool or bamboo) fibers of different densities, part of
our testing was to understand the material properties and
behavior of non-woven textile. Fosshape as an engineered
thermoplastic textile has specific shrinkage behaviors. Our
goal was to calibrate the shrinkage parameters unique to
the material in order to generate a parametric script for
design and fabrication.

One advantage of working with non-woven textile is
that it does not have the directionality of warp and weft
inherent in woven or knitted textiles. For non-woven

Figure 3: (clockwise
from top left) Textile
formwork for Eames
molded fiberglass
chair; foam-sprayed
backing side of the
Womb Chair; both
molds prepared and
sealed for GFRC
casting.
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Figure 4: GFRC
spraying process for
both chairs.

Figure 5: Progressive
relaxation of mesh
shown in different
stages, from flat to
double curve.
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materials, a process called felting was used to seam
the patterns together. Felting involves punching with a
barbed needle through layers of material and is mainly
used for craft-based making. The advantage of felting
is the actual meshing of fibers together to become a
uniform whole, eliminating seams and producing an
extremely strong connection without the use of binding
agents such as adhesives or sewn threads. Typically,
felting is done by hand in a repetitive motion with a sin-
gle needle or a few needles bundled. Mechanical felting
is achieved with a felter similar to the scale of a sewing
machine. Given the size of our textile patterns, amechan-
ical felter was used to felt the 2D patterns together.

3 PROCESS, TESTING, AND FABRICATION

Qur initial approach to the project was to develop models
both digitally and physically to analyze complex curva-
tures. Using Kangaroo and explicit modeling in Rhino, we
began with the development of a workflow that would

enable analysis, design, and output for CNC fabrication
of component parts. The modeling process was away to
analyze seam structure in relation to form for patterning.
There were two branches of material testing that took
place. The first was GFRC spraying processes, taking
into account mix composition, thickness-to-strength
ratio, pigmentation, and quality of final surface finish.
The second was the felting processes for the non-woven
textile. This includes not only needle felting to test seam
strength but also deciphering shrink rate when the mate-
rial is subjected to heat for stiffening. We found that the
thermoplastic textile has a shrink rate of approximately
5-10%, depending on the extent of the heating process
and the thickness of the material (as it is not absolutely
uniform due to the textile’s manufacturing process).
A plywood stretcher was devised to hold the edges of
the textile in place for the heat stiffening process. The
non-woven textile is simply stapled to the edges of the
stretcher before heating. After heating, the texture of the
fabric was smoothed with a fairing compound, prepared,
and sealed from moisture for concrete casting (fig. 2).

3.1 Concrete Chairs

At the object scale, using Eames' fiberglass molded
chair and Saarinen’'s Womb Chair with complex cur-
vatures, we developed the patterns by strategically
locating the seams and unrolling the curve surfaces
(by approximation). The patterns were then knife cut
using the 4-axis CNC cutter. For the molded chair,
the scale enabled the seamed textile to mold against
the original chair. For the Womb Chair, since we did
not have one available to mold against, we created a
stretcher to wrap the textile on to heat stiffen. Once
the textile for the chairs was stiffened, we found that,
while it holds it shape, the mold would probably deform
during the GFRC spraying process. The weight of the
wet concrete would be enough to change the textile
formwork’s shape. To give the molds extra rigidity, we



Figure 6: Variable-
depth flanges are
added to stabilize the
wall and allow for the
joining of discrete
modules.

Overall view of rationalized patterns lor each panel, prior 1o unrolling Rear view showing llange lapering from 18 1o 2 1/

Figure 7: Once pat-
terned, the individual
panels are unrolled,
and seam offsets and
shrinkage allowances
are added to each
edge.
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Figure 8: Each of the
five individual molds
consists of a plywood
stretcher assembly,
which is joined to the
assembled textile sur-
face. The material is
heat-stiffened, backed
with polyurethane
spray foam, and then
surfaced for casting.

Figure 9: (clockwise
from top left)
Patterned non-woven
thermoplastic textile;
heat shrinking on
stretcher; prepared
mold with flanges
attached—edges are
silicone; underside of
stretcher with ther-
moplastic stiffened
on top.
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sprayed polyurethane foam to the underside of the
mold as a rigid substrate. While the heat generated
during the curing process for the spray foam might
further deform thermoplastic textiles such as those
that are plastic sheets with a thickness of 4 or 6 ml,
Fosshape, because it is a thicker felt material, could
withstand the curing process with minimal global
deformation. Small local deformations do occur, but
the surface preparation process for casting smooths
out the surface (figs. 3and 4).

3.2 Concrete Wall with Funnel Apertures

Using physics-based modeling, the design of a 7' X
11" wall mesh was dynamically relaxed with real-time
manipulation. The meshis relaxed with differential warp/
weft stiffness, combined with planarization constraints
to force individual panels to remain developable (fig. 5).

The breakdown of the wall panels utilized a Voronoi
diagram, each with a funnel center that is controlled
with a varying protrusion depth and direction. The
constraints are used to control orientation of funnels
to produce site-specific views. The design of the wall
accounts for balance with the modules’ weight in com-
pression, tapering from 18 in. from one side to 2 Y2 in.
at the other. This thickness is made possible by adding
flanges (in plywood) to the sides of the stretcher after
the thermoplastic has been heat-stiffened. The flanges
for the GFRC modules also serve as coplanar surfaces
to mechanically bolt the panels together (fig. 6).

Following a similar rationalization approach to work-
ing with developable surfaces through ruled geometry
by Fléry and Pottmann (2010), our design and analysis
of complex surfaces was derived through formal and
construction logic. Each funnel was patterned using
ruled surfaces to develop the geometry. While the ratio-
nalization of the curved surfaces is an approximation
(one could infinitely segment to ever smaller panels for
more accurate ruled surface development), the manual
process of heat shrinking the textile against a stretcher
enables the physical making to resemble the mesh
design with reasonable accuracy. A script was written
to automate the process for generating the unrolled
patterns, including seam offsets and variable shrinkage
allowances depending on directionality of the pattern’s
edge (funnel end versus flange edge) (fig. 7). The pat-
terns were CNC cut, felted together, and pulled over a
plywood stretcher. The stretchers for each module were
CNC routed and assembled as a frame, enabling simul-
taneous fabrication with the textile surface.

Oncethe stretcher is assembled, the thermoplastic tex-
tile is stapled and stretched, heat-stiffened, then backed
with polyurethane spray foam, ready for water-based
fairing compound and sealant. Edges inside the mold are
silicone sealed, and the entire surface is sprayed with a
mold release agent (figs. 8 and 9) The GFRC spraying
process includes a thin mist coat and a backer glass fiber

reinforcement coat—where thickness of GFRC is built up
by applying multiple layers of backer coat. This thickness
ranges from 3/8" to 5/8", depending on whether itis a
surface or an edge condition. Slightly thicker or rounded
edges provide for extra structural stiffness for the GFRC
panel. After the casts are demolded and fully cured, each
of the panels weighs anywhere between 200 and 250
Ibs.and can be lifted by two people for installation. During
installation, the panels are clamped in place at the flanges,
drilled to receive bolting hardware (fig. 10).

4 RESULTS

The intention for the funnel openings at eye level is to
direct one’s view through the wall. One of the funnel ends
(at the base) is constrained to meet the end of a table,
testing the variability of shaping curvatures with extreme
sectional quality (figs. 11 and 12). With the directional
switch of the funnels, the continuity of the mesh surface
from one panel to the next highlights the fidelity of the
initial mesh design in relation to the built construct as
the curvature smoothly matches adjacent panels (fig.
13). When a viewer walks from the smooth (front) side
to the back, the thinness of the GFRC casts is revealed.

Figure 10: (clockwise
from top left)
Spraying process

for panel; demolding
process; bolting
panels together; panel
transport.
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Figure 11: (left to right)
Side elevation from 2
V2" side, with section
A, B, and C through
center of funnels.

Figure 12: Plan

view showing the

final subdivision of
individual mesh faces.
Abalance is struck
between accuracy of
the unrolled geometry
(higher-resolution
meshes) and respon-
siveness of the
parametric model.

—
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While the panels were able to hold their own weight
without extra support, given enough resources and
time, it would be beneficial to analyze the wall system
as a whole so that future designs and adjustments
could be based off of quantitative data. This includes
ratios of overall wall depth to height, panel size to GFRC
thickness, and funnel opening size and protrusion depth
in relation to surface stiffness.

To further reduce labor involved in the formwork
preparation, the surfaces of the non-woven textile could
be sprayed with multiple layers of polyester coating with
light sanding in between. The spray coating process
would eliminate manual surfacing with fairing com-
pound and heavy sanding in between layers, as well as
the final layers of polyurethane coating necessary for
water sealing.

5 CONCLUSION

Thermoplastic Concrete Casting aims to challenge typ-
ical processes for formwork making for complex geom-
etries, offering an integrated process for computational

4
L

design, fabrication, and construction. While other fab-
ric molding processes have invariably been explored
especially for material and structural performance, this
exploration tests more extreme designs that are often
difficult to achieve given their complex geometries. The
project comingles sartorial techniques with architectural
processes to address construction challenges—one that
is not limited by the orthogonal flatness of normative
building material and techniques. Through a discursive
process of full-scale prototyping and computational
design, the project links digital technology with heu-
ristic knowledge of building. The latter includes certain
types of skilled crafting, such as heating techniques for
the Fosshape, as well as GFRC mixing and spraying. In
being able to control the entire process fromideation to
construction, tolerances are controlled, offering more
precision in what otherwise could be a loose process
for concrete construction. Ultimately, Thermoplastic
Concrete Casting attempted to challenge conventional
casting techniques for forming complex curved surfaces
with less time, material, and labor.
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A NEW PUBLIC

In the last few decades, instantiations of social connec-
tions have become untethered from physical space;
their existence is now transferred to the ‘substitute
reality! of the digital realm. As we become more digitally
connected in the simulated? world of the Internet, the
notion of a traditional public space deteriorates, locat-
ing the designer’s work within increasingly complex
spatial entanglements.

As new publics form around various types of shared
connections, the idea of public space, park, and infra-
structure becomes layered and extends its reach
beyond physical space. This shift necessitates updated
modes of publicness, where behavioral protocols recon-
figure public and private relationships. The public life of
an online celebrity, for instance, relies on specifically
scripted behaviors, which do not directly translate to
physical environments conceived before the Internet
era. However, as various behaviors increasingly visit both
realms, public space must be re-calibrated to host and
proliferate new hybrid protocols. If the physical realm
is to update its spatial logics in order to more directly
connect to the simulated environment, a new kind of

park must be imagined—one that embraces multiple
intersecting cultures, bridging the worlds of the instant
digital celebrity, the follower, the maker, the consumer,
the avatar, the bot—in other words, the newly-minted
everyday citizen. Paradoxically, through this layering,
much like in its past iterations, the public park becomes
an outlet for individuals seeking self-expression on multi-
ple realms. In its most basic form, the selfie is the activity
of this expression and is able to generate protocols link-
ing the physical and the simulated milieus.

While perceived as a seemingly recent phenomenon,
the ‘selfie’ is the latest development in a long history
of self-portraiture. Selfies have evolved with dramatic
changes in technologies, but, in some form, they have
been with us for over a century, since the birth of pho-
tography. Andy Warhol, Colin Powell, and Ai Weiwei have
experimented with various forms of selfies. Their flexi-
bility and ease of use continue to build upon the long
trajectory of photography, acting as a record of self,
a chance to capture time with a group, or a desire to
express one's self alone, and they are generally triggered
by feeling good in a specific location. With the advent of
social media, their popularity is growing as they instantly
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Figure 1: Each unitis
comprised of a folder
perimeter sheet and
aflat, cross-shaped
member. When riveted
together, the units
become self-sup-
porting structural
components.

Figure 2: Each unit
takes 3-5 minutes to
assemble with simple
tools.
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deploy to larger audiences and even invade daily lan-
guage globally, becoming Oxford Dictionary's ‘word of
the year'in 2013. Selfies are a nascent and growing art
form, able to spawn Internet memes and infect various
cultures with shared behavioral patterns globally. Over
the last few years, they have gained notoriety primarily
for the self-promotional and distorted culture of individ-
ual celebrity they can perpetuate.

SELFIE DANGER

However, beyond its apparently harmless self-expres-
sion, the selfie’s ability to record one's personal mood,
facial characteristics, location, and activity imbues it
with deeper concerns about issues of privacy, surveil-
lance, and intrusion. The unprotected excessive sharing
of self-photography online has expanded the reach of
surveillance by government entities, law enforcement,
marketing corporations, and criminal organizations,
which are able to operate beyond clear legal boundaries
and stand to benefit from using the data. Despite their
generally happy mood, selfies are powerful vectors for
data transmission; the pixels are capable of revealing
untold stories about their subjects and the environ-
ments they are captured within. Data scrapers and
security bots use facial recognition software to map an
individual's location at any given time, their mood, and
their social habits. As personal data becomes available
tothe highest bidder, new protection protocols are nec-
essary. Researchers in Germany have detailed a list of
thirty-eight information types that could be gleaned

from selfies via visual inspection alone, including finger-
prints, tattoos, and other physical characteristics, that
could lead to identity theft. The environment captured
in the photograph is equally data-rich. Locational ‘cues’
like street signs and landmarks help identify the coordi-
nates and movement of the selfie taker, and, by analyz-
ing a series of photos of a single user over time, one can
elaborate spatial patterns and abnormalities, which can
predict behavior. Savvy thieves® may identify personal
documents or valuables inadvertently exposed in the
background of an image, which could further expose
other vulnerable addresses related to the user, off-site,
as well as the signaling of sensitive information.* While
spatial information like ‘landmarks’ and ‘locations vis-
ited' rank as lower security concerns than more private
identifiers like ‘medical history' or ‘political opinions’
across most age groups, they rank as higher concerns
than more visually obvious and easily gleaned ‘public’
features of an individual like ‘clothing” or *hair color.
The selfie, then, clearly problematizes issues of iden-
tities in space, and the expectations of spatial privacy
within this radically public, but perhaps inadvertent,
form of spatial documentation. Noting that users tend to
violate their own standards of privacy when posting pho-
tos themselves ®researchers are developing an app that
could identify sensitive information before it is posted.
As the secondary uses for the selfie emerge, they layer
spatial data with private biometrics and behavioral pre-
diction in order to construct a full digital imprint of any
given individual. As such, their large-scale collection

Figure 3: The interior
of the wall is equipped
withan LED array
ranging from warm
white to warm pink
tones, expanding the
range of flattering
selfie moments.
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Figure 4: During the
day, in the absence

of artificial lighting,

the bright aluminum
material diffuses light,
creating a brightly
filtered physical space.
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has become another type of Big Data and a vector for
biopolitical manipulation. Apps like the Chinese app
Meitu was under fire in early 2017 for covertly tracking
its users'locations and behaviors, and for sharing unique
identifiers with advertisers which could then target spe-
cific users.® Photo-mining startups are mining publicly
shared selfies from public sites like Flickr in order to
identify trends and consumer attitudes.” Moreover, facial
recognition software analysis can pinpoint users’identity
with increasing precision, distinguishing even identical
twins by the microtopographies of the skin it can recre-
ate. Companies are exploring analyzing selfies for signs
of premature aging or iliness in order to relay them as
inputs for actuarial calculations which determine life and
health insurance rates.®

SELFIE SPACE
By linking biometric indices with spatial metrics, selfies
can restructure our relationship to the built environment.
Programs can scan bulk photos of large populations
to generalize the mood of a city or site, or to measure
the success of an event. The location of the photo can
recast the photo-taker as suspect, or even criminal, as
in a number of cases of selfies taken illegally at polling
places, or photos taken on private land without permis-
sion.® As architectural and urban forms are caught in
the selfie’'s gaze and re-transmitted, other complications
emerge. The EU sought to ban the use of selfies in front
of recognizable landmarks, citing concerns over copy-
right violations of the work of artists or architects, and
potential damage to the sites.’® In contrast, the Selfie
Park was built in order to test issues of entanglement of
physical public space and its digital proxies by encour-
aging selfie-taking behavior and fostering a public dis-
cussion of the data this behavior transmits.

