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Towards Robots in Architecture

Architects have been fascinated by robots 

for many decades, from “Chantier de Con-

struction Électrique”, Villemard’s utopian 

vision of an architect building a house with 

robotic labor in 1910, to the design of build-

ings that are robots themselves, such as 

Archigram’s Walking City. In the 1980s and 

1990s it briefly seemed as if robots had fi-

nally arrived in architecture, when the Japa-

nese construction industry started using 

highly customized robots for high-rise con-

struction. However, amid the turmoil of Ja-

pan’s financial problems in the 1990s these 

experiments were discontinued. Many later 

robotic projects were performed in a purely 

virtual environment, as architects were un-

able to transform their theories into a phys-

ical output.

Today, architects, artists and 

designers are again approaching the topic 

of robotic fabrication but with a different 

strategy: Instead of utopian proposals like 

Archigram’s or highly specialized robots 

like the ones that were used in Japan, the 

current focus of architectural robotics is 

industrial robots. These robotic arms have 

six degrees of freedom and are widely used 

in industry, especially for automotive pro-

duction lines. What makes robotic arms so 

interesting for the creative industry is their 

multi-functionality and their low price: in-

stead of having to develop specialized ma-

chines, a multifunctional robot arm can be 

equipped with a wide range of end-effec-

tors, similar to a human hand using various 

tools. Furthermore, due to their prevalence 

in industry, these robots are not prototypi-

cal machines, but certified, reliable, and 

increasingly affordable, today costing 70% 

less than the average price in the 1990s.

General research into industrial 

robots has been going on since the 1950s as 

an interdisciplinary effort involving mostly 

mechanical and electrical engineers, as well 

as computer scientists and mathemati-

cians to deal with various aspects, from 

kinematic calculations to the design of ef-

ficient motors. This has led to a wide range 

of industrial robots, from desktop-sized 

small robots with a carrying weight of a few 

kilograms to massive machines capable of 

lifting a car chassis. 

Therefore, architectural research 

into robotics is not so much directed at rein-

venting machines for architectural fabrica-

tion, but rather at re-using industrial robots 

as a well-established basis and adapting 

them for architectural purposes by devel-

oping custom software interfaces and end-

effectors.

Sigrid Brell-Çokcan, Johannes Braumann

Introduction

Rob|Arch: Robotic Fabrication in Architecture, Art, and Design
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Pioneering Work

While the use of industrial robots in the 

construction industry was explored by re-

searchers as early as the 1980s, pioneer-

ing work was done at ETH Zurich by Fabio 

Gramazio and Matthias Kohler, whose 

 projects such as the Gantenbein Vineyard 

Façade showed that robotic arms are not 

only capable of replicating human labor, but 

can perform fabrication strategies that are 

outside the scope of human labor.

That was in 2006. In the past six 

years, more than 20 architecture faculties 

around the globe have acquired industrial 

robots and are actively researching new and 

innovative uses for these multifunctional 

machines, among them the University of 

Stuttgart, whose research pavilions have 

been published worldwide by architectural 

and mainstream media.

At the end of 2010, the As-

sociation for Robots in Architecture was 

founded, with the goal of making industrial 

robots accessible to the creative industry.  

We pursue that goal with a dual strategy, 

on the one hand by developing custom tools 

for accessible robot control, which later re-

sulted in e.g. KUKA|prc, and on the other 

hand by acting as an open platform for art-

ists, designers, researchers, technicians, and 

corporations involved in creative robotic 

fabrication.

The idea of organizing the first in-

ternational conference dedicated to robots 

in architecture, art, and design emerged in 

mid-2011 and has since then met with an 

extremely positive feedback from both uni-

versities and industry partners. 

Rob|Arch

Robotic fabrication in architecture, art, and 

design is a relatively young discipline, whose 

focus is on applied research, performed on 

the one hand by young designers, artists 

and researchers from the “digital genera-

tion” and on the other by innovative firms 

and startups, researching applications that 

go beyond typical industry solutions. This 

is reflected in the structure of this book, 

which does not consist solely of full-length 

scientific papers but has four distinct sec-

tions: workshop papers, research papers, 

project papers, and industry papers.

Workshop Papers

One of the centerpieces of the Rob|Arch 

conference is the robot workshops, orga-

nized by ETH Zurich, University of Stuttgart, 

TU Delft, TU Vienna, TU Graz, Harvard GSD, 

SciArc, and HAL/Robots in Architecture. For 

the first time, these internationally recog-

nized institutions are opening their robotic 

labs and allowing participants to take part 

in their exciting research.

These workshops are not reca-

pitulations of existing work, but contain 

new ideas that were developed for this 

conference and are published in this book. 

Stuttgart’s workshop contribution builds 

upon the joining technology that was ini-

tially developed for the research pavilion, 

and the influence of biomimetic design 

strategies, while the ETH’s workshop paper 

shows how their robotic bricklaying algo-

rithm has evolved into an accessible design 

tool. New interfaces are also a significant 

topic for most of the other workshop paper: 

Thibault Schwartz presents a versatile tool 
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for the visual programming of ABB robots, 

while TU Vienna links the fabrication pro-

cess with real-time data captured from a 

camera and SciArc explores cooperating ro-

botic arms. Harvard GSD’s workshop focus-

es on ceramics as a material, while the re-

maining two workshops deal with subtrac-

tive fabrication methods: TU Graz explores 

robotic milling of foam glass, while TU Delft 

uses wire cutting for the rapid generation of 

three-dimensional free-forms.

Research Papers

Research papers are full scientific papers 

that were reviewed by the scientific com-

mittee and show a wide range of robotic 

applications that go far beyond today’s in-

dustrial applications.

Despite the large spectrum of 

applications, we can still identify a common 

ground linking these research projects. Ag-

gregations can be observed in multiple con-

tributions, from uniform black balls that are 

robotically glued together to form organic 

structures, via macro-scale granulates, to 

metallic molecules that are shaped by ro-

bot-mounted electromagnets. New robotic 

end-effectors are also explored in various 

papers, such as for the robotic bending of 

metal facades, the shaping of clay, or sim-

ply for holding a tile long enough at an ar-

bitrary position in three-dimensional space 

until the bonding material sets. 

The third common topic is aug-

mented reality and non-physical fabrica-

tion, where on the one hand gestural in-

terfaces and head-mounted displays assist 

in the design and fabrication of physical 

objects, while on the other hand robots are 

programmed to paint with light or even to 

use light for the visualization of non-visible 

radiation - controlled by a robotic arm.

Project Papers

The project paper section contains innova-

tive robotic projects from a wide range of 

robot users, from mechanical engineers 

to artists. The deformation of metal is 

explored in very different ways, from the 

bending of metal rods - either for creating 

three-dimensional objects for the Venice 

Biennale, or as reinforcement for non-

standard concrete structures - to the three-

dimensional deforming of sheet metal with 

a spherical tool.

Another area is the robotic ap-

plication of materials, such as the weaving 

of spider-silk-like nylon strands, the shap-

ing of plaster, and the extrusion of recycled 

plastic for furniture design. Furthermore, 

custom end-effectors, e.g. chainsaws and 

jigsaws, are explored, along with potential 

uses of industrial robots for large-scale ar-

chitectural projects.

Industry Papers

In addition to the workshop, research, and 

project papers, Rob|Arch’s innovative in-

dustry partners were invited to submit 

papers that showcase their most recent 

developments in the context of robotic 

fabrication in architecture, art, and design.  

Robot manufacturers present their newest 

series of industrial robots, alongside soft-

ware systems that allow the direct loading 

of CNC code or the simultaneous control 

of multiple robots. Various interesting and 

innovative robotic fabrication methods are 

discussed, from the robotic winding of com-
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posite materials, to automated steel beam 

construction, high-end subtractive fabri-

cation, and new programming strategies. 

The industry papers in particular show that 

robots are already being used for various 

tasks in the building industry and will soon 

become valuable state-of-the-art tools for 

the creative industry.

Outlook

The contributions presented in this book 

show that robotic fabrication in architec-

ture, art, and design has evolved from being 

a small, specialized, and exclusive field of 

research, to a large community where ro-

bots are no longer used simply for milling or 

welding – as they were in the past decades 

– but as multifunctional machines that can 

perform an extremely wide range of tasks, 

from replacing human labor to performing 

tasks that would be impossible for the hu-

man hand.

New interfaces, developed by 

architects and designers themselves, en-

able the creative industry to control robots 

out of common Computer Aided Design 

(CAD) software, instead of having to rely 

on engineering-focused, specialized robotic 

software. This customization, not only of 

the end-effectors, but also of the software 

interfaces, allows architects and designers 

to move beyond industry-standard robotic 

applications towards highly optimized and 

customized machines. Architects, artists 

and designers have advanced from being 

mere “users” of robots, and have success-

fully emerged as recognized developers and 

trendsetters in robotic fabrication. 

We are extremely grateful to our 

supporters, conference partners, and work-

shop hosts, as well as all the authors, for 

making this significant event happen. Spe-

cial thanks go to Rob|Arch’s main sponsor 

KUKA, represented by Alois Buchstab, for 

their steady support, not only of this con-

ference, but of innovative and creative ro-

botic projects in general. We would also like 

to acknowledge the fast growing commu-

nity of “Robots in Architecture” who share 

their expertise, knowledge and passion of 

robots to meet the Association´s goal of 

making robots accessible to a wide range of 

new users.

Robotic fabrication in archi-

tecture, art, and design has gained great 

significance within the space of just a few 

years. As a central node of the creative ro-

botic community, Rob|Arch will continue to 

carry this momentum. We strongly believe 

that, this time, robots are here to stay.

Sigrid Brell-Çokcan

Johannes Braumann

Rob|Arch 2012 Chairs

Association for Robots in Architecture



Abstract The synthesis of data and mate-

rial, which decisively failed to develop in the 

early digital age, is being realized – enticing-

ly, playfully, and sensually – in today’s archi-

tecture.  This becomes apparent in various 

medial, spatial and structural manifesta-

tions, whereby one premise persists: In the 

moment in which two seemingly separate 

worlds meet through the interaction be-

tween digital and material processes, data 

and material can no longer be interpreted as 

a mere complement but rather as an inher-

ent condition and thus an essential expres-

sion of architecture in the digital age. A digi-

tal materiality is emerging, where the inter-

play between data and material is seen then, 

in a new light, as an interdependent struc-

turing of architecture and its material mani-

festations. Digital materiality is thus not in-

cidental, nor supplemental, nor is it a process 

of embellishment; instead it corresponds to 

an extensive collaboration, which can be ana-

lytically developed and implemented on an 

architectural scale. This leads as well to a 

new form of architectural expression and its 

material sensuality.

Keywords: robot, fabrication, m ateriality, 

performance, operationality

Jan Willmann, Fabio Gramazio, 

Matthias Kohler, Silke Langenberg

Digital by Material

Envisioning an extended performative materiality 

in the digital age of architecture
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The Digitalisation of Materiality

Today, at the threshold between the me-

chanical and digital age, it appears that a 

large part of contemporary architecture is 

determined by algorithmically established 

design procedures in which the constructive 

and building implementation is of insuf-

ficient significance and appears secondary; 

it is resolved only upon completion of the 

architectural design. With Digital Mate-

riality [1] something entirely different is 

introduced: instead of realizing a design, 

an image, or a drawing, a comprehensive 

design and building process is conceived. 

Here, the central issue is not the design of a 

form, rather it is the design of a production 

process that is informed essentially and in 

equal measure by the constructive organi-

zation and the implementation. Thereby 

conceptual commonalities between the 

construction of a building component and 

the programming of a computer become 

apparent; just like a computer program 

that conducts different operations in logi-

cal order, constructive principles can be 

determined that define the production of 

architectural components as interrelated 

production steps [2].  

The architectural creative will 

is nevertheless maintained in the setting 

of essential parameters and dependencies 

as well as by the actual design of a com-

prehensive building system. The creative 

will unfolds even more fully through the 

constructive collaboration of highly diverse 

parameters of the design and its material-

ization. Thus Digital Materiality is charac-

terized by material precision and clarity; it 

is uncoupled, however, from formal guide-

lines and relocated to another (construc-

tive) level. It is a design and construction 

process controlled in all its details by the ar-

chitect, a fundamental balancing or weigh-

ing of real possibilities, so to speak, during 

the process of making (Fig. 1). Conversely, 

we are not talking about building systems 

that can be configured endlessly in the vir-

tual space of a computer [3]. Rather the 

constructive logic of programming and the 

material realization are linked to each oth-

er. The structural production process that 

emerges in Digital Materiality is no longer 

that of the construction site or the work-

shop but rather a design process according 

to specific guidelines of the architect. The 

digital construction process reveals itself to 

Figure 1 Robotically fabricated concrete element,  

casted at full scale in concrete (Procedural Land-

scapes, Gramazio & Kohler, ETH Zurich, 2011, in 

cooperation with Prof. Girot, ILA, ETH Zurich  und 

Yael Girot, Atelier Girot).
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be a constructive structuring, disengaged 

from the formal, the result of a “demysti-

fied” understanding of digital technologies 

and a freer, more autonomous use of the 

computer [4].

Consequently, Digital Materiality 

allows one to combine the abilities and de-

ficiencies of human beings and machines to 

deliberate advantage. In the digital age this 

means that, while the machine with its nu-

merical logic can rule over an infinitely large 

quantity of numbers, only human beings 

with their cognitive abilities and intuitive 

approaches can recognize meaning in them 

(Fig. 2). The result is an added architectural 

value through the “interactive connection” 

of the human and the machine, who are not 

equal but rather “equivalent” partners [5]. 

The added value points the way to com-

pletely new possibilities for a future con-

structional reality – not just quantitatively 

but also qualitatively. Thus Digital Material-

ity is far more than a mere rhetorical figure 

in the digital discourse; it represents an ar-

chitectural vision [6].

New Modular Capacities in Space

The central problem is to what extent the 

difference between data and material, or 

digital and analogous realities, can be main-

tained, since digital materiality would seem 

to dispense with the frequently discussed 

dichotomies of programming and construc-

tion, of human beings and machines. Thus 

it recalls what Gottfried Semper pointed 

out long ago – the constructional require-

ments of architecture can be deduced pri-

marily from different cultural and material 

models. According to Semper, the architec-

tural result is formed by its own history, 

that is, by the process of its origin, the 

process of its making. It appears relieved 

of its original characteristic style of form 

and appearance, nearly emancipated. As 

Semper puts it, despite all these influences 

and transformations, in the end the differ-

ent characteristics should remain recogniz-

able and “owe their origin to the combined 

engineering arts in a primitive architectonic 

installation.”[7] 

Representing many other proj-

ects by Gramazio & Kohler, the project The 

Fragile Structure (Fig. 3) demonstrates 

these principles [8]. It makes apparent that 

digital materiality develops its greatest 

potential whenever the number of single 

components that stand in relation to one 

another is particularly high, although these 

linkages are not random but rather build on 

Figure 2 Geometric precision of an algorithmically 

designed and robotically fabricated sand landscape 

(Procedural Landscapes, Gramazio & Kohler, ETH 

Zurich, 2011, in cooperation with Prof. Girot, ILA, 

ETH Zurich  und Yael Girot, Atelier Girot)
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each other and are conditional on rules; they 

are material structurings assembled with 

an essentially open set of rules [9]. This 

creates specific constructive and aesthetic 

interdependencies and potentials, through 

which complex design processes can be de-

veloped not only in immediate dependency 

on the material used in each case but also in 

relation to their material sensuality. As part 

of the project, a robot freely stacks more 

than one thousand geometrically discrete 

wood elements without additional fasten-

ers, so that the issue of inherent stability 

takes on a decisive role in the design [10].  

In addition, The Fragile Structure is assem-

bled by a mobile robotic unit. This makes 

it possible to efficiently and precisely build 

a structure whose dimensions exceed by 

many times those of the conventional work 

area of an industrial robot. It is also pos-

sible, during the process of installation, to 

adapt the size of the architectural structure 

to its surrounding environment [11].

The project The Fragile Structure 

was built in a parking garage because the 

spatial situation closely resembles that of 

a construction site; a slanted floor, inte-

rior supports, and a restricted ceiling height 

provided essential characteristics for adapt-

ing the structure to specific surroundings. 

Through the mobile robotic unit equipped 

with additional sensor technology, it was 

possible on one hand to recognize the envi-

ronment and its geometric deviations com-

pared with the idealized computer-planned 

situation. On the other hand, these data 

specific to the actual position could be im-

mediately entered into the building process 

[12].

In The Fragile Structure, curved 

planes seamlessly merge into each other 

and span the distance between ceiling and 

floor; an interaction is set up between the 

rhythmic repetition of the additively as-

sembled wood elements and their delicate 

dissolution into the spatially-adapted, self-

supporting entirety. Complex visual phe-

nomena are thus engendered, whereby the 

transparent appearance of this structure is 

due to a specific constructive dissolution, 

which, in turn, can be attributed to the fra-

gility of the entirety and the geometry of 

the individual wood elements. Because of 

the porous assembly of the wood elements, 

a complex visual effect appears on the sur-

face depending on the viewer’s perspective 

Figure 3 In-situ robotic fabrication of a complex modular building structure (The Fragile Structure, Gram-

azio & Kohler, ETH Zurich, 2012)
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and on light conditions (Fig 4). Of course 

this is evident only at a distance; if one 

steps closer the illusion dissolves, leaving 

only a multiplicity of geometrically discrete 

elements. This means that one is dealing 

not only with the appearance of a material 

compound structure, but also with a visual 

and, in the original meaning of the word, a 

“virtual” event, that is, with a kind of “virtu-

al materiality” (Fig. 5). Consequently, with 

regard to The Fragile Structure, it can be 

stated that such an architectural structure 

and its effect do not just inform each other, 

rather a further architectural potential of 

this structural and visual interdependency 

can be explored and differentiated through 

the use of the robot.

The Fragile Structure was ini-

tially developed by means of quite different 

variations. Early on, numerous robotically 

assembled prototypes were built, which al-

lowed distinctly different building systems 

to be developed and validated in very rapid 

sequences – in an “evolutionary physical 

way”. Moreover, the specific objective of 

an “untethered” structure that approach-

es a state of equilibrium made it difficult 

to accomplish this development work by 

hand. Through its constructional clarity 

and differentiated articulation, The Fragile 

Structure shows how concrete materialistic-

empirical research is granted an important 

place in the digital age. Its value accrues 

because this kind of experimentation and 

repetition, programming and constructing, 

not only forms the small units that com-

prise various complex compounds, linkages 

and aggregations; rather within such a con-

nection of data and material, these can now 

also be implemented in a controlled way 

within a specific spatial environment. 

The Extended Operationality of 
Architectural Utopia

As becomes apparent in Flight Assembled 

Architecture, this implementation can go far 

beyond the scale of individual building com-

ponents or structures. The project at the 

Fonds régional d’art contemporain (FRAC) 

Centre in Orléans represents the first archi-

tectural installation in the world to be built 

Figure 5 Plastic deformation of the final structure 

in contrast to the firm materiality of the surround-

ing parking garage (The Fragile Structure, Gramazio 

& Kohler, ETH Zurich, 2012)

Figure 4 Additive robotic assembly of discrete wood 

elements without additional fasteners (The Fragile 

Structure, Gramazio & Kohler, ETH Zurich, 2012)
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by flying robots [13]. In this case, several 

“quadrocopters” developed by Raffaello 

D’Andrea put together more than 1,500 el-

ements to create a six meter tall complex 

vertical structure (Fig. 6). The flight behav-

ior of the quadrocopters is based on the al-

gorithmic translation of digital design data, 

according to which they land on a platform 

where they pick up individual elements and 

assemble them according to an assigned 

construction sequence. Thus a geometri-

cally differentiated entity is created where 

the individual building layers are mutually 

offset and unite to present a six hundred 

meter tall building that paves the way for 

entirely new scales of digitally fabricated 

architectures. 

Flight Assembled Architecture is 

not only an architectural installation, but 

rather a vertical urban utopia – a Vertical Vil-

lage [14]. With 180 floors and a usable space 

of 1.3 million square meters, the Vertical 

Village provides living space for more than 

30,000 inhabitants (Fig. 7). With its porous 

structure it creates the largest possible di-

versity of urban living [15]. Consisting of ver-

tical core structures and staggered-module 

chains, the Vertical Village employs a grid-

like organisation that allows a great degree 

of freedom to vary the arrangements of the 

modules. However, the varying arrange-

ment does not run horizontally as in grid-

ded city, rather it is turned vertically and is 

closed to form a circular unit. This results in 

a geometric compound that is the basis for 

the particularly constructive, self-stabiliz-

ing properties of the entire structure. More-

over, in the transition from an ideal urban 

plan to a spatially differentiated and highly 

condensed urbanity, it also strives for noth-

ing less than a r evision of the organisational 

Figure 6 Flight Assembled Architecture. Installa-

tion assembled from 1,500 building modules at 

the FRAC Centre Orléans (Flight Assembled Archi-

tecture, Gramazio & Kohler and Raffaello D’Andrea 

in collaboration with ETH Zurich, 2011, image by 

François Lauginie)
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Figure 8 A quadrocopter placing a polystyrene module (Flight Assembled Architecture, Gramazio & Kohler 

and Raffaello D’Andrea in collaboration with ETH Zurich, 2011, image by François Lauginie)

Figure 7 Sixty different building layers, creating the self-stabilizing, porous arrangement of the Vertical 

Village (Flight Assembled Architecture, Gramazio & Kohler and Raffaello D’Andrea in collaboration with 

ETH Zurich, 2011)
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scheme of a city in the 21st century. The 

monotonous and often unbearable density 

of earlier times becomes an engine for a 

newly discovered urbanity.

Flight Assembled Architecture 

also represents a technological “intensifica-

tion.” Here the use of flying robots not only 

provides for the architectural implementa-

tion of design data, their accumulation and 

processing, it also results in implementa-

tion of an actual, built installation. Far be-

yond that, the “quadrocopters” correspond 

to a model of thinking; they are a kind of 

a “conceptional door opener” that can free 

one from the constraint of the present and 

facilitate instead a radical architectural uto-

pia that excludes neither the possibility of 

material experiments nor a possible built 

reality of the future. Similar to the case 

of the industrial robot, which underwent a 

breakthrough in industrial automation sev-

eral decades before its first application in 

architecture, the flying “variation”, too, rep-

resents an already established device that 

has been the focus of many research en-

deavors and is available on the commercial 

market. Similar to the industrial robot, the 

quadrocopter has a “generic nature”; it can 

be variously adapted and applied for deal-

ing with architectural scalings, their basic 

requirements and degrees of flexibility [16]. 

It is important to stress, however, that the 

quadrocopter has the capacity to leave the 

conventional work area of an industrial ro-

bot; the airspace not only corresponds to an 

architectural environment, it also becomes 

an all-determining design paradigm [17]. 

From its essential tendency to 

combine different technologies, perspec-

tives, and potentials Flight Assembled Ar-

chitecture generates for the viewer a near 

“state of hovering” between a real archi-

tectural installation and a utopia (Fig. 8). 

Thus the installation – although on a scale 

a hundred times smaller than the projected 

Vertical Village – calls into question the sup-

posedly distinct border between utopia and 

realities. Beyond that, the focus on the cre-

ation of a parallel reality, which is recorded 

with matching precision in Flight Assembled 

Architecture, thus becomes a systematic 

expansion of both the imaginable and the 

real [18]. At the same time, the boundaries 

between installation and building process, 

between architecture and robotics, increas-

ingly dissolve here and themselves become 

an instrument that fathoms anew the “bor-

ders between the real and that which is 

conceivable” and present Digital Materiality 

in a new architectural “perspectivity.” This 

indicates how we may understand and in-

vestigate robot-based design processes in 

the digital age of architecture. It registers 

that empirical and at the same time “spec-

ulative” character, without which the rela-

tion to architectural research would remain 

disengaged and distanced from both reality 

and future.

Thus Flight Assembled Architec-

ture is not restricted to a pure “projection 

or imagining of the future,” rather it is pro-

pelled by a concrete “logic of making.” In 

the history of architecture there has always 

been an impetus to tame the new and thus 

to transform a multiplicity of possibilities 

and risks into concrete realities. Conse-

quently, utopia in architecture – beginning 

with ancient descriptions of ideal states 

and cities, biblical approximations, the first 

architectural theory by Vitruvius, the ide-

alized medieval representations of cities, 

the ideal city, architecture of the revolu-
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tion up to the early socialists, modernists, 

and postmodern subversity – has its firm 

place in the history of the built and planned 

environment [19]. With this premise, the 

installation Flight Assembled Architecture 

shows that – as in all projects by Gramazio 

& Kohler – it is not a distinct architectural 

drawing or a pure picture-like vision that 

stands in the foreground; above all, it is a 

matter of pointing out, comprehending, 

and implementing an architectural process 

with all its spatial, functional, and aesthetic 

consequences. Thereby Flight Assembled 

Architecture opens up a radical material 

practice and comprehensive interdisciplin-

arity; at precisely this moment utopia be-

comes research into the future.

The “Interactive Connection” of Man and 
Machine

In navigating through the world of digital 

design and fabrication, the question al-

ways arises as to why these tasks cannot 

be accomplished without a robot. Indeed, if 

viewed from a global perspective one must 

concede that it is easier for human beings 

than for a robot to produce a simple brick 

wall. What might be called the “operation-

ality of the robot” [20] pertains in situa-

tions of a certain complexity – when one 

does not want to continue to carry old para-

digms as empty shells through the field of 

architecture. Every material entity that can 

be represented and grasped only with the 

help of a robot becomes at the same time 

the reason why the robot facilitates what 

human beings cannot do. A robot unfolds 

its potential precisely where an increasing 

number of complex relations and individual 

requirements justify its use, without leav-

ing human beings out entirely [21]. 

As the following project, Spatial 

Aggregations, demonstrates, the question 

arises of how to fundamentally deal with 

architectural complexity (Figs. 9, 10), that 

is, the problem of the relation of spatial dif-

ferentiality and functional performance. Ini-

tially this corresponds less to the efficiency, 

precision, and flexibility facilitated by the 

robot, it relates rather to the connection 

with architecturally complex tasks and ar-

tefacts [22]. Only there, where these tasks 

and artefacts are developed and material-

ized does the possibility emerge for rep-

resenting, understanding, and developing 

Figure 9 Robot-made complex spatial structure, 

assembled from a large number of generic rods 

(Spatial Aggregations, Gramazio & Kohler, ETH 

Zurich, 2012).

Figure 10 Scaled robotic fabrication (Spatial Aggre-

gations, Gramazio & Kohler, ETH Zurich, 2012)



21

Research Keynote

them further. For the architectural imple-

mentation of the project Spatial Aggrega-

tions, simple rod elements were selected. 

These are connected point-like with each 

other, and a large quantity is assembled in 

a geometrically differentiated manner. This 

results in statically redundant, spatially dif-

ferentiated load-bearing structures, which 

– in contrast to traditional framework 

constructions – are individually adaptable 

and capable of assuming diverse configu-

rations. Through robot-based fabrication, 

it becomes possible to produce these rod 

structures without recalibration and aux-

iliary structures; that is, the robot grabs a 

generic rod element, shortens and marks 

it before positioning it in space, according 

to the programming data from the already 

built structure in space. In this sense, the 

fundamental installation sequence exerts 

a decisive influence on the architectural de-

sign and building process; essential here is 

both the spatial positioning in the construc-

tion sequence as well as the connection of 

the individual elements.

This process requires new deci-

sion-making processes and extended de-

grees of flexibility; most of all it requires an 

intensive collaboration of human beings and 

machines, because the assembly of the rod 

elements is in no way a fully autonomous 

procedure. On the contrary, human beings 

become part of the mechanical process by 

inserting individual rod elements and in-

stalling them according to the previously 

applied markings. In this instance the robot 

merely positions them in space. The toler-

ances introduced through the human inter-

vention are in the meantime compensated 

for by the other elements put in place by 

the robot. This example demonstrates the 

potential for future adaptive and recursive 

processes in digital design and construction 

procedures. The individual elements of Spa-

tial Aggregations fit adaptively as described 

to form a coherent, differentiated and nev-

ertheless harmonious whole so that even 

more unique and highly resolved spatial 

structures can be built. The goal therefore 

is not so much the pure, automatized mate-

rialisation of a concrete, previously defined 

state, but rather a procedural investigation 

into the cooperation between the human 

and the machine during a complex con-

structive assembly process. 

While experimental research in 

architecture in the 1970s was still entirely 

concerned with “natural”[23], self-organiz-

ing or purely industrial-modular building 

systems, a very interesting shift emerges 

here: Spatial Aggregations is probably an 

important trial not least of all because the 

interaction between human intervention 

and digital fabrication procedures can be di-

rectly connected, allowing for the mechani-

cal logic of the robot to work jointly with the

Figure 11 The connection of man and machine – 

mechanic precision and human intervention during 

the robotic assembly process (Spatial Aggregations, 

Gramazio & Kohler, ETH Zurich, 2012)
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 cognitive intelligence of human beings (Fig. 

11). In this respect, the benefit gained from 

the robot lies in its structure-generating 

differentiation of a large number of generic 

elements.

In Spatial Aggregations, the 

structures assembled by the robot can be 

not only quantified as a whole, each individ-

ual element has become qualifiable because 

human interaction, control and correction 

can be effectively architecturally integrated. 

It is, particularly, these cognitive design de-

cisions that do justice to a comprehensive 

idea of construction in connection with the 

robot. What emerges are highly resolved, 

spatially complex aggregations, the results 

of which can be predicted or simulated only 

conditionally; they become accessible only 

through real experiments and actual mate-

rialization processes.

In this context, it must be stated 

that human beings will in no way be relativ-

ized by the robot; instead they will establish 

themselves as leading figures in a construc-

tive reality between programming and fab-

rication. The implied turn towards an as-

sociative logic and human interaction could 

prove to be so far-reaching that the central 

issue of our debate would consequently be 

the opposite; that is, through the use of the 

robot, the human experiences a far-reach-

ing re-conceptualization in the “force field” 

[24] of the architectural information age.

The Return of the Machine

It is perhaps this conceptual connection of 

human beings and machines that imbues 

Digital Materiality with its expression and 

makes possible the introduction of the 

robot into the architectural discipline. As 

a “multiple tool,” the robot allows one to

execute diverse applications in a rapid and 

precise way, but above all, to work directly 

at the immediate interface between digi-

tal and material spheres and thus to exert 

decisive influence on the programming and 

consequently on the design. Since the be-

ginning of the 1990s, the robot has indeed 

become a primary tool of industrial and 

standardized forms of production, which 

throughout the entire 20th century have 

been influential in our understanding of 

contemporary society and its stimuli for 

the design disciplines. However, the devel-

opment towards an increasingly reflexive, 

individual and global “stratification” [25] of 

cultural forms paradoxically represents an 

additional, almost complementary “turning 

point” [26].  This explains why, in the fu-

ture, the robot will be granted more rather 

than less significance: Because the robot 

masters not only the language of unity but 

also that of diversity (Fig. 12). 

Unquestionably, the hardly not-

ed dispute about the division of labor be-

longs in this context, that is, the relation of 

the transformation of labor and the renewal 

of architectural formation in the transition 

from the mechanical to the industrial age 

[27]. Particularly here, the use of the robot 

makes clear that instead of perceiving the 

robot in the context of industrialization or 

unleashed capitalist production of goods, 

it rather must be seen as an expression of 

a more fundamental process of the digi-

tal age: as an expression of a new digital 

“workability” that is, as a fabric of diverse 

relations that has not only dispensed with 

the difference between authorship and the 

actual producer, the production of an origi-

nal and its copy, but it has also materialized 

in an architectural reality, which has already 

begun.
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As if this potential had always 

been present in the “DNA” of the robot, 

now comes a breakthrough that makes the 

robot the suitable tool, not only of a stan-

dardized but also of an individual and global 

world of production. Its “generic” properties 

handle the most diverse tasks with con-

sistent efficiency, precision, and flexibility 

while always remaining open for additional 

adaptations, extensions and tasks.

The same is true for architec-

ture: the robot attains significance for the 

architectural discipline because it allows for 

the implementation of individual work pro-

cesses instead of uniform, repetitive build-

ing sequences, and it realizes them on an 

architectural scale. Thereby the industrial 

robot connects the (old) world of industrial 

logic with the (new) world of the informa-

tion age, making it possible – between ef-

ficiency and precision – to grant the general 

primacy of individualization, even in tech-

nology (Fig. 13).

The concepts of the industrial 

division of labor, widespread to this day, 

are based on individual work sequences, 

on spatial and temporal surveys of human 

being-machine systems, which build largely 

on empirical knowledge. Frederick Winslow 

Taylor was the first to aim for clear rules 

and instructions for dealing with complex 

issues of the division of labor, exchange-

ability of single parts and efficient mass 

production. Although production processes 

became considerably more precise and less 

expensive – the same is true for standard-

ization, distribution, and the repair of in-

dustrial artifacts that were produced in this 

way – reference was always made to the 

implementation of predefined objects and 

sequential procedures [28]. However, in the 

post-mechanical age, the fixed adherence 

to sequential production of architectural ar-

tifacts and their limited variation have been 

dispensed with, so that “productivity” and 

“specialization” are no longer necessarily 

Figure 12 The world’s first architectural robotic laboratory for non-standard assembly processes at ETH 

Zurich (Gramazio & Kohler, ETH Zurich, 2006)
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contradictory, rather they realistically depict 

the interconnectedness of information and 

technology. The sequential categorization 

of architectural production thus falls away, 

and with it the classic division of labor of the 

discipline. It is precisely here that the robot 

in architecture makes an important contri-

bution, so that the sometimes dialectic and 

equally marginal influence of digital tech-

nologies on architecture now corresponds 

to a “reflexive” form, through which it gains 

considerable significance. In this process di-

verse influences and disciplines enrich each 

other and enter into a mutual connection 

of diverse information and environments – 

less because of increased sales or efficiency 

potentials and more from an awareness of 

a culturally strengthened architectural pro-

duction capacity [29].  

Towards an Extended Performative 
Materiality in Architecture

For our present discussion, the great 

achievement is that the questions of ef-

ficiency, precision and flexibility can be si-

multaneously reinterpreted as a question 

of how to deal fundamentally with build-

ing. What is sometimes inconceivable in 

our current modes of thinking is that the 

robot-facilitated approach to a compre-

hensive technological fabrication capability 

corresponds in no way to a devaluation of 

human complexity; on the contrary, human 

capabilities can be considerably expanded 

through the “operationality” of the robot. 

Thus monitoring and control of complex 

material processes are not only improved, 

they can be implemented in a differentiated 

Figure 13 Robotic fabrication laboratory for the design of robotically fabricated high rise buildings, SEC 

Future Cities Laboratory (FCL), Singapore (Gramazio & Kohler, SEC Singapore, 2012, image by Bas Princen)
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way and thereby targeted for architectural 

purposes. Within these conceptual goals, 

the robot no longer is tied to the making of 

things, it also connects with the thinking of 

things. According to Mario Carpo, the con-

sequence is that the division between the 

acts of designing and producing, which has 

existed since the Renaissance, dissolves. 

Thus, the “operationality” of the robot is 

not related exclusively to the material act 

of producing, of material operation, and of 

pure implementation, but rather equally to 

the way architecture is intellectually con-

ceived, programmed, and designed. Carpo’s 

thesis gains analytic acuity when it is modi-

fied to say, conversely: programming can be 

interpreted as an “anthropological” form of 

designing, constructing, and materializa-

tion, so that it is ultimately questionable 

whether – in the synthesis of programming 

and robot-based fabrication – the intrinsic 

“self-referentiality” of human beings and 

machine becomes generally visible. Thus it 

could be provisionally stated: the robot, out-

side of reasonable or sensible assessment, 

is a fascinating instrument in architecture, 

particularly because it facilitates – far re-

moved from any determinism – the discov-

ery of new constructive and spatial worlds, 

which in turn provide new insights for fur-

ther discoveries. It remains to be seen how 

the robot will develop in the future. How-

ever, one thing can already be stated: In no 

way does operationality of data and mate-

rial aim merely at digital aesthetics; it is far 

more than a short-lived chapter of the digi-

tal age. Rather it is a “perspectivity” that fa-

cilitates – from concrete, technology-based 

examination of computer programming to 

fabrication with the aid of robots – an open, 

complex and tangible asset of architecture. 

The thrust of digital advancement in design 

and manufacture can be thus investigated 

and included in the content of the disci-

pline; it becomes possible to spatially and 

materially relate these developments and 

thereby to make them culturally significant.
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Abstract The research presented in this 

paper investigates the possible transfer of 

the concept of morphospaces from theoreti-

cal morphology in biology to the realm of ro-

botic fabrication and design computation in 

architecture. This investigation is concerned 

with the search for suitable methods of dif-

ferentiating between the geometrically pos-

sible and robotically fabricable in integrative 

computational design processes, a critical 

component for further developing a morpho-

genetic approach to design. In the first, sec-

ond and third part of the paper, the relevant 

aspects of morphogenetic design in architec-

ture, theoretical morphology in biology and 

the related distinction between empirical 

and theoretical morphospaces are intro-

duced. In the fourth and fifth part, the trans-

fer of the concept of theoretical morpho-

spaces from biology to design computation 

and robotic fabrication is introduced and ex-

plained along with the research on construct-

ing machinic morphospaces for robotic pro-

duction for robotically fabricated plate struc-

tures with finger joint connections. 

Keywords: robotic fabrication, machinic 

morphospaces, computational design, digi-

tal morphogenesis, theoretical morphology

Achim Menges

Morphospaces of Robotic Fabrication

From theoretical morphology to design computation 

and digital fabrication in architecture



29

Introduction

Over the last two decades the logics and 

economics of serial production in the indus-

trial prefabrication of building elements has 

eroded rapidly in the face of an increasing 

availability of computer-aided manufac-

turing and digital fabrication processes in 

the building sector. Whereas in industrial 

prefabrication the product was the one and 

singular outcome of a specific automated 

machine, the first wave of digital fabrica-

tion in architecture based on the introduc-

tion of computer-numeric control of long-

established analogue machines (CNC mills, 

CNC saws, CNC joinery machines, etc.) led 

to a first significant increase of variability in 

production processes.

The second wave of digital fab-

rication currently underway entails a transi-

tion from job-specific computer controlled 

machinery to more generic production 

robots. This generic character of the ba-

sic robotic hardware — that only becomes 

specific when equipped with a particular 

effector and tool – enables the design of 

new fabrication processes prior or in paral-

lel to a specific project, and thus potentially 

challenges the conventional hierarchy and 

sequences still predominant in design and 

fabrication in today’s architectural prac-

tice. The research presented in this paper 

forms part of a larger research undertaking 

that investigates possible convergences of 

computational form generation and com-

puter-aided materialisation in architecture 

through integrative design computation: an 

approach that has been termed morphoge-

netic design (Hensel, Menges et al. 2004 / 

Hensel, Menges et al 2006).

1 Morphogenetic Design

Contemporary architectural design is still 

characterised by a clear separation and hier-

archical conception of the creation of form, 

space and structure and its subsequent 

preparation for materialisation. In contrast 

the approach presented here seeks to em-

ploy computational processes for a higher 

level of integration of form generation 

and materialisation (Menges 2011). Analo-

gous to the processes of becoming that 

derive the complex organisation, versatile 

structure and articulated shape of natural 

systems, here the genesis of form is con-

ceptualized as the interaction between sys-

tem intrinsic materialisation capacities and 

constraints as well as system external influ-

ences and pressures. Exploring the space of 

the physically producible, this design pro-

cess enables novel modes of architectural 

inquiry, functional integration, performa-

tive capacity and material resourcefulness. 

A more detailed investigation 

of morphogenetic design computation has 

been discussed in various other contexts, 

including [i] the transfer of morphoge-

netic and evolutionary concepts by process 

biomimetics (Menges 2012),  [ii] its rela-

tion to parametric design (Menges 2005), 

[iii] the relation between computational 

form and material gestalt (Menges 2008), 

[iv] the integration of material behavior 

(Fleischmann et al 2012), [v] the integra-

tive characteristics of the developed design 

processes (Menges 2006), [vi] the underly-

ing conception of performativity (Hensel 

and Menges 2008), [vii] the related multi-

disciplinary design approach (Fleischmann 

and Menges 2011)  and [viii] various specific 
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research project examples (Menges 2010 

/ Menges et al 2011). This paper will pres-

ent the research on transferring another 

methodology from the realm of biology to 

morphogenetic computational design with 

a particular focus on robotic manufacturing. 

Here the main focus is on developing a ro-

bust method for describing the morphologi-

cal variance of building elements together 

with the machine constraints of their ro-

botic fabrication within one system, so that 

a non-hierarchical, direct feedback between 

key parameters of the computational form 

generation and materialisation can be es-

tablished.

Thus, the paper will first intro-

duce the notion of theoretical morphol-

ogy in biology as a systematic approach 

of describing not-yet-existing form, and 

relate this to the definition of formal, mul-

tidimensional spaces based on morphologi-

cal parameters, so called morphospaces, 

which can be adapted to serve as math-

ematical constructs to explore the space of 

the geometrically possible and physically 

 producible.

2 Theoretical Morphology in Biology

Theoretical morphology comprises an im-

portant part of the discipline of morphol-

ogy in biology. In contrast to empirical mor-

phological studies it is concerned with the 

range of forms that biological entities could 

theoretically take (McGhee 1999). In biology 

it aims tor investigate why certain natural 

forms exist but others have not developed, 

with the ultimate goal of a better under-

standing of evolution. For this research the 

concept of theoretical morphology is of par-

ticular interest due to two reasons: First, it 

provides a methodological framework that 

allows for the transition from an analytic 

approach to morphology to a generative 

one, including the possibility of computing 

conceivable morphologies. Second, it allows 

the establishment of a distinction between 

empirical and theoretical morphospaces, 

which constitutes a critical part of the re-

search on integrating morphogenetic de-

sign and robotic fabrication.

In the late 18th century Johann 

Wolfgang von Goethe invented the notion 

of morphology, stating that “morphol-

Figure 1a Based on the coordinate systems of the pelvis of Archaeopteryx and the pelvis of Apatornis 

D’Arcy Thompson derived three intermediate systems as an interpolation (left), which allows a correspond-

ing inscribed pelvis to be generated (right). Source: D’Arcy Thompson (1947). Reproduced with permission 

of Cambridge University Press.
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ogy may be said to include the principles 

of structured form and the formation and 

transformation of organic bodies” (Miller 

1995). His work provides a profound first 

contribution to theoretical morphology, in 

particular his approach to generalizing the 

combinatorial logic of plant organs and 

animal bones. These investigations were 

strongly based on the understanding that 

morphological diversity develops within 

the constrictions of specific structures and 

that the infinity of possible forms is limited 

in natural variation. For the research pre-

sented here a critical moment in the devel-

opment of early theoretical morphology oc-

curs in D’Arcy Thompson’s work. Thompson 

is generally regarded as a significant con-

tributor to laying the conceptual founda-

tions for contemporary computational de-

sign (Weinstock 2004), especially in terms 

of parametrics and the logics of associative 

geometry. One particularly relevant side to 

Thompson’s work is the progression of his 

mathematical concept of biological form 

and transformation from a merely analyti-

cal mode of mapping existing form to one 

that suggests how his mathematical opera-

tions can become generative (Ahlquist and 

Menges 2011). The research described in his 

“Theory of Transformation” on educing an 

undiscovered, intermediate pelvic structure 

between the Jurassic bird Archaeopteryx 

and the Cretaceous bird Apatornis marks 

the point of transition from reconstructing 

known forms to generating unknown forms 

with mathematical methods (Thompson 

1961) (Fig. 1a). It is interesting to note that 

Thompson’s method has subsequently 

been adapted and tested in computational 

approaches (Rasskin-Gutman and Bus-

calioni 2001) (Fig. 1b). The underlying con-

ceptual framework established by theses 

early researches is still considered to be of 

relevance and significant influence for con-

Figure 1b The affine morphospace of the hip outline of the theropod dinosaur Deinioniychus antirrhopus 

generated by the computer program D’ARCYGRAPH. Source: Rasskin-Gutman, D. and Buscalioni, A. (2001). 

Reproduced with permission of the Paleontological Society.
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temporary theoretical morphology (Eble 

1999). However Mendelism and Darwinism 

shifted the attention to other theories in 

biology. Further progress into modern theo-

retical morphology only occurred after the 

modern evolutionary synthesis and the rise 

of computational methods in the second 

half of the 20th century. Another critical 

moment for the research presented here is 

David Raup’s seminal work on pioneering 

the use of computers for developing the 

theoretical morphology of coiled shells in 

the 1960s. Employing both digital comput-

ers (IBM 7094 with an Calcomp X-Y plotter) 

and analog computers (PACE TR-10 with an 

oscilloscope) he generated an entire spec-

trum of possible shell forms (Raup 1965) 

(Fig. 2a).

3 Theoretical Morphospaces and 
Empirical Morphospaces in Biology

In addition to the mathematical simulation 

of form, Raup’s work also exemplifies the 

second critical component of theoretical 

morphology: the construction of morpho-

spaces where the possible and the actual 

can be mapped and compared (Eble 1999). 

In order to introduce the relevant distinc-

tion between these two kinds of morpho-

spaces the general concept needs to be ex-

plained: In evolutionary and developmental 

biology morphological spaces, or, in short, 

morphospaces, constitute formal spaces 

defined by multiple dimensions each corre-

sponding with a variable parameter of mor-

phology. They serve as computational and 

conceptual tools that allow for describing 

and relating the vast variance of organismal 

form in living nature (Mitteroecker and Hut-

tegger 2009). A good example is the above 

mentioned morphospace of coiled shells 

developed by Raup (Fig. 2b). The selection 

of three parameters of the computational 

generation of shell morphologies defines 

the three axes of this morphospace: [i] the 

distance between the cross section and the 

Figure 2a Oscilloscope photographs show the coil-

ing geometries generated by an analog computer. 

Source: Raup, D. M. and Michelson, A. (1965). Re-

produced with permission of Science.

Figure 2b The morphospace of coiled shells is 

constructed based on three parameters. It shows 

the difference between the empirical morphospace 

of existing taxa (grey regions) and the theoretical 

morphospace (white regions). Source: Raup, D.M. 

(1966). Reproduced with permission of SEPM Soci-

ety for Sedimentary Geology.
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coiling axes, [ii] the rate of translation of 

the cross section along the axis per revolu-

tion and [iii] the rate of size increase of the 

shell per revolution (Raup 1966). Another 

critical aspect exemplified by Raup’s mor-

phospace is the distinction between two 

regions: the parts where existing taxa can 

be mapped into this space – the empirical 

morphospace (marked grey in Fig. 2b) – and 

the entirety of the space – the theoretical 

morphospace – of which large regions re-

main empty (the white regions in Fig. 2b). 

In morphospace studies the dif-

ference between empirical and theoretical 

descriptions plays a central role. Whereas 

empirical morphospaces are representa-

tions of what has actually come into exis-

tence in nature (McGhee 1991), theoretical 

morphospaces are based on mathematical 

parameters and represent what could be 

possible. With their dimensions being “geo-

metric or mathematical abstractions of 

form” (McGhee 1991), theoretical morpho-

spaces have the “ability to specify nonexis-

tent form” (McGhee 1991).  This characteris-

tic suggests a potential overlap between 

the concept of morphospaces in biology and 

morphogenetic design computation.

4 Morphospace Concept: Transfer to 
Computational Design and Robotic 
Fabrication

In computational design the generation 

of form is based on algorithmic processes 

that operate within specific variable ranges 

of selected parameters. Thus the design 

of the generative process always precedes 

the design of a specific result, and the de-

signer’s focus extends beyond shape, space 

and structure towards the underlying gen-

erative system (Ahlquist and Menges 2011). 

The variance range of each parameter of 

this underlying system can be conceptu-

alized as delineating a multidimensional 

space very similar to the morphospaces of 

theoretical morphology in biology. In this 

way, the capacity of a generative compu-

tational design system to derive “nonex-

istent form” can be directly related to the 

constraints of machinic processes of actual-

izing specific shape. 

Figure 3 Data for p parameters in n cases can be represented in R-spaces and Q-spaces. Whereas the 

R-space  is spanned, for example, by the three cases I,II and III and the parameter values A and B are two 

points in this space (left), the three cases are single points in a Q-space defined by the parameter ranges of 

A and B. Based on: Mitteroecker and Huttegger (2009).
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The transfer of concepts from 

theoretical morphology in biology to mor-

phogenetic design and robotic fabrication 

in architecture may be of profound rel-

evance,  as it allows the representation of 

the variable parameter range of both form 

generation and materialisation in one mor-

phospace. This provides a critical method-

ological step for overcoming the inherent 

hierarchy of established design processes 

– including most digital ones – that priori-

tize the definition of form over its subse-

quent physical realisation.  The concurrent 

mapping of both [i] the theoretical morpho-

logical variance of p shape parameters and 

[ii] the specific region of manufacturability 

based on the specific constraints and af-

fordances of a robotic fabrication processes 

within the resulting space for n possible 

morphological actualisations lays the foun-

dation for a systematic investigation of a 

non-hierachical convergence of computa-

tional design and digital fabrication.

4.1 Q-space and R-space in Multivariate 

Statistics

To represent data for p parameters in n cas-

es two different kinds of formal spaces are 

employed in multivariate statistics (Mardia 

et al. 1979): [i] the first kind is the n-dimen-

sional R-space (Fig. 3 left), in which vari-

ables are represented by p points. In biologi-

cal theoretical morphology phenomena like 

morphological integration and modularity 

are investigated in R-space, as in this space 

the correspondence between variables can 

be calculated as the cosine of the angle 

given by the two vectors that connects the 

origin with the related points (Mitteroecker 

and Bookstein 2007).

[ii] The second, more common kind is the 

so called Q-space (Fig. 3 right), which is 

the p-dimensional space spanned by the 

variables. In this space each morphological 

instance is represented by a single point. 

Thus morphological similarities and dis-

similarities among instances are indicated 

by decreasing or increasing distances be-

tween points. If the Q-space has a Euclidian 

structure these distances can be computed 

as the Euclidian distance between Cartesian 

coordinates of an underlying Euclidian vec-

tor space.  On the one hand, Euclidian vec-

tor space has the advantage that it allows 

various geometric and algebraic operations, 

as the vector space underlying Euclidian ge-

ometry determines its algebraic structure.  

Based on a fully defined notion of addition 

and scalar multiplication, morphological 

instances can be generated through differ-

ent transformations and a morphological 

instance situated between two other mor-

phologies can be generated. On the other 

hand, the stringent properties and relations 

characterising Euclidian morphospaces 

have the disadvantage that they consider-

ably limit the range of variables that can be 

investigated. Very often in both biology and 

the architectural research presented here, 

precisely formalizing parameters results 

in morphospaces that are “weaker” than 

Euclidian space. Whereas modern morpho-

metrics regularly employs more abstract 

spaces based on, for example, Riemannian 

geometry, “traditional” multivariate mor-

phometrics can also be adapted to handle 

a wider range of parameters. This is of par-

ticular relevance when comparing morpho-

logical features expressed through incom-

mensurate units within one morphospace.
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4.2 Affine Q-spaces for Incommensurate 

Parameter Units

Raup’s “classical” morphospace of coiled 

shells can again serve as an interesting ex-

ample. His parameters cannot be accommo-

dated by a strictly Euclidian structure. While 

only two of his parameters are at least of 

the same unit, they are still employed to 

serve profoundly different purposes in the 

geometric model and they lack a “natural” 

scalar relation (Mitteroecker and Hutteg-

ger 2009). Nevertheless, they still result in 

a meaningful morphospace. This example 

shows how a vector space can be constitut-

ed by axes that do not rely on possessing 

commensurate units. Thus the represen-

tation of different parameters such as, for 

example, volumes, distances and angles, 

which do not share a common scale, is pos-

sible. A space defined by such variables is 

not a Euclidian space but an affine space. 

This is the space underlying affine geome-

try, which is characterised by remaining un-

changed when undergoing affine transfor-

mations. Geometric properties that are in-

variantly relative to affine transformations 

include for example collinearity, incidence 

relationships and barycentric combinations. 

The awareness of the variance and invari-

ance of geometric properties is of critical 

importance for the correct understanding 

and transfer of such morphospaces to the 

realm of morphogenetic design and robotic 

fabrication.

4.3 Machinic Morphospaces and Robotic 

Production

Manufacturing and fabrication — or more 

precisely the constraints and affordances 

of these processes — play an important role 

in morphogenetic computational design. 

This aspect of manufacturing-informed 

design computation requires the devel-

opment of appropriate design methods 

capable of navigating the narrow path be-

tween under-determining manufacturing 

specificity, which leads to a lack of rigor and 

consequently operativeness, and over-con-

straining machine limits, geometric proper-

ties and boundary conditions resulting in 

premature convergence and lack of explor-

atory potential. The transfer of the concept 

of morphospaces from biology to computa-

tional design offers the possibility to devel-

op a robust methodological framework for 

the concurrent mapping of the morphologi-

cal variability and production constraints of 

building elements. While other, more recent 

morphospace  — as for example the Kendall 

Shape space — do exist, this transfer will be 

explained in the next paragraphs through 

a project specific, affine Q-space based on 

the variable range of three parameters de-

rived from robotic fabrication.

5 Constructing a Machinic Morphospace: 
Example of Robotically Fabricated 
Polygonal Plywood Plates with Finger 
Joints

The concept of machinic morphospaces 

has been investigated in the context of re-

searching robotic prefabrication processes 

for polygonal plywood plate structures. This 

research originated from the recognition 

that robotic fabrication has the potential 

to extend traditional wood jointing tech-

niques. Finger joints are of particular inter-

est, as they allow for embedding the joint in 

the actual plates with no need for any ad-
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ditional mechanical or adhesive elements, 

creating a mono-material form- and force-

fitting connection that further enhances 

the excellent ecological performance of 

wood structures with regard to a very low 

level of embodied energy (Alcorn 1996) and 

positive carbon footprint (Kolb 2008). In 

traditional industrial processes of fabricat-

ing finger joints the set-up of the respective 

machine limits the possible wood plate con-

nection to one angle and one set of plate 

thicknesses. In contrast, the robotic fabri-

cation process developed as part of this re-

search project enables the cutting of finger 

joints for a wide range of connection angles 

(Fig. 4a) and even differing plate thickness-

es. These polygonal plywood plates with 

robotically fabricated finger joints provided 

the starting point for the development of a 

lightweight wood construction system (Fig. 

4b). As the resulting wood plate structure 

consist entirely only of these polygonal 

plates, the mapping of their possible mor-

phological variance in relation to the specif-

ic fabrication set-up presents a critical facet 

for the ensuing computational design pro-

cess. To construct a morphospace of plate 

morphologies a structure similar to the one 

investigated in theoretical morphology in 

biology can be developed.

5.1 Definition of Building Element 

Morphology Parameters

At the onset, the construction of the mor-

phospace requires determining the relevant 

morphological parameters that comprehen-

sively describe the theoretical morphologi-

cal variance across a large number of pos-

sible plate instances (Fig. 5). The following 

parameters were identified for the plate 

Figure 4a The robotic fabrication of finger joints 

allows the connection of plywood plates at variable 

angles without the need for any additional me-

chanical elements.
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morphology: [i] the size of the plate is ex-

pressed as the radius of the circle around 

the polygon centroid through the polygo-

nal vertices. This parameter is called poly-

gon radius and measured in millimetres. 

The initial parameter range comprises 0 to 

1100mm, approximately half the distance 

between the axis 1 and the axis 7 of the 

robotic set-up. [ii] The connection angle � 

between plates is expressed in degrees and 

can theoretically vary between -180° and 

+180°, with the range between -180° and 

0° representing concave plate connections 

and the range between 0° and +180° rep-

resenting convex plate connections. [iii] The 

shape of the polygon is expressed through 

Figure 5 The three relevant parameters of the plate 

morphology are the polygon radius, the connection 

angle �, the polygon angle �.

Figure 4b The development of  a lightweight system of wood plate structures is based on the morphological 

variance of the finger joint plates enabled by robotic fabrication.
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the angle between the polygon edges. The 

related parameter, termed polygon angle �, 

is expressed in degrees and can theoreti-

cally vary between -180° and +180°, with 

the range between -180° and 0° represent-

ing concave polygon segments and the 

range between 0° and +180° representing 

convex polygon segment. In the case of the 

research project described here the range of 

polygons was limited to four- to seven-sid-

ed polygons and the parameter of the plate 

thickness was set to be constant at 6.5 mm 

in order to demonstrate the system’s light-

weight potential.

5.2 Definition of Robot Fabrication Set-up

The delineation of the morphospace’s re-

gion that separates the producible from the 

geometrically possible is highly set-up spe-

cific. In addition to understanding the pos-

sible working positions that the TCP (tool 

centre point) can reach, other constraints 

of the specific robot kinematic, which com-

prises the interaction between motors and 

internal sensors, need to be taken into ac-

count, as for example the limited rotation 

around the A6 axis of various robot types 

caused by the effector’s power and air sup-

ply pipes. In the case of this research project 

the robot set-up for fabricating the finger-

jointed plywood plates (Fig. 6) consist of: 

[i] KUKA KR125/2 robot with a distance of 

1210mm between the A3 and A6 axes, [ii] 

KUKA KPF1-V500V1 turntable as A7 axis, 

on which the stock piece is mounted, with 

a distance of 2225mm between the A1 and 

A7 axes, [iii] HSD ES 350 spindle unit and 

[iv] Leitz 20/120 Z4 milling tool, which was 

custom-made by one of the project’s indus-

trial partners and used for all fabrication 

processes. Any change in this set-up will 

have an effect on the related morphospace.

5.3 Identification of Set-up Specific 

Fabrication Constraints

A critical step in the morphospace’s defini-

tion is identifying the robot set-up’s spe-

cific fabrication constraints and relating 

them to the morphological parameters of 

the plates to be fabricated. The connection 

angle � between plates is defined through 

the normal vector N0 of the stock piece to 

Figure 6 The robot set-up for fabricating the finger-jointed plywood plates consists of a KUKA KR 125/2 

robot equipped with a HSD ES 350 spindle unit and a Leitz 20/120 Z4 milling tool as well as a KUKA KPF1-

V500V1 turntable.
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be fabricated and the normal vector N1 of 

the connecting plate. The stock piece to be 

fabricated is cut to shape by a 3-axis mill-

ing cycle and subsequently mounted to the 

turntable by a quick-release lock. The ori-

entation of the local coordinate system in 

relation to the robot’s A1 axis is defined by 

the centroid of the polygon, a second vec-

tor point in the same plane and the plate’s 

normal vector N. All plates are mounted on 

the turntable with the later outside surface 

pointing upwards. Whereas concave con-

nection angles can be produced with the 

tool approaching the stock piece from the 

top, convex connection angles require the 

effector to be below the plate (Fig. 7 left). 

The connection angle determines the tool 

angle of the three fabrication steps: [i] In 

a first step, the pre-cut plate’s outline is 

trimmed to the exact dimensions and angle 

� by end milling. [ii] In the second step the 

mitre angle defined as the by-sector of the 

angle 180°- � is cut by end milling with the 

same tool. [iii] In the third step the finger 

joints are cut by both the tip and the shank 

of the same tool at the angle orthogonal to 

� (Fig. 7 right). 

The robot set-up constrains 

the connection angle � to be considerably 

smaller than then the geometrically possi-

ble -180° to +180°.  Both the specification of 

the effector, as for example the dimensions 

of the spindle, and the length of the tool, 

limit the range of producible outline-, mi-

ter- and joint-angles (Fig. 8). As the specific 

angle constraints of all three fabrication 

Figure 7 The parameter connection angle � is defined by the normal vectors N0 and N1 of adjacent plates 

(left) and determines the tool angle of the three steps of fabricating the plate outline, mitres and finger 

joints (right).

Figure 8 The specific spindle and tool geometry 

constrains the variable range of the parameter con-

nection angle �.
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processes are a function of �, they can all be 

expressed through the limits of the variable 

range of the parameter connection angle �.

The parameter range of the 

polygon radius reflecting the plate size 

also directly depends on the specific robot 

set-up. The distance between robot and 

turntable — i.e. axis 1 and axis 7 — in con-

junction with the length of the robot arm 

– i.e. the distance between axis 3 and axis 

6 and the robot-kinematics — determines 

the maximum plate size, especially for con-

vex connection angles, as they require the 

tool to approach the plate from below. The 

minimum plate size is constrained by the 

geometry and dimension of the mounting 

mechanism on the turntable (Fig. 9).

The important limits of the pa-

rameter polygon angle � range are only 

indirectly influenced by the specific robot 

set-up. This mainly relates to maintaining 

a minimum distance d that results from the 

Figure 9 The variable range of the parameter polygon radius reflects the minimum and maximum fabri-

cable plate size.

Figure 10 The convex range of the parameter polygon angle � is limited by a minimum distance d between 

the joints.
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joint depth determined by angle � and the 

convex range of angle � (Fig. 10). Obviously 

more directly machine-related constraints 

are the diameter of the mounting mecha-

nism on the turntable, which — together 

with the maximum reach of the tool — has 

an effect on the how far � can approach 

180° for extreme convex angles. Similarly, 

the effector dimensions and tool length de-

termines how close � can get to -180° for 

extreme convex angles.

5. 4 Interdependence of Parameter Min/

Max ranges

The kinematics of the 6-axis robot allow for 

multiple robot positions to reach the same 

TCP. Thus the actual numerical limits of the 

parameters are identified through fabrica-

tion simulations (Fig. 11). This process al-

lows not only for establishing the min/max 

values for each parameter, but also enables 

the investigation of the interdependence of 

the parameter ranges. For the subsequent 

morphospace construction it is of critical 

importance to understand how one pa-

rameter range’s limits has an effect on the 

other, and that this interdependence does 

usually not constitute a linear relation. For 

example, the interdependency between the 

possible plate size expressed through the 

parameter polygon radius and the produc-

ible finger joints expressed through the pa-

rameter connection angle � increases non-

linearly. Another example is the interde-

pendency between the connection angle � 

and the polygon angle �: as the finger joint 

depth increases the closer angle � gets to 0° 

and +/- 180° (with the shortest finger joints 

at +/-90°). This has an effect on the maxi-

mum value for polygon angle � to prevent 

the finger joints of adjacent polygon edges 

from falling below the minimum distance d.

5.5 Construction of Machinic Morphospaces 

Following the definition of the morphologi-

cal parameters of the building element, the 

identification of set-up specific fabrication 

constraints and the interdependence of the 

Figure 11 Fabrication simulations determine  the minimum (top row) and maximum (bottom row) range of 

the parameters polygon radius (left), connection angle � (centre) and polygon angle � (right) based on the 

specific robot-set up.
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parameter ranges, a morphospace of robot-

ically fabricated plates with finger joints can 

be developed. In this case, a Q-type space 

with three axes representing the [i] polygon 

radius (0 to 1100 mm), [ii] connection angle 

� (-180° to +180°) and [iii] polygon angle 

� (-180° to +180°) was developed. The re-

sulting three-dimensional space describes 

the theoretical morphospace including all 

theoretically possible plate morphologies 

(Fig. 12: white regions). The spatial regions 

that include all plate morphologies fabri-

cable with the specific 7-axis robot set-up 

are mapped into this space based on the 

set-up constraints of the parameter ranges 

described above (Fig. 12: blue regions). This 

space, which resides within the theoretical 

morphospace of a particular building ele-

ment’s entire morphological range but only 

includes the regions theoretically fabricable 

with a specific machine, can be termed ma-

chinic morphospace (Menges and Schwinn 

2012). The concept of machinic morpho-

space presents significant possibilities for 

Figure 12 The theoretical morphospace of plate morphologies (white) includes the spatial regions fabri-

cable with the specific 7-axis robot set-up (blue), which is the machinic morphospace based on the min/

max ranges of the parameters polygon radius, connection angle � and polygon angle �.

Figure 13 Morphospace of all theoretically possible plate morphologies(left) with morphospace regions 

fabricable with a 6-axis robot set-up (centre) and a 7-axis robot set-up (left).
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morphogenetic design computation: it of-

fers mathematic and non-ambiguous fabri-

cation checks, it allows for concurrent moni-

toring of producibility during computational 

form generation and thus provides a critical 

step in enabling a full design exploration of 

robotic fabrication without preconceived 

limits to what may or may not be possible.  

5.6 Shifting Machinic Morphospaces  

In addition to the design exploration of 

one robot configuration, the machinic mor-

phospace also allows for rapid adaptations 

to changes in the specific set-up. For ex-

ample, within the same morphospace of 

all theoretically possible plate morpholo-

gies (Fig. 13a) both the regions fabricable 

with a 6-axis robot set-up (Fig. 13b) and 

the regions producible with the 7-axis robot 

set-up (Fig. 13c) can be registered and com-

pared. In this case, the related expansion of 

the machinic morphospace identifies the 

significant gain of morphological variance 

enabled by the inclusion of the turntable. In 

the same way, multiple machinic morpho-

spaces representing changes to variables 

in the robot set-up (i.e. different tools, dif-

ferent axes positions, different mounting 

mechanisms, etc) can be mapped into the 

same theoretical morphospace to register 

possible shifts and expansions to the space 

of fabricable building element morpholo-

gies.  

5.7 Hyperdimensional Morphospaces  

The research example project introduced 

above also implies two other relevant as-

pects for the transfer of the morphospace 

concept to morphogenetic design computa-

tion in architecture: First, it indicates that 

even for a mono-material, single element 

construction system a complex morpho-

space is required. Taking the interrelation 

between local building element morphol-

ogy, regional surface/structure morphology 

and global building morphology into ac-

count, the need for additional parameters 

becomes obvious. A larger number of possi-

ble parameters, which means a larger num-

ber of possible dimensions of form, can be 

employed to construct a hyper-dimensional 

space of possible morphologies (McGhee 

2007), potentially even including multiple 

scales of morphological articulation or dif-

ferent levels of hierarchy. A second im-

portant point is the recognition that mul-

tidimensional theoretical morphospaces, 

even the three-dimensional one introduced 

Figure 14 Each dimension of a theoretical 

hyperdimensional space represents one parameter 

of form. The total hyperdimensional space is 

divided into geometrically impossible (GIF) and 

possible (GPF) regions of form by the geometric 

constraint boundary. Within the GPF region the 

functional constraint boundary separates the non-

functional (NPF) and functional (FPF) region of 

form. Based on: McGhee (2007).
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above, also include a geometrically impos-

sible region of form (GIF). The geometric 

constraint boundary separates this region 

from the geometrically possible region of 

form (GPF), which in itself is divided into 

a non-functional region of possible form 

(NPF) and a functional region of possible 

form (FPF) by the functional constraint 

boundary (McGhee 2006) (Fig. 14b). In the 

research example the FPF region equals the 

machinic morphospace, which may be sub-

ject to yet another set of sub-regions.  

5.8 Navigating the Machinic Morphospace 

In the theoretical morphospace of robotical-

ly fabricated plate morphologies presented, 

one sub-region of the machinic mopho-

space is of particular interest: the one that 

includes element morphologies with a high 

performance capacity. In other words, one 

can say that the machinic morphospace still 

describes a vast number of plate morpholo-

gies which includes plate configurations 

that make more or less sense in regards to 

architectural, structural or environmental 

performance. Thus, one challenge of mor-

phogenetic design is not only to maintain-

ing coherency with the FPF region, but also 

to computationally populate particularly 

promising areas of it. 

In the research project presented 

above, biomimetics has been identified as 

a suitable approach for navigating the ma-

chinic morphospace. The bottom-up design 

development of the material system – the 

plywood plate structure based on robot-

fabricated finger joints – and the related 

machinic morphospace was “filtered” by a 

top-down biomimetic method. This entails 

the identification of a technical problem or 

opportunity (here: the plate system), the 

search for biological analogies that provide 

the base for a performance gain of a tech-

nical system, the subsequent detection of 

relevant principles, their abstraction and 

transfer from biology to design (Knippers 

and Speck 2012).

The plate skeleton morphology 

of the sand dollar (Clypeasteroida), a sub-

species of the sea urchin (Echinoidea), was 

recognized as a suitable biological system 

as it consist of discreet polygonal plates 

that are connected by finger joint-like cal-

cite protrusions at their edges (Seilacher 

1979). The sand dollar’s shell has evolved 

ways to compensate the innate weakness 

of finger joints with regard to transferring 

bending moments or tensile forces. It has 

developed plate morphologies that are sta-

bilized only by shear forces acting along the 

plates’ edges, and thus capitalizing on the 

inherent structural capacity of finger joints. 

Eight morphological principles relevant for 

this structural performance were identified 

and embedded in algorithmic design rules. 