The project posits that a physical device that coerces
selfie-taking activity in public can engender a public

space that fosters open debate and supports layered
relationships between the physical and the digital. The
device is designed to act as the physical equivalent of
an Instagram filter, in the form of an architectural wall,
and to create ideal conditions for self-photography. The
Selfie Wall creates a range of lighting conditions day
and night, offering a dynamic and interactive space for
self-photography. The project is both a public art instal-
lation and the beginning of a public awareness campaign
highlighting the dangers of online sharing. It creates a
space of custom lighting that can both entice self-pho-
tography and confuse facial recognition software. The
variable lighting array allows selfie-takers to choose the
amount of data they broadcast by taking either recogniz-
able or undetectable photographs. Inthis sense, the Sel-
fie Wall is able to create a public space for private data.
The user is free to choose between a clear photograph
when facing the wall, and a darkened, color-filtered one
when using the wall as a background, as facial recogni-
tion software is proven to be less effective in conditions
of low contrast or low light. The physical environment of
the wallis augmented with an online platform, which col-
lects the hashtagged selfies and projects them real-time
onadigital screen on site. Ateam of volunteers explains
the process of metadata collection to selfie-takers in
hopes of rendering them aware of the ease and speed
of surveillance collection.

SELFIE FABRICATION

The Selfie Wall was conceived and constructed as
an exercise in testing permutations between digital
imagery and physical material organization. The wall
is built from 162 custom-fabricated units, CNC-milled
from composite aluminum panel and folded to frame
various apertures for bouncing, scattering, and col-
lecting light. The geometry of the modules transforms
from a structural cross-shape to an open ‘umbrella,



Figure 5: The exterior
of the wall is equipped
withan LED array
ranging from cool
white to blue tones,
confusing facial
recognition software.

Figure 7: Openings of
varying degrees invite
agame of voyeurism
with the otherwise
private behavior of
self-photography.

Figure 6: The artificial
light is diffused and
distributed to the
edges by soft foam
sheets that block
direct light, much

like professional
photography.
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Figure 8: The wallis
constructed of 162
differently shaped
units—a variation
afforded by CNC

flip milling and a
precise calculation
of dimensional gains
and losses during the
folding process.
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providing consistent structural rigidity while offering a
range of lighting options. The mass-customized varia-
tions evoke, replicate, and evolve lighting devices used
across a variety of industries, simultaneously signaling
‘barndoors, on-stage lighting, photo umbrellas used in
portrait photography and film, and vanity fixtures. A grid
of LED lights is inset to provide zones of varying color
temperatures at night, from warm pinks and whites
that flatter most skin tones on the inner surface of the
wall, to cool whites that provide a more accurate color
rendering on the outer surface. The public is encour-
aged to explore the dynamic matrix on site, finding
the lighting condition and background most suitable
for their self-portrait. The geometry of the modules
is designed to be flip-milled on a CNC router, ‘'scored,
and folded bi-directionally to aggregate into a precise,
mass-customized form. Constrained by restrictions of
the site, the wall uses lightweight and readily available
sheet material to create a rigid self-supporting struc-
tural assembly. Each of the units is composed of two
pieces, a vertical ‘cross’ shape, and a ‘loop, which folds
at various angles to shape a 3-dimensional, tapering
form around the cross. The two-piece units can be
assembled in less than five minutes, using rivets tojoin
them through pre-cut holes. As a cross is fit into the
loop, the flexible material becomes rigid and self-sup-
porting. The full assembly can be quickly deployed on
site, using bolted connections through another series of

pre-cut holes. In this way, the project leverages unskilled
labor by making the construction procedure ‘foolproof.!

Each unit creates a ‘cell’ in the overall assembly,
roughly sixteen inches square and eight inches deep.
Stacking fromthe ground to seven feet tall, the modules
provide different alignments for users of all heights. The
plan of the wall is bent at sixty degrees, creating a partial
interior enclosure and sense of compressed scale within
the larger park, and allowing the narrow linear structure
to resist overturning. The siting uses existing trees as
an additional enclosure and privacy screen. The pat-
terning of the modules is based on two opposing and
shifting stacking patterns, starting at each side and
joining in the middle near the bend, creating a narrow
but diverse range of lighting options. Where the patterns
join, the openings are at their largest, creating an open
corner that allows the public on the outside of the wall
a voyeuristic peek into the more private photography
sessions within. The assembly was refined through
prototyping both typical and atypical modules, which
showed that the scoring and folding technique distorted
the loops and as they bent around the cross. We com-
pensated for the material realities of this distortion by
adjusting the cut files and not the digital model, in order
to predict the precise results.

We continue to work on the project to find new sites
and iterations. We are working to beta-test the effect of
the modules and the full array with the types of facial



recognition software deployed by border and transpor-
tation security agents.
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ABSTRACT

Platonem ferunt didicisse Pythagorea omnia.
—Cicero

This paper examines the inherent possibilities for
architectural production in automated deposition
modeling techniques, primarily explored through the
use of industrial robots in combination with plastic
deposition heads. These robots, in combination with
various polymers, toolpaths and colorations, served
as a design ecology for the exploration of emergent
behaviors in robotic construction. The relationship
between geometry (Euclidian, topological, fractal),
mechanical properties of material (plasticity, elas-
ticity, viscosity, resilience), optical properties (color,
absorbance, transmittance, scattering), and the
gestural qualities of robotic toolpaths constitute

the palette adopted for the presented project. The
project combines the rigor of a platonic body (fig.

2) with the emergent properties of vague gestures.
The introduction of moments of uncertainty in the
process produces glitches that are embraced as an

opportunity to find novel aesthetic conditions. The
profound entanglement with the post-digital realm is
discussed as the discursive plane of thinking applied
to the project.

INTRODUCTION: AN EXCURSION INTO
POST-DIGITAL THINKING

When discussing the emergent properties of automated
processes, itis essential to touch on the topic of post-hu-
man and post-digital conditions. Post-human does not
entail a condition after the dominance of the human
species or without humans, but rather emphasizes an
alternative perspective on design that shifts the focus
away from an anthropocentric position of observation
and control. Post-human design practices decentralize
the role of human judgement and embrace the notion
that creative agencies can be conferred to nonhuman
entities such as objects, tools, materials, other species
(organic or machinic), and environmental forces. Exter-
nalized knowledge begins to take identity and instru-
mentality, and participates in the process of generating
novel design ecologies and alternative design agencies
for architecture at large (Velikov et al. 2016).
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Figure 1: Hirsute
Column, interior view.

Figure 2: Extruded
square as initial
definition.
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INTENDED

The term “post-digital” emerged in digital arts dis-
course around the year 2000 and was coined by the
musician Kim Cascone, specifically in regards to using
glitches in digital technology as a source of inspiration.
Cascone, an electronic music composer by trade, used
the term for the first time in his article "The Aesthetics
of Failure: 'Post-digital' Tendencies in Contemporary
Computer Music." In this article, Cascone observes
that as digital technologies have become part of the
mainstream world and are deeply entangled in every-
thing from commerce to "Hollywood cranking out
digital fluff by the gigabyte" (Cascone 2000), the initial
fascination with digital tools per se has evaporated. This
has created a space for novel developments that do not
utilize technological terms to describe the work, but
rather interrogate the errors and mishaps (fig. 3) in the

GEOEMETRY

process as potential sources of inspiration (del Campo
and Manninger 2014).

Inthis light, the term inherently approaches the explo-
sive evolution of digital technologies in the arts and how
it mutates the relationship to the human condition. It
explores the notion in creative disciplines where com-
putational tools have become standard practice, and the
emergence of novel insights do not rely on the tool as a
mode of explanation. This is a tendency that can also be
observedin the architectural discipline, where the notion
of explaining a project (of any kind) by highlighting the
applied toolset is observed with an increased amount of
suspicion—a suspicion that, in the best case, produces
novel lenses of observation for architectural problems.
On closer examination of the paradigm of consensus,
there is a selection to be made: Either there is intrinsic



Figure 3: Mapping of
the deposition result
post facto.

meaning in a post-digital society, or it is swallowed into
a contextualized paradigm of consensus that includes
art and architecture as a totality. It is probably best
summarized in Roy Ascott’s (2003) averment that the
discernment separating the digital from the post-digital
is part of the economy of reality. In this sense, it does not
represent a disruptive moment of cultural change, but
rather demonstrates a continuous slow transition from
one state to the other, or in Heideggerian terms, from
Ereignis to Sein (Heidegger 2003).

In terms of architectural discourse, the ballistic trajec-
tories of conversation can be put in perspective by Mario
Carpo's (2012) book The Digital Turn in Architecture,
which serves as an excellent marker to define the time
frame of the digital and post-digital lineages in architec-
ture. Carpo's book defines the period of the digital turn
as occurring from 1992 to 2012. The time after 2012
marks a shift in the architectural conversation with the
emergence of alternative theoretical constructions, such
as object-oriented ontologies, speculative realism, and
an elevated interest in aspects of phenomenology. These
tendencies most certainly frame a paradigmatic shiftin
architectural discourse from the computational, seam-
less, and continuous narratives of Deleuzian thinkingto a

criticalinterrogation of the toolsets developed in the pro-
cess. As to the definition of the term “paradigm,” Giorgio
Agamben (2002) might be helpful here with his descrip-
tion of a paradigm as something that we think with,
rather than a condition, thing, or object that we think
about. To this end, the post-digital can be described as
a paradigm, comparable, for example, to post-human-
ism, which does not describe a universe after the digital,
but rather characterizes the contemporary attempt to
examine the consequences of the digital age. In other
words, the emanations of the human enhancement
achieved with computational tools—the ramifications of
the globe-spanning prosthetics that are achieved by the
application of software—all of which present themselves
as exquisite specimens for speculative interrogation and
theoretical inquiry.

CELEBRATING THE GLITCH

In the project Plato's Columns, the notion of the glitch
is celebrated within the framework of a rigid robotic
setup. On one side, the G-code of the toolpath that
fluctuates within the precise figuration of a rigorous
geometry; on the other, the programmatic sequence of
varying speeds, and the immediate response of material
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Figure 4: Image
sequence displaying
the fabrication
process.
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properties. The combination of the inherent precision of
the robotic setup and the vague deposition created by
the infusion of varying speeds, as well as fluctuations in
the material's response to the laws of thermodynamics
and gravitational forces, results in glitches in the mor-
phogenetic process (figs. 4 and 5). The initial figuration
in the form of an extruded square is intentionally cho-
sen to demonstrate how a distinct and precise form
can achieve intricacy through variations in the mate-
rial's response, as well as by mixing colorations in the
pellet chamber of the deposition head. One of the more
telling moments at the very beginning of this research
was when students suddenly stopped the deposition
process every time an error started to emerge. It was
difficult for them to grasp that this was precisely what
the studio was looking for: not the prevailing tendency
for the perfect replication of a computational model, but
rather a dialogue between computational information
and physical properties, which results in forms informed
as much as by binary code as by environmental forces.

The moment students got the task to just keep going,
interesting things started to happen. Firstand foremost,
a self-healing quality of the deposition process emerged.

Errorsthat presented themselves as holes in the platonic
figure started to incrementally close again. This behavior
allowed for the introduction of an alternative method for
creating apertures in platonic geometries. These were
neither violently inserted into the body nor elegantly
inserted in accordance with the underlying geometry in
a topological fashion. Instead, they emerged through a
procedural approach to material deposition akin to the
emergence of holes in leaves of plants, which occur due
to the lack of nutrients in specific areas. Students were
then encouraged to develop strategies that involved
designing deposition paths that implemented variation
in the deposition speed. A regular deposition speed will
always result in an identical deposition thickness for the
utilized polymers. A variation in speed yields results that
range from bulbous, pearly chains to ultrathin, fibrous
sections of paths. In an analogy to painterly techniques,
the interplay of both can be read as a crossbreed
between impasto, thick and expressive strokes, and
the finesse of delicate glaze painting. In contrast to the
intuitive expressive gestures found in Jackson Pollock’s
oeuvre, this approach relies on the rigorous toolpath of
an extruded square. These impressions are enhanced
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through the bold use of color. The use of colored polymer
pellets, mixed inside the container of the deposition head,
created bold colorations that gradually transitioned from
one color to another. The palette was intentionally cho-
sen to resemble Baroque color schemes.

Probably one of the more interesting results was the
Hirsute Column (fig. 6, first image). This column has a
very interesting toolpath in that it is not of a continuous
nature but starts and stops in a random crosshatch
fashion, vaguely following the original platonic form. In
a computational model, this random set of lines does
not produce a result that can be perceived as a possible
project. It only starts to make sense once the column
starts to emerge in the fabrication process.

The setup consists of a robotic arm in combination
with a plastic deposition head, as depicted in Figure 7.
The material for the explorations is various synthetic
granulates with color additives. The deposition head
was outfitted with a pellet feeder that allows for the
creation of continuous color changes, since it avoids
discrete feeding of the deposition head, as with uniform
filaments. The basic architectural archetype of the col-
umn served as a testing ground for the combination of
arigorous geometric body with the gestural qualities of
sensible robotic toolpaths. The basic prismatic shape
of an extruded square (fig. 2) forms the origin for all the
conducted tests and was chosen to facilitate the com-
parison between the models. The range of results, from
tight rhythmic patterns to fluffy hirsute clouds, demon-
strates the panorama of possible design options with
this technique (fig. 6).

The common motif in all models is the application
of alternating sequences as the forming method. This
pulsation is achieved through a rhythmic variation of
speed of deposition. These fluctuations in the deposition
speed proved to be a successful method for achieving
a variety of effects, from the introduction of apertures
in the prismatic proto body by applying higher speeds
to the introduction of curls and pearls on the surface by
reducing the speed. In combination with the saturated
coloration of the material, the process results in richly
informed surfaces that make the process of modelling
matter highly readable:

In the age of Big Data and 3D printing, decoration is
no longer an addition; ornament is no longer a sup-
plemental expense; hence the very same terms of
decoration and ornament, predicated as they are on
the traditional Western notion of ornament as supple-
ment and superfluity, do not apply, and perhaps we
should simply discard these terms, together with the
meanings they still convey. (Carpo 2012)

One of the main issues raised by this research is
the necessity of creating a novel method of architec-
tural notation that does not rely on the manifestation
of a unique, specified condition—as is the case with
traditional recording methods of architecture, such as

plan and section—but rather utilizes a system that only
defines a few key design specifics and leaves the rest
to the emergent properties of the chosen fabrication
methods and material qualities.

CONCLUSION

In borrowing from the post-digital discourse in music,
an alternative method of thinking about architectural
production for our contemporary age also calls for alter-
native methods of describing the current work. To this
end, the post-digital can be described as a paradigm,
comparable, for example, to post-humanism, which
does not describe a universe after the digital, but rather
characterizes the contemporary attempt to examine the
consequences of the digital age. In other words, the ema-
nations of the human enhancement achieved with com-
putational tools—the ramifications of the globe-span-
ning prosthetics that are achieved by the application of
software—all of which present themselves as exquisite
specimens for speculative interrogation and theoreti-
cal inquiry. The project Plato's Columns combines the
rigor of a body with the emergent properties of vague
gestures. The introduction of moments of uncertainty in
the process produces glitches that are embraced as an
opportunity to find novel aesthetic conditions.
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ABSTRACT
Big Data (data sets so complex or expansive where
conventional data processing is insufficient) has con-
tinually had a big impact. It is affecting the worlds of
commerce, media, and design, amongst many others,
and more recently it is becoming an industry in itself.
This paper documents the research and design process
of Data Moiré, a large-scale feature wall designed and
installed for the IBM Watson Experience Center in San
Francisco, California. The project merges the territories
of “data spatialization” and “data narrative” by using
the cognitive computing capabilities of IBM Watson to
inform a data-driven generative design processes. The
result is a digitally-fabricated physical installation that
illustrates monthly spending cycles by mapping the
growing influence of mobile devices on all digital sales
from 2013-2015. The data is materialized as a CNC-
milled, double-layered aluminum, back-lit screen wall,
producing a moiré-like effect through abstract visual
interference patterns generated by the overlaying of
two mappings of the same data set.

The resultant project is simultaneously an abstract
representation of Big Data that offers a uniquely spatial

marketing narrative, as well as a dynamic architectural
feature with a visual experience that is amplified through
the movement of visitors through the Experience Center.
The paper reviews initial research and data mining, digital
mapping and visualization studies, and the development
of tectonic including spatial logics which have proved
effective both representationally and atmospherically.

1INTRODUCTION

Big Data (data sets so complex or expansive that con-
ventional data processing is insufficient) has continually
had a bigimpact. Itis affecting the worlds of commerce,
media, and design, amongst many others, and more
recently, itis becoming an industry in itself. IBM Analyt-
ics has emerged as the leading commercial technology
platform for uncovering insights into large quantities of
highly curated unstructured data.

Similarly, recent conversations in architectural dis-
course have theorized on the emergence of data-driven
design as a paradigm shift, one that leverages computa-
tion in using the expansiveness of Big Data to conceive of
an architecture that is understood as the registration of
“reality as it appears at any chosen scale, without having
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Figure 1: Entrance to
the Immersion Room
at the IBM Watson
Experience Center.
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to convert it into simplified and scalable mathematical
notations or laws" (Carpo 2014). The term “data spatial-
ization"has emerged to describe novel architectural mate-
rializations that utilize computational design processes
to generate novel architectural expressions and spatial
opportunities informed by Big Data (Marcus 2015).

In parallel, the media world has witnessed the emer-
gence of a new form of storytelling as “Data Narrative,
whereby the crafting of stories happens through the col-
lection and analysis of new or existing sets of Big Data.
These data stories utilize data visualizations embedded
with narrative components to produce a form of narra-
tive visualization that tells a story through the analysis
of data (Segel and Heer 2010).

Data Moiré is a large-scale, data-driven feature wall
that merges the territories of data spatialization and
data narrative. It uses the cognitive computing capabil-
ities of IBM Watson to inform a data-driven generative
design process to articulate a vast quantity of data as a
spatial experience and marketing narrative for the IBM
Watson Experience Center in San Francisco, California.
The result is a digitally fabricated physical installation
that illustrates monthly spending cycles by mapping the

growing influence of mobile devices on all digital sales
from 2013-2015. The data is materialized as a CNC-
milled, double layered aluminum back-lit screen wall
that produces a moiré-like effect through abstract visual
interference patterns produced by the overlaying of two
mappings of the same data set. This screen wall is used
as the cladding for the Watson Immersion Room (fig. 1).

The resultis a dynamic architectural feature that pro-
vides identity and enhances the visual and spatial expe-
rience of visitors to the Watson Experience Center, while
simultaneously providing a uniquely spatial marketing
narrative that highlights Watson's ability to analyze large
quantities of unstructured data.

2 PRECEDENTS

Severalimportant precedents were referenced and stud-
ied to inform the research, design, and development of
the project. Many examples were studied and explored
in the field of data visualization, and in particular, the
precedent of highest importance was the “Centennial
Chromograph,” by Adam Marcus/Variable Projects. This
large-scale installation not only extends the trajectory of
data visualization toward data spatialization by physically
representing statistical data spanning 100 years in the
institutional history of the University of Minnesota School
of Architecture, but it also focuses on the abstraction of
the data as a means of producing atmospheric effects.
Additionally, the work of British Op artist Bridget Riley
was further referenced, specifically her studies of vari-
able, non-repetitive two-dimensional patterns that give
the illusion of three-dimensional depth and movement.

3 DESIGNING DATA

In an effort to showcase the capabilities of their cognitive
computing services, IBM is launching a series of show-
rooms known as Watson Experience Centers (WEC),
with each center focused on a particular commercial
market. Current centers exist in New York City and
Cambridge, with our project located in the San Fran-
cisco WEC and focusing on the retail and commerce
industries. The focal point of each WEC is the Immer-
sion Room, animmersive media space where clients of
IBM can experience Watson technologies as a visually
stunning complete environment. Each WEC Immersion
Room is a small circular room floating within an open
floor plan. We were commissioned to design the cus-
tom exterior cladding for the San Francisco Immersion
Room. The brief provided by IBM was simple: to design
acustom wall, with a maximum depth of six inches, that
would provide a unique identity for the center.

In response to the brief, we proposed a collaborative
design approach that challenged IBM to utilize Watson's
cognitive computing capabilities to provide us with rel-
evant data analysis to drive our generative design pro-
cesses. The intent was to consider the feature wall as a
physical representation abstracted from a chronological



set of Big Data that on its own provided an iconic identity
for the center. However, when the wall is experienced as
part of a guided tour and explained by a docent, the skin
could be utilized as the physical manifestation of narrative
visualization, thus providing a powerful analytical, creative,
and narrative tool in revealing new ways of comprehend-
ing, navigating, and experiencing information (Schneider
2015). To achieve this task, IBM chose a data set that
would express the changing face of e-commerce, and the
growing influence of mobile devices on all digital sales.

3.1 Collecting Data
IBM Digital Analytics Benchmark delivers aggregated
and anonymous competitive website data. The data
is collected by measuring every single interaction on
every single participating site, capturing comprehensive
behavioral data. For our project, we wanted to express
the growing power of mobile devices in digital purchases,
and we chose the following data series from the Bench-
mark data:

- a=Daily average order value in USD

+ b= Daily mobile sessions as a percent of sales

« ¢ =Daily total number of orders
The data for each of these series was sampled for 123
weeks, from Wednesday, August 21, 2013, through Tues-
day, December 29, 2015.

3.2 Translating Data
Data translation was a three-step process:

1. Collate the three daily series into one metric that
expressed the strength of mobile devices on dig-
ital sales.

2. Transformthe datainto a two-dimensional pattern.

3. Interpolate the series to the dimensions of the skin.

The data that needed to be combined are of very dif-
ferent scales, and can be combined using the simple
transformation:

a*c = daily total order value (tov)

tov*b = daily total order value on mobile (tovim)

Tofind trends in the tovm data series, we organize the
datasetintoa7 x 123 matrix, where the rows are days of
the week, and the columns are weeks, like so:

DAY OF WEEK DAILY ALIGNMENT FOR TOTAL
ORDER VALUE ON MOBILE DEVICES

Tuesday: 29 Dec 2015 3 Sept 2013 | 27 Aug 2013
Monday: 28 Dec 2015 2 Sept 2013 26 Aug 2013
Sunday: 27 Dec 2015 1 Sept 2013 25 Aug 2013
Saturday: 26 Dec 2015 31 Aug 2013 | 24 Aug 2013
Friday: 25Dec 2015 30 Aug 2013 23 Aug 2013
Thursday: 24 Dec 2015 29 Aug 2013 22 Aug 2013
Wednesday: | 23 Dec 2015 28Aug 2013 | 21 Aug 2013

Using the guide from this table, we then create a surface
using the position in the matrix as the (x,y) coordinate,
and the tovm value at that day as the z coordinate (fig. 2).
Now, there are several interesting patterns that have
started to appear inthe data. We see three specific weeks
that stand out from the rest of the data set as lateral peaks.
These are the weeks containing Thanksgiving, Black
Friday, and Cyber Monday. The other pattern visible is
a stronger mobile usage for digital commerce on the
weekends, as opposed to the weekdays, which reads as
alongitudinal intensity across the length of the pattern.
At this point the raw data pattern has two problems:
1. Theskinhas anaspectratio of 30 x 280, while the
data set has an aspect ratio of 123 x 7.
2. The legibility of the data set is hard to interpret
with the hard peaks and jagged edges.
To solve these problems, we resample the surface on
the finer using cubic spline interpolation to find the new
data points. This solves both size and clarity issues for

Figure 3: Last 10
weeks of data before
cubic spline interpo-
lation (top) and after
(bottom).
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Figure 4: The final data
set used to inspire the

skin design.

Figure 5: Processing
raw given data

into producing the
patterned networks.
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the pattern (fig. 3). Now, the data set for the whole skin
can be seenin Figure 4, looking down on the surface and
visualizing the z-height as a heat map.

4 DESIGNING FROM DATA

This raw quantitative data was provided to the design
team as a three-dimensional data surface produced
in the multi-paradigm numerical computing environ-
ment MATLAB to illustrate the distribution of digital
sales as a chronological continuum of peaks and val-
leys. The next challenge was to materialize the varying
intensities of this three-dimensional data within a six-
inch depth. In order to achieve this, it was decided to
translate the three-dimensional data surface through
the Grasshopper parametric modeling platform as a
two-dimensional geometric pattern that could be
CNC-milled or laser-cut out of flat sheet metal mate-
rial to be assembled as a back-lit feature wall. This
strategy would allow the three-dimensional data to be
compacted to fit within the constraints of the six-inch
wall cavity we were provided.

In addition to the physical constraints of depth, we
were interested in the ability of geometric patterns to do
two things:

1. Adapt their autonomous internal logics to hetero-
geneous external forces without losing either their
organizational or aesthetic identity (Andersen and
Salomon 2006).

2. Provide the illusion of depth and motion through
variable patterning organizations that produce
vivid dynamic illusions that trigger involuntary
eye movements (Zanker 2004).

With the previously described design characteristics
in mind, a series of design objectives were established
as patterning criteria:

1. The materialization should be a two-dimensional
pattern that had the legibility of the three-dimen-
sional data surface.

2. The pattern should abstractly express, rather than
be a literal representation of, the varying intensi-
ties (peaks and valleys) of the data surface.



Figure 7: Voronoi
and Delaunay
pattern shown
independently.
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3. The pattern should provide a dynamic visual
experience that would both encourage visitors to
walk around the Immersion Room and appear to
be different from each and every vantage point.

4. The pattern should be integrated with all struc-
tural requirements.

Based off of the established design criteria, a number of
explorations were produced to test various patterning
techniques and materialization options for the conver-
sion of the three-dimensional data surface (fig. 5). Fol-
lowing these explorations, a design pattern was selected
for further development.

4.1 Patterns From Data
In the tradition of architectural representation, a three-di-
mensional surface is best described as a two-dimensional
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topographical map. In our instance, by sampling the topo-
graphic contours of our data surface as a series of evenly
distributed points along the length of each curve, that topo-
graphical map is translated twice: once as a Voronoi dia-
gram that defines a series of polygonal cells around each
point, and once as a Delaunay diagram that defines each
point as a node within a network of connections (fig.6).
This translation abstracts the original data surface
into two opposing diagrams of solid (the presence of
material) and void (the absence of material), each of
which is organized to express the varying intensities
of amplitude and curvature that are embedded within
the original surface, while maintaining a two-dimen-
sional materiality. While the Voronoi diagram creates
an arrangement of cellular voids divided by the perpen-
dicular midpoints of their adjacent cells, the Delaunay

Figure 9: Assembled
panels in place,
cladding the WEC
Immersion Room.
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Figure 10: Detail
views of CNC-milled
and powder-coated
exterior skin vs. laser-
cutand PVD-coated
inner skin.
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i
takes those same points and creates a network of lines
connected by them. When overlaid one on top of the
other (figs. 7 and 8), the two patterns work collectively to
produce a third emergent pattern—one which produces
a dynamic visual effect akin to that of a moiré pattern.
This visual effect capitalizes on the ability of the moiré
to produce anillusion of motion and depth that dynam-
ically engages a viewer and encourages visual interac-
tions through the skin that are exponentially amplified by
the viewer's position in space and the variable readings
enabled by the alignments, misalignments, and interfer-
ence patterns produced through the spacing of the two
overlaid patterns (Wade 2016).

4.2 Build-a-bility vs. Legibility
The further development of the project required multiple
rounds of refinement to the pattern to balance a number
of fabrication and assembly criteria (build-a-bility of the
installation) against a series of design criteria (legibility of
the data within the pattern). Whereas the organization,
density, and porosity of the pattern had to be adjusted
to contend with the integration of anchor points to the
substructure, structural integrity of the individual panels,
and visibility of light sources, it was critical not to lose the
legibility of the varying intensities within the pattern. In
particular, it was key that the dates of Thanksgiving, Black
Friday, and Cyber Monday were identifiable as the abso-
lute peaks of intensity within the pattern.

Adjustments were made to the pattern to subtly shift
the organization of the pattern to contend with structural

anchor points, reduce the density of perforations to
maintain structural integrity, and incorporate a created
gradient fall-off condition at the outer edges to conceal
the visibility of light sources.

4.3 Fabrication & Finish

The entire assembly is digitally fabricated. The outer
layer is CNC-milled out of 1/8-inch cold-rolled aluminum
sheet with a silver sparkle powder coat. The inner layer
is laser-cut out of 20-gauge steel with a gun-metal PVD
coating (fig. 9).

The thicker sheet material on the outer layer enables
the sheet to be cold-rolled to an accurate radius to
ensure visual continuity between the individual panels,
but requires a more expensive process of CNC milling.
The thinner sheet material on the inner surface allows a
more economical laser cutting process and the ability to
bend the sheets to fit on site (while not being concerned
about visual continuity since the inner layer is covered),
thus further reducing costs. The powder-coated finish on
the outer layer enables a durable and easy-to-maintain
surface condition, while the PVD-coated finish of the inner
layer provides for a highly reflective surface condition that
is shielded from fingerprints by the outer layer (fig. 10).

5 BIG DATA, DESIGN SPATIALIZATION, &
DESIGN NARRATIVE

While the project is driven by data, the legibility of that
datais abstract rather than literal. Instead of a statistical
or analytical reading of the data, the project provides a



spatial and atmospheric reading that enhances the
experience of visitors to the center and encourages
them to engage spatially (fig. 11). It is only through the
guided tour of a docent that the legibility of this data is
conceded through a verbal narrative. That oral explana-
tion activates the skin to act as more than a narrative
visualization—it becomes anarrative spatialization that
not only illustrates the findings of the data that produced
it (the chronological metrics of e-commerce affected by
mobile sales), but also highlights the technology that
produced it (the cognitive computing of IBM).

6 CONCLUSION

The data visualisation focuses on beauty, seen as a kind
of aesthetic engagement with big data, a form of know!-
edge encounter that turns on the complexity and aura of
an unimaginable object.