By synthesising the principles of perfor-

mance-oriented design through functional 

Figure 15 The plate morphologies actually produced 

during the construction of the prototype light-

weight structure all populate a particular region 

(grey) of the theoretical machinic morphospace of 

fabricable plate morphologies (light blue).
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morphology and the constraints of produc-

ibility through machinic morphospaces the 

computational design process enabled the 

exploration of complex plate morphologies 

providing both exceptional structural per-

formance and novel architectural opportu-

nities. This was verified by the construc-

tion of a full scale demonstrator, the ICD/

ITKE Research Pavilion  (Knippers, Menges 

et al 2012) developed by the Institute for 

Computational Design and the Institute of 

Building Structures and Structural Design 

at the University of Stuttgart. The struc-

ture consists of more than 850 geometri-

cally unique, robotically fabricated birch 

plywood plates with more than 100,000 

individual finger joints, which only populate 

a particular region of the machinic morpho-

space (Fig. 15). The performance capacity 

of the plate morphology is demonstrated 

by the fact that the entire pavilion (Fig. 16) 

could be built exclusively out of 6.5 mm thin 

sheets of plywood, resulting in a very ma-

terially efficient and lightweight construc-

tion system that envelopes a gross spatial 

volume of 200m³ consuming only 2m³ of 

wood. For a more comprehensive descrip-

tion of the integrative computational de-

sign and robotic fabrication processes of 

this research project refer to the research 

paper “Robotically Fabricated Wood Plate 

Morphologies” (page 48).

6 Conclusion

The transfer of the concept of morpho-

spaces from theoretical morphology in biol-

ogy to the realm of robotic fabrication and 

design computation enables the definition 

of theoretical morphospaces for digitally 

produced building elements. These mul-

tidimensional spaces make it possible to 

differentiate between regions containing 

geometrically impossible, geometrically 

possible and robotically fabricable element 

morphologies, with the latter region being 

defined as the machinic morphospace of a 

specific robot set-up. The rapid adaptability 

to changes in the robot set-up and a biomi-

metic method for exploring the machinic 

morphospace has been explained along a 

particular project example which shows 

that machinic morphospaces allow the 

synthesizing of the processes of form gen-

eration and materialisation through robotic 

fabrication in one integrative, morphoge-

netic computational design process. 

Figure 16 The prototype structure ICD/ITKE Re-

search Pavilion  2011 consists of more than 850 

geometrically unique, robotically fabricated plate 

morphologies with more than 100,000 individual 

finger joints. The use of 6.5mm plywood only 

demonstrates the system’s structural performance 

capacity.
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The concept of machinic mor-

phospaces also offers promising opportuni-

ties for future research. In addition to the 

development of more complex multidimen-

sional spaces describing a larger number 

of parameters, further research on agent-

based modelling for robotically fabricable 

construction systems has been identified 

as a particularly interesting area of inves-

tigation. Here, form generating agents can 

be informed in direct feedback with the 

concurrent agent-based navigation of mul-

tidimensional machinic morphospace, alter-

ing the generative agents’ behavioural rules 

based on the corresponding position within 

the morphospace. Another promising field 

for employing machinic morphospaces is in 

the application of real-time, online robot 

control. In this context machinic morpho-

spaces can provide a robust framework for 

checking the responsive control of the robot 

based on data collected at runtime sensing 

or scanning. 

Most importantly, the concept 

of machinic morphospaces may provide one 

relevant facet for the design exploration of 

the dramatically increased production pos-

sibilities in architecture offered by robotic 

fabrication.
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Abstract Due to their relative affordability 

and ease of use industrial manipulators aka 

robots have become increasingly common in 

the field of architectural experimentation 

and research. Specifically for timber con-

struction, their higher degrees of kinematic 

freedom and fabricational flexibility, com-

pared to established and process-specific 

computer numerically controlled (CNC) wood 

working machines, allow for new design and 

fabrication strategies or else the reinterpre-

tation and re-appropriation of existing tech-

niques — both of which offer the potential for 

novel architectural systems. In the case 

study presented here an investigation into 

the transfer of morphological principles of a 

biological role model (Clypeasteroida) is initi-

ated by the robotic implementation of a 

newly developed finger-joint fabrication pro-

cess. In the subsequent biomimetic design 

process the principles are translated into a 

generative computational design tool incor-

porating structural constraints as well as 

those of robotic fabrication leading to a full-

scale built prototype.

Keywords: robotic fabrication, biomimet-

ics, parametric design, timber construction, 

finger joint

Tobias Schwinn, Oliver David Krieg, Achim Menges

Robotically Fabricated Wood Plate Morphologies

Robotic prefabrication of a biomimetic, geometrically dif ferentiated, 

lightweight, finger joint timber plate structure 
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Introduction

Wood, one of the predominant building ma-

terials in the pre-industrial era, is currently 

experiencing resurging interest from the 

construction industry. As a renewable re-

source and natural CO² storage, wood main-

tains a positive carbon footprint, even if to-

day’s heavily industrial wood processing is 

taken into account (Scheer et al. 2006). To 

a large extent this interest can therefore be 

attributed to the sustainability discussion 

in construction and the search for alterna-

tives to fossil fuel-based resources. But 

also within the context of computer nu-

merically controlled (CNC) fabrication, wood 

is proving to be an increasingly sought-after 

building material (Schindler 2009).

The evolution of CNC technolo-

gies has seen an increasing sophistication 

and refinement in the implementation of 

application-specific fabrication processes. 

Within the domain of CNC technologies, in-

dustrial manipulators aka robots constitute 

a relatively novel and somewhat atypical 

addition to the field. As general purpose 

fabrication machines, they are not limited 

to specific fabrication processes and can 

be applied in a variety of different fabrica-

tion contexts (Brell-Çokcan and Braumann 

2010).  Over the last decade, they also be-

came increasingly prevalent in the field of 

architectural experimentation and research 

due to their relative affordability, flexibility, 

and ease of use (Bechthold 2010).

Traditional pre-industrial wood 

jointing techniques are characterized by the 

localized geometric requirements of each 

specific connection resulting in custom-

ized, albeit labor-intensive, mono-material 

joints that can be highly adaptive (Schindler 

2010). In contrast, engineered timber con-

nections today usually rely on fasteners 

which pose additional challenges not only 

from the point of view of material behav-

ior but also from an aesthetic and recycling 

standpoint. 

Specifically in timber construc-

tion, industrial robots can provide higher 

degrees of kinematic freedom and fab-

ricational flexibility in comparison to es-

tablished and process-specific CNC wood 

working machines, and therefore offer the 

opportunity for new design and fabrication 

strategies or else the reinterpretation and 

re-appropriation of existing techniques - 

both of which offer the potential for novel 

architectural systems (Menges 2011).

Research Objectives

The aim of the presented research is to acti-

vate the respective advantages and poten-

tials in robotic fabrication and traditional 

wood jointing techniques as part of a new 

lightweight material system in architecture. 

The potential for morphological differentia-

tion enabled by robotic fabrication in com-

bination with the robotic re-interpretation 

of a highly performative and geometrically 

complex mono-material wood joint (Fig. 1, 

left) forms the premise for the exploration 

of the industrial robots’ design space and 

the construction of a full-scale prototype 

(Fig. 1, right). 

Specifically, the following objec-

tives are defined as part of this research: 

(i) finger-jointing is suggested as a perfor-

mative way of connecting plywood plates 

along their edges in a form and force-fitting 

manner at varying angles; (ii) the imple-

mentation of a robotic fabrication process 
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greatly enhances the producibility of finger 

joints by facilitating their geometrically 

complex fabrication; (iii) the transfer of bio-

logical principles of structural morphology 

in living systems to architectural morphol-

ogy provides a methodology to meaning-

fully populate the expanding design space 

of robotic fabrication, i.e. in areas that yield 

high structural and architectural perfor-

mance; (iv) the established fabricational 

and biomimetic principles can be translated 

into geometric principles and synthesized 

in a generative computational design tool 

that implements architectural demands; (v) 

the geometrically intricate nature of finger-

joints can be abstracted in a custom digital 

fabrication model that forms the basis for 

the production of a full-scale prototype 

(Fig. 1).

Related Work

The following chapter  outlines the context 

of the research which includes (i) the his-

torical development of jointing wood panels 

and current limitations in CNC fabrication, 

(ii) applications of CNC milling in the archi-

tectural context, (iii) the use of parametric 

design software in the generation of ro-

botic milling paths, as well as (iv) existing 

research into the characteristics of plate 

structures.

Historical Developments in Wood Jointing 

As wood has been one of the most pre-

dominant building materials throughout 

the preindustrial era it can serve as an in-

dicator for advances in production technol-

ogy (Schindler 2007 and Hoadley 2000). 

Furthermore, limited material supply and 

the exigencies of manual labor have led to 

the development of performative and ro-

bust yet simple connections such as finger 

joints. Finger jointing, an ancient and com-

monly used corner joint for over 3500 years 

(Kirby 1999), results in a form and force-fit-

ting connection with high structural capac-

ity as it withstands normal and in particular 

shear forces without the use of additional 

fasteners. Today, finger joints are mainly 

used in furniture design due to their aes-

thetic qualities and, in their wedge-shaped 

variation, for linearly extending timber slats 

within the industrial fabrication process 

of other timber products such as cross-

Figure 1 Close-up of the robotically fabricated finger joints connection (left); Interior view of the finished 

full-scale pavilion (right)
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laminated timber or glue-laminated beams 

(Moro et al. 2009).

While manual manufacturing 

(Fig. 2, left) as well as current CNC technol-

ogy (Fig. 2, right) for trimming and milling 

machines is limited to producing finger 

joints for rectangular or planar plate connec-

tions [1], connections for beam structures 

are already highly evolved in industrial tim-

ber fabrication [2]. Research publications by 

the National Aeronautics and Space Admin-

istration in the 1980s already demonstrated 

the finger joint’s structural capacity by effi-

ciently jointing plywood panels for continu-

ous surfaces on wind turbines and airplane 

wings (NASA 1984, Spera et al. 1990). In the 

building industry, however, the develop-

ment of mass production machinery during 

industrialization and their limited design 

space led to a preference for metal fasten-

ers over geometrically complex mono-ma-

terial connections (Schindler 2009).

The robotic fabrication tech-

nique, which was developed as part of this 

research, enables the efficient fabrication 

of performative finger-joint plate connec-

tions that lie outside the typical kinetic 

range of process-specific CNC-machinery.

Robotic Milling in Architecture

In the architectural context, CNC- and Ro-

botic Milling are often used for mold mak-

ing. Milling, a subtractive fabrication pro-

cess, is sometimes regarded as inefficient 

due to its inherent material waste and the 

time consumed by the rough cut and fine 

cut fabrication steps. Alternative milling 

strategies that limit the material waste 

have been explored, such as flank milling, 

where a finished surface can be produced 

while omitting the rough cut resulting in 

ruled-surface geometry (Brell-Çokcan et al. 

2009; Schindler and Scheurer 2007). How-

ever, when milling elements from planar 

sheets of material such as plywood, the 

overall efficiency of material usage is large-

ly determined by the nesting efficiency of 

the elements on the stock sheet.

Current research into custom 

milling strategies questions the traditional 

design-to-production workflow and sug-

gests a “production immanent design tool” 

for robotic milling that allows the user to 

explore design variations throughout the 

whole design-to-fabrication process. The 

result is a digital tool that automatically 

Figure 2 Manual fabrication of dovetail joints (Baumgartner, left); Tools for machine-based fabrication of 

different finger joints restricted to a 90° connection (Super Carbide Tools and Porter Cable, right)
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generates robot code inside the design en-

vironment and bypasses the typical post-

processing step in the fabrication workflow 

where ISO-standard NC-Code, or G-Code, is 

converted into robot-specific control code 

(Brell-Çokcan and Braumann 2010).

Whereas streamlining the fab-

rication process is an obvious goal, writing 

machine specific control code limits the 

execution of the code to a particular brand 

of robots. Interoperability is traded for the 

specificity of a particular robotic fabrica-

tion setup. It can therefore be argued that 

the disadvantages of working with G-Code, 

i.e. the need for additional data-processing 

steps, and its advantages, such as interop-

erability and simulation of the complex 6- 

and more axis robot kinematics by robust 

post-processors, should be weighed for 

each particular milling project. 

Generative Approach to Robotic 

Programming

The need for a generative approach to 

robotic programming has been identi-

fied largely as a consequence of the large 

amount of unique building components in 

non-standard fabrication projects. Since 

the planning effort usually scales dispro-

portionally with increasing number of fab-

ricated elements, the robot control data 

has to be generated directly from the de-

sign data (Bonwetsch 2007). In a similar 

vein, Bechtold (2010) argues that even for 

small production volumes in customized 

construction, automated robotic program-

ming strategies become necessary. To ad-

dress the complexity of non-standard parts, 

he suggests automating the generation of 

robotic code directly from the parametric 

design model, thereby eliminating interme-

diate software environments.

The typical fragmentation of the 

data processing chain, aka “Digital Chain”, 

from CAD and CAE to CAM and robotic 

fabrication into different software envi-

ronments is commonly identified as a nui-

sance to the architect/designer. Therefore 

alternative approaches are suggested such 

as the “production immanent design tool” 

discussed above, where the end-effector is 

simulated in the design environment and 

specific robot code is generated directly 

from the CAD model (Brell-Çokcan and 

Braumann 2010).

In a fully integrative design pro-

cess incorporating fabrication, material be-

havior, architectural and structural param-

eters in one generative design approach, 

it could be argued that it is insufficient to 

only retroactively test for collision avoid-

ance, out-of-reach positions, singularities, 

etc. by merely simulating the geometry of 

the milling tool and spindle, and the robot 

kinematics, within the design environment. 

Instead, the reciprocity of design and fab-

rication should form the premise by which 

the CAD model is generated at the outset 

(Menges and Schwinn 2012). 

Plate structures in Architecture

While typical triangulated lattice grid shells 

concentrate tension and compression forc-

es in their edges and vertices, their trivalent 

geometrical dual carries load by distributed 

in-plane forces (Bagger 2010). Just as every 

facet in a triangulated system is triangular, 

every vertex in a plate structure connects 

three facet corners. Consequently, by fol-

lowing this topological rule no structural 
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components other than the plates them-

selves are needed, ensuring much higher 

structural efficiency. In contrast to foldable 

or origami-type patterns, this principle pro-

vides that no bending forces occur along the 

plate’s margins which ensures the system’s 

kinematic stability and maximum structural 

efficiency. Rigid spatial plate configura-

tions therefore always have trivalent verti-

ces. This important geometric principle also 

proves to be a general characteristic found 

in many biological plate structures in nature 

at different scales (Wester 2002; Nachtigall 

2004). Since stability and adaptability are a 

main factor in the animal’s survival, biologi-

cal plate skeletons have developed towards 

highly efficient load-bearing structures as 

in the case of sand dollars, a sub-species 

of the sea urchins (Echinoidea) (Seilacher 

1979). 

In the following research, the 

morphology of natural plate structure 

systems serve as role models from which 

architecturally and structurally performa-

tive principles can be synthesized. In the 

context of the expanding possibilities of 

robotic fabrication processes and the geo-

metric differentiation of building elements 

now possible, biomimetics is therefore sug-

gested as a filter in the development of a 

highly performative and novel architectural 

material system.

Methodology

Initiated by the robotic implementation of 

a newly developed finger-joint fabrication 

process, the case study presented investi-

gates the transfer of morphological prin-

ciples of a biological role model (Clypeast-

eroida) to a technological system. In the 

subsequent biomimetic design process the 

principles are translated into a generative 

computational design tool incorporating 

structural constraints as well as those of ro-

botic fabrication leading to a full-scale built 

prototype (Fig. 1).

Robotic Fabrication of Finger Joints

The robotic fabrication process developed 

as part of the research presented opens up 

the design space significantly through the 

ability to efficiently join differentiated plate 

structures by means of three-dimensional 

finger joints (Fig. 3). This is facilitated by 

the development of a customized tool for 

combined flank milling and tip cutting by 

Figure 3 Robotically fabricated finger joints. Connecting two plates with different material thickness at a 

specific angle (left); Prototype with differentiated finger joints (right)
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one of the industrial partners of this project 

(Fig. 4, left).

A 7-axis robotic set-up enables 

the finger jointing of geometrically differ-

entiated plywood plates with varying plate 

thickness and connection angles; empiri-

cal tests using the standard 6-axis robotic 

fabrication setup showed that it proved 

necessary to either manually reposition the 

work piece or introduce a 7th external revo-

lute axis in order to manufacture convex as 

well as concave connection angles within 

the same fabrication process. This range 

of kinetic freedom is not offered by typical 

CNC woodworking or jointing machines and 

thus unique to the robotic fabrication setup 

(Fig. 4, right). The possibilities offered by 

the design space of this fabrication setup 

raises the question about a methodology 

which allows for the meaningful application 

of the new fabrication process and material 

system with respect to architectural and 

structural performance. (Krieg et al. 2011)

Biomimetic Design Strategy

In biology many examples show how mor-

phological differentiation on several hi-

erarchical levels allows for adjustments 

and adaptations to system-internal and 

system-external constraints while employ-

ing as little material and energy as possible 

(Knippers and Speck 2012). In order to filter 

the  vast possibilities in geometric differen-

tiation now emerging, biomimetics is sug-

gested as a methodology to develop finger-

joined plate structures with regards to a 

range of performance criteria. While many 

natural systems exhibit general design 

principles such as heterogeneity, anisotropy 

and hierarchy, the research focused on the 

morphology of the sand dollar (Clypeaster-

oida, Fig. 5, left). As a subspecies of the sea 

urchin (Echinoidea), it became of particu-

lar interest and subsequently provided the 

critical design principles, such as plate mor-

phology (Fig. 5, middle) and plate connec-

tions (Fig. 5, right), which were translated 

into a generative computational design tool 

(Krieg et al. 2012). Structural analyses and 

physical tests (Fig. 6) confirmed that fol-

lowing the researched topological rules of 

rigid plate structures, mainly shear forces 

appear along the plate’s edges (La Magna 

et al. 2009). Not only does this prove the 

finger joint’s particular structural capacity 

in such a system, but it also explains the 

microscopic calcite projections along the 

sea urchin’s plate edges.

Generative Design Tool

Following the analysis of the biological sys-

tem’s performative capacity, the aim was 

to integrate its characteristics into architec-

tural design and to test the resulting spa-

tial and structural material-system through 

the construction of a full-scale prototype. 

The focus was set on the development of 

a modular system that allows a high de-

gree of adaptability and performance due 

to the geometric differentiation of its plate 

components. The algorithmic definition of 

the module’s and its component’s global 

arrangement applies structural principles 

from the biological model by transferring 

the rule of three elements per node to the 

connections between the modular units, 

while implementing biomimetically in-

formed organizational strategies for the 

module’s and component’s arrangement 

during the design process. Through a physi-
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Figure 5 Close-up of  sea urchin test (left); schematic top view of  sea urchin test showing the outlines and 

arrangement of the plates (middle); microscopic view of a plate margin showing the calcite projections 

similar to finger joints (Seilacher 1979, right)

Figure 4 Customized milling cutter for shaft and end milling utilized in the developed robotic fabrication 

process (left); machine setup: 6-axis robot connected with a separate turntable as an external axis (right)

Figure 6. Setup for physically testing the load bearing capacity of robotically fabricated finger joints under 

shear stresses (left); FE plot of the structure (La Magna et al. 2012, right)



56

Robotically Fabricated Wood Plate Morphologies

cally simulated form-finding process con-

venient interaction with the design tool is 

possible in order to control the spatial out-

come while remaining in the context of the 

system’s morpho-spatial capacity (Fig. 7) 

(Krieg et al. 2012).

Robotic Fabrication Programming

In addition to the biomimetic principles, 

the specific parameters of the robotic fab-

rication setup are translated as part of the 

generative rule set into the computational 

design tool (Schwinn et al. 2012). One of 

the main aspects of this translation is the 

mathematical description of the spatial 

relation between work piece and milling 

effector through trigonometry and linear 

algebra.

The different tool paths for the 

fabrication of a plate are a function of the 

angles between the plate and its neighbor-

ing plates (Fig. 8, above), which can yield 

different structural and geometric proper-

ties. For example the contact surface be-

tween plates decreases for angles close 

to 90 degrees providing less contact area. 

However, the length of the indentation of 

the finger joints increases towards 0 and 

180 degrees resulting in extremely sharp 

finger joints that compromise structural 

stability and accuracy of fabrication.

Ultimately, the geometric plate 

relations, finger joint geometric properties, 

and the specific end effector geometry, 

consisting of milling tool, chuck and spindle 

bounding box, confine the preferred range 

of the joint angles to approximately 15 to 

165 degrees (Fig. 8, below).  As embedded 

parameters in the computational design 

tool these fabricational constraints directly 

inform the design process. The fabrication 

data model is parametrically driven by the 

geometry and design model that was gen-

erated with respect to the fabricational con-

straints outlined above.  The programming 

of the robotic fabrication consists of a cus-

tom process including the topological anal-

ysis of the plate connectivity, which is the 

basis for automated tool path generation 

in form of an ordered point cloud as well as 

the automated extraction of machine code 

into an ISO-based CNC format (ISO 6983) 

(Fig. 9). 

Figure 7 Different steps of the design tool. During the form-finding process the mesh’s original outline is 

constrained to the previously defined boundary curve. When brought in proximity the cells merge into a 

double layer structure.
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Figure 8 Geometric representation of the different tool paths (above); The finger joint fabrication is geo-

metrically constrained due to possible collisions between the machine and the stock piece (below)

Figure 9 Tool path generation: Topological map of a module (left); Geometric representation of the gener-

ated tool paths (right)
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The machine code contains the 

Cartesian coordinates of the tool path se-

quence which has to be translated through 

reverse transformation into the joint space 

of the machine. Due to the inherent com-

plexity of the 7-axis inverse kinematics and 

to ensure a reliable and repeatable fabrica-

tion process, this step is implemented in 

a dedicated post-processor as opposed to 

relying on the automatic calculation of the 

robot control unit during runtime.

The resulting sequence for the 

robotic fabrication of the finger joints is 

as follows: first, the general edge angle is 

set to be coplanar with the adjacent plate 

by milling the plate’s edge with the tool 

shaft (Fig 10, left); second, a mitered corner 

at the start and end segment of each edge 

is milled by aligning the tool axis with the 

plate angle’s bi-sector (Fig 10, middle); fi-

nally, the finger joints are indented into the 

plate’s edge normal to the adjacent plate’s 

construction plane (Fig 10, right), producing 

accurately shaped force- and form-fitting 

joints as opposed to the rounded corners 

usually resulting from contour cutting with 

the tool shaft.

Result: Research Pavilion

The design, development and realization of 

the complex morphology of the case study 

necessitated the implementation of a co-

herent, digital information chain between 

the project’s model, finite element simula-

tions and computer numeric machine con-

trol.

The geometry model generated 

by the computational design tool formed 

the basis for the automated generation of 

the machining data. With the tool paths 

being a function of the angular relation 

between adjacent plates, the entire tool 

path information for the production of all 

855 unique plate elements with its more 

than 100,000 individual finger joints were 

automatically generated utilizing a custom 

process developed for this project. Follow-

ing the robotic production, the plywood 

plates were manually joined together to 

form individual plate cells and assembled 

on site. Ultimately, 200 m
3
 of gross build-

ing volume were enclosed by 2m
3
 of wood. 

Due to the structural capacity of the mate-

rial system, the entire pavilion could be built 

Figure 10 Three steps of the finger joint fabrication process: Milling the plate’s outline (left); Milling the 

edge’s miters (middle); Spot facing the finger joints (right)
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Figure 11  Each module and its plate components respond to structural and architectural requirements 

(above); The spatial experience changes as the interior lighting emphasizes the double-layer‘s depth 

 (below)



60

Robotically Fabricated Wood Plate Morphologies

out of 6.5mm sheets of plywood. The two 

interior spaces illustrate the constructional 

logic of the pavilion: where the double-layer 

structure separates into two individual lay-

ers an interstitial space is framed that em-

phasizes the double-layered nature of the 

material system (Fig. 10). The main space 

of the pavilion is characterized by its promi-

nent orientation towards the park and by a 

gradual change in the size of the openings 

in the inner layer that facilitate assembly 

and disassembly of the entire structure.

Discussion and Conclusion

The case study demonstrates the feasibility 

of a methodology for exploring and filtering 

emerging machinic morphospaces (Menges 

and Schwinn 2012) of a newly developed 

multi-axis robotic fabrication process 

through biological principles that act as role 

models for performative architectural mor-

phologies. The performance capacity of the 

structural system is demonstrated not only 

by the extremely efficient material-to-built 

volume ratio; it is most evident in the fact 

that the entire pavilion, despite its consid-

erable size, could be built exclusively out of 

extremely thin (6.5mm) sheets of plywood.

Thus the research pavilion dem-

onstrates how an expanded machine design 

space offering a high degree of morphologi-

cal differentiation enabled by robotic fab-

rication combined with biomimetic strate-

gies provides for both the development of 

materially efficient structures and the ex-

ploration of novel architectural possibilities. 

The presented methodology of 

biomimetically informing the computa-

tional design process also suggests alterna-

tive biological form-finding principles which 

will be explored in further research. For ex-

ample, instead of translating morphologi-

cal rules of a specific biological role model, 

a biomimetic formation process such as 

agent based form-finding can yield alterna-

tive spatial configurations that still main-

tain the topological and fabricational re-

quirements of finger-joint plate structures.
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Abstract This paper addresses both the ar-

chitectural, conceptual motivations and the 

tools and techniques necessary for the digi-

tal production of an architecture of volume. 

The robotic manufacturing techniques of 

shaping volumetric materials by hot wire and 

abrasive wire cutting are discussed through a 

number of recent projects. A comparative 

analysis between milling and hotwire cutting 

is presented and a number of case studies 

and tool development studies are consid-

ered. Finally, the specifics of toolpath gener-

ation for robotic wire cutting are introduced.

Keywords: hotwire cutting. abrasive wire 

cutting, volume, traite

Wes McGee, Jelle Feringa, Asbjørn Søndergaard

Processes for an Architecture of Volume

Robotic wire cutting
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Introduction 

There has been a growing interest in ma-

terial processes that can support an archi-

tecture of volume, investigating materials 

which are unconstrained by the limitations 

of sheet based materials. Our initial inves-

tigations in processes for an architecture of 

volume explored the lightest and least ex-

pensive volumetric material available, EPS 

foam. This material has seen many applica-

tions in the mold making, highway and con-

struction industry, as it is cheap, recyclable, 

extremely light and easy to shape. This 

material is typically carved using large CNC 

routers, and for double curved geometries 

this is still a requirement. The material can 

also be cut with a hotwire, which provides a 

method whose historical precedent can be 

associated with stereotomy and the devel-

oped surface of traditional stone masonry 

(de la Rue, 1782) (Fig. 1).

Architectural production has 

been systematically compressed into ever 

thinner layers by the constraints of indus-

trially processed materials. CNC fabrication 

processes, initially heralded as liberating 

the designer from the disconnect between 

drawing and making, have accelerated the 

process, packaging components into the 

discrete 4’ x 8’ work envelope of the typical 

3 axis router. In addition, streamlining the 

workflow from design software to fabrica-

tion processes (while this has many posi-

tive benefits), has in some ways  allowed 

this “flattening”, slicing, slivering and wa-

fering of building construction methods to 

go unquestioned. Openly available scripts 

allow 3D surfaces to be ribbed, unrolled 

and nested into common sheet sizes, ready 

for production. Contemporary digital fab-

rication techniques continue to prolifer-

ate this limitation, producing a stream of 

contoured, folded, notched and otherwise 

surface-driven projects.

This scope - that of a represen-

tational model - is sufficiently nebulous 

in terms of scale to abstract architecture 

from its realization. The irony of the prolif-

eration of CNC methods such as 3D print-

ing, 2D laser cutting, and routing is that 

its obscures the industrial potential of the 

Figure 1 de La Rue, Traite de la Coupe des Pierres

Figure 2 Subdivided columns, M. Hansmeyer (left); Metropol Parasol, J. Mayer (right)
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close coupling of design and manufacturing 

methods. This becomes problematic when 

these false or self-imposed constraints be-

come the aesthetic of the building, where 

the approach of building a representational 

model has been projected to its full size, as 

observed in the “Metropol Parasol” project 

by Jürgen Mayer (Fig. 2, right). An interest-

ing example that simultaneously illustrates 

the merits and limits of this approach is the 

work of Michael Hansmeyer. His “subdivid-

ed columns”, a series of 2.7m high columns, 

built from 1mm layer grey cardboard (Fig. 

2, left). While the intricacy and elegance 

of the work is not questioned, the proj-

ect is antithetical in terms of fabrication; 

columns are load bearing structures that 

aren’t made of cardboard, and the intricacy 

can be subscribed to the strong will of archi-

tectural students, rather than architectural 

engineering. A consequence of exploring 

methods of construction that have little or 

no manifestation in building practice can be 

construed as a form of technological self-

censorship. With the mechanics, tooling 

and technology available, it is paramount to 

focus research on those modes of produc-

tion that do scale, hence are of value to the 

construction industry.

While advanced manufacturing 

methods have traditionally been associated 

with costly manufacturing methods, robot-

ic hotwire cutting (RHWC) breaks with this 

trend given that complex formwork can be 

delivered for the approximate cost of nor-

mative formwork. As such RHWC is both an 

enabler, technically, in terms of forms that 

can be produced, and economically since 

this can be achieved at little or no additional 

expense. With the many ongoing predica-

ments in the construction industry, and the 

modest cost of delving into robotics, this is 

an important aspect that is open to further 

exploration. 

Hyperbody’s robotics lab is 

equipped with two second hand ABB S4 

robots, that were both acquired for less 

than what a makerbot costs (Fig. 3). Brand 

new robotic manipulators typically cost less 

than half the price of a typically capable 

dedicated CNC machine. Robotic fabrication 

presents a development platform for such 

considerations, given the trade-off of preci-

sion, ease of integration and programming, 

robustness, and market availability. As the 

technology has begun to gain acceptance 

in the building fabrication industry (admit-

tedly it remains a very small fraction), these 

methods have started to challenge what 

type of construction can be delivered within 

a given budget.

RHWC

Hotwire cutting holds a number of advan-

tages when used to create formwork for 
Figure 3 Production of the RDM Vault at Hyper-

body’s robotics workshop in Rotterdam
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casting. At an architectural scale, tradition-

al approaches such as CNC milling become 

prohibitively time consuming. At the sheer 

volume demanded for full scale architec-

tural in situ casts, such as bridges and com-

mercial buildings, the incremental removal 

of material offered by the milling technol-

ogy necessitates considerable machining 

time and results in production fees unac-

ceptable to most building budgets (McGee 

2011, Feringa 2011). Machining hours may 

be reduced by tolerating a rougher surface, 

however, production times remains pro-

hibitively high, and the rough tooling paths 

simultaneously frustrate the demoulding 

process. This limits the application pros-

pect for CNC-milling technology primarily 

to detailing tasks, exclusive high-end build-

ing budgets and repetitive casts, where 

formwork may be reused. RHWC offers a 

number of advantages. The removal of ma-

terial in this process is essentially volumic; 

the cutting process processes a surface in a 

single sweeping motion, whereas in milling 

the volume is removed layer-by-layer, con-

strained by the limited depth of the milling 

bit. Per surface, the length of the tooling 

path is parameterized over the radius of the 

milling bit, where often a roughening milling 

bit is used with a large diameter to approxi-

mate the shape quickly, while a milling bit 

of a smaller diameter is required to achieve 

a smooth surface. In addition, the RHWC 

leaves a surface considerable smoother 

than that of the milling process, producing 

a better surface finish on the cast prod-

uct, while reducing demoulding adhesion. 

For extremely finished surfaces the mold 

can still be coated with polyurea, requiring 

less coats than a typical milled finish. The 

difference in production speed is easily un-

derstood geometrically; whereas milling es-

sentially removes a sphere, RHWC removes 

a cylinder of material at an instance in time 

(Fig. 4) That amounts to a difference of 1 

to 2 orders of magnitude, as the following 

comparative study shows, approximating 

the differences in production time for either 

production technique (Table 1). 

It is important to mention that, 

while the increase in production speed is 

dramatic, the additional effort of rationaliz-

Table 1 Machining metrics comparing the CNC milling with RHWC

Figure 4 Comparative scheme of sample geometries

ex. a ex. b ex. c ex. d ex. E

CNC rough. 3h 34m 5h 5m    3h 44m 4h 22m 6h 31m

CNC finishing 6h44m 7h 42m    7h 01m h 31m 12h 14m

RHWC 0h 01,8m    0h 02,4m    0h 02,3m 0h 02,7m 0h 03,1m

Area cut 2,66 m2 2.95 m2 2.86 m2 4,01 m2 3,49 m2

Removed vol 1,44 m3 2.06 m3 1,44 m3 1,72 m3 2,41 m3
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ing geometry to ruled surfaces — a key topic 

of architectural geometry — is not factored 

into this comparison. While RHWC is re-

markably efficient, the geometric grammar 

that can be produced is a subset of what 

can be produced by milling. However, it is 

important to realize that architectural scale 

works in favor of RHWC. First of all, in the 

sense that forms which traditionally would 

not be manufactured by CNC methods can 

now be produced. Secondly, due to scale, 

the limitation to ruled surfaces becomes 

less of an issue, since a greater surface area 

makes constructing a satisfactory approxi-

mation less problematic. 

Projects

A number of case study projects have been 

performed to validate the capabilities of 

RHWC. In “Periscope”, by Matter Design 

Studio, the hotwire process provided the 

means for the rapid production of a 50 foot 

tower of foam (Fig. 5). The economy of time 

and material was of paramount impor-

tance, due to the pressures of a two week 

construction window and limited budget. 

The RHWC process was used to generate 

a large array of mass customized masonry 

units, which were assembled in a running 

bond to approximate the original, doubly 

curved column. In an effort to establish a 

characterization of the various approaches 

to working with volumetric materials, one 

could consider this a “slab based” process, 

whereby components are cut from a slab 

of material, preserving some portion of the 

slab surface on the top and bottom of the 

part (Fig. 6). In this case the preservation of 

the parallel top and bottom surface is im-

portant to support the assembly technique.

A more recent project by stu-

dents at the University of Michigan uses 

the slab cutting process to shape AAC 

sheets into voussoir units to form a thick-

shell compressive vault. In this case the 

prototype uses abrasive waterjet cutting to 

cut the 4” thick AAC block. Previous work 

at the University of Michigan saw the ap-

plication of this technique to process 2” 

thick sandstone (in slab form), uniquely cut 

to form thin-shell vault components. Wire 

cutting becomes more efficient and precise 

at larger material thicknesses, and opens 

Figure 5 Periscope completed Figure 6 Slab cutting EPS
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up the possibility of structural systems that 

respond to additional factors beyond the 

material efficiency of the thin shell vault 

(Clifford, 2012). Clifford describes this as a 

shift from form-finding to form-respond-

ing, and uses it as an approach to develop 

structurally viable forms requiring relatively 

thick sections. The ability to work with volu-

metric materials is critical to the success of 

the process (Fig. 7).