—McCosker and Wilken (2014)

Data Moiré capitalizes on two computational para-
digms: the capacity of cognitive computing and machine
learning to analyze and provide insights into massive
amounts of unstructured data, and the ability of gen-
erative design processes to drive geometries that are
informed by data. However, it is not the analysis nor the
geometries themselves that are the impactful products
of this project, but rather the capacity of the analysis and
the geometry combined that are able to communicate.
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ABSTRACT

Recent advances in integrating physical logic into com-
putation strategies have brought the master-makers
mentality back to the forefront of the digital era, and yet,
a persistent problem continues. These ongoing efforts to
develop reciprocal structures with gravitational forces tend
to generate forms that are unable to construct without
massive false-work. This paper exercises the potential to
intelligently remove material from the interior of a column
drumin order to produce a leaning column that could con-
tribute to this age-old problem. The paper describes the
computation and fabrication logic. It then demonstrates
a full-scale prototype (fig. 1) and some of the discoveries
that emerged as a result of the computation process.

INTRODUCTION
Though itis commonly assumed Antoni Gaudiemployed

a"hanging chain" method to design La Sagrada Familia,
the famous image of the sandbag-laden, inverted chain
model is actually of Colonia Guell, a partially realized
project (Burry 2007; Huerta 2013). While Gaudi devel-
oped this method prior to the construction of La Sagrada
Famllia, it was not implemented because of a fatal flaw
of this strategy. The hanging chain model prioritizes
an optimized load path to the ground. The flaw in this
noble structure is that in order to become structurally
stable, the building needs to exist in its entirety, making it
impossible to build without a massively wasteful system
of centering and falsework. A clear distinction is mani-
fest in the two projects. While Colonia Guell's columns
buttress the forces at angles, La Sagrada Familiareverts
to the more typical vertical column. As it turns out, it is
quite difficult to support a leaning column while the
mass above is still being constructed. The intelligence
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Figure 1: Full-scale
prototype on site

at Quarra Stone
Company, Madison,
Wisconsin, 2015.



Figure 2: Comparison
of computation meth-
ods: Mass Carving vs.
Shape Deformation.

Figure 3: Center of
mass and stability
throughout assembly.
Left s solid; middle

is hollowed but only
solved for final
stability; right shows
solving for incremental
assembly stability.
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of funicular geometry is brilliant in its complete state,
but the problem of incremental stability throughout the
construction process presents a significant challenge.
While Gaudi pioneered this reciprocity between form
and force, other researchers, such as Frei Otto, have con-
tinued this line of inquiry (Rasch and Otto 1996). A paper
translated this methodology into digital procedures,
and The Block Research Group is currently continu-
ing the fight to bend thrust through matter (Kilian and
Ochsendorf 2005). A recent work titled "The Armadillo
Vault" demonstrates the most recent advances they
are making in creating computational techniques which
integrate form and force. This work also exemplifies the
same issue that Gaudi faced with stability throughout
the assembly process. This vault is constructed on a
custom falsework consisting of standard scaffolding

towers that support four marine-grade plywood waffle
structures (Block et al. 2016). The need for falsework in
such a project is a minor conceit; however, the neces-
sity for falsework can derive complications at scale,
when doubling the geometry, or if attempting to span
something that cannot bear weight. Recent research
has investigated methods for casting metal details to
incrementally support voussoirs in space throughout
the assembly process to contribute to these efforts
(Arizaetal. 2016).

Is it possible to remove material from the interior
of a column drum in order to ensure stability? Asym-
metrical stability by means of mass distribution and
interior hollowing has also been explored in spinning
objects (Bacher et al. 2013). As a case study, a column
is designed in a manner that it cannot stand—similar
to Gaud('s leaning column problem—without the aid of
external support, or in this case, the removal of material.
This paper describes the computation and fabrication
of anon-idealized column that maintains an equilibrium
state during assembly.

Definition of Terms

An object is in balance if its center of gravity is above
its base of support. The average position of an object's
weight distribution is called the center of gravity (COG).
For simple, solid objects, such as a sphere or a cube,
the COG s located at the geometric center. If an object
does not have a uniform weight distribution, then the
COG will be closer to where most of the weight is located.
The average position of an object's mass or matter dis-
tribution is called the center of mass (COM). The point
where the line of gravity touches the ground s called the
center of pressure. An object is balanced if the center of
pressure is inside the base support. When there is more
than one area of contact, the base of support is the area




inside the perimeter. The line of gravity is an imaginary
vertical line that extends upward and downward from
the COG. Falsework is framing structure necessary to
temporarily support an assembly during the construc-
tion process.

COMPUTATION

The intent of this research is to stabilize a stone struc-
ture by shifting its COM. For this purpose, a non-stable
volume was generated (fig. 2). The input geometry is
derived from a polygonal control point rig to produce
a calculus-based curvature continuous surface with
T-Splines in Rhinoceros.

In Figure 3, in the column on the left, the COG is not
above the base support, generating a misalignment
between the line of gravity and the base support; the two
forces cannot align, and instead, this creates a torque
that rotates the object, tipping it over. For the two col-
umns on the right, the COG is above the base of support,
so the upward support force from the base is aligned
with the downward force of gravity. The line of gravity
helps you determine balance; if it passes through the
base of support, then the object is in balance. If the line
of gravity touches the ground at a point outside the base
of support, then the object will tip over.

Stability Optimization

To achieve a stable design, there are an infinite number
of deformations that could satisfy the goal of static equi-
librium; however, due to fabrication constraints, not all
solutions are able to be carved. Additionally, some of the
solutions go below the minimum desired wall thickness,
rendering a non-structural piece. This computation
establishes a range that ensures these other criteriaare
met while the COG location is being optimized.

Shape Deformation

Given the nature of a polygonal control point rig, a series
of control points were specifically selected to remain as
fixed constraints, allowing the designer to determine
which parts of the volume could deform. As a starting
point, the lower portion of the geometry was fixed, and
only the top portion of the volume was parameterized
to allow for deformation. This approach discretizes the
surface into multiple control curves that can be redrawn
within a particular range. Consequently, each curve is
described by a series of control points that can be
moved in the x & y axis, recalculating and comparing
the stability for every iteration. Two parameters were
established to govern the deformation: First, a range
zone was established to allow the point to move in the x
&y axis, and second, the surface area was monitored to
allow for minimal variation from the original geometry.
While itis clearly possible to morph the exterior surface
of the geometry to achieve stability, as stated previously
in the introduction, there are appropriate scenarios in

which to have leaning columns, and for that reason, this
paper assumes the Mass Carving strategy.

Mass Carving

The carving approach intends to balance the input
geometry by removing interior volume from the object
while preserving its external geometry. The goal of
this method is to optimize the distribution of material
where it is needed to ensure the stability of the object.
To achieve static equilibrium, the COG must be within
the base of the object when projected along the gravity
line to intersect with the base—in this case, a horizontal
planar face. An evolutionary solver is used to optimize
the interior cavity by redistributing the mass across
the overall volume. As previously described during the
Shape Deformation method, the geometry was subdi-
vided into point-controlled curves, allowing for better
control of the resultant geometry, and limited by a min-
imum thickness of two inches between the interior and
exterior surfaces. This constraint owes to the material
integrity of the selected stone, Indiana limestone. The
volume described by the curves was then subtracted
to generate an interior cavity, redistributing the mass
to achieve balance.

Incremental Stability

One of the challenges of fabricating with stone is the
substantial weight of the material. Greek builders held
tremendous ingenuity with regard to proportioning
and discretizing column geometries; the Acropolis is
great example of these techniques. While most of the
ongoing research in discrete structures evaluates per-
formance once the assembly process is completed,
this research contributes to the effort of computing
the static stability of structures during construction
by calculating the incremental stability at each step of
the stacking process. In a paper titled "Make It Stand,"
static equilibrium is computed via an interactive solver
that carves and deforms as a formfinding-driven calcu-
lation for 3D-printed objects (Prévost et al. 2013). This
research explores solutions to equilibrium at each stage
of construction by computing and modifying the COG of
individual components.

After satisfying the global stability using the Mass
Carving strategy, the next step of the process is to calcu-
late the stability after each of the drums are set in place;
for this, we needed to take into account the COG of each
individual piece and the ones below. In this example, the
global geometry is composed of 17 drums; therefore, all
17 local centers of gravity produced during the erection
of the structure need to rest within the overall global base
support of the geometry. The incremental stability is
resolved by feeding the 17 volumes to the fitness criterion
while solving for a global line of gravity so that each drum
can be carved individually but associated to the rest with
the common goal of shifting the global center of pressure
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Figure 4: Cutting
Indiana limestone
from slabs to blanks.

Figure 5: Finish milling
of exterior surface
utilizing a seven-axis
toolpath.
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deeper into the center of the base. As a result, the drums
near the top preference a denser mass opposite the side
of the cantilever, almost aligning all the centers of gravity
inavertical array; non-external deformations are used to
achieve the desirable stable solution.

Evolutionary Solver

Evolutionary algorithms, derived from biological evo-
lution, are a series of mathematical operations that
approximate solutions to a specific fitness criterion by
self-informed mutations. The fitness criterion uses the
volume Grasshopper component to calculate the COG
for the input geometry, and each iteration redefines
different x & y values for each curve control point. All
the curves then define aninterior geometry that is sub-
tracted from the initial geometry, generating a different
calculation for the COG. Each of these iterations learns
from the previous, narrowing down the solutions. For
the purpose of this research, the optimizer evaluates
the stability of the global geometry by measuring the
distance between the center of gravity of the column and
the centroid of the base on a horizontal plane. The closer
the COG is to the centroid of the base, the more stable
the global geometry is.

Once the global geometry in reference to the COG
was established, a series of other parametric Grasshop-
per scripts were employed to slice the whole column
into individual drums and to define the amplitude of the
matching drum faces. These parameters were estab-
lished in reference to the fabrication requirements dis-
cussed later, and to contend with rotational equilibrium,
ensuring a specific, unique fit for each matching drum
face. The key geometry for each male/female drum face
was derived as a parametric offset of the surface perim-
eter to further address rotational instability.

Calculating Wind Load Stability

Although computation allows us to calculate the COG
relative to the geometry, there are other physical factors
that influence the stability of an object. A site-specific
installation, like this one, can encounter other environ-
mental factors, such as wind, rain, snow, and earth-
quakes. Given the characteristics of the site, Madison,
Wisconsin, the lateral wind load presents the most signif-
icant challenge. Autodesk Flow Design virtual wind tun-
nel served to simulate the point load reaction applied by
the wind. Based on the local wind rose datasheet, there
is amaximum reported average speed of 11.4 mph from
anorthwest direction, with a maximum speed of 47 mph.
This calculation uses a factor of error of 1.5, for a wind
speed of 70.5 mph. Given the surface area of the volume
projection onto a northwest vector, a maximum wind
load of 60 pounds has been applied to the surface at a
12 4-inch height. Because of an approximate total weight
of 6 tons, the wind load does not present a significant
threat to the stability of the structure.

FABRICATION

A seamless digital workflow from file to production
allowed rapid prototyping and proofing of the computa-
tion concepts. A KUKA KR 500 robot with a high-speed
spindle and electroplated diamond-tipped cutting
tools were used for wet machining the limestone. The
milling process uses water as a coolant for the tooling
and ensures the minimization of airborne dust partic-
ulates as the material is pulverized during the machin-
ing process. Quarried stone was cut into slabs initially,
then stock blanks using a large circular saw (fig. 4).
The bulk of material removal was done with a standard
three-axis milling procedure, while the most critical
operations synchronized the six-axis robot with the
external rotary axis (fig. 5). The sequence of operations
was determined by a key indexed flip milling process,
which utilizes the previously produced part as a fixture
for sequential parts (fig. 6).
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Figure 6: Key Index
Strategy - roughing
operation of stacked
drum.




Figure 7: Key joint
detail of drums show-
ing the male/female
match to ensure
rotational equilibrium
and stability.

Figure 8: Male

surface key detail
(top) of drum. The
key is a parametric
offset of the drum face
geometry.

Figure 9: Filleted drum
seam as seen from the
column exterior.
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Mass Carving

Prototypes were made with Indiana limestone due to its
homogeneity of grain and texture, and its ease of milling.
Material removal by kerf cutting with a radial saw blade is
common practice inmodern stone cutting, but the geo-
metrical conditions of our prototypes—namely, double
curvature and interior cavity milling—necessitated our
chosen approach (Rippmann et al. 2013). The height of
our drums was constrained by the dimensional length of
our custom tool. Surface milling from a volumetric blank
typically requires multiple procedures of roughing and
finishing within machine and tooling constraints (Burry
2016). Milling on all sides of a volumetric blank requires
various steps of flip milling and indexing of parts.

The six-sided blanks cut from quarried slabs of Indiana
limestone were three-axis rough machined with a 2-mm
offset using a 75-mm diameter diamond electroplated bit
on a400-mm extension shaft. Finish milling the top male
convex surface of each drum was done with 2 19-mm dia-
mond electroplated ball nose bit. The key geometry neces-
sitated specific tooling decisions for machinability (fig. 7).

These drum parts were eventually flipped into a
matching fixture to rough cut the inverse side of the
part, removing any undercuts missed during the
first roughing operation. For expediency, a three-axis
scallop finish toolpath completed the top surface to
the perimeter filleted edge (fig. 8). A slope analysis of
each drum face was conducted to ensure an accurate
surface milling of the perimeter male/female key with
the ball nose tool without requiring a more complex
five-axis toolpath. The result of these parameters was a
gentle curve seam between the stacked drums (fig. 9).

Key Geometry

Avacuum systemis typical in holding down stock during
machining, but with an average mass of 70-90 kg, each
limestone drum was secured in place by gravity as well
as by the locking mechanism of the male/female key.
The key, running the perimeter of each face, also served
as the indexing method during the many re-orientations



of the part. The key also uses a doubly curved surface
as a friction lock to prevent rotational movement of the
dry stack joint. It was determined that the greater the
oscillation of this key surface, the better (fig. 10).

Key Index Strategy

Successful flip milling requires a precise matching fixture
of the inverted non-planar part. Our fabrication process
required eight unique machining operations for each
drum and 51 orientations of drum parts from blank stock
todry stacked column. Therefore, the embedded indexing
key ensured precise re-indexing throughout the process
of fabrication, reorientation, transportation, and assembly
(fig. 11). Every male convex top drum face had a match-
ing female concave bottom face counterpart, which was
leveraged during the flip milling and keying procedure. A
consumable master key to fixture the drum parts served
as the base coordinate system for each operation. All mill-
ing operations could have been performed on each drum
part individually, but in an effort to reduce redundancies
and expedite the fabrication process, two drums were
simultaneously dry stacked for the final two steps. Utiliz-
ing a fixed robotic tooling angle in sync with the external
rotary axis, the surface milling of the drum flutes was
performed as a seven-axis operation.

The robot maintained its tooling angle along the ver-
tical length of the two stacked drums as the rotary axis
spun to allow complete 360-degree reach of the part
geometry. This strategy with the rotary axis improved
accuracy with an indexical step over of 1 mm, produc-
ing a digital fluting in reference to ancient Greco-Roman
technique. In fact, this method of stacking drums and
carving across the seam was a common practice in
ancient column carving. Drums were roughed out and
stacked; then, once assembled, the flutes were carved,
further disguising the seams between drums through
shadow relief.

Software Workflow

The software workflow required a series of hybrid tool-
path and simulation procedures. SUM3D served as
the robotic CAD/CAM interface which was simulated
and translated into KUKA KRL code using ROBOmove.
ROBOmove also synchronized the rotary external axis
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to optimize for the appropriate robotic tooling angle.
Certain drums required additional check surfaces,
containment boundaries, and primitive geometries for
establishing tool angles. Roughing toolpaths were cre-
ated with SUM3D, but the male/female drum faces were
scallop-finished with toolpaths extracted from Master-
cam. The vertical flute toolpaths of the drum exterior
surface were generated using a custom Grasshopper
script, which was also translated through SUM3D into
robot code.

PROTOTYPES

3D Prints

To validate the most successful method, a 3D print was
made for each: Shape Deformation, Mass Carving, and
a solid plaster print for control. The validity of the sta-
bility analysis was assessed through a series of scaled

Convex
For Drainage

s

Figure 10: Global
alignment condition of
drum geometry, para-
metrically calculated
for each matching
drum face after the
evolutionary solver.

Figure 11: Key Index
Sequence during the
fabrication process.
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Figure 12: Photos of
the plaster 3D prints
falling.

Figure 13: Initial
drum study for the
Shape Deformation
method, which led to
improvements in the
drum face geometry
and milling strategy.
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physical tests of specific optimization details and proto-
types as demonstrated by prior full-scale prototypingin
stone. Shape Deformation introduced an unacceptable
distortion from the original geometry; furthermore,
based on this specific case study, Mass Carving gener-
ated a more stable geometry. 3D prints were also used
to evaluate different keying strategies of the drums (fig.
12). The 3D-print prototypes provide a rapid way of test-
ing multiple key locking details, eventually developing a
500-mm-tall stackable prototype.

Another realization emerged through the rapid pro-
totyping. A design was computed that, when printed
solid, would stand, but when discretized into individual
column drums, became unstable two-thirds of the way
assembled. While this failure is self-evident in hindsight,
the act of prototyping the geometry brought attention to
aflaw in our computation approach. The initial approach
did not visualize the incremental stabilities and instead
calculated for the global COG, assuming the incremental
was stable as well. This discovery refocused the compu-
tation research to incorporate this condition.

Process Prototypes

To ensure an accurate digital-to-physical workflow,
a variety of process prototypes were simultaneously
created while the digital tools were developed. At first,
individual drums were milled to understand the mate-
rial, fabrication parameters, and logistics of flip milling.
The team realized that machining the drums from the
top, as opposed to front and back, was most efficient
if the tool was long enough, which led to the decision
to fabricate a custom milling tool. This technique also
reduced vibrations, which were problematic on smaller



parts. On one early drum study (fig. 13), a test was per-
formed using the external rotary axis in combination
with a spiral seven-axis finish toolpath while the robot
tool maintained a fixed angle. This proved to be ineffi-
ciently slow, so the decision was made to develop the
Grasshopper script for vertical surface fluting, which
minimized machine time.

The first stackable prototype proved the concept of
shifting mass but revealed the need to create a more
dynamic drum joint to prevent rotation as opposed to
the flat stacking (fig. 14). It also led to the decision to
invert which drum surface was the convex male and
which was the concave female to allow for proper water
drainage towards the exterior. Later studies revealed
the need tofillet the drum edges to reduce chipping, but
more importantly, it encouraged the implementation of
a perimeter ring offset from the male/female faces of
each drum to precisely lock each compressive druminto
each other like a key.

Full-Scale Prototype

The five-meter-tall, dry-stacked “Quarra Cairn” stands
as a proof of concept for a computational workflow
informing advanced fabrication techniques. Seventeen
unigue drums equal to one cubic meter of sculpted Indi-
ana limestone, weighing in at 2,450 kg. The stone has
4,000 psi compressive strength and was calculated to
have a 700 psi modulus of rupture. A threaded stainless
steel rod for post-tensioning runs through the core of the
drums and is anchored into a reinforced concrete pile.
This added a secondary measure of safety during the in
situ dry stacking assembly, which involved cranes with

nylon straps for lifting (fig. 15). We decided to only rough
mill the interior cavity, which can be viewed through the
porthole opening (fig. 16), allowing observers to under-
stand the physics of the column and the secret to the
stability even though the column appears unstable
(fig. 17). Post-processing of the exterior surface was
done with common honing techniques to address any
blemishes or inconsistencies in the stone. The full-scale
prototype remains at the Quarra Stone Company in
Madison, Wisconsin, as a proof of concept for integrating
digital workflows with physical fabrication processes.

Figure 14: Flip milling
key strategy prototype.
The dramatic ampli-
tude of the drum faces
confirmed rotational
stability as compared
to aflat drum face.

Figure 15: Con-
struction of the final
column.
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Figure 16: Visual
connection to the
interior cavity of
column where mass
was removed, looking
upwards towards the
orifice on the opposite
side at the top of the
column.
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CONCLUSION

This research demonstrates the potential for a compu-
tational workflow that allows for the design, fabrication,
and assembly of a non-stable global form by ensuring
incremental stability at each stage of the process. It also
attempts toreconsider the viability of structurally optimized
final forms to accommmodate incremental fabrication and
assembly challenges. While this research successfully
designed, simulated, fabricated, and assembled a stable
cairn from a non-stable form, a number of other criteria
emerged through the prototyping that could become incor-
porated into the solver logics. For instance, the final form
and carving was checked against lateral wind and live snow
loads, but only in order to verify the stability post-design.
This information was not incorporated into the intelligence
of the solver. Coordinating digital and physical workflows
was a nonlinear process, which could be an area of refine-
ment for efficiency of digital design to physical production.
The research contributes to the potential for construction
of unstable geometric forms without the need for falsework.
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1 ABSTRACT

Submillimetre Formwork is a novel method for fab-
ricating geometrically complex concrete parts with
3D-printed plastic formwork (fig. 1). This research
investigates how 3D printing can be used to fabricate
submillimeter-thin formwork. To achieve this, computa-
tional methods for optimizing the fabrication speed of
formwork with plastic deposition 3D printing are devel-
oped, as well as methods to stabilize the minimal form-
work during the casting process. Without any coating
and post-processing steps, the plastic formwork is easily
removable, recyclable and bio-degradable. The impli-
cations of Submillimetre Formwork are a considerable
material reduction, faster off-site fabrication time for the
formwork, ease of transportation to site, ease of on-site
assembly, and unprecedented design opportunities for
free form and highly detailed concrete components.

2 INTRODUCTION

With more than 10 billion tons produced each year, con-
crete is by far one of the most used materials in the world,
second only to water (Qlivier, Janssens-Maenhout,
Muntean, & Peters 2016). Concrete is ubiquitous in the

building industry due to its versatility, wide availability of
raw materials, and low embodied energy. It is favored by
engineers because it has excellent structural properties,
and itis celebrated by architects because it can be cast
into any conceivable shape.

But in order for concrete to materialize a shape, it
needs a formwork to be castin,a mold to be sprayed on,
or adie to be extruded through. The excellent geometric
potential of concrete is therefore limited by the ability to
fabricate the necessary formwork.

Although reinforced concrete has been used for over

a hundred years and with increasing interest during

the last decades, few of its properties and potential-

ities have been fully exploited so far. Apart from the
unconquerable inertia of our own minds, which do
not seem to be able to adopt freely any new ideas, the
main cause of this delay is a trivial technicality: the

need to prepare wooden frames. (Nervi 1956)

For concrete construction, formwork accounts for a
significant amount of resources, both in terms of mate-
rial costs and labor (fig. 2). In particular, for free-form,
non-standard parts, formwork resources can represent
more than 60% of the whole construction, more than

Figure 1: Prototype
for an architectural
concrete element
cast in Submillimetre
Formwork. - DBT, ETH
Zdrich, 2017
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Figure 2: Breakup of
costs in concrete pro-
duction. On average,
formwork accounts
for roughly half the
resources in terms

of both labor and
materials (Oesterle,
Vansteenkiste, and
Mirjan 2012).

Figure 3: Formwork
represented 80%

of the construction
costs for the slab of
the Zoology Lecture
Hall of the University
of Freiburg, designed
by Hans Dieter
Hecker in 1969
(Antony et al. 2014).
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concrete and reinforcement combined (fig. 3).

The elevated cost of non-standard formwork compared
to the low cost of raw materials discourages complex
geometries that efficiently distribute material. Geometrical
simplicity is preferred over optimal material use because
materials are cheap and custom formworks are expensive.

Given the significantimportance of formwork in con-
crete construction, the aim of this research is to mini-
mize the amount of material and labor used for fabri-
cating formwork. The objective is to develop an efficient,
automated fabrication method based on 3D printing
which can be used for making formwork for large-scale,
complex concrete components. This can have further
positive effects on: the sustainability of formwork;
speeding up formwork fabrication off-site; reducing the
cost of transportation; streamlining assembly on site;

and facilitating removal and reusability after casting.

Yet the most significant advantage of 3D-printed
formworks is their potential to enable complex topol-
ogies to be cast in concrete, which can have further
indirect implications:

» Considerable material reduction through com-
putational topology optimization algorithms,
which result in complex geometries (Jipa et
al. 2016).

+ Integration of additional functionality, such
as surfaces with acoustic properties, ther-
mal activation, insulation, and enclosures for
building services.

»  Smart integration of construction and assem-
bly logics that streamline on-site fabrication,
such as interlocking connections and refer-
encing systems.

+  New design possibilities for free-form geome-
tries and high-resolution ornamental surface
articulation (Dillenburger and Hansmeyer 2013).

Production of formwork for non-standard concrete
elements is done in practice by robotic hot wire cutting
or CNC milling of foam blocks (Sgndergaard, Amir, and
Knauss 2013). Lightweight formwork can also be pro-
duced with fabric (Veenendaal, West, and Block 2011).
However, these approaches are resource-intensive as
regards necessary time and labor (milling tools are slow
and fabrics require extensive patterning) and have lim-
itations regarding the geometries that can be produced
(e.g.noundercuts for milling, and only smooth, anticlas-
tic surfaces for fabrics).

3 3D-PRINTED FORMWORK

To overcome these limitations, different 3D-printing
technologies have already been proposed for formwork
(fig. 4). The architect and researcher Philippe Morel of
EZCT has experimented with two different technologies
to 3D print formwork for concrete. Clay robo-casting
produced a rough result, inheriting the coarse layers of
the extrusion process. With binder jetting, he created a
three-dimensional triangulated truss structure cast in
concrete to demonstrate this material’s load bearing
capacities. The binder-jetted half shells are infiltrated
with epoxy resin and assembled to form the hollow tubu-
lar mold prior to being cast. The structure has a very
smooth surface quality; however, it lacks reinforcement.
Additionally, formwork removal limits to some extent the
geometric freedom (Gosselin et al. 2016).

A jump in scale and resolution was made with the
realization of the Swiss pavilion for the 2016 Architec-
ture Biennale in Venice. “Incidental Space,” designed
by Christian Kerez, is a 9m-long and 6m-high room
enclosed by a 2-cm-thin shell of polymer fiber reinforced
shotcrete. Around a third of the formwork parts were
binder jetted in sandstone and infiltrated with a release



agent. No other known fabrication method would have
allowed for the production of this level of detail (Dillen-
burger 2016).

A further precedent of binder-jetted formwork
comes from ETH Zurich, where a 1.8m? topologically
optimized slab was fabricated using ultra-high-per-
formance fiber-reinforced concrete (UHPFRC) cast
in a 9mm-thick sandstone 3D-printed shell. This
showed how the complex topologies resulting from
computational optimization algorithms can be fabri-
cated to considerably reduce material in load-bear-
ing components (Aghaei-Meibodi et al. 2017).

In contrast with the first two examples which use
binder jetting, Brian Peters from Kent State University

tested and patented fused deposition modelling
(FDM) for fabricating formwork (Peters 2014). Peters
discusses small-scale horizontal elements, and his
research shows that there are inherent characteristics
of FDM 3D printing that need to be addressed in order
to make this technology feasible for large-scale fabri-
cation. Scaling up and applying this process to vertical
components such as walls and columns is challenging
due to the hydrostatic pressure exerted by the concrete
on the formwork.

The research question posed by Submillimetre Form-
work is how large-scale, geometrically complex struc-
tural concrete parts can be produced with minimal FDM
3D-printed formwork.

Figure 4: Precedents
of 3D-printed form-
work for concrete,
clockwise from top
left: Philippe Morel,
EZCT 3D-Printed
Formwork, 2014;
Christian Kerez,
Incidental Space,
2016, DBT, The
Smart Take from the
Strong, 2017; and
Brian Peters, Additive
Formwork, 2014.

Figure 5: The FDM
fabrication process
requires auxiliary
support structures

(in red) for certain
geometric features,
such as overhangs and
cantilevers. - DBT, ETH
Zurich, 2017,
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Figure 6: Different
thermoplastics tested
for finding a balance
between printing
speed, quality, and
shrinkage. From

the highest printing
speeds achieved to
the lowest: natural
polylactic acid (01);
natural polylactic acid/
polyhydroxyalkanoate
blends (02-04), poly-
ethylene terephthalate
glycol-modified (05
and 06), polylactic
acid with pigments
(07-10), polyviny!
alcohol (11),
biodegradable plastic
Green-Tec™ (12-15). -
DBT, ETH Zurich, 2017
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4 METHODS
FDMis a widely available 3D printing technology in which
molten material is extruded and hardens immediately
after the deposition. The deposition happens in consecu-
tive horizontal layers which are generated as slices through
adigital model of the part to be fabricated. Despite some
fabrication limitations—such as the inability to produce
unsupported cantilevers (fig. 5)—FDM is unique among
the different 3D-printing technologies for its capability of
producing large-scale freestanding parts with very thin
geometric features, such as walls as thin as 0.4 mm.
Because of the nature of the FDM process—where
the build material solidifies and cools down quickly—a
limitation of this technology is determined by the dimen-
sional inaccuracy caused by uneven shrinkage during
thermal contraction. Shrinkage is a function of the total
volume of plastic:

dv=V Bdt
where dV = shrinkage in m?
V, = initial volume of the formwork in m?
13 = volumetric thermal coefficient of PLAIn °C?!

dt =temperature variation in °C.

The overall time necessary for the 3D printis also a func-
tion of the volume of formwork:

t=Vv/Q
where t=3D printingtimeins
V = total volume of the formwork in m?3
Q= volumetric flow rate of the 3D printinm?®/s.

By reducing the total volume of formwork material
to the thinnest skin possible, both the 3D printing time
and thermal shrinkage are reduced to a minimum. This

section discusses how the plastic 3D printing and the
concrete casting processes can be optimized to enable
the fabrication of Submillimetre Formwork.

4.1 3D-Printed Plastics for Formwork

FDM is a relatively slow 3D printing process, usually
able to produce volumetric flowrates of 15 cm?®/hour
and resolve 0.1 mm features. With well-tuned machines,
flowrates as high as 100 cm3/hour can be reached, but
this has a negative impact on the resolving power, which
increases to 0.2 mm.

Acritical factor in achieving such high flowrates is the
material used. FDM can extrude a wide variety of plastics
(biodegradable, water-soluble, fiber-reinforced, flexible,
conductive, low-shrinkage, bioplastics, etc.). In order to
achieve a balance between fabrication speed, quality,
and shrinkage, different materials were tested, and
finally translucent polylactic acid (PLA) was selected
for its versatility and low shrinkage factor (fig. 6).

While flowrates of PLA can be further increased through
mechanical improvements of the hardware, the focus of
this research is to speed up the 3D printing process on
the software side, by generating an optimal tool path that
controls the movements of the 3D printer tool head.