An alternative approach to “slab 

cutting”, which adds an additional level of 

geometric freedom, is the “solid” based 

cutting process as explored in recent proj-

ects by Hyperbody (Fig. 8). A recent col-

laboration between Hyperbody and ROK-

Rippmann Oesterle Knauss / ETH Zurich, 

the RDM Vault, explores a joint approach to 

the design and fabrication of vaulting struc-

tures, as evoked in Rippmann and P. Block 

(Rippman and Block, 2011). RhinoVault 

(Rippman, Lachauer and Block, 2012 ) pro-

vided intuitive tools for the design of a 

vaulting structure, while PyRAPID enabled 

the transliteration of the resulting geom-

etry to robotic motion, cutting the “traites” 

out of EPS foam. The pavilion was erected 

at Hyperbody’s robot lab which will host the 

R obArch workshop in Rotterdam (Fig. 9).

In this case the components 

are nested completely within a volumetric 

block of material. All faces of a component 

are wire cut, as opposed to the slab cutting 

process, which relies on a parallel top and 

bottom face. While the cut surfaces are still 

limited to ruled geometries, by shaping the 

entire exterior of the component the ag-

gregation can more accurately approximate 

a freeform surface, while producing joint 

faces which are normal to the thrust vec-

Figure 8 Solid based cutting process, as explored in the RDM Vault 

Figure 7 Thick funicular solver
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tors. Component sizes and shapes will still 

be governed by their ability to fit within an 

available volume of material. 

From Hotwire to Abrasive wire

Building upon the work with EPS, there 

have been a number of investigations using 

more permanent volumetric materials, such 

as AAC (autoclave aerated concrete) and 

natural stone. It is against this background 

that several projects were undertaken using 

robotically manipulated abrasive wire cut-

ting equipment. While numerous projects 

have investigated the geometric potential 

of hotwire cutting EPS, considerably fewer 

have dealt with developing the end of arm 

tooling to mount abrasive wire saws to ro-

botic equipment for the purpose of cutting 

more rigid materials. While wire cutting 

harder stone materials remains a very slow 

process, there are several advantages when 

compared with CNC milling or multi-axis 

bridge saw cutting. The capital cost of the 

equipment is considerably less (one third to 

one half), with the generic robotic manipu-

lator costing far less than a stone capable 

CNC, even after factoring in the cost of in-

tegration and tooling. In addition, the im-

plication of the process as a semi-finishing 

operation makes it more appropriate to 

the tolerances possible using robotic ma-

nipulators, as opposed to more precise CNC 

equipment. There are also potential mate-

rial efficiencies that can develop, given the 

much smaller kerf of the segmented wire 

compared to milling and sawing, although 

these will be highly geometry dependant. 

Segmented diamond wires are 

well known for their ability to cut harder 

Figure 9 RDM Vault 



69

Workshop

materials like natural stone (marble, gran-

ite) and reinforced concrete. Typically, 

the wire sawing process is used for either 

semi-finished flat slab cutting applications, 

or large scale demolition. There are excep-

tions, of course, such as this large 6 axis 

CNC wire profiling system by Pellegrini Mec-

canica Spa (Fig. 10 left). The machine clearly 

illustrates the possibilities for multi-axis 

wire cutting, but it also presents opportuni-

ties for a more flexible, portable approach 

to fabrication.

Dedicated CNC approaches are 

likely to always possess an advantage in 

terms of accuracy and overall capacity, but 

there are potential applications where the 

flexibility and portability offered by indus-

trial robotic manipulators can fill a unique 

role in fabrication. Several researchers 

have tested applications for robotic wire 

sawing, but the capabilities of a roboti-

cally guided wire cutting operation to yield 

complex units in a finished/semi-finished 

state has not been studied extensively. It 

is worth pointing out that just over a de-

cade ago “nearly eight hundred full-size 

DIN A0 templates were required to guide 

the stonemason’s hand” in completing the 

translation from model to workshop (Burry, 

2001). Shutao Li, et al. developed a proof 

of concept production line to machine AAC 

slabs directly from BIM data. The tooling 

developed utilized a segmented diamond 

wire circulating in a rectangular frame (Li, 

2007). This approach has also been used in 

combination with a spiral cutting steel wire, 

cutting ruled geometries out of cured plas-

ter (Bard, 2012) (Fig. 10, right).

The authors are currently en-

gaged in developing end of arm tooling for 

robotic diamond wire cutting (RDWC), with 

a number of areas targeted for study. Ro-

botic applications will require the tooling to 

be considerably lighter than the CNC appli-

cations highlighted above. This is not a triv-

ial task, as even a typical manual profiling 

diamond wire saw can weigh 500 lbs [3]. In 

a typical wire cutting operation, as in band 

sawing, there are guides which support the 

blade opposite the travel direction. In the 

case of 3D wire cutting, the wire is capable 

of moving in any direction. The guide sys-

tem needs to support this, and potentially 

will require a servo driven solution for posi-

tioning relative to the cut direction, similar 

to the CNC equipment described previously.

Figure 10 6 axis CNC diamond wire saw (left); Wire sawing end effector developed at the University of 

Michigan Taubman College (right)
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Software

It can be argued the generic robotic ma-

nipulator utilized in this research is only in-

crementally different to it ancestors  which 

were in continuous use in mass production 

for decades. Without a doubt, one of the 

driving factors behind its growing adoption 

in the architectural fabrication industry is 

the use of open source and bespoken soft-

ware applications. While robotic manipula-

tors provide incredible flexibility, this comes 

at the price of developing tools which suit 

both the designer and fabricator. Com-

pared to CNC equipment, which has clearly 

also benefited from the developing culture 

around scripting and algorithmic design 

methodologies, robotics has the added ben-

efit of compatibility with an open frame-

work for fabrication. Closed-loop process 

feedback and the “ease” of integration into 

a multifaceted production process are rela-

tively complex to perform using traditional 

CNC equipment; with robotic manipulators 

these capabilities are integral to the design. 

Such open frameworks are superMatter-

Tools, developed by Wes McGee and Dave 

Pigram, Daniel Piker’s lobster, Robots-in-

Architecture’s KUKA|prc, PyRAPID by Jelle 

Feringa and HAL by Thibault Schwartz.

A key motivation for the devel-

opment of open frameworks is how existing 

approaches such as contour cutting can be 

adapted to the solid cutting process (Fig. 9), 

which are considerable more demanding in 

terms of toolpath generation, motion plan-

ning and collision avoidance. An interesting 

aspect is how the software developed for 

the exploration of RHWC maps with mod-

est adaption to RDWC. Hotwire cutting is 

a comparatively safe production method 

compared to the brutality of the diamond 

wire sawing process, so the evolution of 

RHWC naturally paved the way for RDWC. 

Whereas the development of RHWC was 

demanding in terms of software develop-

Figure 11 PyRAPID, custom RHWC software develop on top of PythonOCC
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ment and trivial in terms of the required 

tooling, these roles are reversed in the con-

tinued development of RDWC, where build-

ing a practical wiresaw is demanding.

The potential of RHWC and 

RHWD was explored with PyRAPID a soft-

ware application was developed in Python 

with PythonOCC, a wrapper of the OpenCas-

Cade CAD kernel as it main dependency (Fig. 

11). The application automatically clusters 

the faces so that they can be cut in a single 

sweeping motion, and generates a toolpath 

optimized for extending the reachability of 

the end-effector, and computes the inverse 

kinematics from that pose. As the tool ori-

entation has a degree of freedom over the 

axis of the wire, the key is to exploit this, 

as it allows for considerable optimization of 

the reachability of the robot. 

After clustering the faces the 

software tests whether an additional 

roughening step is required. The roughen-

ing step is specific to robotic hotwire cut-

ting, while with a traditional hotwire cut-

ting machine no clashes between the tool 

and workpiece occur. The downside, howev-

er, is that to cut large blocks, a considerably 

larger machine is required, while a robot is a 

fairly compact machine, certainly in view of 

its reachability.

Ongoing efforts include logistics, 

such as the integration of picking and plac-

ing, in order to facilitate a production work-

flow that minimizes operator attendance. 

The added flexibility and process integra-

tion of this setup is a topic of further re-

search. An important argument why robotic 

hotwire cutting has considerable merits 

over a classic CNC hotwire machine is spe-

cifically the issue of process integration. 
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Abstract This paper proposes a new model 

for robotic motion control called “esperanto” 

which uses an animation-based approach in 

tandem with a software component called 

“charla” (written in Python) which tracks the 

position and orientation of multiple objects, 

machines, and tools in space.  The paper pos-

its that an animated time-based approach 

offers new opportunities for architectural 

representation and creative speculation.  In 

addition, the authors discuss the inherent 

complexities in robotic collaboration and the 

need for a flexible and reconfigurable plat-

form to quickly test different ideas.

Keywords: animation, synchronous, net-

work, collaborative
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A new control model for synchronous robotics
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Animated Machines

Robots and cinema have a long history.  

Cameras attached to robots have been used 

for years in modern cinematography.  Mark 

Roberts and his company Mark Roberts Mo-

tion Control, have been providing motion 

control products for film and TV, winning 

an Academy Award in 1999 for their Milo 

motion control rig.  These are custom ro-

bots developed specifically for filmmaking, 

with integrated software that allows de-

signers to program all motion in Autodesk 

Maya.  Since Maya is standard in the film 

industry, this can be easily integrated into 

the designer’s workflow.  The precise po-

sitioning of these robots makes it much 

easier in the construction of mixed-reality 

shots, or compositing of CGI onto real video 

footage.  However, not until Jeff Linell in-

troduced a company called Bot&Dolly, has 

this technology been accessible and more 

involved in the creative process. Bot&Dolly’s 

new motion control system, called IRIS, is a 

platform that also uses Maya as the main 

software for programming motion, howev-

er, they are using standard industrial robot 

arms (Fig. 1).  The animated approach to ro-

botics, as well as the choice to use existing 

industrial robots rather than highly custom 

robots that require an immense effort in 

transporting, gives Bot&Dolly a unique ap-

proach to modern filmmaking.  The flexible 

platform allows the designer to animate the 

physical world, and provides precise and ex-

pressive control over 6-axis industrial robot 

arms.  The robot’s tasks are not constrained 

to just holding a camera either, they could 

be used to set any object in motion.   While 

our industries have many differences, Jeff 

Linell and Bot&Dolly share a desire to make 

robotics a medium that is open and inher-

ently creative.  Not constrained to just film-

making, Bot&Dolly operates within a space 

that collides animation, cinematography, 

and automation through the design of mo-

Figure 1 Bot&Dolly’s IRIS Motion Control System
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tion.  When synchronizing multiple medi-

ums, robots, and/or objects, like Bot&Dolly 

so often has to do, the study of objects in 

motion becomes extremely crucial.

Character Rigging and Skeletal Control

Animation in cinema has over the years 

been an extremely powerful medium in the 

ability to give “life” to objects and in the 

construction of fantastic worlds that in-

vites the audience to an alternative reality.  

The core technique of the custom platform, 

called “esperanto”, is character rigging, 

typically found in the animation and film 

industry; the only difference is that we are 

not rigging virtual characters, but industrial 

robot arms.  This platform opens up the 

potentials of animating the physical world, 

where designers have the unique ability to 

experiment with materials in motion, rath-

er than only executing fabrication related 

tasks.

The basic concept behind the 

platform is to “rig” a skeleton for a physical 

machine.  Conceptually, this is not limited 

to a 6-axis industrial robot arm.  Rigs could 

be applied to any machine that can be driv-

en by a series of motors that can be then 

controlled by G-Code.  These rigs serve as 

the virtual driver for robotic motion control.  

Using Python scripting, the animated rigs 

are then translated to the language for in-

dustrial robot arms, with its corresponding 

speed, i/o for tooling (pneumatic or digital), 

and synchronization information for multi-

robot applications.  This translation from 

digital model to physical motion is the core 

of the esperanto platform.  While much of 

this information is easily translated, one 

variable, time (which in the case of collab-

orative robotics is the most important), has 

been the most challenging.  In the follow-

ing sections we will describe these issues 

and how they have been resolved in greater 

depth.

Using the specifications provid-

ed by the industrial robotic manufacturer, 

custom character rigs were constructed for 

each robot type using Autodesk Maya.  Typ-

ical “joint” construction of skeletons was 

bypassed in favor of a more accurate and 

precise expression-based character rig using 

trigonometry functions.  Once calibrated, a 

3D model of all 5 industrial robot arms could 

be used as a way to simulate, visualize, and 

program the robot arms.  Since visualization 

and representation has always been a driver 

in the development of the custom robotic 

platform, Autodesk Maya offered a num-

ber of appealing features that suggested 

its use as the main software: its ability to 

produce stunning simulations, ease of ani-

mation, and time-based approach to digital 

modeling.  In any multi-robot configuration, 

computing power for the visualization of 

multiple robots was a primary concern, as 

well as a necessity to understand objects in 

motion over time, where the coordination 

of multiple robots in space is critical.  Many 

platforms that were tested could not visu-

alize multiple robots over time in the same 

3D model.  The expression-based character 

rigs were crucial in providing a lightweight 

solution to having 5 robots moving in one 

digital model.  

The robots can be rigged a num-

ber of ways, depending upon the desired 

motion effect.  For example, we have ex-

perimented with standard methods of con-

trol, such as an inverse kinematic or forward 

kinematic rig, but have also experimented 
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with hybrid “rigs”.  These hybrids offer an 

experimental method of advanced rigging 

control that is very different from the ap-

proaches found in an engineering environ-

ment.  Some robots could be driven by half 

of their axis by forward kinematics and the 

other half by inverse kinematics etc.    One 

example is that we developed 1 skeleton 

that rigs 3 robots (conceptually) as one ma-

chine.  We have also rigged tooling, which 

act as an additional rig attached to the ro-

bot that can be animated and translated 

to inputs/outputs for the robot.  Although 

these hybrid rigs are still at the early stages 

of development, these unique methods of 

control could eventually provide designers 

with the opportunity to expand a range of 

motions and control that may previously 

have been regarded as inachievable using 

these machines.

New Representations in Architecture and 
Manufacturing

The difference between the animators in 

the film industry and the animators in the 

robot lab is that the worlds that the de-

signers create in the lab have the potential 

to come into physical existence.  What is 

typically constrained to the “space of the 

frame”, now has the ability to exist in real-

ity in 4 dimensions, interacting and affect-

ing real materials in space.  The way that we 

represent objects in space is not only direct-

ly related to how we see space, but rather 

how we envision new ways of making space 

(As, Schodek, 27).

Motion graphics beyond typical 

fly-throughs and rendered perspectives of-

fer a very convincing and powerful tool that 

allows a design idea to be communicated to 

literally any type of audience, without any 

knowledge of traditional graphic conven-

tions (As, Schodek, 116).  For the designer 

the platform has the unique ability not only 

to design motion, but also to program, sim-

ulate, and speculate all at the same time 

(Fig. 2).  This type of animation space sus-

pends the distinction between representa-

tion and simulation, simulation and specu-

lation, making it very hard for one to deter-

mine which is which.  Are we representing 

the construction, or constructing the repre-

sentation?  Many times we are performing 

Figure 2 Composite Rendering used to combine animation techniques with physical testing as a new meth-

od for simulation and speculation in advanced manufacturing
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both.  Motion in architectural design is not 

reduced to previous notions of analogical 

representations in the generation of form, 

but instead taken literally, to use the de-

sign of motion to make new things for 

architecture.  It is the direct interaction of 

designers with their built environment and 

is not mediated through reductive graphic 

representations that often reduce the rich-

ness inherent in design.  The animation of 

a complex multi-robot scenario can be di-

rectly translated to robotic motion.

Although the platform has a 

multiplicity of functions regarding how it 

may be used, we must not forget that it ex-

ists in two very different spaces, with very 

different rules.  It can manifest itself in 

complex ways and on many different levels.  

It can be used to create fantastic worlds, 

but also be used for production purposes.  

However, some of the most interesting 

results been in hybrid or mixed reality en-

vironments in robotics (or advanced manu-

facturing speculation).  In this animation 

space, the composite (both virtual and real), 

can be both analytical and generative.  It is 

the layering of tracings, and the ability to 

spatially synchronize different architectural 

representations, through which we see a 

new type of speculative medium in archi-

tecture and manufacturing.  

This type of medium in robotics 

relies on the tracking and positioning of ob-

jects in motion.  It is highly dependent on 

the synchronization of cameras (Fig. 3) (the 

double description of the virtual and physi-

cal camera) and the motion of multiple ro-

bots in space and a set of parameters: the 

robot’s position and orientation in space 

over time in physical space and the virtual 

counterpart in the animated space.  This 

combination of animations and real video 

gives the designer a unique toolset in con-

structing manufacturing environments that 

Figure 3 Custom Camera Rig, with arduino controlled follow focus.  This tool allows the designer to see 

“through the arm” from a location outside of the robotic cell.  All features of a DSLR camera can be controlled 

from an external workstation. 
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Figure 4 Sequence of images showing the breakdown of “the net”.  First, starting with filming robots using 

green screen, then adding layers of virtual environment (foreground, midground, background), then adding 

lighting, color correction, and additional visual effects.
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may not yet want be constrained by real pa-

rameters such as material costs, etc.  This 

has the potential to act as a virtual mock-

up, without expensive investment in mate-

rials, etc.  In the experiment entitled “the 

net” in collaboration with Curime Batliner, 

we explored the potential of hybrid mixed 

reality environments by precisely tracking 3 

robots in space, and synchronizing both the 

virtual animation with real camera footage.  

The robots are positioned in a highly com-

plex digital environment (a net), which is 

being manipulated by the robot’s motions 

and simulated using the physics engine in 

Maya.  The series of images shown captures 

the layers of imagery in order to obtain the 

shot, which is a dynamic camera path, with 

real robots composited in a complex virtual 

environment (Fig 4).  The tracking, coordi-

nation, and overlaying of these different 

representational techniques has provided 

much feedback in understanding time, mo-

tion, and the translational discrepancies be-

tween digital and physical space.

Networked Machines – Communication 
Protocol

The global time slider in Maya is used to 

serve as the basis for physical robot mo-

tion.  Animation of multiple robots can be 

performed and exported to the robot con-

trollers for execution.  However, there are 

discrepancies in the timing of translating 

the digital model to actual motion.  The 

basic unit of time, 1/24th of a second, (or 

the “keyframe” in animation space), isn’t 

always the case in physical space.  Depend-

ing upon the complexity of the motion se-

quence, the conversion of speed from the 

digital model to the physical motion can be 

slightly varied.  For example, a minute long 

(or 1440 keyframe) animation may actually 

take 60.5 seconds to complete.  Although 

this may not be a problem in some cases,  

it is a cause of much concern for any task 

requiring coordination.  A second software 

component was developed in order to pro-

vide a flexible solution to collaborative ro-

Figure 5 Custom ipad interface for charla designed in Touch OSC that allows the user to configure and con-

trol the robotic network from one device.  The interface also has a feedback component, which allows the 

user to visualize each robot’s status in their program in real-time.
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bots called charla.  The tracking and posi-

tioning of multiple objects, machines, and 

tools in space is made possible by this ad-

ditional tool.  This custom software compo-

nent enables many objects to be in commu-

nication with one another, creating an ani-

mation timeline that adjusts in real-time, 

based on real motion control constraints. 

The first version of charla was constructed 

using a hardware approach, where robots 

were physically wired together using a se-

ries of relay switches.  Although in many 

cases this system proved to be successful, 

we found many problems in the processing 

of information.  For instance, mechanical 

delays and hardware malfunctions required 

us to rethink our approach.  The second 

version, called eCharla, uses a much faster 

and reliable ethernet based approach that 

writes a TCP server with socket communi-

cation.  eCharla is written in Python, using 

methods of synchronous programming.  All 

objects in the network require their own 

open port that sends data to a server which 

relays all information to the other nodes in 

the network.  All coordinated tasks require 

this higher level control model or “brain” 

which addresses many of the complexities 

of collaborative robotics; such as multiple 

robot arm scheduling and programming, as 

well as collision detection (Fig. 5).    

This system is based around 

the notion that the network is susceptible 

to modification.  The goal was to be able 

to virtually rig a machine, quickly locate its 

precise position in space in relation to other 

nodes, and integrate it into the robotic net-

work quickly so that the machines could be 

programmed and in communication with 

one another. This level of adaptation is ex-

tremely important in our research, where 

the designer can quickly configure alterna-

tive network behaviors. This approach is not 

constrained to just industrial robot arms, 

but can also be objects in the environment 

or end arm tooling.

Networked Manufacturing

This next example tests the platform on 

multiple levels; the implementation of ani-

mated machines, study of materials in mo-

tion, synchronous communication protocol, 

and embedded representational strategies.  

“Hot-Networks” is an experiment in repeti-

tive unpredictability.  It aims to capture the 

transient transformation of a material in 

motion and uses the randomness and wild-

ness inherent in materials as opportuni-

ties for design.  By applying the precision 

and accuracy of robots with the reaction 

of prolonged exposure to heat, the objects 

express themselves in multiple ways; high-

ly iterative and regular on one hand, and 

completely wild and irregular on the other.  

While typical manufacturing scenarios 

are obsessed with the production of large 

quantities of almost exactly the same ob-

jects, this duality produces a tension in each 

piece made, where no one object is ever the 

same and variation in material reactions is 

encouraged. 

The robotic cell consisted of mul-

tiple robots with different tools and tasks, 

in communication.  Everything is intercon-

nected in the network: representation, ma-

terial behavior, synchronous motion, and 

coordinated end of arm tooling.  The project 

explores additive manufacturing using a 

variety of different fabrication techniques; 

combining iterative picking and placing, 

with spraying and heating.
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The exercise used heat as a way 

to transform components in the form of 

piles and stacks, and also used paint as an 

additional process within the robotic se-

quence to apply various levels of transpar-

ency (Fig 6).  The robotic cell consisted of 

5 robots with overlapping work-spheres.  

Each robot performed a separate task; one 

filming the fabrication sequence, another 

picking and placing components, one air-

brushing, one positioning the work-surface 

(allowing for neighboring robots to reach 

when needed), and one applying heat for 

the fusion of components. The program-

ming of the robots was designed so that the 

robots’ tasks are offset (meaning when one 

robot moves to get another piece of mate-

rial, two of the other robots work together 

to paint the pieces that are placed). The 

sequence is also designed so that the work 

surface is dynamic, where it has the abil-

ity to move into neighboring robots’ work-

spheres for collaboration, while having an 

extremely accurate way of positioning the 

tube shaped components in space.  Many 

calibration tests were performed with the 

heating sequence that associated timing 

with formal implications.  This allowed the 

objects to have material and formal charac-

teristics that ranged between control and 

wildness (Fig. 7).   The objects could range 

from “pile” to “stack”, depending upon the 

amount of heat applied and the relation-

ships defined between robots.  Variation in 

form was a result of the timing and coordi-

nation of robots.

Figure 6 Hot Networks Experiment 1, showing robot collaboration to fuse PETG plastic components using 

heat and applied pressure
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Conclusion

The animated approach to robotics de-

scribed above provides the designer with 

a unique and robust platform that exists 

on multiple levels.  It satisfies the desire 

for speculation in manufacturing, blurs 

the boundaries between digital and physi-

cal spaces and projects ideas beyond the 

2-dimensional computer screen.  While also 

pushing ideas of architectural representa-

tions and communication, the platform of-

fers a “scaling up” of control models that 

allows designers the ability to visualize, 

choreograph, and program complex motion 

sequences of multiple robots or machines 

at once.  This approach to collaborative ro-

botic manufacturing caters to the designer.  

The interface is open and flexible, and wel-

comes an experimental approach to robot-

ics in architecture.
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Abstract In this paper interactive manipu-

lation procedures with CNC machines based 

on algorithmic design methods are discussed 

and illustrated by means of a practical ex-

ample. In conventional CNC aided workflows 

that lead from virtual models to physical 

ones, all design decisions must be made be-

forehand. The production processes are lin-

ear and inflexible, thus not utilizing the po-

tential of the machines as a design tool.

Accordingly, a concept is developed and suit-

able constraints are defined, allowing human 

interventions of an intuitive nature in the 

manufacturing process. The concept is im-

plemented by extending a KUKA industrial 

robot with a flexible open interface and con-

necting it to a network of sensors and input 

devices allowing the on-line control of the 

robot. This set-up is used to solve an exem-

plary design task, with the objective of piling 

up small wooden sticks.

Keywords: algorithmic design methods, 

interactive, on-line control, integration of 

digital and physical design tools, design 

theory
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An experimental approach to integrating 

digital and physical design methods 



83

Introduction

Design processes in architecture are non-

linear processes which are aided by physical 

and digital design tools. In this context the 

term “digital design tools” refers to soft-

ware tools capable of mapping relations 

and structures of mutual dependencies 

(Hovestadt, 2010, p.16), rather than elec-

tronic drawing boards. The use of such ad-

vanced rule- and information-based digital 

design tools requires a rationalization and 

quantification of design problems in order 

to be operationalizable and processable by 

the computer (König, 2011, p. 275). Physical 

tools, on the other hand, allow a direct sen-

sual dialogue and connection with materi-

als and their properties. They allow intuitive 

and spontaneous actions, but they lack the 

ability to represent semantic relations or 

information other than the ones inscribed 

in their physical properties, and therefore 

hardly meet today’s need to process all 

kind of information alongside the design 

 process.

The two worlds could comple-

ment one another in advantageous ways: 

‘A sensible model for the use of algorithmic 

methods must attempt to automate the 

resolution of operational problems and fa-

cilitate the solving of non-operational prob-

lems through a combination of man and 

computer. [...], a combination of intuitive 

and rational design strategies.’ (König, 2011, 

p. 278) The established rationalized digital 

design processes, based on parametric and 

algorithmic shape generation, need to be 

opened-up to spontaneous design impuls-

es, as well as to the physical world and its 

constraints.

In this examination we show a 

practical approach to bridging the gap be-

tween these digital and physical design 

tools and try to interlace them by estab-

lishing interfaces between the physical and 

digital realities. The basic principles of a 

complex design tool, complementing digi-

tal information processing with intuitive, 

physical interaction with real-world objects, 

are illustrated.

Figure 1 Case study: KUKA robot piling up wooden sticks



84

Interlacing

In order to link physical and vir-

tual realities, intermediaries between these 

two worlds are necessary. In this case ac-

tuators, which can transport information 

from the virtual into the physical and sen-

sors inversely from the physical to the vir-

tual world, are applied.

In an environment where digital 

and physical realities are interwoven, physi-

cal objects become representatives of im-

material information, and are at the same 

time turned into sources of information for 

their virtual pendant.

Materials and Methods

Requirements

In the following experiment, CNC-machines 

are not merely understood as manufactur-

ing automatons, but as universal actuators 

linking the digital to the physical world. 

They are part of a design tool that can be 

controlled interactively by the designer, 

during the fabrication process. The design 

and the fabrication process are no longer 

treated separately, they are rather unified 

in an open system, where design decisions 

can be made while the physical manufac-

turing process is in progress. Ultimately, the 

designer is not required to pre-describe the 

finished form anymore, only the process of 

fabrication needs to be designed. (Gramazio 

& Kohler, 2008, p. 9). 

Design Goals

The implementation of such a design/fab-

rication system requires certain things (Fig. 

2): first of all, actuators, manipulating in 

the physical world (in this specific case, an 

articulated arm industrial robot), need to be 

Figure 2 Actuators and sensors as intermediaries between the digital and physical model
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able to receive and execute commands at 

any time in real time, instead of executing a 

set of predefined orders. On the other hand, 

sensors (video camera, iPad, 3D coordinate 

measurement arm) have to deliver a stream 

of information from the physical world to 

the digital, for the possibility to influence 

and moderate the fabrication process.

System

The whole set-up has to be controlled by 

software which routes and processes the 

exchanged information to all the different 

components of the system.

One primary requirement was 

to build the system as simply, cheaply 

and openly as possible, to give students 

the ability to experiment with it, expand 

or transverse it to new platforms. Conse-

quently, the existing hardware was used, 

but proprietary interfaces were replaced by 

simple open (network) interfaces, enabling 

a communication based on XML telegrams, 

transmitted via TCP/IP on Ethernet. 

The network of sensor and ac-

tuator clients is linked by a server applica-

tion (Fig. 3), written in Python. This server 

handles the communication and the data 

exchange between the clients and it also 

includes a module containing the imple-

mentation of specific fabrication planning 

algorithms. All software was developed on 

Mac OS X, but with portability and platform 

independence in mind, meaning it should 

also run on Linux or Windows.

Figure 3 Server-client application

Figure 4 Communication between an iPad and the KUKA robot via the server-application: simultaneous 

movement of the end effector of the robot to the orientation of the iPad
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For the control of the KUKA KR 

60 HA robot, the KUKA.Ethernet KRL-XML 

module is used, which provides rudimen-

tary functions to exchange data as XML 

telegrams via TCP/IP during a running KRL 

program.

In the simple example above 

(Fig. 4), the server receives the accelerom-

eter data from the iPad over WLAN, evalu-

ates and converts it into frames (E6POS), 

and sends the coordinates to the KRL pro-

gram running on the robot controller, which 

then executes the commands and rotates 

the end effector according to the orienta-

tion of the iPad. Although the KUKA Eth-

ernet KRL-XML module is rather slow and 

induces significant lag in the communica-

tion, the motion of the robot still follows 

the movement of the iPad at a decent pace.

Algorithms

The data from the sensors or other input 

devices is not only used for directly control-

ling the movement of the robot, but also as 

an input for advanced algorithms to fabri-

cate complex objects, influencing high level 

calculations through feedback from the 

physical to the digital domain.

To design the shape-generating 

algorithms for this specific system, one has 

to consider certain aspects. The algorithms 

are not only based on a model of reality, but 

they are directly linked to the physical real-

ity. They have to be built upon the choice of 

materials, tools, sensors and input devices, 

and their respective properties.

There are essential differences 

in designing algorithms for shape genera-

tion in a solely virtual environment: in the 

physical world, for example, structures can 

only be assembled and disassembled in a 

specific order. While this and similar prob-

lems are easy to describe and comprehend, 

a rather difficult “soft” problem has to be 

kept in mind while designing these algo-

rithms: As user interaction is desired, it is 

necessary to ensure that the interaction is 

direct and transparent, in the sense that 

the user is able to understand the causality 

between his action and the reaction of the 

system, at least to a certain degree. One 

of the keys to achieving this is to keep the 

system highly responsive, by ensuring that 

cycle times are as low as possible. There-

fore, recursive algorithms solving a problem 

step by step, while each iteration requires 

only a short time to calculate and execute, 

are generally preferred, even though more 

efficient approaches may exist.

Through the definition of rules, 

the algorithm describes not only one possi-

ble solution, but contains a solution space. 

“The result depends on the particular cir-

cumstances found in the individual forma-

tion processes. The algorithm, the code, can 

be interpreted as the genotype, and is the 

basis of any development, whereas the dis-

tinct generated shapes are the phenotypes.” 

(Alexander, 1964)

Case Study

General

The equipment/setup for the following ex-

periment consists of a KUKA KR 60 HA ro-

bot (as actuator) with a customized vacuum 

lifter as end effector (Fig. 5, left), a stan-

dard webcam for optical tracking, mounted 

underneath a light transmitting translucent 

tabletop (Fig. 5, right), and wooden sticks, 
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5×5 mm, each with a different length be-

tween 150 and 300 mm (see also Fig. 1).

The rather simple problem of pil-

ing wooden sticks is well suited to exploring 

certain advantages of the proposed system. 

The design task: to create a pile of straight 

wooden sticks with equal square cross 

sections but with different and unknown 

lengths, features both intuitive and com-

plex rational aspects.

As the pile of sticks grows, it be-

comes increasingly difficult for a human be-

ing to maintain structural integrity without 

limiting the overall shape to some simple, 

easy to understand structural system. So 

this task is handled by rationalizing the 

problem of stability and implementing an 

algorithm that ensures that the pile is sta-

ble, while not limiting its shape in an unnec-

essary way. The algorithm keeps track of all 

sticks placed and calculates stable positions 

for placing new ones.

While the algorithm only creates 

stable piles it does not create a specifically 

shaped pile. There is no explicit formal defi-

nition of the final shape inscribed, which 

opens up the design/fabrication process 

to intuitive and spontaneous formal deci-

sions. The designer gives an initial impulse 

for the shape generation by positioning 

several sticks, the base layer, in a distinct 

manner (Fig. 6). As the pile grows, it is up 

to the designer to offer one or several sticks 

of choice to the robot. The stick’s orienta-

tion, center point and length are extracted 

from a camera image and fed to the piling 

algorithm.

Figure 5 Customized vacuum lifter (left); table for camera-tracking (right)

Figure 6 Initial position, final state, and a rendering of the simultaneously generated 3D model in McNeel 

Rhinoceros 5
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Thus, the overall shape can be 

controlled spontaneously by the designer. 

The final outcome derives from the initial 

configuration of sticks in the base layer, 

and depends on the different sticks placed 

on the table for the robot to pick them up 

and integrate them into the structure. In 

the ongoing process the designer can also 

take elements away that don’t fit certain 

conditions, or let the robot rebuild parts of 

the already built structure. 

Piling Sticks

The main problem addressed by the piling 

algorithm is stability. Once the dimensions 

of new beams are determined by analyzing 

the camera image, it is necessary to find 

a suitable place on the pile where the new 

beam fits and would not cause the pile to 

collapse.

To solve this problem it is neces-

sary to keep track of all members of the pile, 

and how they interact with each other. This 

information is stored in a graph and updat-

ed with each beam added or removed. Each 

beam along with its properties like length 

and weight is represented by a node in the 

graph, the edges of the graph correspond to 

the points at which the beams rest on each 

other. For every beam the actual reaction at 

the bearing points, as well as the maximum 

bearing load under which the structure re-

mains static, is stored.

With this information and the dimensions 

of a new beam at hand, it is possible to de-

termine a domain of stability, within the 

parameter space of all possible positions 

and orientations of the new beam. From 

this domain any point can be chosen, and 

the beam can now safely be placed without 

compromising stability (Fig. 7).

If the position of the first bear-

ing on one stick is defined, there are various 

maximum and minimum conditions for lim-

iting the solution space for the position of a 

second bearing on another stick. The inter-

section area of all maximum and minimum 

conditions represents this solution space.