4.2 Optimized 3D Printing Tool Paths

Tool paths are generated from horizontal slices through a
CAD model of the part to be 3D-printed. A custom slicing
tool was developed for optimizing the travel distances
between the different contours ineach horizontal slice. The
contours are sorted with an efficient algorithm that mini-
mizes the distances between consecutive contours (fig.
7). In order to compute this optimization problem, each
layer is interpreted as a complete weighted graph, where
the graph nodes are contours and the graph weights are



Cl. c2.

distances between contours. The problem is a variant of
the classic ‘travelling salesman'algorithm where the short-
est toolpath (i.e. minimum-weight Hamilton circuit) has to
be computed for the given graph (Lin and Kernighan 1973).
To compute the shortest toolpath, a heuristic method is
used, the nearest neighbor algorithm (NNA).
Calculatingand comparing all the possible tool path vari-
ations with a brute force algorithm is impractical even for
graphs with as little as 12 nodes. With the NNAheuristic, the
search can be performedinlinear time; however, the global
optimal solution may be missed because of the greedy
approach of the algorithm which relies on finding the local
optimum at each step. Nevertheless, the NNA offers agood
compromise between computationtime and optimization.
For calculating the tool path, specific features were
added to the generic form of the NNA:
+ Foreach graph node that is a closed contour, the

Figure 8: Additional
features of NNA. The
tool-head first prints
contour nO. When
traveling tonl, the
algorithm can: A)
adjust the starting
point aof closed
contours; B) flip open
contours; and C)
calculate the loss in
speed due to direction
changes. Angles al for
contour nland a2 for
n2 are factored in the
weight of each node. -
DBT, ETH Zarich, 2017

seam can be adjusted along the contour inorder to
find the shortest path at the current step (fig. 8A).

+ Foreach graphnode thatis an open contour, both
ends are compared in order to find the shortest
travel distance at the current step, and the direc-
tion of the contour can be reversed (fig.8B).

» The cost function contains a factor p that takes
into account the attack angle a between the
incoming and outgoing direction of the tool head:

p=2-1-a/m(v . —/a.,
where p = penalty factor

a =change indirectionin radians

v = feed rate of the tool head in mm/s
a,.., = maximum acceleration of the tool head
inmmy/s?

| = jerk federate of the tool head in mm/s.

Figure 7: Aslice
through a CAD model
with 100 line segments
and 100 circles as
contours. Inarandom
order, this configura-
tion generates a very
long, inefficient tool
path (left). The NNA
arranges the 200 con-
tours in an order that
minimizes distances
between consecutive
contours (right). - DBT,
ETH Zurich, 2017
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Figure 9: Concrete
prototype using
3D-printed formwork
displaying micro-tu-
bular structures as
smallas 10mmin
diameter. - DBT ETH
Zrich, 2017

Figure 10: Step-by-
step diagram showing
the simultaneous infill
of concrete through
the bottom of the
formwork (A) and

of counter-pressure
material (B - sand or
water). The final step
consists of the removal
of the formwork and
casting inlet. - DBT,
ETH Zurich, 2017
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The factor p accounts for the fact that the tool head
has to slow down more to negotiate tighter changes in
direction. Negative and positive acceleration times have
to be taken into consideration when calculating the total
weight of the Hamilton circuit (fig. 8C).

4.3 Concrete Casting in Submillimetre Formwork
Ultra-high-performance fiber-reinforced concrete
(UHPFRC) with 10-mm-long steel fibers was used
(Aghaei-Meibodi et al. 2017). This satisfied the neces-
sary rheological requirements to flow through the tubu-
lar geometric features as thinas 10 mm in diameter used
in a series of prototypes (fig. 9).

The early prototypes revealed that one of the critical
issues related to concrete casting is the buildup of hydro-
static pressure. The hydrostatic pressure is the maximum
stress that is uniformly exerted by the concrete on the thin
formwork. Hydrostatic pressure is only dependent onthe
density of UHPFRC and the depth of the cast:

p=p-g-h
where p = hydrostatic pressure in N/m?
p = density of concrete in kg/m?3
g = gravitational accelerationin m/s?
h = depth of the cast UHPFRC columnin m.

The very thin PLA formwork is unable to withstand
the hydrostatic pressure of the dense UHPFRC (p ~
2,350 kg/m?) for depths larger than circa-100 mm.
The breaks in the formwork generally happen along
the contact surface between consecutive 3D-printed
layers, where there is a weak interface and lower tensile
strength. In order to overcome this, several strategies
have successfully been tested:

+  Submerging the formwork in a bed of sand. The
sand acts with a counter-pressure on the form-
work that cancels out the hydrostatic pressure
from the UHPFRC. Breaks are also neutralized
by the sand, which consolidates the part locally
and prevents further concrete leaks.

+  Submerging the formwork progressively under
water. This method also provides a counter-pres-
sure on the outside of the form but has the
advantage of keeping the casting process visible
throughout. In combination with the transparent
PLA, this is an important tool for monitoring the
casting process for very challenging, thin geo-
metric features (fig. 10).

«  Coating the formwork with organic resins to
increase its strength. Clear epoxy or polyester resins
have been used to make the formwork waterproof,
inaddition to the two methods illustrated above.

Following the concrete casting, the PLA formwork
provides the perfect enclosure for concrete curing,
preventing the development of cracks due to water
loss. Forty-eight hours after casting, the concrete is
stable enough for removal of the formwork. A heat gun
is used to supply moderate heat (~200°C), and the
PLA peels off of the concrete on its own (fig. 11). After
the removal, the uncoated PLA can be combusted,
composted, or recycled.




Ongoing research is investigating alternative methods
for the formwork removal, such as using polyvinyl alco-
hol as a 3D printing material. This can be removed easily
because it is water-soluble, but the interaction with the
hydration process of concrete needs to be tested further.

5 RESULTS
The method presented above optimizes fabrication
times through a custom tool-path generation algorithm
for 3D printing. Several commercial slicer tools do exist,
but they produce tool paths that take at least twice as
long to be 3D-printed (fig. 12).

Using such a thin shell as concrete formwork presents

anumber of challenges. Apart from the thermal shrink-
age and fabrication speed, the research so far has iden-
tified challenges where further investigation is needed:

+ Thefocus so far has been on parts which fit the
size of a 3D printer. In order to fabricate larger
parts, strategies for segmentation and connec-
tion need to be considered.

+ Rheological limitations of concrete and fab-
rication limitations of FDM (fig. 5) have been
identified empirically. A shape optimization
process could address the limitations of the two
processes and integrate geometric adjustments
that make fabrication possible.
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Figure 11: Concrete
component displaying
high-resolution

texture (left) after the
Submillimetre plastic
formwork has been
removed (right). - DBT,
ETH Zurich, 2017

Figure 12: Comparison
of printing times (in
hours:minutes:sec-
onds) of tool paths
generated with
different commercial
slicers. Three different
digital models with 1,
10, and 100 contours
each were used for
benchmarking. The
printing time improve-
ment for the custom
slicer developed

for Submillimetre
Formwork (SF) is
significant, especially
for the model with 100
contours, where the
fabrication is at least
50% faster compared
to Repetier Host 2.0.1
(RH), Cura 2.5x64
(C2.5), Craftware
114(CW), Slic3r1.2.9
(S3), 3DPrinterOS.
com (3DOS), Cura
15.04 (C15), KissSlicer
1.5x64 (KS) and
MatterControl 1.4
(MC).-DBT ETH
Zurich, 2017
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Figure 13: Load-bear-
ing spatial concrete
element cast in dis-
cretized Submillimetre
Formwork. - DBT, ETH
Zurich, 2017
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« The structural performance of the components
needs to be tested. Of particular interest is the
orientation of the steel fibers in the intricate nar-
row tubes. Computed tomography coupled with
computational fluid dynamics simulation could
give some insight in this regard.

6 OUTLOOK

The next step in the research is to address the challenge
of further scaling this fabrication process up. In order to
investigate this, a four-meter-long, load-bearing spatial
element was designed, optimized for a complex load
case, and is being fabricated with the proposed method
(fig. 13). This method opens new design possibilities for
building elements with functional inner porosity, intricate
surface qualities for functional or ornamental purposes,
and integrated assembly logic.

7 CONCLUSION
Submillimetre Formwork relies on using 3D printing only for
aminimal skinthat is enough to ensure the complex shape
of a concrete component. The stability of the fragile form-
work during casting is provided by an ordinary material
such as sand or water that does not require digital fabrica-
tion, thus using the precious fabrication process only where
itis strictly needed to precisely define the shape (fig. 14).
[thas been shown that for producing complex, free-form,
andnon-standard concrete elements, Submillimetre Form-
work offers anovel, economical alternative, or eventhe only
possible solution for the fabrication of certain geometric fea-
tures. The novelty is twofold: onthe one hand, an optimized
3D printing process for the formwork, and, on the other

hand, a casting process that is suitable for such fragile form-
work shells. FDM enables the full geometric and structural
potential of fiber-reinforced concrete and promises a more
sustainable construction process with no waste material,
an easier on-site assembly with lightweight formwork, and
agreater design freedom for concrete elements.
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INTRODUCTION

Technological advancements typically induce para-
digm shifts that reverberate across many disciplines.
Architecture is in a moment of such transition both
in practice and in the academy. The past 30 years
of technological progress changed the relationship
between architect designer and design process at an
unprecedented rate. The discipline was not prepared
for such accelerated movement, and was unsuccess-
ful at expanding its theoretical frameworks to engage
with technology in a meaningful way. The unsynchro-
nized advancement of technology and theory became
the source of our present condition that is currently
dominated by two camps—broadly defined here as
computation-based design, and design informed by
history and theory; these two camps rarely challenge
or contaminate one another.

Technological paradigm shifts often result in another
problem: specialism. The rapid influx of advanced
technology into the field of architecture in the past two
decades has produced a particular type of specializa-
tion. Knowledge that is developed inisolation risks alien-
ating those with the most mastery over it. Consequently,
the compartmentalization of code-based design oper-
ates as animpervious system—with limited meaningful
pushback, dialogue, or integration with designers and

theorists engaging with visual, formal, and cultural
aspects of the field. This lack of integration is an urgent
problem threatening the disciplinary legitimacy of both
(isolated) camps.

Technology has a tendency to advance rapidly when
economic and political climates allow. Technological
advancements initiate change in every field. In his “Sys-
tems Esthetics” essay, published in Artforum in 1968,
artist, critic, curator, and writer Jack Burnhamillustrates
the cultural transition facilitated by technology as mov-
ing from an object-oriented model to a systems-oriented
one.t Academic institutions have the ability to quickly
assimilate new discoveries and experiment with them
in a pedagogically driven environment. More specifically,
over the last 10 to 15 years, the emergence of visual
programming (Grasshopper 3D, originally released
as Explicit History) and object-oriented programming
(Processing) paradigms, open-source computing, and
other accessible platforms have infiltrated the architec-
ture school in an accelerated and at times uninformed
manner.

FRAMEWORK

The subject of this paper is not grounded in the politics
or economics of digital design, despite the difficulty in
isolating these factors of technological advancement.
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Figure 1: Jasper

Johns, Alphabet, 1959.

Paper on hardboard,
30.5x26.7cm (12
x101/21in.). Gift

of Edlis|Neeson
Collection, 2015.121.
Photo courtesy Art
Institute of Chicago/
Art Resource Center.
© Jasper Johns /
VAGA at Artists Rights
Society (ARS), NY.
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However, it is worth noting the radical shifts in the field
from costly computers running proprietary software,
to mobile technology, affordable processing power,
and open-source platforms. In the 1990s, the digital
was strictly available to a select few who could afford
the cost of technology. Over time, computers became
increasingly affordable, more powerful, and more
accessible. Today, every student enrolled in architec-
ture school is expected to own a personal computer.
Parallel to the development of hardware in the late
1990s and early 2000s, software development transi-
tioned as well—from large companies developing highly
advanced computer programs to a singular person
(David Rutten) developing an equally powerful envi-
ronment.? The revolutionary developments in software
design processes affected architects, students, and
academics alike. One of the most outstanding examples
of this development is the shift in the field from Bent-
ley's Generative Components to Rutten's/McNeel's
Grasshopper 3D. Individual programmers and small
teams unexpectedly found themselves in a position to
develop software that could become as influential and
widely used as packages that used to be designed by
large corporations. This wave of new software and new
methods of software development was facilitated by the

open-source training model that emerged from plat-
forms such as the workshop, the blog, the online video
tutorial, and most importantly, integrated development
environments and web-based source code and version
control platforms (such as GitHub).

Hardly 10 years after the introduction of the first
open-source (architecturally oriented) digital design
environments, the contemporary computation-based
designer has access to over 200 free Grasshopper plug-
ins, 60,000 forum members, 287,000 YouTube tutorials,
and thousands of blogs, books, articles, and other forms
of user/developer-oriented training support.

From these developments, an entire architectural
genre has emerged. Computational Design, once the
purview of a select few, has become a field in its own
right, with a clearly delineated visual project. There now
exists a litany of new Master of Science (M.S.) year-long
degree programs being offered by architecture schools
all over North America, Europe, and beyond. Advanced
Production, Building Information & Systems, Design
Computation, Architectural Technologies, Technology of
Architecture, Digital and Material Technologies, and Sit-
uated Technologies are just a few typical program head-
ings. These degrees promise students a research-ori-
ented environment focusing on technology. However,
techniques created for the sole purpose of optimization
and fabrication, powerful as they may be, cannot pro-
ductively engage with the discipline on an aesthetic
or visual level. Most Master of Science programs are
technologically oriented; they privilege computation
over design, and science over aesthetic/cultural con-
cerns. This institutionalized confinement of code-based
design practice created a camp within the discipline, an
exclusive degree in architecture graduate schools, a
specialized department in the architecture firm, and a
new branch in the corporate office structure—in other
words, a hermetic society couched in hyper-specific,
self-emulating design discourses.

In the absence of a developed discourse around the
aesthetics of computation design, defaults and clichés
have become the norm. At present, there is an overabun-
dance of Voronoi tessellations, hexagonal grids, minimal
surface, geodesic lines, box morph, attractor point, and
other codes that operate on input geometry—meaning
geometry that has been 3D-modeled from parameters
that have no relationship with the parameters of the
algorithm. Without a deep understanding of specific
parameters in both the visual modeling world and the
algorithmic one, the designer becomes an operator,
unable to create a comprehensive and meaningful rela-
tionship between ready-made, downloadable scripts,
and independently constructed Rhino surfaces. Design-
ing in this mode—making changes to the parameters of
an algorithm that was developed independently from the
geometry it is operating on—produces works that lack
intentionality. The widespread popularity of this design



methodology has created a specific architectural lan-
guage and a new style: Computation Design. Typically,
architectural movements develop theoretical concepts
and evaluative criteria in tandem, but the visual project
associated with Computation Design lacks a coherent
theoretical and critical project.

The critical inadequacy of the computation project is
anew problem, not inherent to technology. Sometime in
the 1980s, Deconstructivism started to emerge in oppo-
sition to the Modernist demand for flatness and geo-
metric purity. Aided by the emergence of computers and
software, this movement focused on developing (what
were at that time) complex mechanisms engineered for
the production of special effects and atmosphere. The
Digital Turn followed Deconstructivism in the late 1990s
and lasted through the early 2000s, with the ambition of
integrating digital technologies into the design process
onadeep, self-conscious level, while critically engaging
in philosophical discourse. This era, pioneered mainly
by Greg Lynn and Bernard Cache, maintained a seri-
ous and meaningful relationship between matters of
design, aesthetics, theory, and technology. In the mature
period of the Digital Turn, design problems, computation
challenges, and new theoretical concepts were devel-
oped simultaneously. For example, the replacement of
the angled fold with a curved one drew its theoretical
(or philosophical) rhetoric from Gilles Deleuze's The
Fold. 3 The evolution of the fold also tested the utility
of the computer and software environments while still
addressing issues related to visual studies and aesthetic
theory.* More recently however (post-2010), Compu-
tation Design has been codified as a stand-alone style
and an autonomous field of study. A system misinter-
preted, computation was meant to service localized
design and fabrication problems, not design buildings
and urban projects in their entirety.® Inadvertently,
computation forged its agency as an architectural style
with no significant relations to more general (totalizing)
issues of architectural design, theory, and aesthetics.