Recognizing Sticks

In the experiment, the small wooden sticks 

are detected by a simple high definition 

USB webcam (Fig. 8). Although the camera 

delivers a high resolution image, this im-

age is distorted. The edges of the wooden 

elements are detected by applying a Hough 

Figure 7 Intersection (colored area) represents possible positions for a stick C on stick A and B
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transformation to the image. From the re-

sult the length, orientation and center point 

of all visible members are calculated. The 

coordinates of the camera need to be trans-

formed into the base coordinate system of 

the robot and, due to the distortion referred 

to,these results also need to be linear-

ized before being used. The linearization is 

achieved by performing a spline interpola-

tion on a 15 by 10 points reference grid. The 

achieved overall accuracy turned out to be 

+/- 0.5 mm.

Visualizing Sticks

Along with the graph, a 3D model of the pile 

is created in McNeel Rhinoceros 3D (Fig. 8, 

9). Rhinoceros is integrated into the system 

as just another client, linked to the server 

application via Ethernet exchanging data by 

XML.

On one hand, this enriches the 

experiment with the possibility of contrast-

ing the physical with the virtual model. 

In contrast to the common chronological 

order, the virtual model evolves synchro-

nously with the fabrication of the physi-

cal object, and does not exist beforehand. 

On the other hand, it is possible to utilize 

Rhinoceros’ functions to perform geometry 

processing, and it also allows the use of its 

powerful graphical user interface. This en-

ables high level user interaction with the 

digital model. In the experiment a function 

was implemented to remove sticks from 

the digital model in Rhinoceros which in 

turn can be automatically removed from 

the physical object by the robot. Besides 

that, if the user removes a stick from the 

physical structure, the digital model needs 

to be updated manually to ensure consis-

tency. This can be also accomplished within 

the Rhinoceros graphical user interface.

Discussion

Each element in the physical structure has 

its representative in the digital structure, 

and is therefore directly linked to an im-

material digital logic, while on the other 

hand each computed position of a stick de-

rives from its respective physical properties 

(length and weight). In this case study the 

algorithm is limited to rules that refer only 

to static conditions, but it is extendable, 

and one could integrate rules/conditions of 

any kind. 

Figure 8 User Interface of the server application and digital model of the stick pile in McNeel Rhinoceros 

3D. / Camera tracking: finding the positions of the sticks in the base layer
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Feedback

The experimental setup was designed 

to achieve user interaction, without us-

ing a dedicated external input device, but 

through direct manipulation during the pro-

duction of the physical object. As an impor-

tant consequence, a feedback loop is creat-

ed (Fig. 10). As the input parameters for the 

shape generation algorithm are extracted 

from sensors monitoring the physical ob-

ject, the actions planned by this algorithm 

and carried out by the actuator are moni-

tored as well and affect the input data. This 

feedback loop incorporates the virtual along 

with the physical domain. The feedback can 

be utilized in various ways. Together with a 

properly designed algorithm it can help to 

create robust and fault tolerant systems, 

capable of recovering from errors or im-

proper user inputs. But feedback is also a 

key ingredient in the creation of systems 

that show complexity even though they are 

based on very simple rules. While this kind 

of emergence can already be observed while 

studying purely digital feedback loops, in-

corporating the physical world opens up a 

lot of new possibilities. In many cases it can 

even help to simplify the algorithms, as the 

direct incorporation of physical properties 

makes their digital simulation obsolete.

Responsiveness

As observed in the described experiments 

and studied in depth in “Nach vor und 

zurück” (Dörfler, Rust, 2012), responsive-

ness is a very important issue when design-

ing the system to link digital and physical 

design tools. The user interaction has to be 

direct and transparent, in the sense that 

the user is able to understand the causality 

between his action and the reaction of the 

system, at least to a certain degree.

The time lag has to be low, while 

within this context, specifying “low” de-

pends on the set-up. In one situation, a 10 

second delay may be fast enough to give 

the user a feeling of interaction, whereas in 

another case, even a fraction of this would 

be too long.

Future Development

The combination of automated processes 

with intuitive actions in an interlaced physi-

Figure 9 Piled up sticks, walnut
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cal/digital setup, as approached in the de-

scribed case study, can offer the designer a  

playful environment within which the solu-

tion of rationalized problems is taken over 

by the machine, thus freeing the designer 

to follow direct impulses.

With the robot’s individual cus-

tomization, the development of the exter-

nal control via network, and its extension 

with different sensors, the tool is raised 

above its predetermined functionality and 

can be used within this new context. To 

expand the functionality further, the next 

steps would be to take full control of the 

tool path interpolation and establish a hard 

real time system for the data exchange be-

tween the clients. 
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Abstract This paper presents a software 

integration initiative that aims to improve 

industrial robots programming ergonomics, 

in order to facilitate their use in architecture 

teaching and research contexts. We here dis-

cuss technical and understanding issues that 

led to this initiative and allowed the defini-

tion of a methodological framework shared 

by both contexts of use of the project.  We 

propose an extension of an existing and 

widely used VPL (Grasshopper) to make it 

compatible with simulation and instruction 

generation methods used for robot program-

ming and control. We illustrate the proposed 

approach through the presentation of the 

HAL plug-in, written in order to quickly repro-

gram ABB robots, and its use in several full-

scale prototyping and teaching experiments.

Keywords: programming, interface, real-

time, teaching, research 

Thibault Schwartz

HAL

Extension of a visual programming language 

to support teaching and research on robotics 

 applied to construction
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Introduction

Democratization of CAD technologies, per-

ceptible in architecture schools as well as in 

the construction community, progressively 

led during the last decade to the creation of 

groups combining students and profession-

als seeking to extend their morphological 

research undertaken at a  “virtual” level, to-

wards a systematic experimentation prac-

tice of manufacturing methods of these 

geometrical abstractions. As a result, and 

taking advantage of lower cost CNC ma-

chines (routers, laser cutters, 3D printers, 

etc.), rapid prototyping workshops of nu-

merous universities and R&D offices have 

become genuine micro-factories. Even so, 

the limited size of this equipment – whose 

primary function is to produce models – 

makes it difficult to shift to the production 

scale required to experiment with building 

systems and their industrial manufacturing 

processes. This context of educational and 

research infrastructure development par-

ticipates nowadays in the gradual integra-

tion of robotic arms – industrial machinery 

if ever there was one – in universities and 

construction sciences-related offices.

However, the whole range of dif-

ficulties involved in this integration is often 

underestimated: if most of the traditional 

workshop equipment is almost immediate 

and intuitive to handle, the use of a robot 

requires a significant learning time. In an 

educational context, this period of appren-

ticeship and equipment mastering is highly 

problematic, given the short project cycles 

(semesters) that punctuate students’ edu-

cation and during which they only have a few 

weeks to discover, master and use exten-

sively a new type of machinery they barely 

knew anything about. In a research and de-

velopment (R&D) environment, learning is 

often easier, depending on the professional 

activity of the participants. In such a case, 

the integration problems lie at the general 

workflow level, where the implementation 

of a robust and flexible interface in line with 

existing hardware and software infrastruc-

tures can prove to be onerous.

Therefore, this paper proposes to 

address several hypotheses concerning the 

development of robot control interfaces, in 

order to pool and meet the needs faced by 

these environments of experimentation.

Constraints: Programming Interfaces 
Requirements and Limitations.

 Intimately linked to the invention of CNC 

Figure 1 Pre-punched program tape, control panels and  general view of the MIT’s Cincinnati Hydrotel 

3-axis milling machine, early working prototype of NC (Numerical Control) technology (Pease, 1952)
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machines, programming strategies and 

their relative — software and hardware — in-

terfaces have been a controversial subject 

since the early 40’s. Historically, as Noble 

(1984) exposed, two strategies were — 

and still are — mainly discussed: program-

ming by demonstration (PbD) also known 

as “teaching” and promoted by Sponaugle 

(1944), de Neergaard (1945), Leaver (1949), 

G. Devol (1952, 1956); and offline-program-

ming, favored by Parsons (1958) and by 

Pease, McDonough and Forrester (1962) 

and around which CNC-routers technolo-

gies have been initially developed at the 

MIT (Fig.1). The first strategy is an attempt 

to ease the access and control of the ma-

chines for operators and on-site workers 

but is very time-consuming and can be rela-

tively imprecise; while the second strategy 

is to restrict control to engineers and pro-

grammers but allows the full use of the ma-

chine’s ability to process language(s) and to 

integrate abstract — and absolute — data to 

a program for interaction purposes. 

Regarding robot technology, 

the requested computing capacities and 

the complexity of simulation systems have 

long been obstacles to offline program-

ming: unlike 3-axis routers that have each 

axis correlated with one vector of a three-

dimensional Cartesian coordinate system 

(e.g., axis1=X, axis2=Y, axis3=Z), robotic 

arms operate in space with — usually — at 

least 6 degrees of freedom. For this reason, 

the position solving of a robot is not instinc-

tively “predictable” and necessitates much 

more computing time.  If we now have far 

more sophisticated computers that are able 

to achieve these calculations within a few 

hundredths of seconds, the gains of the 

evolution of offline programming interfaces 

for robots are still very limited. As a matter 

of fact, the programming approach largely 

remains “manual” and time consuming: 

these digital interfaces have long persisted 

in reproducing analogue teaching proce-

dures, inducing significant programming 

time and constituting an ergonomic contra-

diction with computers solving capacities, 

which are theoretically able to exploit com-

plex geometrical models to generate tool 

paths with minimal human intervention.

During a few years, robotics 

software solutions have integrated — as  

has   been the case so far for 3 to 5 axis CNC 

machines — a certain level of compatibility 

with 3D models within their products (Lee 

& ElMaraghy, 1990; Bottazzi & Fonseca, 

2006). This recent generation of program-

ming interfaces, mixing a lot of robot con-

trol technology and very little control of the 

geometry, are primarily intended for in-

dustrial manufacturers in order to produce 

parts designed by third party developers, 

and perfectly fulfill their task.  

However, architects, building 

scientists and students are in an oppo-

site situation: as designers, they need to 

be able to integrate robotic manufactur-

ing constraints at the very outset of their 

3D sketching or geometrical programming 

practice. Furthermore, and as mentioned in 

our introduction, their interest in robot pro-

gramming is primarily based on the need to 

rapidly produce prototypes of components 

whose geometry is, in most cases, unique. 

Therefore, this constraint of non-standard 

production requires the user to remain at 

a certain level of abstraction allowing both 

geometry and robot motion control,  in oth-

er words a programming language level, in 

order to minimize manual operations that 
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are repeated through each component to be 

produced, such as drawing extraction or tool  

configuration.

Nonetheless, the traditional 

CAD/CAM programming approach (model 

import, objects extraction and manipula-

tion, tool path generation from objects) 

remains viable under the obvious condition 

that such operations are fully automated: 

the main interest in CAD contexts is that 

constituent elements of the final geometry 

to be manufactured are already isolated 

within the model, which allows a direct link 

between the geometric or algorithmic mod-

el and the tool path generation and simula-

tion to be considered. 

On the basis of the precedent 

hypotheses, we can then draft the list of 

constraints and limitations of an optimal 

programming interface for designers:

1. Advanced geometry modeling function-

alities for sketching and model manipu-

lation.

2. Compatibility with 3D files formats, for 

both meshes and NURBS geometry to 

optimize data-exchange between CAD 

platforms and preserve high-precision 

models.

3. Real time processing of geometry in or-

der to refresh robot positions and tool 

path modifications preview.

4. Compatibility with a full geometry-based 

programming and configuration ap-

proach, allowing basic users to almost 

ignore text-based robot programming 

knowledge requirements.

5. For research and advanced use purposes, 

compatibility with common program-

ming languages (C++, VB/C#, Python, 

Java, etc.) in order to be able to link 

specific peripheral applications (e.g. for 

structure optimization and form-finding, 

stock management, database synchroni-

zation, product documentation, etc.) as 

well as robot-specific applications. 

Integration Strategy

To partly solve the problems related to 

building such an interface, we considered 

different scenarios of software plug-in cre-

ation for CAD and CAM tools presenting 

interesting features, and finally chose to 

use Grasshopper (Fig.2), a visual program-

ming language (VPL) developed by David 

Rutten and running within the Rhinoceros 

modeler, as a main support of develop-

ment. Since this selection allowed many of 

the previously mentioned prerequisites to 

be fulfilled, but had no specific functionality 

to control or program robots, we have been 

able to freely interpret the accessibility and 

prioritization of these additional functions. 

The simultaneous and posterior 

emergence of similar approaches using dif-

ferent robot brands - KUKA|prc for KUKA 

robots by Johannes Braumann & Sigrid Brell 

Çockcan (2011)[1] and [S]GSC for Stäubli ro-

bots by Brian Harms (2012)[2] — convinced 

us from the earliest stages of development 

of the absolute necessity of full compatibil-

Figure 2 Screenshot of an annotated expression-

based operation defined using Grasshopper
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ity between this new interface and the ex-

isting Rhinoceros and Grasshopper function 

libraries, as well as with other third-party 

programs and plug-ins that enrich this lan-

guage and designers’ sets of tools over the 

months. In this perspective of systematic 

genericization, which we think is the main 

quality of any design tool, we developed our 

interface depending on two main integra-

tion objectives.

As a first step, we considered 

that the use of specific data types with 

which other components would not be com-

patible had to be avoided, as the partition-

ing of data types contradicts their possible 

manipulation with other tools, which would 

lead to some significant limitations for both 

use in an experimental teaching, or broader 

R&D workflows. On the other hand, the use 

of custom data types eases the wrapping of 

multiple primary data into complex — and 

conceptually more accurate — entities, thus 

reducing the amount of elements to declare 

in highly specific algorithms, and minimiz-

ing the amount of code involved to rebuild 

properties between those primary data. 

Taking kinematics solvers as an example, 

the reduction of robot configuration-re-

lated data (articulations locations, rota-

tion domains, joints geometry, etc.) into a 

single “Robot” entity facilitates the simul-

taneous use of several solving algorithms 

while maintaining a common data structure 

throughout the computation process. In 

order to maintain cross-compatibility with 

other robot-related tools while making use 

of these new data types, we then decided 

to expose the generic “Robot” wrapper — 

and a lot of other custom types — in a sepa-

rate public class library that we initiated 

(GenericCAM.dll) in order to centralize these 

CAM-related data types and methods. This 

particular measure has a major impact in 

terms of use.  It is thus possible to develop 

tool correction algorithms, tool paths or 

reference axis systems modifications syn-

chronized with sensors (e.g. to create real-

time robot teaching applications using ex-

ternal devices), or even various mechanical 

simulation integration, by simply inserting 

complementary (eventually developed in-

house) components between the basic ro-

bot interface functions. “OSC to HAL” and 

“HAL to Controller” plugins — which enable 

the use of smartphones, midi devices and 

grasshopper buttons for real time control of 

ABB robots — are a good illustration of this 

cross-compatibility aptitude. To make such 

interactions possible, a second point had 

to be carefully studied: the subdivision of 

simulation, instruction generation and cali-

bration processes, as well as their adequate 

representation in order to preserve their 

generic and neutral status, separated from 

any construction or tooling-specific logic. By 

extension, this subdivision is also supposed 

to ensure the compatibility of most of these 

functions with different brands of robots, 

although each manufacturer uses different 

programming languages for their machines.  

Specific utilities and components can then 

be sorted according to:

1. Data or objects (as generic data types) 

they are designed to manipulate: tar-

gets, end-effectors presets, robot-spe-

cific instructions, list of attributes, data 

structures syncing, etc.

2. Specific equipment and/or machining 

methods they can control: milling, hot 

wire cutting, pick and place, 3D printing... 

3. The overall programming chronology in 
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which they fit: collision simulation, data 

streaming, kinematics solving, etc.

While the other previously men-

tioned interfaces available for various robot 

brands usually focus on the provision of 

simplified simulation functionalities encap-

sulating many variables and thereby em-

phasizing their ease of use, the approach 

introduced in the development of HAL has 

always been to provide highly “neutral” 

components in order to expose most of the 

robot programming language capabilities, 

and to facilitate the simulation of complex 

automated systems involving different ro-

bots and third-party devices. However, just 

like KUKA|prc and [S]GSC, HAL also offers 

simplified functionalities to enable fast 

learning of the basic industrial robotics-

related concepts, and to enable a quick 

transition to the most advanced features 

involving RAPID instructions programming 

and the development of complex manufac-

turing strategies.

Implementation

Although it required several months of 

successive trials and improvements (v0.01: 

June-October 2011; v0.02: October-Decem-

ber 2011; v0.03: January-February 2012; 

v0.04: August-September 2012), the imple-

mentation of this library occurred relatively 

naturally, and broadly follows the theo-

retical prioritization mentioned above. An 

ABB IRB120 robot (580mm) was used as a 

main testing machine, while some debug 

operations were also carried on an IRB140 

(810mm), an IRB1400 (1440mm) and an 

IRB6400 (2400mm) robot.

The software operates with five 

core components: 

1. An OpenSoundControl (OSC) messages 

translator that allows real-time robot 

control and teaching using smartphones, 

tablets, midi devices, etc.

2. A multi-robot compatible forward kine-

matics solver, allowing to link real-time 

Figure 3 Chronology of a basic robot program elaboration process and enumeration of some of the main 

algorithms that can be used for each steps. HAL provides default algorithms for each of these stages, as 

well as several utilities, easing their modification or substitution with custom-made components.
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control/teaching processes to the main 

simulation.

3. A multi-robot compatible inverse kine-

matics solver, around which simulation 

components can be used to program tool 

paths from geometrical data.

4. A post-processor that automatically 

generates the robot instructions from 

the solving data using the ABB-RAPID 

programming language, which results 

can be formatted and supplemented 

with additional programming functions 

libraries.

5. A bridge to virtual and physical robot 

controllers for data streaming and pro-

gram execution control.

As evocated previously, we took 

advantage of this implementation exercise 

to try to facilitate some advanced approach-

es, especially in terms of multi-robots sim-

ulation and advanced tasks programming. 

The inverse kinematics solver is thus com-

puting differently depending on the data 

structures it receives: with a robot base 

axis systems data tree structure as input, 

it will automatically create as many robots 

as axis systems. If one target is provided, 

it will attempt to compute all robots kine-

matics in order to reach this specific target. 

If a data tree of targets is provided, it will 

try to match robot entities with targets of 

the equivalent allocation level. This mecha-

nism, also present in many other compo-

nents (e.g. to automatically generate nest-

ing of RAPID loops or procedures), allows an 

easy and quick simulation of the behavior 

of multiple similar robots and their possible 

interactions with a minimal amount of code 

and programming effort.

R&D Applications

As a research interface, HAL has been 

tested in different project prototyping 

situations. For EZCT’s u-Cube construction 

system project (EZCT, 2012), the interface 

has been used to realize EPS molds for cast-

ing Ultra High Performance Fiber Concrete 

(UHPFC) lattices. HAL was performing in 

conjunction with experimental surface dis-

cretization algorithms and other procedures 

being developed in Mathematica and Grass-

hopper, and allowed  several mold solutions 

to be quickly prototyped (Fig.4).

In order to test the interface 

robustness in a production context, three 

full-scale EPS shell prototypes were also 

produced. The first two “Automated Foam-

Domes”, were both composed of 152 parts, 

with a height ranging from 2.4m (#2) 

(Fig.5)(Schwartz, 2011) to 2.7m (#1). These 

pieces were entirely prefabricated using 5 

to 6 standard 80mm insulation foam pan-

els, and machined using a 300mm wide hot 

wire cutter mounted on an IRB120. HAL was 

used in order to automatically generate the 

76 different tool paths allowing the prefab-

rication of the 152 constructive components 

of which all 6 faces were cut (computing 

time of both simulation and code genera-

tion without collision solving: ±200ms by 

part, ±15s for the entire prototype). The link 

between geometrical generation and real-

time robot simulation allowed the optimi-

zation of material needs and fabrication 

process and reduced fabrication costs and 

duration (only 16 hours of prefabrication for 

the second prototype: ±7min by part).

A similar approach was used 

for the third full-scale EPS prototype, a 

2x5x3.5m parabolic vault (Schwartz, 2012), 
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in which the shell discretization has been 

specifically studied in relation with the 

IRB120 dimensions and kinematics in order 

to obtain 500x650x90mm panels (slightly 

bigger than the robot itself), therefore 

multiplying the average panel size used for 

precedent prototypes by 4. Temporary parts 

were extracted from 1200x1200x600mm 

EPS blocs directly by the robot using a 

670mm wide hot wire cutter, before being 

individually machined properly using the 

same end-effector. HAL facilitated the very 

delicate programming of both extraction 

and machining of the 160 different panels, 

operations which were difficult to manage 

due to the large size of the cutter and re-

quired very precise calibration and tool path 

configurations because of the use of the 

robot maximum kinematic capabilities and 

the related multiplication of imprecisions. 

Assembly slots were also cut in the panel 

during the final part machining. The tool 

path extraction and instruction generation 

including complete collisions solving (robot-

robot, tool-robot, tool-part, robot-part, 

tool-context, robot-context) were comput-

ed in ±900ms for each part (±2min 30s for 

the whole prototype).

Teaching Applications

As a pedagogical support, HAL has been 

used in different structures, both as part 

of architecture student general courses and 

as part of research-oriented workshops. 

For instance, several seminars have been 

proposed during the early phase of the plu-

gin development by Felix Agid (EZCT) at 

the Ecole des Beaux-Arts du Mans (ESBA 

TALM) in partnership with the Ecole d’Art 

et de Design de Valencienne (ESADV) and 

the TU-Delft Hyperbody Research Group; 

and at the Paris-Malaquais school of archi-

tecture (ENSAPM).  The first 2 week semi-

nar, held at Le Mans and Rotterdam, was 

part of a new larger pedagogical laboratory 

(Synthetic-lab) mixing robotics, material 

sciences and neurosciences within art and 

engineering. During these series of work-

shops (one week of initiation in generative 

programming and robot simulation, and 

one week of production), a 3-meter-high 

full-scale foam structure was realized by 

8 art students. The second seminar, at 

Paris-Malaquais, allowed 14 undergradu-

ate architecture students to experiment 

with the robotized hot wire cutting process 

Figure 4 Structural UHPC mesh sample from EZCT’s 

u-Cube construction system

Figure 5 IRB120 robot running a demonstration pro-

gram next to the Automated FoamDome #2 during 

the Synthetic 2012 exhibition 
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linked with Kinect sensors. In only one week 

the students implemented simple fabrica-

tion strategies linked with capture-based 

3D models, and produced a series of EPS 

prototypes using Grasshopper with Firefly 

and HAL plugins (Fig.6)(Agid & Nguyen, 

2012).  Since its first release on the internet 

in November 2011, HAL has also been used 

and tested by several architecture schools, 

such as the Harvard Graduate School of De-

sign where a design team used it to shape 

tectonic ceramic elements with CNC robotic 

wire cutting (Andreani & Garcia del Castillo 

& Jyoti, 2011). This experimentation has 

been extended to an educational workshop, 

Ceramics 2.0, during the Smart Geometry 

2012 conference (Fig.7) during which 10 stu-

dents and professionals developed and pro-

duced a series of various ceramics elements 

(ornamental and structural components).

Conclusion

This paper introduces a VPL-based robot 

programming interface implementation 

based on pedagogical and research require-

ments in the area of architecture and build-

ing sciences. It is shown that needs for an 

easy to use, yet, robust integration of robot 

programming in 3D CAD software leads to 

several adjustments of traditional robot 

task modeling and planning in order to 

meet architectural and constructive purpos-

es. The observable multiplication of robot-

ized fabrication solutions and their related 

control technologies - leading to an inevita-

ble proliferation of similar software devel-

opment experiments — invites to a broader 

debate on the structurization of such pro-

grams, on the type of knowledge they allow 

to acquire, and on the industrial production 

strategies they help to shape. In light of the 

increasingly common teaching experiments 

conducted in architecture schools involving 

CNC machine programming, it also seems 

desirable to maintain a relative rigor in the 

teaching of such technologies in order to 

preserve a strong link between this growing 

automation-oriented knowledge, and the 

geometrical, structural, economic and so-

cial valuation of their resulting (digital and 

material) production. As a guaranteed intel-

lectual and conceptual benefit for architec-

ture practice from robotics still remains un-

certain (unlike the very predictable savings 

resulting from the usage of programmable 

devices in construction sites), we believe 

that the systematic exposure of control 

and simulation technologies mentioned in 

Chapter 3 is necessary to preserve at least 

a minimal consciousness of the design pro-

cess limitations that automation induces 

or helps to shape. Future improvements of 

the proposed interface include the support 

for external axis, interchangeable post-

processors, and extended functionalities 

Figure 6 “Gestes et Trajectoires” workshop at ENSA Paris-Malaquais
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for human machine interfaces (HMI) ex-

periments. Since September 2012, we have 

been undertaking additional pedagogical 

and research applications involving HAL at 

the Bartlett (London), TU Innsbruck (Inns-

bruck), the Paris-Malaquais school of Archi-

tecture (Paris) and ENSCI’s FabLab (Paris), 

which will assuredly continue to shape and 

mature this new, but yet  robust, tool.
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Abstract While applying robots for auto-

mating brickwork has been subject of re-

search for several decades, the design poten-

tial inherent in a non-standard robotic brick-

work process has only recently caught the 

attention of designers and architects. The 

robotic process enables the controlled posi-

tioning of each individual brick within a fa-

çade. Due to their limitation in designing 

with a large number of elements, traditional 

CAD systems do not qualify as a design tool 

for robotic brickwork processes. New robotic 

fabrication process demand new design 

tools. The presented software addresses this 

shortcoming and provides methods to con-

trol and manipulate a large number of bricks, 

enabling the design possibilities that emerge 

from a robotically controlled non-standard 

brick assembly process to be explored. By 

further providing the basic data for the con-

trol of the robotic system, the software com-

bines digital design and fabrication into a 

computational planning tool.

Keywords: design tool, parametric model-

ing, robotic assembly, brickwork
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Matthias Helmreich

BrickDesign

A software for planning robotically 

controlled non-standard brick assemblies
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Introduction 

The key to activating the flexibility inherent 

to a robotic system is its programmability: 

As illustrated by several recent brickwork 

projects, digital design data can directly be 

used to control the robotic system, thereby 

enabling the architect to explicitly control 

the building process and realize novel con-

structive systems and non-standard design 

solutions (Bonwetsch et al., 2007; Gramazio 

and Kohler, 2008; Baertschi et al., 2010). 

Given the potential to individually position 

each brick, the question arises about how 

to design a non-standard brick façade con-

sisting of several ten thousand bricks. The 

conventional way for an architect to repre-

sent a brick wall in plan is to define its outer 

boundaries, without explicitly defining each 

single brick. Traditional CAD systems entail 

this representation but offer no tools to 

efficiently compute and represent a non-

standard brick wall from its constituent ele-

ments. 

For standard brickwork this in-

formation is sufficient. Given the bond type 

and the dimension of the brick unit a mason 

with his implicit knowledge and experience 

can easily erect such a wall (Lynch, 1994). 

Moreover, in order to explore the full design 

space spanned by the non-standard robotic 

fabrication process, a computational model 

depicting each single brick is necessary. In a 

conventional CAD-system this would imply 

modeling every single brick and placing it 

‘manually’ at the desired position in space. 

Such an operation would be unjustifiably 

time-consuming and in terms of impracti-

cality resembles the manual construction  

of such a brick façade. Therefore, the pos-

sibilities opened up by digitally controlled 

robotic fabrication processes clearly require 

new design tools.

In this paper we discuss a com-

prehensive new approach to this field of ar-

chitectural research: the design tool Brick-

Design, which is conceptually based on the 

creative control of a large number of units 

in order to foster a systemic, unifying plan-

ning process. In this, the software allows 

the design of a façade from its constituent 

elements — the bricks – rather than through 

an overall geometry. Thereby BrickDesign 

enables to explore the full design space 

spanned by the possibilities of robotic fab-

rication processes and implements these in 

a wider architectural planning process. 

Design Tools for Robotically Assembled 
Brickwork

The extensive research on robotically fabri-

cated brickwork in the 1980s and 1990s fo-

cused solely on standard brickwork (Koda-

ma et al., 1988; Slocum and Schena, 1988; 

Lehtinen et al., 1989; Malinovsky et al., 

1990; Chamberlain et al., 1991; Altobelli et 

al., 1993; Rosenfeld et al., 1993; Pritschow 

et al., 1994; Andres et al., 1994). Specific 

software tools were not necessary for the 

initial design stage, but only became impor-

tant at the stage of generating the control 

code for the robotic system. In a top down 

process a given wall defined by its bound-

aries is broken down into the position of 

each individual brick (Herkommer and Bley, 

1996). More recently, Cavieres et al. (2011) 

have emphasized the importance of inte-

grating knowledge-based parametric tools 

already at a conceptual design stage. For 

a very similar problem of concrete masonry 

walls they propose parametric templates 
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that embed construction and structural 

design knowledge, while omitting fabrica-

tion constraints. Although applicable at an 

early design stage, the initial brick distribu-

tion relies on an input surface similar to the 

top down process of Herkommer and Bley 

(1996). Due to the lack of appropriate soft-

ware tools our own robotic brickwork proj-

ects mentioned above generally relied on 

custom scripting (Baertschi et al., 2010). The 

developed scripts are highly project specific 

and cannot be readily generalized on a more 

abstract level in order to address a broader 

scope of design exploration. A first attempt 

for a design tool for robotic brickwork was 

the web-based software Creator, which al-

lows the user to map images on a brick wall 

element. However, the design possibilities 

are very limited. The user can merely choose 

the height and length of the wall, as well as 

an image to project onto it [1].

ROB-Walls

The limitations of the design tools con-

trasts with the possibilities opened up by 

the robotic fabrication process. In a previ-

ous project,already, a non-standard brick 

façade system was realized. In collabora-

tion with Keller AG Ziegeleien a material and 

construction technology was developed, 

as well as generic computational driver for 

generating control code for the specific ro-

botic setup [2]. 

The driver software enables an 

individual design of a brick assembly from a 

CAD program to be automatically exported 

to the robotic system. The driver converts 

the data into control data for the fabrica-

tion process, it generates the necessary 

gluing paths and handles collision problems 

specific to the robotic setup (Fig. 1).

Figure 1 Robotic setup of automated brickwork process
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BrickDesign

The applied research project BrickDesign ad-

dresses the above mentioned limits on the 

design software and complements the pre-

liminary work of the robotically fabricated 

brick façade system ROB-Walls by provid-

ing the essential starting point in a digital 

chain that directly links the design with the 

fabrication process. The goal is to provide a 

design tool that integrates the parameters 

of a robotic brickwork process, while offer-

ing a high degree of freedom at an early de-

sign stage [3].

Foremost, it enables the con-

trolled design and manipulation of a large 

amount of discrete elements, the individual 

bricks. It offers a parametric design envi-

ronment, which allows for a fast buildup 

of façade geometries, which can easily be 

adapted to changing design intentions and 

requirements. Further, different methods 

that manipulate the local position of in-

dividual bricks can be applied to map pat-

terns on a façade. These methods can be 

extended ad libitum by the user through an 

open script interface that gives access to 

a number of brick parameters. BrickDesign 

is designed as a plugin to a common CAD 

system, so that the design of a brick fa-

çade can be integrated in the standard de-

sign and planning process. In order to meet 

practical demands the software was devel-

oped in close collaboration with architects. 

Following the spiral model for software 

development defined by Boehm (1986), in 

an iterative process several software pro-

totypes were built and tested on real world 

Figure 2 BrickDesign objects, the dark tinted bricks highlight the defining bricks. All other bricks are gener-

ated automatically by the software.
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projects. For the development,Rhinoceros 

[4] is used as a host system, but the core 

of the software is independent and can be 

ported to other CAD systems in the future. 

Below we highlight some of the concepts of 

the software.

Designing with bricks

The core concept of the software is that 

the brick unit is the basis for every action 

performed. Basically, a design is generated 

through drawing, placing and manipulating 

individual bricks. This bottom-up approach 

distinguishes itself from the software so-

lutions mentioned above, which follow a 

top-down approach by allowing the user to 

draw a surface which gets discretized into 

individual brick units in a secondary step. 

On the one hand, the bottom-up approach 

is closer to the reality of building since it 

forces the user to think in a constructive 

logic distinctive to brickwork. On the other 

hand, populating an arbitrary surface with 

brick units is not a trivial problem and au-

tomating this process can lead to a severe 

limitation to the user’s design freedom.

These characteristics are reflect-

ed in the data model of the software. Brick-

Design offers four classes of CAD objects: 

details, walls, openings and deformers. The 

starting point for a design is always the de-

tail. Details can be endings of a wall, corners 

or reveals. The user can pick a predefined 

detail out of a library, or manually draw its 

defining bricks. Repeating rows are then 

automatically generated. The predefined 

library details represent complete paramet-

ric objects, thus offering the advantage of 

automatically adapting to changing ge-

ometries and brick formats. A wall object 

spans between two details. The bricks in a 

wall are automatically generated based on a 

user defined bond pattern. A wall can have 

an arbitrary number of openings. These are 

defined by selecting the brick at the lower 

left and the upper right corner of the pro-

jected opening. Also an arbitrary number 

of deformers can be defined within a wall. 

Through selecting a brick in a wall, it can 

be transformed into a deformer brick. A de-

former allows additionally manipulating the 

course of the footprint of the wall (Fig. 2).

Unlike traditional brick work, the 

software does not define a bond pattern by 

a fixed grid, but through the definition of a 

sequence of specific brick formats. A tradi-

tional brick bond is based on the relation 

between the brick module’s width and 

length, and a predefined butt joint. In a 

non-standard robotic assembly process the 

width of the butt joint can constantly change 

due to the position of the individual bricks 

and is subject to design decisions. Hence, 

BrickDesign does not apply a vertical raster 

when placing bricks. A bond pattern in a fa-

çade is specified by the interlocking defined 

through the detail and the definition of a 

Figure 3 Example of a running bond pattern with 

varying butt joint width (top), a so called ‘wild bond’ 

requires the definition of a more sophisticated brick 

sequence and a corresponding corner detail (bot-

tom).
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sequence of brick formats: e.g. a simple 

running bond is created by a detail where 

the connecting bricks are offset half a brick 

every second layer and the brick sequence is 

defined by a single full brick (Fig. 3).

In order for the designer to have 

a constant visual feedback of his decisions, 

the software always displays the complete 

assembly with each individual brick. With 

such numbers of bricks involved, most 

CAD systems run into performance issues. 

Therefore, the four object classes are dis-

played as joined meshes, enabling to work 

with up to one million bricks in the chosen 

host CAD system. 

Parametric and Static Mode

BrickDesign differentiates between a para-

metric mode and a static mode. Generally, 

all BrickDesign objects establish a paramet-

ric relationship to each other. This means, 

for instance, that when moving a detail 

all objects connected to that detail auto-

matically get updated, i.e. the geometry 

of a connected wall adapts, as well as the 

number of bricks. These adaptations are 

performed in real time. The immediate vi-

sual feedback makes the parametric mode 

an ideal environment for design exploration 

and fine tuning the overall geometry (Fig. 

4).

Other actions that are computa-

tionally too complex to be performed in real 

time are executed on a static instance of 

the parametric model. Mainly because they 

do not allow for a real time visual feedback 

and would thus disrupt the intuitive and 

interactive experience of the parametric 

mode.These actions include the application 

of user defined scripts, ornamentation of 

the façade, optimization routines, feasibil-

ity checks and solvers for constructability. 

Nevertheless, in BrickDesign it is possible 

to switch back and forth between the para-

metric and the static mode at any time. In 

order to increase productivity, actions per-

formed in the static mode can be recorded 

in an associative chain and played back on 

other instances of the parametric model in 

the same sequence and with the same pa-

rameters.

Ornamentation of a façade is re-

alized through small variable deflections of 

the individual bricks. A brick can be shifted 

along its X- and Y-axis, as well as rotated 

around its vertical axis. Additionally, a pat-

tern can be created through using a palette 

of different colored bricks. Besides the pos-

sibility for the user to script an own rule set 

Figure 4 Example of a parametric model’s data structure (left) and the corresponding design (right)
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for patterning the facade, two predefined 

methods are already implemented in the 

software. Either, the user can place force 

fields in the model that act upon the bricks, 

or an image can be used as data input for a 

pattern. Each of these methods offers sev-

eral parameters for the user to define how 

the input data should be transformed onto 

the façade and which brick parameters will 

get affected (Fig. 5).

Conclusion

New robotic fabrication processes demand 

new design tools. In order to fully exploit 

the potentials inherent to a fabrication 

process, its parameters have to be made 

available at an early design stage. Thereby, 

parameters of fabrication can inform the 

process of design exploration.

Digital control over robotically 

assembled brickwork empowers the de-

signer to inform each individual brick within 

a façade. Traditional CAD systems, which 

were more or less conceived to simulate 

manual drafting, do not offer the appropri-

ate tools to creatively control and manipu-

late a large number of parts for designing 

non-standard brick facades.

In this paper we present a soft-

ware tool that extends the spectrum of 

architectural planning and manufactur-

ing methods and therefore creates a new 

level of robotic use in architecture. Brick-

Design fosters information penetration 

across the whole process of making, from 

design to fabrication, opening up new ways 

of thinking about architectural design and 

materialization. The synchronization of de-

sign and making is essential to leveraging 

new architectural potentials. By being able 

to control each individual brick and assess 

brick assemblies consisting of a large num-

ber of interdependent parts – both in terms 

of their visual appearance and their feasi-

bility –the software allows the exploration 

of design solutions outside the commonly 

known standards of brickwork. 

Figure 5 Screenshot of BrickDesign software. The design of a brick façade is integrated in the standard 

design and planning process.
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Abstract Digital handcraft sets new stan-

dards for traditional building techniques. 

Linking the topics as geometry, the work 

piece, tooling and joining, entirely new 

meanings are produced. Stonecutting in par-

ticular has a long tradition of using machines 

and industrial robots. The “Roboterdesignla-

bor” established at TU Graz offers a process 

chain from CAD data, cam data for 3- and 5 

axis tooling translated to the machine con-

troller language for milling processes with an 

ABB IRB 6660. The hardware allows milling 

of hard materials like stone or concrete. Dur-

ing the workshop the focus is directed to-

wards pushing through digital information, 

illustrating interfaces and carrying out work 

pieces. An arch made of foam-glass as a 

placeholder for brick, composed of several 

work pieces, acts as a case study. Thereby 

the focus is placed on the gap between the 

artificial bricks. Mechanical principles and re-

strictions of tooling influence the modifica-

tion of the gap. The aim is to visualize the 

flow of forces and make the gap as transpar-

ent as possible.

Keywords: milling, contact face, foam-

glass arch

Andreas Trummer, Felix Amtsberg, 

Stefan Peters

Mill to Fit

The Robarch
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Industrial and Individual

On opening the discussion about modelling 

and fabrication of structural elements it is 

worth looking at the work of K. Wachsmann 

(1901-1980). His lifelong thinking about in-

dustrial processes in the building industry 

anticipates topics of the current discussion 

about the individualisation of industrial 

processes. Two aspects are noteworthy. 

One is his search for the universal joint for 

timber constructions, the general panel 

system. The other is the stance he took on 

the industrial building process. In Wachs-

mann’s opinion a complete building produc-

tion chain needs a kinematic positioner for 

building elements in space. As a result of 

this research he presented the Location Ori-

entation Manipulator (LOM) as a universal 

machine for positioning in 1969 (Nerdinger 

2010). This kind of machine is still not in 

use but the building industry has profound 

expert knowledge in milling, drilling and 

cutting prefabricated building elements for 

finishing. Milling is especially time inten-

sive but, depending on the material, offers 

a wide scope for shaping a structural ele-

ment. The question therefore is: how can 

we use these techniques to bring complex 

structures close to an efficient but flexible 

building process?

Two different cases should be 

taken in consideration. On the one hand 

there is the shape of an element, such as a 

beam. If you need many different beams, it 

makes sense to divide similar elements into 

different classes and produce them in an in-

dustrial way. To give the single element the 

right shape you can use a milling machine 

in a second step to finish them. Using this 

strategy it was possible to realize projects 

like the wooden curtain facade of the Kilden 

Performing Art Center in Kristiansand, N 

(Stehlig, H and Scheurer, F, 2012) or the 

wooden roof of the Centre Pompidou in 

Metz. Both examples show that timber is 

an easy-to-use material that offers a high 

level of forming potential.

Figure 1 Simulation of robotic fabrication
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The other case is structures that 

demand a high level of precision because of 

the joining details. The Mansueto Library 

Chicago (Sobek 2011) is a prefabricated steel 

grid shell. The geometry of almost every 

joint is different. Precise milling of the con-

tact faces was required for the shell geom-

etry and the glass cladding. This example 

shows that the knowledge about materials 

and fabrication processes can be the key to 

implementing geometrically complex struc-

tures on the construction site.

In discussing questions of com-

plex structures and form finding in archi-

tecture it is mainly aspects like geometry 

that are taken in consideration. Parametric 

design is based in many cases on CAD pro-

grams that makes it possible to vary and 

handle this 3D data. In special cases like 

shell structures the aspect of force should 

determine the geometry. There is the ques-

tion about the extent to which the design 

process could be informed as regards stat-

ics and structural details. On the other hand 

there is the field of material, jointing and 

fabrication that influence the construction.

In researching these topics archi-

tects and engineers of the TU Graz estab-

lished the Roboterdesignlabor to focus on 

questions of fabrication and finishing. The 

decision to use a robot for milling is moti-

vated by the flexibility of this machine as 

a part of different worksteps. As a part of 

the ultra high performance concrete (UHPC) 

group there is the goal of verifying whether 

a machine center set up of this kind can be 

used successfully in the process chain of 

double curved, thin walled prefabricated 

concrete elements employed for shells and 

domes (Trummer, A, Peters, S and Amts-

berg, F, 2012). The work steps are milling 

the contact faces of compression stressed 

joints as well as operating a flexible form-

work by using only one machine.

The Robarch - Visualizing the Contact 
Face

To advance the topics discussed towards 

reality the Robarch is investigated. Arches, 

like shells, are lightweight load-bearing 

structures which because of their special 

geometry have a favorably load-bearing 

behavior that results in immanent low ma-

terial consumption. In addition to this, they 

also fascinate us by their elegance and the 

Table 1 Material for the Robarch

Figure 2 Side view of an “robarch”- variation influenced by the thrust line of uniformly distributed load

Material specific weight dimensions weight/element compression strength

kN/m3 mm kg N/mm2

Foamglas F 1,65 600/450/140 3,78 1,80
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logical combination of form and distribu-

tion of forces. The focus is on the process 

chain from design to production. The cor-

relation between form force and jointing is 

particularly important. The geometry of the 

structure shows the capacity of a compres-

sion stressed joint depending on the force 

flow. Using the industrial robot as a mill-

ing machine the accuracy of the machine 

set up is tested again. The machine center 

consists of a high precision robot (ABB IRB 

6660) and a 6000 mm long traverse rail. In 

the workspace of 6000/1200/1200 mm the 

accuracy is limited by +/- 0.2  mm in each 

position. 

The Robarch is made from foam 

glass. This material is commonly used as 

high-quality insulation, in this case it is 

employed as a structural mineral element. 

It can be easily treated, is light but brittle. 

The load carrying capacity is comparable 

to the strength of timber perpendicular to 

the grain. Depending on the compression 

strength of the material it is possible to 

minimize the area of the contact face to 

make this area as transparent and visible as 

possible. The material is shaped by milling. 

The aspects of force flow and joining are 

considered at the same time.

The milling process is used (in 

addition to the visualization of the con-

tact face) to reduce the dead weight of the 

structure, too. The Robarch thus represents 

Figure 3 Milling an element

Figure 4 Rendering of the rob-arch bridge
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a lightweight design because of its geome-

try and the shape of its elements. The open 

space between two elements varies along 

the arch and depends on the force flow. The 

shape of this opening results as a negative 

of two assembled elements (Fig. 2) and 

characterize the elevation.

Workflow

The material, the dimensions of the ele-

ments, the geometry of the arch and the 

loading determine the dimensions of the 

contact points. The aim is to find a geom-

etry of the interfaces that satisfies the 

needs of load transfer and mounting. The 

use of the milling tools also limits the range 

of the possible shape. The basic geometry 

is given by a CAD file. As well as geomet-

ric control, the system is statically checked 

using a finite element program. The CAM 

software Hypermill creates the milling sur-

face and gives a first control of collision of 

the tool. From that point it is necessary to 

combine data and real determining working 

object. The program pi-path translates the 

CAM code to a robot code and allows the 

movement of the robot to be tested (Fig. 

3). Positioned on the fixed abutments the 

milled segments are assembled and the 

“robarch” can be walked across (Fig. 4).  

Force Flow - Compression-stressed 
Lightweight Structures

As structures domes and arches are well 

known from both an empirical and ana-

lytical point of view. It is still fascinating to 

span large distances by force-fitting small 

modules (stones) together. The principles 

of physical models used by A. Gaudi as well 

as F. Otto and H. Isler still provide a back-

ground for the formfinding of force influ-

enced models. Tools like “Rhino Vault” [2] 

combine up-to-date parametric designtools 

with the aspect of force flow.

There is an analogy between 

arch and cable structures (Fig. 5). A single 

cable changes its form if the load distribu-

tion varies. Thereby a funicular curve results 

which relates to the specific loading condi-

tions. Mirroring this geometry and retaining 

the support conditions lead to an appropri-

ate arch geometry that matches the given 

loading conditions, which means that the 

loads create normal internal forces only. 

Compared to cable structures arches cannot 

change their geometry when the loadcase 

varies. In addition to this, arches made of 

mineral materials like brick or glass have 

only a low bending strength. Therefore  it 

must be considered that the funicular 

curves belonging to the different loadings 

Figure 5 Functional curve: uniformly distributed load (left); nonuniformly distributed load (middle); inside 

an arch (right)
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deflect inside the cross section of the arch 

with a certain distance to the edges. This 

circumstance can be influenced, e.g. by in-

creasing the cross section or by putting ex-

tra load on the arch as a kind of prestress-

ing. The Roman arch and the cable stressed 

arches by V. Suchow are comparable exam-

ples of this (Nerdinger 2010).

However, it is also possible to en-

able a brick arch to take bending moments. 

Here it is necessary to make sure that the 

compression forces, compared to the bend-

ing forces, are high enough to prevent ten-

sile stress occurring at the edge of the cross 

section. Assuming that the sum of the 

compression forces “Fc” is transferred at 

only three points of the cross section, the 

bending moment capacity increases with 

the distance of the contact points.

The “Grasshopper” script used 

needs 3 curves as basic information: the 

thrust line and the upper and the lower 

template (Fig. 6a). To guarantee an advan-

tageous load transmission in the contact 

area it creates a normal of the thrust line 

at every specified section (by the desired 

number of segments) and subdivides the 

arch (Fig. 6b).

Weight reduction and architec-

tural appearance are controlled by the cut-

ting tool (Fig. 6c). The opening at the sides 

is controlled by the forces that appear, 

Figure 6 Formfinding. segmentation and cutting process

a)

b) segmentation c) cutting

thrust line

upper template

lower template
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while the top surface is opened constantly 

to allow access by foot. The script offers an 

adjustment of material properties like the 

compression strength of the material or the 

internal forces. As a factor in our equation 

this value helps to determine the required 

contact face. The calculated area is divided 

in 3 sub-areas, which are positioned at the 

edges of the top area and at the bottom, 

where they act as a contact zone (Fig. 7). 

As seen in Fig. 4 a parabolic curve results 

because of uniformly distributed load. This 

curve is analyzed and can be divided into 

the required number of segments. To avoid 

shear forces in the joint the contact section 

always deflects as a normal of the pressure 

line. The area not needed to carry loads is 

milled out by the robot (Fig. 3). As demon-

strated, the triangle is a material-efficient 

cross-sectional shape. 

Conclusion

The starting point for this case study was 

one of the most intelligent and efficient 

structures in building history. Taking a close 

look  at the mechanical behavior of arch 

structures and at the same time taking the 

aspects of parametric design and manu-

facturing into account allows a new way of 

thinking about this construction method. 

An industrial robot is used as a milling ma-

chine to shape the contact faces. Milling 

is carried out with the maximum possible 

precision. This case study combines tradi-

tional building methods with current tools 

and technologies and is intended as input 

for the increased use of robots in structural 

engineering and the building material in-

dustry.
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Abstract The use of industrial robotics in 

architecture is characterized by the domi-

nance of two distinct approaches. The first 

attempts to solve practical problems using 

engineering methods without affecting de-

sign scope. The second is dominated by cre-

ative and artistic design experimentation, 

primarily seeks to inspire, and consciously 

leaves the practicalities and constraints of 

the construction industry out of the investi-

gation. “Design Robotics” as a third, more 

strategic approach links design innovation to 

the reality of industrial production. The pa-

per articulates its associated research meth-

ods and approaches by reviewing recent ex-

amples of research conducted by the Design 

Robotics Group (DRG) at Harvard University. 

The work, focused on robotically enabled ce-

ramic systems, is a highly systematic form of 

research that bridges the gap between pri-

marily artistic endeavors and the construc-

tion automation research of the building in-

dustry. 

Keywords: design robotics, automation, 

ceramics, fabrication, computation

Martin Bechthold, Nathan King 

Design Robotics

Towards strategic design experiments
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Introduction

To define when design becomes research 

and vice versa remains a difficult task. The 

term “design research” today refers to a 

variety of approaches that deploy design 

methods to solve a broad range of research 

problems (Laurel 2003). These methods, 

however, are insufficient for work in the 

area of architectural robotics, a field that 

began as construction automation in the 

1980s using methods borrowed from engi-

neering disciplines. Related contemporary 

academic research has veered toward the 

other extreme, the production of remark-

able, often artistic installations that fore-

ground design. Design Robotics, articulated 

in this paper, is an alternative approach 

to “design research” that combines ana-

lytic research with open-ended discovery 

and iterative feedback from material ex-

perimentation. This approach is illustrated 

here using projects on architectural ceramic 

systems conducted by the Design Robot-

ics Group (DRG) at the Harvard Graduate 

School of Design.  

Established Paradigms for Robotic 
Technology in Architecture

The short history of robotic technology in 

architecture is dominated by two oppos-

ing trajectories. The first, a pragmatic ap-

proach, is focused on resolving the short-

comings of manual labor — inefficiency, 

low-productivity, unavailability — through 

on-site construction automation. This ef-

fort originated in the massive research and 

development efforts of many large Japa-

nese construction firms beginning in the 

1980s. The second, and currently prevail-

ing approach, is focused on broadening the 

scope of design by realizing one-off, often 

highly complex experimental aggregations 

that seek to understand unique design 

opportunities for robotically fabricated as-

semblies.

Construction Automation Approach of the 

1980s and 1990s

Beginning in the 1980s several large Japa-

nese construction firms developed auto-

mation strategies for the construction of 

tall buildings. The shared objective was to 

reduce the demand for construction work-

ers, increase productivity, and improve site 

safety (Tanijiri 1997). By offering comfort-

able, almost factory-like, working condi-

tions the industry hoped to attract young 

workers who could find less physically de-

manding and well-compensated jobs in oth-

er industries. Comprehensive construction 

automation systems were developed by 

Fujita Corp., Obayashi Corp., Kajima Corp., 

Shimizu Corp., Taisei Corp., Takenaka Corp., 

as well as by others. Different systems 

were conceived for pre-cast concrete and 

for steel construction, some “extruded” the 

building using an automated assembly floor 

at the top (Obayashi ABCS) or near the top 

(Fujita Corp.), others developed “push-up” 

systems that assembled all pre-configured 

modular components on the ground floor by 

incrementally jacking up the growing build-

ings with one complete floor at a time. 

These systems, despite their un-

questionable sophistication, depended on 

standardization of construction. Obayashi’s 

ABCS system, for example, was initially 

designed to support the construction of 

high-rise buildings with rectangular plans 
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and cores at opposite ends, and the first 

5 applications over 10 years were limited 

to this building type. Only the last use of 

ABCS expanded the system’s capability 

to a square plan with a central core (Ikeda 

and Harada 2006). Floor-to floor variations, 

typical for many contemporary high-rise de-

signs, would have created inefficiencies or, 

if vertical material transport systems were 

affected, would be impossible to accom-

modate. 

The initial R & D costs for each 

system were significant. Site productiv-

ity increased slightly compared to conven-

tional construction, but the added value of 

these comprehensive automation systems 

was ultimately small. When the Japanese 

construction boom collapsed in response to 

the national recession, all automated con-

struction systems were retired. Personal 

interviews by M. Bechthold in Japan in 2007 

showed that none of the large corporations 

intended to reuse their automated con-

struction technology. Along with economic 

conditions architectural preferences had 

changed, with demand for standardized 

buildings diminishing. Japan’s automated 

construction systems were unable to  ef-

fectively support the construction of non-

standard, contemporary architecture. 

Construction automation ap-

proaches today have shifted towards sup-

porting pre-fabricated building systems 

(e.g. brick, steel, concrete), and industrial 

automation drives the high-volume produc-

tion of ubiquitous building products such as 

ceramic tiles. Both approaches are geared 

towards improving productivity and replac-

ing human labor with robots, as stated by 

Andres (1994) and Pritschow (1995) in their 

work on robotic bricklaying systems. De-

sign-driven work on robotically placed non-

standard brick patterns, by comparison, is 

a more recent phenomenon (Bonwetsch 

2007) that continues to thrive in the acad-

emy today.

Robotically Enabled Artifacts and 

Installations

The introduction of industrial robots in 

academic laboratories triggered a wave 

of creative and complex installations that 

intellectually continued the experimental 

design work conducted with numerically 

controlled machine tools and routers in the 

early 2000s. Beginning with the ETH Zurich 

work cell (2005) and Harvard’s robotic envi-

ronment (2007), the popularity of industrial 

robots as more capable devices for experi-

mental architectural fabrication continues 

to spread. Today’s pursuit of industrial ro-

botics at schools of architecture has clearly 

raised the cutting edge of digital fabrication 

to a new level. Throughout Europe and the 

United States robotic experimentation is 

geared towards furthering the understand-

ing of new opportunities that robotic fab-

rication may bring to component, building, 

and product design. The current situation is 

largely driven by the academy, while fabri-

cators, for the time being, remain specta-

tors and are only beginning to invest in ro-

botic fabrication technology. The situation, 

thus, is markedly different from the 1980s 

construction automation approach.

A common strategy employed 

in this type of robot-related work leads to 

the development of a project through a 

“bottom-up” approach that takes specific 

robotic process opportunities, including the 

ability to individualize or efficiently handle 
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large numbers of units, as a starting point. 

This “discovery” phase remains intention-

ally loosely defined and open ended — an 

informed “play” that combines both digital 

and material experimentation. A second 

step is to systematize and rationalize, to 

some degree, the most appropriate experi-

ment and to design a prototype that best 

illustrates the most novel design discover-

ies. In the third, and final step this piece is 

executed and evaluated. 

Custom-automated code gen-

eration strategies have emerged, are now 

widely used, and have led to the creation 

of plug-ins and software components that 

automate robotic tooling within the digi-

tal design environment. DRG’s automation 

tools link geometry data from a number of 

software platforms (e.g. Rhinocerous, Digi-

talProject, Catia, etc) to the robot control 

interface by bypassing proprietary manual 

robot programming and enabling the sim-

plification and translation of many highly 

individualized model-driven movements 

with ease. The usually striking end results 

are often inspirational, but are difficult to 

connect to the reality of architectural pro-

duction. The authors thus propose a strate-

gic design research approach. 

Design Robotics: A Strategic Research 
Method

A rigorous analysis of the chosen building 

or material system is the first step in more 

strategic research on architectural robotics. 

This analysis, while including obvious tech-

nical aspects relating to fabrication, must 

be broad enough to understand all relevant 

aspects of the given system, including pro-

duction, distribution, economics, and end-

use. This step is crucial when defining the 

problem or opportunity to be addressed 

such that new solutions can emerge. 

Deeper knowledge is acquired as the work 

proceeds, often allowing the definition of 

the research problem to be incrementally 

improved. Evaluative frameworks emerge 

incrementally and guide the research. The 

design of an experimental installation fre-

quently serves as a proof of concept. Its 

features are strategically chosen such that 

its design to production yields generalizable 

knowledge that addresses the research 

problem within its broader industry context. 

Design Robotics thus represents a hybrid 

research method that combines bottom-

up, technology driven design inquiry with 

traditional, problem-centered approaches. 

DRG is not the only group pursuing this type 

of research. Research on non-standard as-

sembly of brick, wood slats or other mate-

rials can follow similar principles (Gramazio 

Kohler 2008). But DRG’s approach has pur-

sued the customization of the basic module 

itself as its core interest, thus potentially 

supplementing and enhancing robotic as-

sembly procedures. Expanding the scope 

of robotic intervention forces the analysis 

of existing processes to penetrate deep 

beyond assembly procedures and embrace 

far broader industrial production issues. 

The following illustrates DRG’s approach 

through a discussion of ongoing research 

projects on architectural ceramics.

Ceramic Industry: Contemporary Mass-

Production

The DRG has been in collaboration with an 

industry association of Spanish tile produc-

ers (ASCER Tile of Spain) since 2009. The 
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initial phase of research included a compre-

hensive analysis of the industry in terms 

of products, production processes, and 

research and development infrastructure. 

Spanish tile producers emphasize superior 

quality and innovative surface finishes as 

they compete with many other internation-

al brands. The industry primarily uses large 

hydraulic presses and steel molds to form 

flat tiles from dry clay bodies. Only a few 

companies form clay by extrusion through 

shaped steel dies. After the initial forming 

process tiles are post-processed on highly 

automated computer-controlled production 

lines designed to treat surfaces and edges. 

Surface finishing equipment includes nu-

merically controlled ink-jet technology that 

prints patterns and images on pressed tiles. 

Computer-controlled techniques are widely 

used for packaging, storage, and logistics. 

Most companies sell their tiles through 

distributors; only one company has built a 

strong brand and a related distribution net-

work. Tile production is based on demand 

predictions, and tiles that cannot be sold 

produce storage costs, and are eventually 

sold at discount prices abroad.

Several problems became clear. 

First, high-volume production techniques 

based on predicted market demands make 

customization of tiles — beyond what digi-

tal printing technologies could deliver — vir-

tually impossible. Only one facility was able 

to produce customized, three-dimension-

ally formed ceramic elements for an ambi-

tious architectural project. Considering cur-

rent architectural trends towards complex 

form and individualized construction the 

need for custom building products is bound 

to increase. Growing demands on opera-

tional building performance may also rein-

force that trend (Bechthold 2011). Product 

customization and responsiveness to more 

individualized market needs appeared to be 

a challenge for the industry, and thus was 

identified as the primary research agenda 

for DRG. 

A second problem became evi-

dent while comparing automated tile pro-

duction lines with downstream manual tile 

installation processes. Standard manual 

tile installation is archaic — slow, costly, 

and prone to error (King 2012). Interviews 

with tile producers revealed disconnects 

between the production industry and tile 

installers, even though installation is a 

significant cost factor of finished tile sur-

faces. It became clear that a potential for 

innovation might exist when considering 

tiles as a material system from production 

to installation, instead of merely looking at 

manufacturing aspects.  Further research 

Figure 1 Automated Spanish tile production facilities 
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showed that cutting waste and the amount 

of spare tiles purchased for future replace-

ments exacerbate the cost disadvantage 

of tile finishes compared to other surface 

finishes. Cutting waste also presents an en-

vironmental burden. For the 2010 U.S. tile 

consumption of 23.2 million square meters 

the embodied energy of an assumed 5% 

cutting scrap is equivalent to a staggering 

13.6 million liters of regular gasoline.

Technological innovation always 

requires investment. To understand poten-

tial opportunities for robotics in the produc-

tion and installation of ceramic systems 

several cost analysis were conducted. First 

the cost impact of manufacturing equip-

ment on the cost of a tile (as sold from the 

factory to the distributor) had to be deter-

mined. Data for Spanish production was 

unavailable, so published information from 

the Italian tile industry (with a similar prod-

uct and process structures) was analyzed 

(Fiori 2007). The research showed that on 

average only 7% of the manufacturing cost 

of a pressed tile is spent on equipment 

amortization, a small yet not uncharacteris-

tic amount for high-volume producers.

 Next, the ratio of installation 

costs to material costs was analyzed. The 

typical US installation cost starts at 270 $/h 

for a square meter of mosaic tiles, which 

easily outweighs the cost of tile and grout. 

Prices for placing non-standard patterns 

(e.g. custom mosaics) are far beyond aver-

age construction budgets (King 2012). The 

cost analysis of manufacturing and instal-

lation assures that robotic interventions are 

fundamentally realistic from a cost stand-

point.

Is the Spanish ceramic industry 

technologically ready for robotic systems? 

Factory visits showed that many Spanish 

producers already use 6-axis robotic ma-

nipulators for packaging. These companies 

possess the technical know-how needed 

to operate robotic work cells and in addi-

tion to proving viability based on cost, the 

initial research also concluded that robotic 

interventions are realistic from skill-level 

perspective. The potential customization 

of ceramic products offered through robotic 

intervention allows greater product differ-

entiation that responds to dynamic archi-

tectural needs. New ceramic systems must 

also address existing problems of waste 

and inefficient installation procedures.

Material Systems: Ideation Stage

How can design research “invigorate” a ma-

terial system as old and well established as 

ceramics? The broad research agenda out-

lined above leaves many different pathways 

open. To gather a number of ideas several 

experimental studies were conducted both 

by the research team and by students in as-

Figure 2 Financial breakdown of the ceramic industry showing only 7% amortization costs 
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sociated courses. These open ended, almost 

playful, studies used hands-on, computa-

tional and robotic explorations that were 

guided by the broadly framed agenda of 

“customizing ceramics” and “waste reduc-

tion”. A bottom up approach largely char-

acterizes this phase, albeit guided by the 

general theme of customization and waste 

reduction as defined at the outset. The bot-

tom-up approach takes inspiration from the 

material system itself. Within the material 

system we refer to the following:

 – General physical and aesthetic mate-

rial properties: for ceramics this covers 

the properties of various clay bodies 

and their admixtures, such as moisture 

content, colors, dry-time, mechanical 

strength in green and fired state, poros-

ity, as well as many other factors.

 – Ability of the material to be shaped and 

formed: clay as a plastic material can be 

freely formed through processes such 

as slip casting, extrusion, and molding. 

Industrial methods work mostly with 

pressed tiles that can accommodate a 

minor degree of three-dimensional shap-

ing. Extruded forms are linear and have a 

range of flat to complex profiles. To en-

able customization new processes must 

address these limitations.

 – Opportunities and limitations of 6-axis 

robotic manipulator: Repeatability and 

precision can be a factor to be considered 

for the material system, but in the case 

of clay the material shrinkage is usually 

larger than process-inherent tolerances. 

Tooling for the robot is another question 

— in order to reduce process complexity 

it is often desirable to limit tool changes 

where possible.

 – Characteristics of related industrial pro-

duction processes: in the case of clay all 

production equipment is geared towards 

linear movement of ceramic pieces along 

conveyer belts and rollers, from initial 

forming to surface finishing, drying, fir-

ing, and dimensional rectification, Inte-

gration into industrial processes means 

at least one flat surface of the ceramic 

piece has to exist such that parts can rest 

on standard conveyer belts.

Many early ideas were discussed 

with industry experts. Clay extrusion was 

identified as the manufacturing process 

with the largest potential for part custom-

ization. The steel dies used in extruding 

linear clays forms are relatively costly, thus 

prohibiting small productions runs for cus-

tom parts. Several experiments explored ro-

botic intervention geared towards support-

ing individualized production methods. The 

first design experiment developed a vari-

able extrusion die that could change shape 

during extrusion. An industrial version 

would include numerically-controlled drive 

motors that alter the die geometry, thus 

enabling continuous product variation while 

maintaining a constant wall thickness. 

Another extrusion-based ex-

periment addressed customization through 

variable robotic cutting after the initial 

shaping process. During industrial process-

ing the linear extrusion is cut to length or 

into its final shape using a variety of cutting 

mechanisms including wires and blades. 

Extruded hexagonal tiles, for example, are 

cut from flat slabs using hexagonal blades. 

The first attempt to adapt this cutting pro-

cess and enhance its versatility through 

robotic intervention involved a fixed blade 
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assembly that was manipulated to gener-

ate a family of façade components.  A third 

customization project proposed a robotic 

wire-cutting process that shapes 5 sides of 

an extruded block into ruled surfaces with 

varying degrees of complexity. The envi-

sioned industrial scenario was simulated by 

equipping a 6-axis industrial robotic work 

cell with a custom wire-cutting end effec-

tor designed for use with clay materials 

(Andreani 2012). Customization opportuni-

ties for pressed tiles exist primarily in the 

installation phase. Initial experiments and 

detailed precedent research confirmed the 

potential to rapidly and precisely place tiles 

using an industrial robotic work cell. Several 

experiments were conducted that involved 

the placement of dimensionally modular 

tiles at a digitally defined position using 

a pneumatic suction gripper. (King 2012) 

The system can also accommodate tiles 

of varying shapes and formats. In addition 

to developing technologies for robotic tile 

placement the entire tile installation work-

flow was reconsidered. Instead of installing 

robots on site, panels are robotically tiled 

off-site. Tile panels are then transported to 

site where they are installed. (King 2012) 

Figure 3 Post-extrusion robotic cutting and resulting prototypical facade assembly (students: Mauricio 

Loyola and Jeremy Keagy)

Figure 4 Prototypes produced during flowing matter research using a custom end effector (students: Ste-

fano Andreani, Jose Luis Garcia del Castillo y Lopez, and Aurgho Jyoti)
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From Ideas to Concepts: Evaluation and 

Development

During initial ideation, experimental 

“sketches” are evaluated and refined in 

pursuit of the larger research objective. 

Refined “sketches” are used to guide the 

ongoing creative experimentation, but 

without over-constraining it. Two research 

projects will illustrate the approach, first, 

the robotic extrusion of individualized ce-

ramic façade elements, and second, the 

automated placement of non-standard tile 

patterns based on digital images or other 

algorithms. 

Building on initial research into 

the possibility of variable extrusion a proto-

typical façade system was envisioned that 

enabled the creation of high-performance, 

custom components that can respond to 

specific environmental or aesthetic param-

eters. By strategically identifying the ce-

ramic façade as a research platform several 

research trajectories emerged that led to 

the production of an Integrated Environ-

mental Design to Robotic Fabrication Work-

flow (Bechthold 2011). Here a custom work-

flow linked a digital design model through 

several Grasshopper-based optimization 

modules that accounted for environmental 

performance optimization, material proper-

ties (shrinkage and deformation), design 

for robotic fabrication, machine code gen-

eration, and building integration. Parallel to 

the digital workflow was the development 

of a novel manufacturing process that uti-

lizes a robotically actuated pin-mold and 

novel extrusion-based robotic material de-

position system designed to create accu-

rate individual façade elements and build-

ing components. 

To evaluate the potential for 

customization using robotic tile place-

ment a second workflow was established 

that incorporates both image-based and 

pattern-based algorithms into a design 

model that can be used to automate the 

programming of robotic movement during 

tile placement. (King 2012) A novel modular 

production strategy was proposed that en-

ables the factory-based placement of tiles 

on modules that would be transported and 

installed onsite. This project combines the 

value of non-regular, non-standard tile pat-

terns with a reduction in overall labor costs 

and shorter onsite installation time. 

Typical evaluation criteria for 

DRG’s ceramic research projects beyond 

purely  technical questions include the 

following:Figure 5 Image-based pattern generation and auto-

mated robotic tile placement processes
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1. What kind of customization can be 

achieved with the process? Robotically 

manipulated extrusion processes typi-

cally result in geometry variations, while 

robotic tile placement can generate non-

standard tile patterns.

2. What value does customization add to 

the material system and its applications? 

Robotic extrusions can achieve greater 

formal freedom for shading lamella and 

other elements while maintaining excel-

lent building performance. Robotic tile 

placement produces non-standard tile 

patterns that are not economically pos-

sible with manual placement techniques. 

3. Can waste be reduced? Both robotic ex-

trusion and robotic tile installation are 

on-demand processes that can poten-

tially reduce waste. The pattern genera-

tor can be configured such that tiles do 

not need to be cut — dimensional differ-

ences can be accommodated with vary-

ing grout line width.

4. How are installation procedures affected 

by part variation? Façade elements would 

normally be installed using custom con-

nectors. Robotic tile placement requires 

a new approach of semi-prefabricated 

sheets, factory made, with on-site in-

stallation reduced to mounting pre-tiled 

sheets on prepared wall surfaces.

5. To what degree can the process be incor-

porated into state-of the art industrial 

production lines? Modular concepts are 

crucial when considering industrial inte-

gration. Robotic extrusions, for example, 

could be a stand-alone concept, but the 

configurable molds could easily be used 

for slumping flat extruded clay slabs. 

Robotic tile placement leaves current 

production methods for pressed tiles 

unchanged, but requires new business 

models for installers that move much of 

their activities to the factory floor.

6. How could parts be packaged and 

shipped? Flat tiles for robotic placement 

are shipped on pre-tiled sheets that can 

be efficiently stacked. Shipping costs for 

custom robotically extruded façade ele-

ments can be reduced through nesting 

algorithms already implemented to opti-

mize kiln use.