“Gradually this strategy transforms artistic and
technological decision-making into a single activity.”
- Jack Burnham, Systems Esthetics

The artists and works that Burnham cites in his
article are examples of an aesthetic impulse driving
technological innovation. He argues that the aesthetic
impulse must actively participate and relate to techno-
logical means of research and production. Computation
Design, as it's commonly practiced today, still largely
privileges scientific knowledge, while theoretically/
formally-motivated designers address aesthetic issues
alone. The Voronoi diagram and the nine-square grid,
emblems of the two camps, are equally problematic
when used as go-to design solutions. Computation, aes-
thetics, theory, and cultural issues must all be integrated

into a new architectural discourse where each area of
study informs the other reciprocally.

ABSTRACT

What follows is a diagnosis of the current state of digital
design. Digital design is a problematic and contested
term; it is simultaneously loose and very specific. The
termiis loose in that architecture and media culture no
longer operate outside of the digital. It is also specificin
that it indicates a particular style wedded to the use of
a set of tools and commands directly associated with
the computer. The term “digital” further frustrates the
conversation by attaching itself to the word design, as it
is already difficult to imagine a present or future world
where design and culture operate outside of the digi-
tal. For the purpose of this study, let's consider Digital
Design as a temporary stand-in, on its way to a more
fully-realized category of architectural design, one
which does not discriminate between the digital and
the design aspects of a project, but rather builds on a
critical and theoretical framework that accommodates
and questions the consequences of the simultaneous
collaboration of code and concept.

The following sections focus on three important,
related ideas that could contribute to a re-theorization
of computation design: the role of style; the construction
of critical, evaluative metrics; and finally, the implications
of design in our contemporary image-centric culture.
This analYsis is illustrated by the work of architecture
designers who provide digitally-informed, alternative
design models. Among other players, the work of M.
Casey Rehm, Gilles Retsin, and Jose Sanchez offer
hybrid proposal—working strategies that engage design
and computation, code and concept on equal footing.

PART 1: STYLE VERSUS ATTITUDE
In its current state, Computation Design is highly styl-
ized, but it is uncritical about how that style has devel-
oped, how it operates culturally (outside of the field),
and which disciplinary traditions it is channeling. The
purpose of this sectionis to argue for a visually-oriented,
anti-stylistic, procedural approach to Digital Design. To
be clear, this essay does not advocate a complete renun-
ciation of style; instead, it proposes a lateral shift, not
unlike the way conceptual artists deviated their focus
from style, beauty, and personal expression to pro-
cesses, lists, and raw concepts in the 1960s and 70s.
An early pioneer of Conceptual Art theory, artist and
critic Mel Bochner offers an alternative to style in his
seminal essay, “The Serial Attitude” (1967). In his essay,
Bochner suggests that the “serial order is a method, not
a style"® This is an intriguing argument if adopted by a
design movement in need of a withdrawal from the pit-
falls of default styles. Seriality, as a broad term, is gen-
erally defined as a number of similar or related things
that are structuredin a spatial or temporal sequence. For
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Figure 2: Narcissism
of Small Differences,
Kinch, M. Casey
Rehm Principal 2014 -
ongoing.

Figure 3: Processing
Code Diagram Based
on Research Work by
Casey Rehm, Viola
Ago, 2017.
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Bochner, seriality is concerned with the order of things.
He further illustrates the role of the serial by separating
it into two types: artists that simply work in series and
artists that embed a series-based methodology within
their work.” To illustrate, Willem De Kooning's Woman
paintings exemplify a process in which the work is
based on the same theme with different variations. De
Kooning paints the same subject, with slight deviations
in each instantiation, to create a body of work related to
aparticular style. Artist Jasper Johns, on the other hand,
operates in simple logics. His Colored Alphabet (fig. 1)
uses a well-known system—the alphabet, which has a
fixed amount of elements, a beginning, a sequence, and
an end. Johns' use of the alphabet embeds serial logics
within the work itself. Bochner advocates for the latter;
the aesthetics of seriality employed as an attitude/
method, as opposed to a style.

Appropriating this attitude, architectural designer M.
Casey Rehm's work directly relates to embedded seri-
ality, wagering an architecture of method as opposed
to style (fig. 2). Rehm'’s algorithmic-based work is not
indicative of a particular style, and it cannot be reduced
to the mere demonstration of a technique either; it is
a balancing act of process and form. In his ongoing
research project, Narcissism of Small Differences, Rehm
uses an image an as input, fragments it, and reorders
the fragments into a new composition. There are two
main components to his methodology: an image and
a process. Narcissism of Small Differences begins with
two images. Each image, like Johns' Colored Alphabet,
is a closed system with a finite number of ordered/
organized pixels. Regardless of how Rehm restructures
the pixel order, the image will always maintain a deliber-
ately organized network of pixels. Rehm's process can
be broken down into three distinct operations (fig. 3).
First, the images undergo a grid subdivision and cell-
based (or pixel-based) color analysis. This information
is used to construct a set of vector directions and mag-
nitudes based on constructed relationships between
corresponding pixel sets from the two images. After
these procedures, the pixels duplicate to a new position
guided by the constructed vectors from operation two.
This last step repeats consecutively to create a newly
processed image. As a result, his work operates on the
binary of process and image, movement and perception,
where one cannot exist without the other.

Two other examples of serial procedures in digitally
inflected design can be found in the work of both Jose
Sanchez and Gilles Retsin. Sanchez's and Retsin’s
bodies of work plug into a similar concept that employs
embedded seriality and use discrete geometries to cre-
ate form by way of combinatorial systems. However,
their work is also embedded within a discourse of seri-
ality. In Suncheon Art Platform (fig. 4), Retsin creates
families of discrete components to characterize form.
The structural system here is one that is constructed



from local as well as global relationships. Although at
first the work may seem modular (it uses a basic unit
and similar replicas of that unit), it is not the order of
these units that modifies the overall form (fig. 5). Rather,
Retsin appears to use sequences of units to compose
form, using color to index adjacencies between units.
To be clear, this illustration is not meant to argue for
the designer’s intention of the final appearance of
the work. Retsin’s work does not identity with a par-
ticular architectural camp or set of styles. Instead,
Suncheon Art Platform fuses aesthetic ambitions and
process-intelligence by creating interesting relation-
ships within a unitized system. In this framework, the
work of Retsin, Rehm, and Sanchez is anti-stylistic

T

as it authors compositions of data and structure.

PART 2: EVALUATIVE CRITERIA -
AESTHETICS OF EVIDENCE

The lack of engaged criticism—criteria developed for the
assessment of new work—opens the door for arbitrary
and circumstantial mass influences to take on that role.
The exponential user growth of Instagram, Facebook,
designblogs, Vimeo, and other image-dissemination plat-
forms propagates numerous, unaccounted-for styles very
rapidly. This is a status of veritable crisis in contemporary
architectural discourse. In this critical moment, the serial
attitude can provide an alternative to disorienting plural-
ity, a critical lens for architecture as it relates to current

Figure 4: Gilles Retsin
Architecture, Sun-
cheon Art Platform
(2016) Model View.

Figure 5: Gilles Retsin
Architecture, Sun-
cheon Art Platform
(2016) Parts.
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Figure 6: Jose
Sanchez, Block_hood
Video Game, 2016.

optically saturated modes of social media and image
culture. The work of Retsin, Rehm, and Sanchez is not
symptomatic of a particular style, and it is not a simple,
straightforward response to a technique either. So how
does one develop a coherent rhetoric of evaluation for
this work?

Here, cultural theorist and critic Sianne Ngai offers
another model based on Conceptual Art practice from
the 1960s and 70s: an aesthetic of difference. Ngai
describes this aesthetic of difference as belonging to
variation, information, and forensic evidence.? To illus-
trate, Eleanor Antin's Blood of the Poet Box contains
blood samples from 100 poets in a wooden box and
an associated specimen list. Antin's work has an evi-
dence-based approach that results from the collection
of data. Similarly, Ed Ruscha's work addresses the for-
mat of inventory-based work. Stains is a collection of
76 mixed media stains created from water, beer, blood,
juice, and other substances. It is important to note that
both of these artists’ works exist as a type of collec-
tion, thematically unified as series through the use of
forensic information. This inventory-focused method
of working was the premise that comprised the Con-
ceptual Art movement. This new paradigm arose from
artwork, criticism, and theory that was no longer based

on the merits of virtuosity and personal expression, but
rather on the neutral, matter-of-fact qualities of lists of
data, everyday objects, actions, tasks, performances,
and soon.

Lists and other types of data organization comprise
the base logics of any type of (architecturally-related)
computer programming activity. For example, a digital-
ly-constructed surface is understood and stored by the
computer as a list of numerical values. At an abstract
level, Conceptual Art strategies are not unlike scripting
logics. Comparisons of this nature productively equate
works like Sol Lewitt's Cube Series to working algorith-
mically in a permutation-based method. This method of
working favors the production of series (composed of
many possible variations), as opposed to singularities
(one instance of a variation). A contemporary architec-
tural example, Jose Sanchez's architectural video game
“Block'hood” (fig.6), operates within a framework of
embedded seriality, where the global composition is a
unitized system with local moments of novelty and for-
mal interest. Block'hood's system, combinatorial and
permutative in nature, operates on a sequence-based
methodology. The system Sanchez creates is a game
environment, comprised of over 200 different types
of units. The game structure is designed as a network



of units which rely on a two-phase connection mecha-
nism. In the game, the architectural units contain a finite
amount of built-in connectors that differ from one unit to
the next. Users are invited to arrange these units, based
on their connecting capabilities into localized assem-
blages that can sequentially build as the permutation log-
ics of the game permit. The ordered approach of the work
is one that functions under the varying characteristics of
units and the varying localized combination of such units
to create larger forms over time. In this sense, the game is
inherently mathematical and spatial. Block'hood's serial
modes provide the field of architecture with a model for
an aesthetic based on permutation and combinatorial
logics. In Block’hood, the user engages the city through
the cube, the banal, while interrogating global composi-
tions, the city, the interesting.

Sianne Ngai argues that variation in a unitized system
has a particular kind of aesthetic agency. The serial method
lends itself to Ngai's premise. Seriality offers a platform for
the generation of interesting relationships of units based
on their information. Ngai further defines the aesthetic of
variation as a play between typicality and difference, or, in
her words, “standardization and individuation” (terms with
capitalistic connotations that refer to logics of industrial
production). The image-driven pixel-based organizations
inRehm’s work can be understood as a visual analogue to
this notion of difference and typicality. Control (fig. 7), for
example, is made of two systems, one that remains the
same and one that changes and generates difference. The

final output of Control retains original data from the first
(of the two) input images. Traces of the untouched, origi-
nalimage (the existing pixels) register a typical condition.
However, the work also consists of new or “novel” clusters
of pixels (evidence of transformations). These new pixel
clusters are transformed by the vectors generated from
the initial analysis of the two original input images (similar
to those found in Figure 2). Control is simultaneously a
typicalimage and an inventory of the work’s transforma-
tion vectors.

Control productively collapses code and concept, dif-
ference and typicality, geometry and image, or in Ngai's
words, individuation and standardization. Ngai's theory
relates the interplay of seriality and “the interesting” to
the rise of new media and communications technology.
In her view, new norms of communication have created
asensorially overloaded society in constant need of the
next new thing (fig. 8):

Low or indeterminate affect, stylistic pluralism and
hybridity, and the seemingly endless pursuit, in the
felt absence of any totalizing vision, of the next new
thing and then the next one after.

- Sianne Ngai, Merely Interesting

In his book The Reality of Mass Media (2000),
systems theorist Niklas Luhmann offers a similar
theoretical model. Like Ngai, Luhmann describes the
media-driven social condition as having a paradoxical
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From Control, Kinch,
M. Casey Rehm
Principal, SCI-Arc
Gallery, 2016.
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Figure 8: Diagram for
Sianne Ngai's Theory
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relationship to novelty and repetition. He argues that the
economic and industrial influences on everyday culture
produce a consumerist climate that depends on two
opposing things: redundancy and variety. In Luhman's
view, redundancy is integral to the creation of fast rela-
tionships between users and products via familiarity,
and variety is equally as important in its affirmation
and celebration of new things that are always better,
shinier, and necessary, in order to sustain a continuous
culture of purchased goods.® Both Ngai and Luhman

contend that this condition results in a specific type of
production cycle. Such cycles depend on short-lived
recursive products, with slight variations introduced
at each moment of reproduction.

PART 3: CULTURAL IMPLICATIONS - THE
ROLE OF THE IMAGE

Postwar consumer culture favors smallincremental changes
over abrupt avant garde paradigm shifts. Anticipating Ngai
and Luhman by several decades, philosopher and media



theorist Marshall MclLuhan, in his book “The Medium is
the Massage” (1967),1° describes a media-induced society
psychologically conditioned to depend ona visual apparatus
informed by old configurations:
Innumerable confusions and a profound feeling of
despair invariably emerge in periods of great techno-
logical and cultural transitions. Our "Age of Anxiety"is,
in great part, the result of trying to do today's job with
yesterday's tools—with yesterday's concepts.
— Marshall McLuhan, The Medium is the Massage

The expediency and suddenness with which com-
putation design flaunted its technological flare and
procedural expertise when it entered the architectural
stage did not account for its reception as a design
language. The computation proposal was abrupt, for-
eign, and purged any previously familiar precedents of
architecture. The architecture community, still oper-
ating within larger social norms, casually disregarded
the emerging computation community and continued
to operate with familiar and comfortable design pro-
cedures, repurposing old ideas and image-washing
(photo filtering) them with temporal digital aesthetics.

It goes without saying that our field is split, with
marginalized computational designers on the one
side, and history/theory-based designers on the
other (informed by the visual history of the discipline
and theoretical concepts borrowed from other disci-
plines). Mainstream designers currently also produce
culturally embedded design artifacts at high speeds.
The work, generally speaking, occupies the medium
of computer-generated images, and post-processed
model photographs, declaring a newfound desire for
architectural representation. In a similar fashion, this
camp, like the computation one, established a style
which exclusively produced architectural ideas in
service to the image. Baudrillard argues objects lose
meaning when they are represented by images. Images
are of the aesthetic domain and are evaluated as such.!
Reducing the evaluation of an object through the util-
ity of the image therefore eradicates meaning from
the object. He argues that the image encouraged the
common desire to aestheticize form, consequentially
removing content from the object that the image is
representing (fig. 9).

As this history/theory camp proliferated an endless
cache of illustrations of architectural ideas, the compu-
tation design group surged into advancing (zoomed-in)
problem-oriented techniques and processes; it was all
about content. The hyper-focused method of this camp
overlooked the importance of representation in archi-
tecture, and inadequately replaced it with screen cap-
tures of lines of code and grasshopper definitions. The
image-medium binary of the first group, and the con-
tent-process binary of the second one, developed at
different speeds, and in almost complete isolation from

one another. While the former immediately proclaimed
its role into the cultural landscape of architecture, the
latter forged its position over time. The obvious indif-
ference of the two groups to one another led to a hard
divide in the discipline—even though what one lacked
the other one provided.