7. Is there need for a new distribution 

model associated with the proposed pro-

cesses? Robotic extrusions could easily 

integrate into existing supply chains of 

producers, installers, and façade com-

panies. Robotic tile placement requires 

more direct links to be forged between 

the end-user or designer (whoever con-

figures the pattern) and tile installers. 

Online pattern configuration would most 

readily provide this connection.

Work in this phase iteratively de-

velops and test ideas for technical feasibil-

ity, design interest, and industrial integra-

tion, thus systematizing and rationalizing 

the initial experimentation.  

Process Prototypes: Proof of Concept

The proof-of-concept involves the produc-

tion of a prototype large enough to provide 

credible evidence of research agenda, and 

also allow for critical evaluation. Full pro-

duction of large prototypes is unlikely to 

yield new insights in the academic setting 

because the work is geared towards the in-

dustrial or professional fabrication context, 

not towards the making of an artistic arti-

fact. During the research described, several 
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types of prototypes were developed to test 

ideas and provide iterative feed back during 

process development. These prototypes are 

critical to the work but are often specific 

to certain aspects of the research agenda, 

dry-placed tiles to tune accuracy or flat ro-

botically extruded shapes to test material 

properties, for example. The proof of con-

cept prototype is strategically defined to 

resolve certain speculative aspects of a pro-

posed system as well as reconcile in-depth 

analysis of a given material system, novel 

process development, and design potential.  

In some cases the proof-of-concept proto-

type represents a piece of a larger system 

or an entire system in itself. During proto-

typing the robotic arm may be used to emu-

late a proposed process such as production 

line integrated wire cutting, or, in the case 

of robotic-tile placement and robotic extru-

sion, represent an actual proposed produc-

tion process. 

During the development of the 

previously described robotic extrusion pro-

cess a design experiment was chosen that 

tested the workflow using an extreme 

scenario requiring shading and controlled 

views on the east, south, and west sides of 

a semi-circular glazed atrium space. The en-

tire facade was used to calibrate the digital 

workflow but only a representative section 

of the shading system was ultimately fabri-

cated. This section contained enough com-

plexity and variation to both illustrate tech-

nical solutions and design potential of the 

novel manufacturing process (Bechthold 

2011). In the case of robotic tile placement 

the entire workflow was demonstrated 

during the production of a single modular 

image-based mosaic (King 2012) This pro-

totype used a custom pattern generation 

algorithm to reproduce a recognizable im-

age using a series of modular tiles (see Fig. 

6). The resulting digital image was used to 

generate robot code that in turn enabled ro-

botic tile placement. In addition to present-

ing the technical feasibility of robotic place-

ment the physical prototype also validated 

the proposed modular installation strategy. 

Figure 6 Prototypical manufacturing strategy including robotically actuated variable pin mold, robotic extru-

sion process, and finished proof-of-concept prototype
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Conclusions 

The use of robotics in the academy is en-

tering a strategic mode of operation that 

differs markedly from both the traditional 

industrial automation approach to solv-

ing problems and from the digital crafting 

of one-off installations. DRG studies both 

part customization as well as the robotic 

assembly of modules. Research activities 

are grounded in the analysis of the con-

struction or industrial context — learning to 

ask unconventional questions here yields 

research opportunities that otherwise re-

main opaque. The analysis yields a general 

research direction that guides the follow-

ing, open-ended experimentation phase. 

Here physical and digital experiments pro-

duce many ideas in rapid sequence. Rough 

prototypes, even those produced manually, 

provide early feedback on opportunities, 

but also help failures to emerge quickly. 

The evaluation criteria derived through the 

analysis are used to filter out ideas for fur-

ther development, and prototyping is used 

iteratively to answer questions that gain 

specificity as the research proceeds. The 

work, while focused on bringing design to 

bear as a value on ceramic material sys-

tems, is embedded in the industrial con-

text, but not dominated by it.  
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Introduction

In 2010, Red Bull commissioned Clemens 

Neugebauer and Martin Kölldorfer to make 

a large-scale sculpture for their racetrack 

in Spielberg, Austria. While there had been 

a previous proposal in 2004 to construct a 

23 meter high bull jumping over the very 

last curve of the race track to provide an 

appropriate setting for TV coverage of rac-

ing events etc., that particular project was 

cancelled along with the entire racetrack 

due to environmental concerns. However, 

the idea of a Red Bull racetrack at Spielberg 

was revived in 2008, though at a signifi-

cantly smaller scale. Consequently, in 2010 

the idea of a Red Bull landmark emerged 

again, aiming to create a sculpture that 

would be big enough to be seen from the 

nearby motorway – a considerable distance 

of nearly two kilometres away – by occu-

pants of passing cars. The final design was 

developed in extensive discussions with the 

client, settling on a bull that would be dif-

ferent from the classic Red Bull logo, and 

an arch through which the bull would jump. 

These considerations also resulted in the 

relocation of the project, from the last curve 

Figure 1 Steel bull at Spielberg, initial concept rendering

Clemens Neugebauer, Martin Kölldorfer

Fabricating the Steel Bull of Spielberg
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to one of the especially highly visible loops 

of the racetrack.

As neither we nor the client could 

quite comprehend the scale of the sculp-

ture, Red Bull required an elaborate mock-

up before any more funds could be allocated 

to the project. In order to best represent the 

sculpture’s design, we created a 17 meter 

wide and 16 meter high two-dimensional 

prototype, consisting of 250 square meters 

of red carpet fabric and weighing 0.6 tons. 

This prototype was then raised by a crane, 

shown to the client for a few minutes and 

then quickly disassembled and destroyed in 

order to keep the project confidential.

Technical Project Stages

As is the case with many projects, the very 

first stages of the project consisted of 

hand-drawn sketches. However, we quickly 

moved on to cooperate with 3D expert Rich-

ard Maierhofer to create parallel a three-

dimensional model that would ensure the 

feasibility of the current design. For the 

central bull sculpture the concept was to 

directly use the planar triangles of the 3D 

model as construction elements. These tri-

angles would be made out of Corten steel, a 

special type of steel whose surface quickly 

oxidises. Then, in order to break up the 

“digital” look of the structure, amorphous 

holes were to be cut into each of the 1800 

triangular elements.

The next step required a full 

structural calculation of the bull’s support 

structure. As any support structure would 

be visible from the outside, Martin Kölldor-

fer had the idea of relying on biomimetics 

and shaping the support structure similar 

to the skeleton of a bull.

The client’s wish to have the bull 

jump through an arch proved to be a sig-

nificant aesthetic challenge. Here history 

offered a wide array of different arches, 

from the Arc de Triomphe to the Michelin 

Arch. To counterweight the “masculinity” 

of the steel bull, we decided on producing 

a “female” counterpart that would be non-

symmetric and freeformed.

The Fabrication of the Red Bull Arch

Due to the projected free-form shape, we 

quickly realized that only a casting process 

could exactly reproduce the designed form. 

This gave us a wide – though expensive – 

range of materials to choose from. Finally, 

we settled on aluminium, as a clear contrast 

to the rusty brown bull. Gold was also added 

to the list of materials, to coat the horns of 

the bull itself. This mix of materials was Figure 2 Robot milling foam mold
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Figure 3 Foam molds, ready for aluminium casting

Figure 4 One of 83 cast aluminium parts.
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ideally suited to the artistic concept, with 

the plated horns using the oldest manufac-

tured metal, the bull consisting of iron – a 

material used by humanity for thousands 

of years – and the graceful arch consisting 

of the relatively young material aluminum.

Aluminum also gave us the idea 

of actively involving the customers of Red 

Bull in the sculpture, by using aluminum 

from used Red Bull cans from around the 

world, turning the fingerprints and the DNA 

that would be left on a can – along with the 

can itself – into a piece of art. Unfortunate-

ly, this concept proved impossible to realize: 

while it would have been easy for Red Bull 

to acquire 5 million used cans, the structural 

engineer gave us the bad news that molten, 

recycled cans would have to be alloyed with 

magnesium if they were to be used for the 

arch. Therefore, the amount of Red Bull 

cans in the aluminium arch was reduced 

from 5 million to a symbolic number.

The final 3D model of the arch 

consisted of 83 geometrically unique parts, 

requiring a unique cast for each piece. Af-

ter considerable research we decided to use 

a modern form of lost wax casting, the so 

called lost foam casting. This is a type of 

evaporative pattern casting, which takes 

advantage of the low boiling point of foam: 

Instead of having to melt the wax out of 

a mold, foam simply evaporates. Further 

advantages are that very complex casting 

– that would otherwise require cores – is 

possible, it is dimensionally accurate, and 

maintains an excellent surface finish.

When the initial 3D model was 

created, the goal was to create elements 

that are as large as possible, to avoid hav-

ing to weld an excessive number of parts. 

However, this proved to be problematic in 

the long run, as it proved difficult to find a 

company that is capable of milling 3x3x1m 

positive molds out of expanded polysty-

Figure 5 Mounting of aluminium-cast arch segments
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rene. While some companies were capable 

of processing large parts with five-axis CNC 

milling machines, the costs were prohibi-

tively high, as the companies were not used 

to dealing with such geometrically complex 

parts and subsequently submitted only very 

high tenders.

We finally started to look for 

alternatives that would allow us to fabri-

cate these parts ourselves. Even though 

we did not have high demands regarding 

accuracy – a tolerance of 1mm would have 

been enough, as cast parts shrink by up to 

2% anyway – finding a large scale machine 

at an affordable price seemed impossible, 

until we came across the idea of using an 

industrial robot.

The purchase of a second-hand 

robot – costing a fraction of a five-axis CNC 

machine – was quickly finalized, however 

we only realized too late that an industrial 

robot would not automatically include soft-

ware to generate the robotic toolpaths. The 

search for a powerful and affordable robot 

solution finally brought us into contact with 

the Association for Robots in Architecture, 

which provided us with the necessary soft-

ware and training to deal with the robotic 

fabrication ourselves.

Despite the odds that are 

stacked against someone who buys a ro-

bot without any knowledge of CAM, we 

succeeded in producing the required molds 

within about 6 months – significantly lon-

ger than the initially projected 5 weeks. This 

was mostly due to the many things that 

had to be set up around the robot to provide 

an efficient workflow — from an industry-

sized vacuum cleaner to a custom built hot 

wire saw for cutting 5 cubic metre polysty-

rene blocks. Another challenge was finding 

the proper balance between automatic and 

Figure 6 Traces of robotic toolpaths on the finished arch
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manual labor, e.g. evaluating if grinding by 

hand is faster than having the robot mill ex-

tremely smooth surfaces.

At the end, it took seven ar-

ticulated lorries to bring the massive poly-

styrene molds to the foundry in Germany 

– several molds were damaged during the 

850 km transport, some were even de-

stroyed and had to be produced again. The 

most critical phase of the casting process 

was putting the large molds into the sand, 

without causing any damage to the soft 

EPS or — even worse – distorting the geom-

etry of the parts.

The most significant problems 

during the production of the molds result-

ed from the size of the individual parts, as 

the largest, industrially produced blocks of 

EPS have a volume of 5 cubic metres – not 

enough for our purposes. Gluing blocks to-

gether was the only viable solution, though 

not ideal, as the polyurethane foam used 

for gluing both impeded the milling process 

and was even noticeable on the final, cast 

aluminium pieces.

Conclusion and Outlook

We consider the robot to be a fantastic 

tool for artistic purposes, a beloved slave 

that is never in a bad mood — we provide 

the robot with an initial design and, with-

out complaint, he mills the molds for cast-

ing. Working with the robot is similar to 

how successful sculptor colleagues in for-

mer times and the present run their work-

shops, from the Greek Phidias to Erwin 

Wurm and Anish Kapoor: The students do 

all the rough work, while the masters just 

design and  finish the artistic product. And 

this seems to be the most important as-

pect for us: in the case of industrial serial 

production, products have to be machined 

to tolerances of tenths of millimetres, but 

as artists we have the luxury of being able 

to decide – or having to decide — whether 

we want to have the absolute accuracy of a 

machine, or just want the rough shape and 

then finish it ourselves. Similarly, CAD/CAM 

processes allow artists to work at multiple 

scales, as a machine can be used both for 

small scale mock-ups and full scale objects 

– a workflow that is especially important in 

monumental projects such as the arch to 

allow the artist to accurately judge the pro-

portions of his design.

In conclusion, while a robot may 

not be an artistic tool, it is for us an ideal 

tool for artists that is capable of produc-

ing or preparing elements of all shapes and 

sizes. 
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Materially Informed, Custom Robotic 
Tooling

Plaster encourages multiple types of tooling 

because it undergoes a number of material 

transformations during its curing process. 

Many traditional approaches to shaping 

plaster deploy a constellation of tools and 

techniques (both additive and subtractive) 

as plaster transitions from liquid, to paste, 

to a fully-cured solid.

Extending craft-based practices 

of applied architectural plaster encouraged 

the use of a six axis robotic arm equipped 

with workstations positioned along a 15m 

linear external axis. Custom end of arm 

tooling was designed and fabricated to 

shape plaster in its multiple states. Four 

approaches were developed to investigate 

plaster’s multiple physical states— liquid, 

paste, semi-cured, and fully-cured. Two of 

these approaches resulted in new robotic 

end of arm tooling. 

Robotic Profiling

Running molds have historically been the 

primary vehicle for producing decorative 

molding using architectural plaster. Pro-

files can be run in situ with rails temporar-

ily affixed to existing walls and ceilings or 

lengths of molding can be fabricated offsite 

then adhered on site in a bed of wet plaster. 

Because repeatability in the process is es-

sential, running molds tend to be straight 

or comprised of simple geometric elements 

(e.g. lines, circles, ellipses). A robot has no 

need for fixed rails and can shape profiles 

(with reliable repeatability) freely in three 

dimensions according to any geometric 

trajec tory that can be digitally described 

 (Fig. 1).

In addition to constraints of 

global form, typical running molds main-

tain constant cross-sectional profiles along 

the run. Where local variation in the profile 

is desired (e.g. dentil molding), elements 

Joshua Bard, Steven Mankouche, Matthew Schulte

Morphfaux

Recovering architectural plaster by developing custom robotic tools

Figure 1 Left: custom robotic profiling tool; right: plaster robotically applied in lab 
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need to be cast or else tooled subtractively. 

By adding a further axis to the profiling tool, 

variability can be introduced into the cross-

sectional profile along its path. The tool 

has two interchangeable plates actuated 

by a stepper motor. As plates slide past 

one another the resulting profile morphs 

along the length of the molding (Fig. 2). 

These innovations open up new territories 

of curvature, inflection, and variation in the 

language of decorative plaster molding and 

contribute to other similar additive CNC 

fabrication techniques such as foam depo-

sition (Gramazio 2008; McGee 2011) and ce-

ramic extrusion (Peter Webb 2011).

Robotic Wire Saw 

A robotically-mountable wire saw enables 

ruled surface cutting of semi-cured and 

cured, wet plaster. The saw provides a 

rough cutting throat of 24”x18” and uses a 

round wire blade for cutting in any direction. 

The tool is designed to section large plas-

ter blocks with very little waste. Because 

plaster can fully adhere to itself across 

cold joints the block may be regenerated 

with a fresh plaster pour and continue to 

be shaped through subsequent cuts (Fig. 

3). The design of Morphfaux’s wire saw 

makes parameters related to wire lag tun-

able through an integrated blade tension-

ing system, custom guide wheels adjacent 

to the cutting mouth, and a variable fre-

quency drive to modulate cut speed. The ro-

botic wire saw developed during Morphfaux 

is similar to many CNC and robotic hotwire 

cutters (Verde 2011; Pigram 2011). But unlike 

hot wire cutting, wire saws open up a mate-

rial palette beyond light weight foams that 

includes high density foams, autoclaved 

aerated concrete, and aluminum. The inte-

gration of a diamond abrasive wire opens 

new possibilities for ruled-surface cutting 

of stone and concrete which are typically 

machined via traditional milling. 

Tool Development

Although the tools developed during the re-

search have led to promising results, they 

have also exposed areas of need for future 

development. Presently, the variable profil-

ing tool relies on a separate Arduino pro-

Figure 2 Decorative intersection of tool trajectory
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cessor to control its external axis. Using an 

integrated controller activated within the 

robot’s protocol would be more ideal. The 

research team has recently contacted USG 

(United States Gypsum) to partner in de-

veloping an automated delivery system to 

integrate with the profiling tool. The wire 

saw would benefit from adjustable guides 

wheels to allow greater cutting speeds.

Robotic Mobility and Onsite Construction

Robotic fabrication offers real potential 

for a reinvigorated sense of craft in archi-

tecture and promises to further disrupt the 

widespread acceptance of homogenized 

industrially produced building components. 

Recent trends in robotics suggest that 

custom fabrication will increasingly take 

place in situ at the site of construction. In 

the case of Morphfaux a full-scale lath wall 

was built around the work envelope of an 

industrial robot (Fig. 5). Plaster was applied 

directly in the three dimensional orientation 

of the wall without flattening the geometry 

to a series of cut sheets whose component 

parts would then be reassembled in the 

space of the final artifact. Work at this scale 

required use of the robot’s external axis, a 

15m track bisecting the work space of the 

lab. This configuration proved viable dur-

ing the research but Morphfaux anticipates 

increased mobility in robotic fabrication 

where plaster is applied directly in a variety 

of construction sites.
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Difference and repetition are a recurring 

thematic within architectural discourse. 

Through the championing of digital tech-

niques (algorithmic, associative or other) 

and numerically controlled fabrication 

methods, contemporary practice seeks an 

expansion of the linear and highly stan-

dardized protocols of industrial production. 

Algorithmic design methodologies, when 

coupled to robotic fabrication, enable an 

explicit and bidirectional traversal of the 

modern division between design and mak-

ing (Fig. 1). This paper describes one such 

method which modifies the familiar march-

ing cube algorithm to take advantage of 

its latent possibilities for fabrication effi-

ciency. A recently completed project, “The 

Clouds of Venice”, serves as a case study for 

a new integrated mode of production, one 

that increases the quality and number of 

feedback relations between design, matter 

and making. 

Figure 1 Robotic fabrication of the “Clouds of Venice” installation

David Pigram, Iain Maxwell, Wes Mcgee, 

Ben Hagenhofer-Daniell, Lauren Vasey
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Crossing the Divide

The contemporary exploration of the archi-

tectural potentials of robotic fabrication 

and algorithmic design techniques perhaps 

most significantly permits a (re)affirmation 

or expansion of the role of the architect as 

master builder by challenging Leon Battista 

Alberti’s 15th century division between de-

sign concept and building. This division has 

significant consequences which delimit the 

phase-space of possibility, i.e. the kinds 

of buildings that can be designed and pro-

duced. This is the architectural equivalent 

of Ludwig Wittgenstein’s famous dictum 

(1972) that “the limits of my language 

mean the limits of my world”. For archi-

tecture this means that representational 

constraints are at least as significant as 

the more recognised limitations of struc-

ture, time, and budget (Benjamin, 1991). 

Traditionally architects use the drawing as 

their mediating device and so, as noted by 

William Mitchell (2001), “architects tend to 

draw what they can build, and build what 

they can draw.” The concurrent shifts from 

shop drawings to the direct generation of 

instruction code and from highly linearised 

production chains to flattened systems of 

intense feedback represent significant fac-

tors in one of the contemporary transfor-

mations of our discipline. 

The  “Clouds of Venice” 

Supermanoeuvre in Collaboration with 

Matter Design  

Commissioned for the Australian Pavilion’s 

exhibition for the 2012 Venice Biennale, the 

installation explores the realisation of a 

diffuse spatial condition via an ultra-high 

population assembly of mass-customised, 

robotically fabricated, steel rod elements. 

Fundamental to the realisation of the work 

was the development of a bespoke algorith-

mic design approach — premised upon the 

Marching Cube (MC) algorithm — coupled 

to customized file-to-factory software, ro-

botic handling and fabrication processes. 

The tectonic — cold-forming (bending) steel 

rod — forms part of a larger and ongoing 

research trajectory into algorithmic design 

strategies coupled to robotic fabrication 

undertaken at Taubman College, University 

of Michigan.

Marching Cube Method as an Open Ended 
Method of Standardisation

The MC method consists of an ordered set 

(3D grid) of cubes located within a spatial 

lattice of vertices - where each cube com-

prises 8 such vertices. Each vertex within 

the lattice attains a scalar value via sam-

pling the system’s input data set. The data 

set is arbitrary but is commonly a set of 

weighted 3D points. Thus the lattice de-

notes a scalar field of values either above 

or below a desired threshold (isolevel) from 

which the status of any cube can be extract-

ed: inside, outside or partly intersected. 

Those cubes that cross the threshold will 

contain part of the isosurface which is de-

fined in a procedural way. Since each of the 

cube’s eight vertices can be either “marked” 

or “unmarked”, there are 256 (28) possible 

conditions. In levering aspects of reflective 

and rotational symmetry, the MC algorithm 

elegantly reduces that count to 15 (Fig. 2). 

The first scenario is considered trivial, as all 

of the cube’s vertices lie either above or be-
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low the desired isolevel and as such produce 

no geometry. For each of the remaining 14 

cases, between 1 and 5 triangular facets 

(faces) will be added to the resultant mesh 

object (isosurface). The final process of the 

algorithm establishes the actual moments 

of intersection that define each triangular 

facet by either linearly-interpolating (step-

wise or infinitely scalar) or simply referenc-

ing the mid-point of the ‘cut’ edge itself. 

Within the context of computer graphics 

and surface reconstruction, aspects of reso-

lution and edge-interpolation enable trade-

offs to be made between the generation of 

smooth, detailed and seamlessly shading 

volume representations and computation 

time. When considered from the perspec-

tive of the constraints of architectural fab-

rication — economic, material, geometric or 

other — it is this precise ability to restrict 

possible outcomes that provides the pos-

sibility of geometric standardisation. 

The tectonic system employed 

by the Venice case study project does not 

limit itself to the facet-based geometries of 

surface representation. Indeed such a strat-

egy was quickly dismissed on the grounds 

that character would remain hostage to the 

most obvious formal characteristics of the 

MC algorithm. Instead, the project operates 

at a level of abstraction from the isosurface 

through opportunistically and sinuously 

tracing the 14 unique grids it provides. The 

tracery flirts with the intersecting surface 

patterns and, subject to encoded situation, 

either the inside (those being below the iso-

level) or outside (those being above the iso-

level) of the cube edges themselves. Thus 

the 14 scenarios yield 28 possible “types” 

with their selection and placement being 

directed by an extended implementation 

of the MC algorithm. In collapsing possi-

bility to definable “families” we were able 

to design and tune the traceries for visual 

quality as well as test fabrication viability 

(Fig. 3). Once the generalised patterns were 

settled upon, opportunity for mass-varia-

tion was reopened through applying highly 

orchestrated deformations to the global MC 

lattice. The deformations were used to ac-

count for the unusual geometry of the ex-

hibition space and improve pre-assembly, 

packaging and shipping efficiencies as well 

as to achieve specific architectural desires 

such as reinforcing circulation routes and 

establishing more legible grains and densi-

Figure 2 15 marching cube scenarios Figure 3 Marching cube traced steel instantiations
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ties within the structure. The result is that 

the installation consists of 1,000 unique 

parts extensively pre-assembled and or-

ganised through the spatial grid of the MC 

setup itself.

Robotic Bending

The case study project celebrates the con-

straints of creating structure through bun-

dling, imparting a one dimensional mate-

rial with surface- and volume-like qualities 

through principles of aggregation and varie-

gated densities. Research and development 

pertaining to tool design, multi-station 

fabrication processes and sequences con-

tinues previous trajectories that saw the re-

alisation of a custom-made, free-standing, 

robot-tended, CNC bender, controlled as an 

additional axis of the robotic system.

Using this, the robot controls the 

angle and plane of each bend and the dis-

tance between bends, thus creating a series 

of complex and unique parts. The sequence 

of operations requires a precise choreogra-

phy of external clamps, the robotic gripper, 

and the motion of the arm. The algorith-

mically generated instruction code makes 

typical construction drawings redundant 

and interestingly, also bears little resem-

blance to the typical point to point motion 

programs of CNC machines. 

The process itself is an adapta-

tion of well established wire/tube bending 

strategies that are used in the mass pro-

duction of formed parts. What is significant 

about this application is the development of 

the tool and process coupled with a generic 

platform, i.e. robotic manipulator. This al-

lows continued feedback of process param-

eters into the generative algorithms, which 

breaks with the traditional workflow of CNC 

bending and forming. The tight, often si-

multaneous, development of fabrication 

hardware (bending dies, hydraulic grippers, 

integrated servo) (Fig. 4) and software (KRL 

code generation from modeled or scripted 

geometry), means that one can intercede 

with either aspect equally. For example, the 

limiting acute angle that can be bent can be 

made smaller by rebuilding the bender itself 

in a more compact fashion (Fig. 5), or by re-

placing any acute angle generated beyond 

that limit with a double bend (Fig. 6). We 

implement both approaches simultaneous-

ly, and as a result, an expanded fabrication 

dexterity and wider palette of formal possi-

bility develops far faster and with more im-

mediately testable output, than pursuing 

either avenue alone ever would.

Figure 4 Bespoke robot actuated bender Figure 5 Typical bend detail
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Conclusion

As demonstrated by the “Clouds of Venice” 

installation, the potential offered by the 

complete and bi-directional integration of 

robotic fabrication and algorithmically gen-

erated form and instruction code allows for 

a radical transformation of industrial pro-

duction processes. Algorithmic techniques 

enable non-hierarchical, non-linear and 

explicit negotiations between an enlarged 

set of architectural intentions and the ma-

terial substrates and fabrication concerns 

through which they operate. Flattening, 

reducing or eliminating the steps of trans-

lation necessary to the transition from de-

sign to fabrication provides the possibility 

of creating feedback loops between design 

intent and fabrication logic while removing 

the limitations associated with prevailing 

representational techniques. Critically, this 

drive towards streamlining the translation 

steps is not a reductive exercise, merely 

acting in the service of efficiency; instead 

it establishes a critical reciprocity between 

designing and making. A novel approach 

that shifts disciplinary concerns away from 

object-centric notions of artefacts, includ-

ing how such things are made, towards a 

deeper concern for the disciplinary implica-

tions of the structures underlying the pro-

duction processes themselves.
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This project paper presents an overview of 

ongoing research from within a larger Euro-

pean project into the development of CAD 

tools for the design and realization of “non-

standard” concrete structures. The Euro-

pean research project combines the knowl-

edge and resources of architects, designers, 

concrete technologists, civil and structural 

engineers and robot experts with the prac-

tical experiences of key players in the con-

struction sector in a 4-year collaborative 

venture. Fourteen academic and industrial 

partners will develop a set of new technolo-

gies including digital design and fabrication 

tools, new formwork and reinforcement 

systems to radically change the way con-

crete is currently produced and used. With 

a construction process spanning a broad 

range of expertise, collaboration through 

an effective digital workflow is vital to the 

successful execution of free-form concrete 

structures. The state of research widely ap-

plied in academic institutions is to directly 

link design and fabrication in an iterative 

feedback loop (Bechthold, 2011). The soft-

ware tools that enable this type of inter-

action are often custom-made and project 

specific (Oesterle, 2009). 

Software Framework: Design Tool

In any construction process there exists a 

network of organizations connected both 

upstream and downstream in the process. 

The collaboration in non-standard building 

practices called-for requires the integration 

Jens Cortsen, Silvan Oesterle, Dorthe Sølvason, Hanno Stehling

From Digital Design to Automated Production 

Complex-shaped concrete sub-constructions with steel reinforcement

Figure 1 Workflow diagram for non-standard concrete construction process, showing key use cases design, 

planning and fabrication
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of this range of expertise. The research pre-

sented here develops a use case model that 

addresses the key steps in decision making 

for concrete construction projects from de-

sign through to fabrication (Williams, 2011). 

The following parties have been identified 

through experience gained in the develop-

ment of a number of key non-standard proj-

ects: architect - planner - fabricator (Fig. 1). 

A flexible software framework derived from 

the use case model enables a seamless 

flow of information between these parties. 

It provides a specific software tool for each 

use case party but all software tools load 

the same technology data. In this sense the 

tools provide a use case specific view of the 

construction process (Fig. 2).

The focus of this project pa-

per is on the fabrication use case and the 

fabrication tool implementing it. The tool 

allows construction ready geometry to be 

assigned to different fabrication cells using 

a new data format called Open Fabrication 

Language (OFL). It employs open standards 

and file formats and is intended to be open 

and extensible.

Fabrication cells are provided 

to the tool as plugins. Each cell can accept 

or decline individual operation types and 

can also have additional constraints like 

a maximum size of the working area. The 

tool provides feedback about the applicabil-

ity of geometry assigned to a cell and the 

location of constraints and limits. Output 

from the fabrication plugin can be any kind 

of fabrication data. It is not covered by the 

tool anymore and therefore is not restricted 

in any way. It can describe anything from 

a direct machine connection to a manual 

process and to network communication. In 

this project paper we will focus on the ro-

botic fabrication plugins for double curved 

milled formwork and steel reinforcement 

structures.

Robotic Formwork Fabrication Plugin

The fabrication of non-standard formwork 

Figure 2 The arrangement of the software framework, showing the relation of tool and construction tech-

nology plug-in
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can be automated with a 3-5 axis milling 

machine or by robot milling. Robot milling 

is chosen because of the lower acquisition 

cost and higher flexibility of the robot. The 

material is expanded polystyrene (EPS), 

which is rigid enough to resist the forces 

arising when casting concrete. Robot mill-

ing is still not widely used due to the com-

plexity and the time-consuming process of 

preparing the robot movements for milling 

the formwork. Therefore one of the aims 

of this project is not only to use the robot 

for automation but also to encapsulate the 

complete fabrication cell into a plugin, that 

communicates with the fabrication tool and 

automatically calculates the robot milling 

path for each formwork element based on 

the information about the formwork geom-

etry provided by the fabrication tool. 

The milling fabrication cell plu-

gin software is designed as a tree structure 

where the root node is the communication 

and control program. The root node com-

municates with a third party computer-

aided manufacturing (CAM) program for 

planning the milling paths through the ap-

plication programming interface (API). The 

result is then transferred to an off-line mill-

ing simulation framework (Fig. 3) through 

an API. The framework has a post processor 

for calculating a valid and collision-free ro-

bot configuration during the complete mill-

ing process from the CAM result. The last 

leaf node is the communication to the robot 

cell for production of the actual formwork.

Figure 3 The milling post processor with simulation and generation of collision-free robot trajectories
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Robotic Steel Reinforcement Fabrication 
Plugin          

The fabrication of the associated reinforce-

ment structure for a given formwork is a 

major problem and one that is very difficult 

problem to solve. A reinforcement machine 

that can bend a double curved reinforce-

ment bar and then join the bars to a com-

plete reinforcement structure is not avail-

able on the market. In this project paper we 

present our approach to solving this prob-

lem (Fig. 4). 

The major challenge is to map 

the 3D CAD model from the OFL format to 

manufactureable data. In order to make 

the rebars approximate the NURBS curves 

it must be determined where the rebars 

must be bent and by how much. The rebars 

are to be binded with steel wires at the in-

tersection points. The rebars must be bent 

between the intersection points to ensure 

stable bindings. Furthermore, the distance 

between two bends must be sufficiently 

large to leave space for the gripper to bend 

up to 100 degrees in a single bend (Fig. 5).

Another challenge is mathemat-

ical modeling of the rebar during bending 

and movement. The rebar will deflect due 

to material properties, gravity and physical 

impact on the rebar from robot movement 

when attached to the robot gripper. We 

use an off-line simulation toolbox (Cortsen, 

2012) based on a dynamical simulator. This 

Figure 4 Two robot reinforcement fabrication unit. The robot to the right is #1 and the floor mounted grip-

per is the bending tool. The robot to the left is #2 and handles the binding of the rebar grid. In the upper 

right corner a manually produced 3D reinforcement grid is shown.
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toolbox enables path planning and simula-

tion of the robot movements while taking 

rebar deflection into account and at the 

same time avoiding collision and maximiz-

ing the robot speed in any time step. The 

simulator handles motion planning for both 

robots and makes it possible to have two 

robots working concurrently to ensure opti-

mal performance.
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For manufacturing small batch sizes of 

sheet metal products a new technology 

called asymmetric incremental sheet form-

ing (AISF) has been developed since the 

early 1990s. The main advantage of this 

process is its high flexibility, since no or 

little product specific tooling is needed. 

Therefore free formed unique parts or 

small batches can be produced cheaply and 

speedily. Economic studies show a poten-

tial usage for batches up to approximately 

500 parts (Tuomi and Lamminen, 2004). 

Since the forming forces needed are not de-

pendent on the dimension of the part AISF 

can be used to produce even very large parts 

with inexpensive machines.

In the realm of architecture 

Trautz and Herkrath (2009) examined AISF 

for manufacturing different elements of 

a double-layered, facet-like folding struc-

ture. Katajarinne mentioned the produc-

tion of metal façade elements as a use 

case for AISF [2]. There was also a project 

on responsive skin where AISF was used to 

manufacture a mold, which is then used for 

injection molding UPM Profi — a recycled 

paper composite — at UCLA Architecture & 

Urban Design [3].

The AISF Process

A fixed sheet is deformed step-by-step by a 

small, mostly spherical, generic tool. It trav-

els along the surface of the final part geom-

etry. This can be done with a layer or with a 

helical strategy (Fig. 1).

Fig. 2 shows the different pro-

cess variants used nowadays. SPIF and TPIF 

can be used with a machine with at least 3 

axes. The left picture in Fig. 3 shows a SPIF 

setup with a KUKA Quantec KR 210 R2700 

prime at IRPA. For DPIF-P and DPIF-L two 

synchronized machines with at least 3 axes 

are needed. Robots are capable of such a 

kind of synchronized movement (i.e. using 

ABB MultiMove or KUKA RoboTeam tech-

nology). The center picture in Fig. 3 shows a 

DPIF-L setup with an ABB 6620 and an ABB 

4400/60 using ABB MultiMove at IRPA. 

All kinds of metal such as steel, 

aluminum, copper, titan, and even some 

plastics, can be formed. Composite prod-

ucts such as sandwich panels or polyure-

thane based color-coated metal sheets 

Jan Brüninghaus, Carsten Krewet, Bernd Kuhlenkötter

Robot Assisted Asymmetric Incremental Sheet Forming

Surface quality and path planning 

Figure 1 Different tool movement strategies
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(Katajarinne and Vihtonen and Kivivuori, 

2008) are also possible.

The formable sheet thickness 

depends on the forces the machine can ap-

ply. Forming forces are highly dependent 

on material, wall angle, infeed and tool 

diameter. Since the sheet is fixed, AISF 

causes material thinning in formed areas. 