There is precedent for work that merges this dis-
ciplinary division. The architecture designers previ-
ously discussed fuse process, representation, and
logics of operation within their work, thereby creating
artifacts wedded to the aesthetic, visual, cultural, and
procedural modes of architecture. The argument is
for progressive collaboration, using modes of seriality,
evidence, and image-object conflations as drivers of an
alternative project in architecture.
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Projecting into a seemingly inevitable future when small
unmanned aerial systems (sUAS) constitute various
forms of ubiquitous utility, many of which reside beyond
the scope of current predictions, DRONOPOD is an
experiment in the advanced production, operational,
and interactive potentialities which may be designed and
builtinto such aninfrastructural system. Conceived and
developed as a prime component within an expansive
field of urban deployment, DRONOPOD incorporates
large-scale, free-form robotic 3D-printing, drones, and
augmented reality (AR) into a spatial, material, and
experiential demonstration, and serves as an invita-
tion to both consider this future fabric in a proactive
manner, and launch new research and experimental
trajectories in advanced production. As is the case with
many advanced material and spatial productions, the

impetus for this endeavor was sparked by a confluence
of multiple streams of exploratory research, experimen-
tation, and inquiry throughout a constellation of interests
and operational developments, fueled through a unique
opportunity to both cast and amplify the possible reach
of a focused collaborative dragnet.

Significant momentum was built up towards the con-
ception of DRONOPOD through a project titled TN-O1
(fig. 1), which was the first collaboration between KBAS
and Branch Technology, a specialized start-up company
launched in 2015 that has been operating at the leading
edge of large-scale robotic, cellular freeform 3D-printing
with their patented processes and techniques. ! Soon
after having established itself as open for business
in Chattanooga, Tennessee, Branch Technology was
invited by the Museum of Design Atlanta (MoDA) to
contribute a large piece for the exhibition that focused
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on state-of-the-art 3D-printing.? In turn, Branch Tech-
nology invited KBAS to design a “very large” object for
this installation, thus initiating a rapid and intensive
collaborative burst of design iteration and production
inacompressed timeline of four weeks from the start of
design to finished installation. The approach taken was
that KBAS would serve as a test pilot of sorts, pushing
and pulling the geometric and dimensional envelopes
afforded by the tools and techniques recently rolled out
by Branch Technology in order to discover key provi-
sional limitations, performance boundaries, and design
opportunities built into their overall process. As such,
the resultant spatial construct was pushed through five
key maneuvers, including a minimally tapered fillet, the
sharpest achievable continuous corner, and the tightest
possible fillet given the constant cell-depth of the print
matrix at that time (fig. 2). Consolidating these base
configurations into a unified construct with a total height
of 18 feet, TN-0O1 both records and demonstrates the
technological performance envelope with which Branch
Technology entered the field.

Inearly 2016, the University of Tennessee Knoxville
School of Architecture granted special funding to the
author of this paper as a prompt to produce material
work at a high digital caliber as a pilot demonstration
for the promise of cultivating a new regional channel
of such experimentation and research. Coupling this
opportunity with ongoing dialogue between KBAS and
Branch Technology about a second joint endeavor,
and sparked by KBAS research focused on sUAS
airspace regulations and industry projections, the
Knoxville Bureau of Air and Space was formed as the
proxy entity and collaborative channel through which
DRONOPOD was ultimately coordinated, developed,
deployed, and broadcast.#

DRONOPOD MEGA-PRINT
While the core intent behind the conception of DRO-
NOPOD was that it would serve as a research vehicle
through which technical advancements may be devel-
oped, publicly demonstrated, analyzed, and positioned
for further development, it is designed as a functioning
drone landing and take-off station that is perched on
the side of a historic warehouse building in the Old City
district of Knoxville, Tennessee (fig. 3). At the same time,
DRONOPOD is a prototype in relation to its own design
development as a spatial utility type, incorporating
dimensional and volumetric articulations in anticipation
of multiple functionalities to be incorporated in future
versions. DRONOPOD also works as a large-scale urban
marker upon which dynamic information is overlaid and
animated through a working AR application that was
designed and developed as an integral component of
the project (fig. 4).

DRONOPOD is acomposite assembly that integrates
custom CNC-fabricated thin-gauge stainless steel (fig. 5)



and polycarbonate parts (fig. 6) plus an extensive array
of hardware along with its most prominent elements,
which are two large, singular 3D-printed components
(fig. 7). With an overall bounding box measuring approx-
imately nine feet wide, seven feet deep, and 12 feet high,
it is the incorporation of these large 3D-prints and the
methods by which they were produced that affords a
notably efficient volume-to-weight ratio for the overall
construct. Exploiting the momentum gained through
significant technical advancements that continued to
progress at Branch Technology beyond the completion
of TN-01, the production breakthrough that DRONPOD
both prompted and relied upon was a fundamental
shiftin print capability. Whereas the current state of the
art utilized for TN-O1 was constrained to a 3D-printed
shell consistently three cells deep, DRONOPOD pro-
vided the opportunity to develop an approach to fill up
a much thicker volumetric envelope with an extensive
and variably deep matrix of cells and nodes. The drive to
achieve this technical feat served as the launching point
for what proved to be an intensive burst of collaborative
development between KBAS and Branch Technology
over the course of several months, as the challenges at
hand were both intricate and manifold.

Printing a three-dimensional freeform cellular
matrix within a variably thick volumetric control enve-
lope implies the requirement for numerous steps in
the overall cell count per layer at strategic moments
during the printing process. This is tied to a dimensional
spectrum that controls the range of cell sizes and den-
sities achievable within the matrix itself. At one end, the
smallest possible cell is limited by the density built up
through the thickness of extruded material as it travels

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7
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along the edges and diagonals of each cell in relation to
the coordination of the extruding end-effector attached
to the robotic arm and its motion along the print path. At
the other end, the maximum achievable cellular dimen-
sions are primarily controlled by the bridging capacity,
the maximum distance through which an unsupported
extrusion of material can retain its integrity in space
through its localized cooling process and before mak-
ing contact with a support feature. If any bridging dis-
tance is too great for the operations at hand, the printed
member will bend or otherwise deform, thus potentially
compounding a host of other configurational failures
throughout the overall system. Backing away from
each end of this spectrum towards an optimal range of
cellular densities relatively early in the design process
provided the first layer of essential parameters with
which the volumetric print envelopes were controlled
and iteratively refined.

Working with these quantitative constraints and
qualitative comprehension of the processes required
to translate a complex envelope into a printable matrix,
the author of this paper was responsible for the design
and iterative refinement of the volumetric digital mod-
els through which potential print paths were developed
and analyzed by Branch Technology. While the methods
exercised to construct these new types of print paths
and the degrees to which these processes were oper-
ational innovations remained respectfully protected
as proprietary to Branch Technology, a typical round
of collaborative iteration would result in the identifica-
tion of configurational or operational conflicts at key




transitional zones within that version of the volumetric
envelope model. Inturn, the control geometry would be
adjusted accordingly and then pushed back through
such analysis. While this back-and-forth working mode
may appear to be quite straightforward, every round of
geometric refinement required meticulous adjustments
to the volumetric control models at hand, each defined
by closed polysurfaces constructed with planar quadri-
lateral faces of varying sizes and proportions, the major-
ity of which are non-coplanar with respect to each other.
This configurational type is highly provisional, meaning
that any dimensional change to an edge sets forth a
ripple of associative geometric operations to resolve
the adjustments at play into a newly configured closed
polysurface with planar faces. Of course, such opera-
tions ultimately impact other localized edge and volu-
metric configurations, thus creating new conditions that
required special attention by Branch Technology and
iteratively reordered dimensional priorities towards the
final configuration of each control volume. This process
played itself out through many rounds over the course
of approximately two months, with focus and resolution
fully achieved for one of the printed components such
that the knowledge gained could serve as a baseline for
the refined development of the other.

Another key constraint was directly tied to the total
print volume of both components combined. While the
number of hours it would ultimately take to develop the
finalized geometry and the associated print paths as
outlined above was completely unknown at the outset
of this endeavor, and all participants were fully commit-
ted to whatever that might entail, the amount of time
it would take to 3D-print a specific volume was readily
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calculable by Branch Technology. The logistics of fitting
this experimental production into their ongoing workflow
of other professional projects drove the starting date and
duration for each print. Working backwards out of the
projected schedule, it was determined early on that the
maximum total print volume for DRONOPOD was set
at 44 cubic feet. Coupling this parameter with the goal
of fully exploiting the vertical reach of Branch Technol-
ogy'’s large KUKA robotic arm and customized 3D-print
extruder in one of the components, and the maximum
horizontal reach fromits base for both components, led
to a design strategy that significantly differentiates the
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printing configuration operations for each component.
One element was printed vertically and upside down
(fig. 8), while the other was printed on its side utilizing
a folded print bed. The net result of this overall process
was the production of two very large and voluminous
singular freeform 3D-printed components, the larger of
which weighs only 70 pounds (fig. 9). Notably, through
iterative developments initiated by DRONOPOD, Branch
Technology has developed practices that now fluidly
automate the processes by which variably thick control
volumes can be optimized with respect to stepped cell
counts, refined printing paths, and kinematic precision
from initiation geometry through finalized production.

COMPOSITE CONSTRUCT

As both elements were printed with carbon microfiber
infused ABS plastic, which is susceptible to UV damage
with alarmingly little exposure to the sun, several coats
of industrial-grade enamel were applied as a durable
protective finish (fig. 10). The next set of challenges
involved dialing in dimensional parameters for the

design and fabrication of customized stainless steel
components and developing a connection system to
integrate all components into a composite construct.
As the two DRONOPOD mega-prints were the first to be
printed in such a manner at Branch Technology, local-
ized and cumulative dimensional tolerance levels were
not fully assessable until after finalized production. While
adigital version of the printed matrix was available as a
preview in the form of a mesh model that thickened the
centerlines of the print paths, the actual prints are inher-
ently imbued with localized anomalies that are tied to the
orientation of each print in conjunction with the com-
binations of heat and speed settings utilized through
the process, along with specific kinematic sequencing
that allows for building up the system of nodes at any
moment within the matrix.

For all of these reasons, the anticipated predictive
capacity of the digital model with respect to connec-
tion sequencing, orientation, and placement ultimately
proved to require a meticulous prototyping and verifi-
cation process for the refinement of the stainless steel
components prior to their finalized fabrication (fig. 11).
As the nodes are the strongest points within the print
matrix and structural integrity is attained through the
quantity of nodes, the connection strategy developed
for integrating the stainless steel and printed compo-
nents exploits the sheer redundancy at hand. A system
of “keyholes” was distributed along the planar faces of
each stainless steel component, such that threaded
zinc-plated steel hooks could reach in, grab a node,
and be tightened against a rubber pad and washers,
relatively perpendicular to the operative plane of the
stainless steel component (fig. 12). Variable in length,
these hooks grab as many nodes as possible at different
depths throughout the print matrices. After numerous
rounds of prototyping with clear polycarbonate sheet
material, the final dimensions, orientation, and distri-
bution of the keyholes were established and ultimately
validated, thus initiating final fabrication for the stain-
less steel components. While a number of keyholes
remained empty upon final assembly, every node that
could possibly be encompassed by a threaded hook
within the overall system was utilized.

Each of the stainless steel components serves sev-
eral purposes, from affording self-registering alignment
in the sequential and cumulative assembly of all parts
into a composite whole, to providing rigidity in key zones
within each printed component and setting up the
means by which DRONOPOD was ultimately installed
on the building. A large steel lever-armature, outfitted
with a concrete counterweight, was designed to lightly
sit on the roof membrane and reach up and over the
parapet to provide the primary interface upon which
DRONOPOD hangs (fig. 13). Upon final pre-assembly,
which included hardware verification and disassembly
into staged components inside the space adjacent to



the outdoor location for its final installation (fig. 14),
DRONOPOD was moved outside, reassembled, rigged
with temporary stays, and lifted into place via crane
in April 2017 (fig. 15). Once all of the top bolts were
installed in the primary hanging armature, the stain-
less steel “boots," located at the bottom of each printed
component, were then used as jigs to locate the optimal
placement and drill for threaded rods to bolt through
the brick wall, thus locking DRONOPOD into place. With
all of the stainless steel components, hardware, and
the perforated polycarbonate landing pad integrated
with the mega-prints, the total weight of DRONOPOD
is approximately 425 pounds.

AUGMENTED REALITY

Our team developed three separate augmented reality
applications through this project, the most significant
of which provides a freestanding interactive experience
that transforms DRONOPOD into a new type of urban
instrument. By superimposing dynamic information
and effects onto live views through personal smart
phones and tablets, a viewer sees an animated display
of objects navigating along curves that delineate spatial
flows through DRONOPOD, thereby rendering the idea
that variable operative scales of interest are embedded
within the project (fig. 16). Ultimately, the intent of this
applied demonstration was primarily two-fold.

First, the notion that such a customized interface
can transform the public reading of a specialized object
within the urban fabric holds immense promise for inno-
vative design and broadcast strategies (fig. 17). Second,
upon realizing the many challenges embedded within
such an endeavor, the successful implementation of this
augmented reality application was a goal in and of itself.
In close collaboration with Jason Anderson (Studio Ana-
molous / Associate Professor of Architecture, CCA), the
AR application was developed over the course of several
months, in anintricate workflow that utilized Grasshopper,
Excel, Unity, Vuforiaand Android SDK. Spatially registering
the dynamic model with the oversized graphic AR marker
(fig.18) such that animated views align with DRONOPOD
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from up to 150 feet away from the physical construct day
or night, and also in close proximity (without requiring
the marker to remain within the camera view) required
extensive troubleshooting and customized collaborative
protocols through every stage of development.

FUTURE RESEARCH
All of the work set in motion by DRONOPOD served
as a launching point for extensive research at Georgia
Institute of Technology School of Architecture, where
two interwoven exploratory tracks are currently in play.
One is specifically geared to thoroughly expand the
investigation into an array of projected sUAS futures
and interrelated utility components, operative systems,
architectural typologies, and urban scenarios. This track
is set to be bolstered by the initiation of Atlanta Bureau
of Air and Space, a long-term project to be carried out
through successive Georgia Tech Design and Research
Studios, which are specialized graduate-level studios
directly tied to faculty research, advanced design, and
interdisciplinary collaboration.

Another research trajectory places prime focus on
advanced production. Experimental spatial constructs

and composite material assemblies will be developed
with the same operational attitude set forth through
DRONOPOD, wherein customized integrations of
advanced production techniques, materials, and tech-
nologies require procedural innovation and collaborative
agility. While conversations with Branch Technology are
ongoing specifically with respect to elevating our col-
laborative momentum into new rounds of research and
development, this track also seeks to fold an expanded
arsenal of advanced design and production technologies
into its operational thrust.

Research sparked by all of the above has recently
been initiated to integrate sUAS, AR, and robotics into
multi-system design and production workflows, pro-
tocols, and environments. While each of these strains
was effectively developed and demonstrated under the
unifying arc of the project, they remain parallel opera-
tives within DRONOPOD. With the unique opportunity
to potentially boost momentum, reach, and impact
through interdisciplinary partnerships at Georgia
Institute of Technology, a primary goal at hand is to
operate within and contribute to this promising field
of research.



ENDNOTES

1. Foraconcise overview of Branch Technology and
their capabilities, see Mahesh Daas and Andrew John
Wit, eds., Even When They Do Nothing, Robots Are Evoc-
ative: Towards a Robotic Architecture (Novato: Applied
Research and Design Publishing, 2018), 52-54.

2. Designers, Makers, Users: 3D Printing the Future,
Museum of Design Atlanta, September 20 —February 14,2016.

3. FAAgovisakey portalinto sUAS airspace and oper-
ational regulations, industry projections, and other essential
information, including FAA Aerospace Forecast: Fiscal Years
2017-2037 (Federal Aviation Administration, 2017), https:.//
www.faa.gov/data_research/aviation/aerospace_forecasts.

4. Knoxville Bureau of Air and Space, http:/www.

knoxvillebureauofairandspace.com
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