For simple forming strategies, as discussed 

here, the sheet thickness  at every point is 

dependent on the corresponding wall angle. 

The relationship can be approximately de-

fined by the so called cosine’s law, where 

 is the initial thickness:

All materials have a certain 

maximal wall angle that can be formed. For 

many steel or aluminum alloys angles up 

to 60-70° can be formed in one step. For 

steeper angles multi-stage strategies can 

be applied.

Surface Quality

Tool diameter and infeed have the greatest 

influence on surface quality. Larger diame-

ter and smaller infeed leads to finer surfac-

es. A lubricant should be used to minimize 

friction and enhance results.

To prevent tool marks on the 

part, two sheets can be used in combina-

tion. In this setup the additional one lies on 

top of the other. Both are fixed in the blank 

holder. The tool only interacts with the up-

per one and the lower one is formed indi-

rectly by the deformation of the upper one. 

Since the additionally sheet is used only for 

forming the real product sheet, it is called 

a dummy sheet (Skjoedt and Silva and Bay 

and Martins and Lenau, 2007). 

Figure 2 Process variants used in AISF



157

Project

To visualize typical AISF results 

some parts with a simple geometry, a cone 

frustum with 60° wall angle, are formed 

with SPIF. As material DC01 (thickness: 0.5 

mm) was used. The tool (case hardened 

X155CrMoV12-1) had a spherical tip (diam-

eter: 12mm) and was moved non-rotating 

on a helical tool path (Fig. 3 right). 

In the initial sheet the direction 

of rolling is clearly visible, but disappears 

in the formed part. At the inner surface a 

wavelike structure is visible as a result of 

the tool movement. On the outer surface a 

small amount of orange peel effect appears, 

so the surface is somewhat bumpy (Fig. 4). 

The inner surface has a glossy appearance, 

while the outer surface has a matt finish.

Fig. 5 shows the same cone frus-

tum formed with a dummy sheet and an 

infeed of 0.5 mm. While both sides of the 

dummy have a glossy appearance, the other 

part has a matt finish on both surfaces.

Path Planning

Since many researchers use milling ma-

chines, CAM systems are used mostly in 

literature for path planning. In SPIF and 

TPIF surface milling strategies are suitable 

for AISF. Although KUKA has introduced 

KUKA.CNC, for most robots the generated 

Figure 3 Forming set up used at IRPA: SPIF (left), DPIF-P (center), forming tool (right)

Figure 4 Cone frustum, infeed 1 mm: initial sheet 

(left), inner surface (middle), outer surface (right)

Figure 5 Cone frustum, infeed 0.5 mm, using 

dummy sheet: produced part (top), formed dummy 

sheet (bottom)
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paths have to be translated in the native ro-

bot language. As for DPIF-P and DPIF-L no 

direct analogous process in milling exists, 

thus CAM systems cannot be used.

A dedicated path planning sys-

tem for AISF was developed at IRPA. It 

uses the plug-in functionality of the of-

fline-programming and simulation system 

FAMOS robotic. The virtual AISF cell is built 

up in the system and parts are loaded as 

parametric CAD data. After defining some 

forming parameters, as i.e. the tool diam-

eter, the paths for both cooperating robots 

are calculated. The robot movement can be 

simulated in the system, and collision de-

tection is possibly. The FAMOS robotic post 

processors take care of generating the real 

robot programs (ABB MultiMove and KUKA.

RoboTeam is supported) and programs can 

directly be transferred to a manufacturing 

cell without further manual modifications 

(Meier and Brüninghaus and Buff and Hypki 

and Schyja and Smukala, 2009).

Further work at IRPA will detach 

the path planning algorithms from a spe-

cific frontend. Access to geometric libraries 

as well as GUI and post processing will be 

encapsulated by interfaces (Fig. 6). So ev-

ery system that implements the defined 

interfaces can interact with the path plan-

ning library and everyone can work in their 

preferred environment.
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Figure 6 Path planning workflow
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Introduction

Robotic fabrication and manufacturing 

technologies are traditionally known for 

their benefits in automation processes of 

full-scale design and construction (Seyam 

2003). However, their value as design 

content and material generators has only 

recently been explored. CNSILK aims to ex-

plore the potential of integrating advanced 

robotic manufacturing techniques through 

custom developed end-arm tooling with 

biologically inspired design principles to cre-

ate a biologically inspired digital design fab-

rication platform. With a special focus on 

robotic deposition of tensile fibers inspired 

by Aranaeidspider web construction, this 

design approach seeks to establish a pilot 

case study in biomimetic fabrication. By 

integrating on-the-fly material generation, 

multi-axis fiber control, and a seamless 

assembly method, the platform described 

herein aims to mimic natural construction 

methods in achieving woven architectural 

structures that are continuous in morphol-

ogy and physical property through the im-

plementation of a multi-axis tensile digital 

fabrication platform. 

Biomimetic Inspiration

Of all known silk producing insects and ani-

mals, spiders make the most extensive use 

of silk in a variety of structural and func-

tional roles (Zhao et al., 2005). When ex-

amined under magnification, the structure 

of orb-spider silk is surprisingly complex 

(Fig. 1). Web architecture is determined by 

the constraints of the spider’s environment 

as well as its energy balance. The struc-

tural integrity of an orb web, for example, 

is dependent on the surrounding objects to 

Elizabeth Tsai, Michal Firstenberg, Jared Laucks, Yoav Sterman, 

Benjamin Lehnert, Neri Oxman

CNSILK

Spider-silk inspired robotic fabrication of woven habitats

Figure 1 Environmental scanning electron micrographs of spider silk fibers illustrating the different struc-

tures present including spring-like motifs (left) and droplets of glue (right) 
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which it is attached as well as on the silk 

material, which must be structurally op-

timized given the high metabolic cost of 

generation (Gosline et al., 2004).In spinning 

a web, spiders vary not only the physical 

structure of the web and its morphological 

features, but also its material composition.

 From the perspective 

of digital design fabrication, web spin-

ning represents a form of natural additive 

manufacturing in which the end product is 

informed by multiple environmental factors 

and material optimization (Oxman, 2010). 

In contrast to industrial additive manufac-

turing methods, which generally print with 

compressive elements, spider webs are 

composed of largely tensile elements with 

seamless structures and functionally grad-

ed material compositions.

Methods & Progress

Experiments were conducted using two-

types of materials. Initial tests were done 

with the robotic arm (KUKA KR5 sixx R850 

industrial 6-axis robotic arm) using yarn 

wrapped onto a steel frame structure. Fur-

ther experiments were conducted by weav-

ing with nylon 6,6 synthesized and drawn 

from the interface of a two-phase system. 

This process implies the integration of ma-

terial generation as part of the fabrication 

process, seeking to weave with fibers syn-

thesized immediately prior to deposition.

Yarn Weaving

Four-ply cotton yarn was used as the weav-

ing material and a galvanized steel frame 

with hooks spaced 0.0508 m by 0.706 m 

was used as a weaving frame.  An attach-

ment to the arm was built to contain a 

spool of yarn; to allow the holder to maneu-

ver around the pegs, the yarn was passed 

through a 0.05 m hollow tube attached to 

the end of the holder

Nylon 6,6 Synthesis

Nylon 6,6 was synthesized from adipic acid 

and hexamethylenediamine solutions. A 

10% w/v solution of hexamethylenediame-

nein water with 1% w/v NaOH and a 10% 

w/v solution of adipoyl chloride) in hexane 

was used. The synthesis reaction occurs at 

the interface between the two solutions 

Figure 2 Nylon 6,6 being synthesized and drawn out of a 2-phase liquid system by the robotic arm (left) 

and an electron micrograph of spider silk containing micro-droplets of glue (right). Different thicknesses 

and bubbles may be created by varying the draw rate and technique.
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and, if the product (nylon) is continuously 

removed from the interface, the reaction is 

driven forward, resulting in a single nylon 

strand. 

 Three methods of weaving with nylon 

were explored. In the first method dem-

onstrated in Fig. 2 strands of nylon were 

drawn from the two-phase nylon prepoly-

mer solution by the robotic arm. Varia-

tions in thickness were easily controlled by 

modifying the speed at which the strand 

was drawn, with faster speeds resulting in 

thinner strands. Thicker and stronger fibers 

can be created by using wider containers for 

the nylon synthesis and by adding certain 

agents such as detergents and glycerol to 

modify surface tension; Hollow cavities in 

the strand can be created by changing the 

drawing sequence and occasionally revers-

ing the draw direction. These cavities may 

potentially be filled with additional mate-

rials or glue in analogy to the drop of glue 

found on some spider silks. 

In the second method (Fig. 3) the 

nylon prepolymer solution was placed on 

the table in front of the robotic arm and 

a weaving frame with pegs was attached 

to the arm. Nylon strands were wrapped 

onto the weaving frame by twisting and 

manipulating the robotic arm in six axes. 

In the third method (Fig. 4), the frame was 

stationary while a shallow container of the 

nylon prepolymer solution was manipulated 

such that different hooks were submerged 

into the solution successively, resulting in 

multiple strands.   

Figure 3 Robotic Arm manipulating the weaving frame that the nylon is being wrapped around. The nylon 

prepolymer solution is resting on the table below the arm.
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Figure 5 Images of nylon 6,6 membranes created by turning and dipping a shallow container of nylon pre-

polymer onto adjacent pegs (left), and by formulating the nylon prepolymer solution using 50% detergent 

solution (right)  

Figure 4 Nylon threads attached to hooks on a steel frame formed by dipping the hooks into a nylon pre-

polymer solution
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Creation of Nylon 6,6 Skins

By using a method of turning and drawing 

thin, skin-like membranes can be created. 

A fixed frame was used and a shallow con-

tainer of nylon prepolymer solution was 

successively dipped and rotated onto pairs 

of adjacent pegs (Fig. 5, left). Formulating 

the nylon prepolymer solution with 50% /v 

of detergent resulted in stronger and larger 

nylon skins when drawn using multiple 

or cylindrical hooks (Fig. 5, right). Various 

agents may be further added to the aque-

ous solution to alter the optical and me-

chanical properties of the resulting nylon 

skin.

Conclusion & Future Explorations

Drawing inspiration from the spider silk 

system, CNSilk seeks to develop a mate-

rial synthesis and fabrication approach for 

structures whose architectures, responses, 

and process of fabrication are informed 

not only by a static design but also by the 

properties of the fiber itself and its sur-

rounding environment. At its core, CNSilk 

explores the concept of material synthesis 

as an integral part of the fabrication proc-

ess, where tensile members are dynamically 

generated to adapt to current environmen-

tal factors. The intent of this approach is to 

allow the material system to function in a 

less intensive way than electronically driven 

methods, embedding the technology into 

the system rather than it functioning as 

a supplement. Continued development of 

this research could potentially be adapted 

to integrate material and density gradients 

so as to incorporate both structural skin and 

apertures through either a single or multi-

ple materials. 
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Individual Robotic Production Processes

For a designer the aura of a robot is fasci-

nating: the combination of an articulated 

robot with an (electronic) hand tool, with 

automation-components or with self-made 

hardware seems to allow the fast imple-

mentation of individual industrial produc-

tion processes.

Rhino2krl  - Overview

To make this potential available, “rhino2krl” 

tries to meet the lack of an offline robot-

programming tool that easily integrates 

into everyday design-workflow [1,2].

Rhino2krl is a simple Cad-plug-in to gener-

ate a readable and adaptable robot control 

code. It follows one basic idea: to select 

curves and to send them to the robot as 

tool-paths. The main features are:

1. Integration as plug-in into a powerful 

and affordable CAD application (rhino3d)

2. Input-curves can be drawn, imported or 

generated

3. Geometrical information and machining 

parameters are interpreted by the robot 

control

4. Integration of different hardware set ups

5. Interaction with other plug-ins, such  as 

parametric design, cad-cam interfaces or 

nesting.

Rhino2krl - Interface

For all commands, rhino2krl uses curves to 

define the movement of the Tool-Center-

Point (TCP). A changing spatial direction of 

the tool can be defined by additional input 

like a surface, a guiding curve, or block-in-

stances that represent the tool.

It is possible to combine different kinds of 

movement or tool-changes into one job.

Figure 1 Robotic log-cutting using a chainsaw, 

programmed in Rhino2krl

Tom Pawlofsky

Rhino2krl

A simple CAD to robot interface for fast process prototyping 
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Figure 2 Longtime exposure “technocrafts”

Figure 3 The “spinning sphere” lampshade fabrication
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Control Code – KRL

Rhino2krl outputs a special “KRL-code” 

(Kuka Robot Language) that approximates 

the tool paths by lines and arcs [3][4]. Con-

trary to a long list of linear movements, it 

exports the geometric information togeth-

er with several parameters. This informa-

tion is interpreted by a custom function of 

the robot control to calculate the resulting 

movement.

This setup allows different in-

fluences on the job at the robot’s interface 

(HMI) - without switching back and forth 

from the CAD environment. The param-

eters influence the work-piece and tool co-

ordinates, the speed-settings, the strategy 

to approach or depart from a tool-path and 

the robot’s curve-approximation at kinks. In 

addition, there is only a single, identifiable 

line of code for every CAD curve in the main 

KRL program. This concept of interpreting 

the geometry at the robot control greatly 

accelerates the process of fitting the digi-

tal world to the real world. Furthermore, it 

enables a directed approach of optimizing 

a single robot job or an entire production 

process.

Examples of Application

The longtime exposure ”technocrafts” 

shows simple planar tool-paths as example 

of a “3D movement”. The robot moves a 

bulb and switches it via the digital output 

(Fig. 2). “Spinning sphere” is a robotic re-

production of a lampshade known from 

the 1960s. It uses a tool-path that is gen-

erated by a custom Java-based application 

and that is sent to the robot via rhino2krl 

as “perpendicular to surface – movement”. 

The origin of a cotton thread that is soaked 

with resin is defined as an “external” tool-

center-point, which means that the robot 

moves the work-pieces — in this case a 

blown up ball that can be removed after 

the resin has dried (Fig. 3). “ZweiRaum-

wand” and “brickolage” are examples of the 

“flank–movement”. The process of these 

two projects approximates the shape of 

complex and curved walls by custom-cut 

bricks of lightweight concrete (Fig. 4). A ro-

bot moving a jigsaw performs the cutting. 

For each contour, the bevel is locally ad-

justed. This process minimises waste, and 

requires a machine time dependent only on 

the surface area and not on its complexity 

Figure 4 Design and joint pattern of “ZweiRaumwand” (left) and “Brickolage” (right)
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or the amount of material that has to be re-

moved. The resulting surface offers a preci-

sion that satisfies architectural needs and 

shows an attractive joint pattern as tex-

ture. The author has designed “ZweiRaum-

Wand” by using custom, Java-programmed 

modeling software, based on voxels. The 

sculpture consists out of 80 bricks and has 

served as a preliminary study for bricko-

lage (Figs. 5—7). “Brickolage” is the result 

of a workshop about digital fabrication at 

the Chair for CAAD, ETH Zurich [5][a]. A 

reaction-diffusion algorithm implemented 

in Java generated the surface of the sculp-

ture. The production data are the result 

of Python programming and a parametric 

definition in “grasshopper”. 1400 different 

bricks were cut by means of the rhino2krl 

interface (Fig. 5, 6). After the above ex-

periences, a chainsaw moved by the robot 

seamed to be reachable challenge for the 

“robot’s chainsaw stool”. The usage of logs 

directly from the forest offered an exciting 

contrast to the high-tech robot (Fig. 7). As a 

preparation for a digital fabrication seminar 

the author implemented the process. Then 

the stools and the tool paths were designed 

together with the student, using  manual 

CAD-techniques [b]. Rhino2krl‘s “direction-

by-block-instance – movement” was used 

to generate the control-code.

Conclusion

Rhino2krl enables easy access to the great 

potential of robotic fabrication. But the vi-

sion of custom production processes also 

involves many technical challenges of the 

physical world. Therefore the robot remains 

a complex tool that can be mastered only 

by persistent efforts. The profit of these ef-

forts are the use of a strong tool that con-

nects the digital and the physical world.
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Figure 7 The log after machining: waste, first stool, second stool, toolpath-planing 2 of 14 cuts
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Figure 5 Robot cutting a lightweight concrete block with a jigsaw, production process for “ZweiRaum-

Wand” and “Brickolage”

Figure 6 “Brickolage”, final sculpture
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Düzce Teknopark, a technology center for 

Düzce University, has been developed by II 

Architects int, a small Austrian/ Turkish ar-

chitecture firm based in Istanbul. 

Infinity of science and the con-

vergence of industrial and academic re-

search provided the inspiration to develop 

a multifunctional twisting, three-dimen-

sional loop emerging from a toroidal form. 

The environmentally self-sufficient and 

self-supporting building envelope houses 

office spaces and research labs for industry 

and university spin-offs. Incubating new 

technologies and innovations requires high-

est security standards where each floor has 

to be encapsulated. In the foyer the double 

façade twists like a conch shell into a volu-

minous entrance space, creating a pocket 

within the double-façade. In analogy to the 

fertilization process, the penetration of the 

building by researchers, clients, and visitors 

is articulated in the atmospheric climax of 

the entrance hall as a meeting area “in-

between.” 

The cost driver for a freeform fa-

çade such as Düzce Teknopark’s is not the 

surface cladding itself but rather the join-

ing of the single elements. Therefore, in 

the case of Düzce Teknopark with its overall 

surface area of roughly 8000 m² and more 

than 7000 m of joints, the edges of the 

single elements largely define the costs, 

which in turn are influenced by the efficien-

cy of the fabrication process of the struc-

tural members. Düzce Teknopark requires 

the definition of the fabrication process 

for more than 21km of cutting, joining and 

mounting, making streamlining the design 

to fabrication process a highly desirable 

goal. A flexible CNC fabrication with a robot 

lends itself particularly well to such diverse 

tasks. Due to its many degrees of freedom 

and the possibility of using multiple end-

effectors, re-clamping of the single quadri-

lateral elements is minimized and the pro-

cesses of sawing, milling, drilling etc. can be 

executed in one task.

Today the flexibility of digital 

tools enables designers to quickly imple-

ment design and fabrication constraints 

by fluently adapting parametric schematas 

during the design to fabrication process. 

Inhouse customized tools incorporating, 

for instance, wood manufacturing and 

machinic know-how about sawing, milling, 

drilling holes etc. have for a long time been 

the sole property of the building industry. 

The knowledge of how to incorporate these 

strategies within the design and robotic 

fabrication process allows small architec-

ture firms to convince clients and contrac-

tors of their technological capabilities and 

removes creative limits from the design to 

fabrication process.

Baris Çokcan

Robotic Fabrication for Düzce Teknopark

Streamlining fabrication through versatile machines
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The Concept

A computer guided robotic arm, combined 

with a plastic extruder generates a unique 

method whereby molten plastic is allowed 

to fall freely, producing one-of-a-kind, ar-

tistic creations. Despite being a technologi-

cal robotic-guided process, Free Molding 

Technology veers from standard template 

production by allowing random elements to 

affect the resulting object.

The Material: Plastic as a Material for Art 
and Design Products

Using plastic for art and design artifacts 

has not always been considered appealing 

and artistic. Traditional materials – metals, 

glass, and ceramics — are considered more 

“worthy” of an artist’s time and talent.

One reason for this is the way 

that plastics are generally produced. Plastic 

products are mainly designed for function-

ality and mass-production requirements 

leave little room for individual expression. 

Furthermore, until the middle of the 20th 

century, craftsmen did not have the option 

of using plastic as a sculpting material and 

were forced to use traditional materials.

Another reason that consumers 

often show disrespect and contempt for 

this material, is its mass-produced, cheap, 

polluting image. Yet, the tremendous eco-

logical damage caused by plastic is not due 

to the plastic itself, but to the social behav-

ior that wrongly treats plastic as disposable. 

In fact, plastic offers myriad properties that 

are ecologically superior to traditional ma-

terials: Plastic can be processed between 

180-240°C, whereas traditional materials 

require a minimum of 1000°C, making them 

high energy consumers and more harmful 

Figure 1 Cocoon lighting, 2012

Yaron Elyasi

Free Molding Technology
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to the environment. Traditional materials 

are taken directly from Mother Nature’s 

resources; plastic is a byproduct of pet-

rol. Once the prejudice is overcome, plastic 

can be considered a strong, intriguing sub-

stance for use in artistic projects and design 

objects. 

The Innovation: Free Molding Technology

Early in his design education, Yaron Elyasi, 

embarked on a project using recycled plas-

tic as his medium. His intended final project 

was, unfortunately, aborted when all 2.5 

million bottle caps (collected over 4 years) 

were accidentally discarded, forcing him to 

rethink his project. 

An unsuccessful quest to carry 

on with his project by hand-sculpting plastic 

emerging from industry machines led him 

to explore other ways to mold plastic. This 

led to his first plastic extruder: a mechani-

cal meat grinder with external heating, with 

which he started making plastic “pottery” 

and exploring other technical possibilities.

Natural phenomena on a small 

scale formed a basis for possible molding 

techniques. One used a whirlpool of water 

as a mold: molten plastic was poured into 

the turbulence, producing a random, chaotic 

form frozen in time. His “whirlpool mold” 

experiments led him to explore the aes-

thetics of chaos, and to remove the strict 

rationality governing the plastic industry. 

By removing meticulous planning, the artist 

had freedom to create products different 

from industrial norms, as well as from each 

other. The next step was experimenting 

how the stream of molten plastic could be 

turned into textures derived from natural 

linear designs: fingerprints, wind, water rip-

ples, sound and light waves, etc. A texture 

Figure 2 Robotic fabrication process in RobotWorks
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library was formed with variations in den-

sity, line thickness and type of plastic.  

Progressing further, he com-

bined plastic extrusion technology with 

a methodology where plastic was poured 

onto, rather then injected into, a mold: the 

“mold” thus lost its intrinsic meaning and 

became a “three-dimensional canvas.” The 

placement of the plastic stream was ran-

dom, the structure evolving depending on 

the circumstances, like wax dripping from 

a melting candle. Random, uncontrollable 

factors — wind, gravity, the composition 

and temperature of the raw material, the 

temperature of the surrounding air or the 

“canvas” — all affected the final result. 

By manipulating the “mold” 

while the plastic flowed onto it, different 

patterns and textures were formed; upon 

attaching itself to the “mold,” the melted 

material achieved a form and volume that 

maintained its given structure upon solidi-

fication.  The result was magical: suddenly, 

plastic — typically characterized by cold 

smooth surfaces that mirrored the mold 

— received a new, organic, spontaneous 

appearance. The manufacturing method’s 

unique aesthetic value has been exploited 

in Tom Dixon’s famous work, “Fresh Fat 

Chair” (2004)  [1] , made by plastic extrusion 

without the robotic integration.

Introduction of Robotic Control

Up to this point items were produced in-

dividually. However, marketplace require-

ments demanded a method whereby items 

could be effectively mass produced, while 

still maintaining individuality, and where 

the pattern could be better planned and 

controlled. This was achieved by introduc-

ing robotic control. 

A prototype was built combining 

the studio’s existing plastic extrusion ma-

chinery, a six-axis robotic arm and a Solid-

works-based application called RobotWorks  

[2]. The RobotWorks application is well-

known in industry, but not so familiar in the 

design and art world. Using RobotWorks, a 

three-dimensional guiding path is applied 

by the designer to drive the robotic arm. 

Integrating robotics,specially de-

signed molds and plastic extrusion resulted 

in Free Molding Technology (in final patent 

registry phase). The designer feeds a pat-

tern into a computerized program that con-

trols the extruder›s velocity, and a robotic 

arm replaces the human one, maneuvering 

the mold beneath the stream of melted 

plastic, thus allowing different patterns and 

textures to form. Using Free MoldingTech-

nology, small mass-produced lines of dif-

ferent designs can be easily implemented, 

Figure 3 Eco Reflect bowl, 2011; Lava bowl from recycled mobile phones, 2007
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producing similar products yet maintaining 

each and every one’s individuality. 

On one hand, introducing ran-

dom factors to the process, even though ro-

bot-controlled, generates unique artifacts. 

As in nature, no two are completely iden-

tical. On the other, the computer interface 

presents the ability to introduce precise, 

specific designs, patterns and logos into the 

production process. 

The aesthetic achievement is 

profound. Each object is one of a kind. Evi-

dence of the success of this “breaking the 

mold” method was provided by the audi-

ence’s admiration during the designer’s 

first exhibition at The Israeli Trade Fairs 

Center in 2001. The Milano Mobile show and 

others throughout Europe followed.

The Future

Consumer Participation in the Design 

Process 

Free Molding Technology stands at the 

forefront of catering to an emerging world-

wide trend of mass customization and “Do-

It-Yourself” home decor and interior design 

[3], [4]  by refining the ability to customize 

products industrially so that the consumer 

will be able to participate in the design. This 

will be an evolutionary leap affecting the 

entire industry.

Extending the Method to Other Materials

Etto studio [5] focuses on design using re-

cycled and raw plastic, but this technology 

has potential for use with other materials 

(glass, metal or wax), and, eventually, with 

clay and with polymer mixed with wooden 

fibers. 

References
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Figure 4 Darbuka stool, 2006
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Art is not art if it is created by the human 

hand — Manifesto Nero, Federico Diaz

Venezia 2010

Outside Itself is an interactive, mathemati-

cally programmed, robotically-produced, 

light-responsive installation that grows 

and morphs as a life force unto itself. It 

can also be described as a self replicating, 

site-specific sculptural installation shaped 

by viewer-inspired data which gives new 

meaning to the term “going viral”.   

Imagine thousands of black 

spheres being created and morphing ac-

cording to changes in ambient light gen-

erated by the fluid interactivity of viewers  

(refer also to the previous project Geometric 

Death Frequency 141 created in 2010 for the 

Massachusetts Museum of Contemporary 

Art, Fig. 1). The balls are assembled by two 

precisely calibrated robots into an exponen-

tially-shifting composition. Each ball repre-

sents an individual “photon”. Optical sen-

sors monitor the available light at the site, 

Federico Diaz

Outside Itself 

Interactive installation assembled by robotic 

machines untouched by human hand 

Figure 1 Datasculpture Geometric Death Frequency 141, 2010, MASS MoCA Massachusetts Museum of 

 Contemporary Art
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creating a data stream that controls the 

robots. The surrounding light is affected 

not only by the passage of time from day 

to night, but by the number of viewers sur-

rounding the installation, their movements, 

and even the color of their clothing.  

Although the installation is pro-

duced without being touched human hand, 

it is completely interactive. The mathemati-

cal program enables the two robots to build 

and, together, to arrange about 2,000 of 

the 5-centimeter-diameter balls every 12 

hours, completing a large, continuously 

shape-shifting construction over a period of 

several months (Fig. 2). 

The shape and composition of 

the installation respond directly to its im-

mediate surroundings. Like an infinitely 

adaptable organism, or society itself, it con-

stantly reflects its environment. For the art-

ist the robot is like an “outstretched hand 

of our senses”, that extends human ability 

beyond the limitations of the body, in the 

same way that society now uses technol-

ogy to simulate or stimulate experience, 

or to create “social networks”. Technology 

is relied upon to communicate and achieve 

what the body cannot—to go beyond, to go 

“outside” of oneself. 
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Abstract This paper describes the process 

of geometric optimization and introduces a 

design workflow of a structure that portrays 

fluid motion, composed of many small 

spheres. It presents several possible ap-

proaches on how to organize a complex wave 

form to optimize its structure for robotic 

fabrication. The first method was based on a 

dynamic principle of self-organizing parti-

cles, using simulated magnetic attraction 

and repulsion. The second applied method 

used a growth algorithm to generate a struc-

ture which could be used as an uneven grid in 

which the original particles could be ar-

ranged. The third method, which universally 

negated the uneven arrangement of parti-

cles, was the arrangement of the particles 

into an even grid. This paper also deals with 

structural analysis and load-bearing capacity 

optimization of this structure. 

Keywords: geometric optimization,  design 

to robotic fabrication, structural analysis

Lukáš Kurilla, Ladislav Svoboda

Geometry Optimization

Realization of a fluid-form structure composed of spherical components, 

fabricated by means of computer software and robotic arms
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1 Introduction

The fluid-form sculpture, described in this 

paper, titled Geometric Death Frequency 

– 141, was designed by Federico Díaz as 

a 2-year exhibition project for the MASS 

MoCA museum in Massachusetts. The 

sculpture consists of approximately 420 

thousand spherical elements made from 

ABS plastic material, each being 4,7cm in 

diameter and weighing 9g. The entire struc-

ture is 10 meters long, 5,4 meters wide and 

4 meters high. This project took a year to 

produce, including 3 months of robotic 

manufacture, and was then transported by 

boat to the U.S.A. where the sculpture was 

completed (Fig. 1).

Our aim was to fabricate a com-

plex wave form, simulated using the Re-

alFlow programme [1]. During the project 

we considered and tested several ways of 

producing wave forms. First, we focused on 

the use of generated mesh geometry to for-

mulate the surface of the wave. Then, we 

considered the particles that we would need 

to generate this wave. The author decided 

to try using spheres as “particles,” and, 

after an impressive visual simulation, we 

decided to pursue further development in 

that direction. The original arrangement of 

the particles from the simulation could not 

be used directly as the basis for production. 

Distances between the particles were var-

ied, so many spheres would intersect, and 

most would not connect to anything, levi-

tating in space. Therefore it was necessary 

to develop geometry optimization to rear-

range the original structure of the particles, 

enabling us to replace them with spheres 

so that each sphere would touch its neigh-

bours at one point (Fig. 2).

2 Robotic Fabrication

As we began planning fabrication with 

spherical components, a new question 

emerged - how to maintain accuracy in 

a structure consisting of this number of 

spheres. A similar case was solved in the 

construction of a brick wall, Bonwetsch 

(2007). A robotic arm was used in the 

construction to control the production of 

Figure 1 Realization of a fluid-form structure com-

posed of spherical components, Geometric Death 

Frequency – 141

Figure 2 Fluid simulation: a) surface area based on mesh geometry; b) volume of the wave, represented by 

particles; c) particle position dilemma
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a wide variety of components, and to re-

duce potential faults, which multiply with 

every added component. In sphere-based 

structures the threat of inaccuracy is even 

higher than in line-based geometry. Robotic 

fabrication reduces it. We also considered 

fabricating polyurethane foam spheres, 

extruding them in a process similar to the 

project “The Foam” [2], Bonwetsch (2008). 

However, this technique was very problem-

atic, so we finally decided to use prefabri-

cated spheres, which we joined together by 

spot-gluing.

 For the fabrication we used 

two industrial robots, KUKA KRC 16 with 

controller KRC2 (Fig. 3). We controlled 

the robot through a plain text file, which 

was generated by simple Java application 

Robo.d [3] specially developed for this 

project. Each line of generated file carried 

information about a single sphere, its posi-

tion, and vector points of bonding and glu-

ing. This information was further processed 

and converted into KUKA Robot Language 

(KRL) using an application written in C# by 

Jindrich Bartošek, which mainly calculates 

Figure 3 Testing phase of fabrication with KUKA KR 16
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vectors for rotation of the robot. He worked 

for the firm Blumenbecker [4], with whom 

we consulted throughout production, and 

which also ran and serviced the robots.

It was necessary to develop a 

special cupped head to grasp the spheres. 

We applied a liquid accelerant on each sphere 

to speed the bonding process. At the begin-

ning it was necessary to hold the spheres 

above the jet applying accelerant and rotate 

them throughout the application. Later four 

jets were added to the head, which allowed 

direct application of a liquid accelerant to 

the grasped spheres. This improvement 

shortened the robotic arm’s trajectory and 

thus fabrication time. In the optimized so-

lution the robotic arm grasped each sphere 

from a feeder and placed it under the jet, 

where glue was applied to the sphere at all 

the necessary points of contact with the 

other spheres in the structure (Fig. 4). Fi-

nally, the robotic arm placed the sphere into 

position, according to the coordinates and 

held it until it stuck firmly to its surround-

ing neighbours in the structure. The robotic 

arm released the sphere by gently blow-

ing it away. An adhesive and an activator 

were developed by the firm Henkel in order 

to shorten the bonding process, to provide 

the required mechanical properties, and to 

ensure resistance to external conditions. To 

avoid collision between the robot and struc-

ture, we determined that a vertical stacking 

process was ideal. The time needed for glu-

ing a sphere depends on the angle of con-

nection. The more an angle diverges from 

the vertical axis, the more time consuming 

it is (Fig. 5a). But the most critical problem 

is the range limit beyond which the robot is 

no longer able to glue two spheres together 

– any angle horizontal or lower to the po-

sition of the neighbouring sphere. Any at-

tempt to do so would weaken the structure, 

providing no support for further subsec-

tions of the structure.

Figure 5 Robotic fabrication: a) angle fabrication possibility and time consumed (t1<t2<t3); b) vertical stack-

ing problem; c) first layer problem (red - vanished, green - added sphere reducing vanished spheres)

Figure 4 Detail of the special cupped head in glue ap-

plication process
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In the first step of fabrication, 

the robotic arm glued the first layer of 

spheres to a planar surface foundation (Fig. 

5c). To prevent the problem outlined above, 

and maintain structural integrity, it was 

important that spheres in this first layer lie 

exactly on the same plane.

Another factor complicating 

production was the fixed position of the 

robot, where the dimensions of the robotic 

arm limit the maximum size of what it can 

build. Therefore, the entire structure had to 

be divided into smaller production sections. 

In breaking up the structure, ensuring that 

each separate piece of this first layer had 

the exact same height, so the next level 

would lay on the same plane, provided a 

further complication.

3 Geometry Optimization

Geometry optimization can be divided into 

two phases. The first is the optimization 

of the distances between the spheres, 

through a computer algorithm, in order to 

connect with neighbouring spheres. The 

second phase is a quality control measure, 

to ensure that the resulting structure is 

feasible and structurally sound. This sec-

ond phase is integrated as a part of the 

optimization algorithm and continues into 

post-process optimization. The aim of this 

process was to arrange the spheres into the 

desired geometry, with as little change to 

the original simulated wave form as pos-

sible. During this process, several methods 

for optimizing the structure geometry were 

tested in order to ensure the feasibility of 

the structure.

3.1 Self-organization through Simulated 

Magnetic Fields 

This first method was based on a dynamic 

principle of self-organizing particles, using 

simulated magnetic attraction and repul-

sion. By giving each particle in the algorithm 

a positive or negative “charge”, it naturally 

led to each particle having as many neigh-

bours as possible while reducing particle 

overlap and discontinuities in the structure. 

It was a method that should ensure a dy-

namic configuration of the spheres and 

verify manufacturability of the resulting ir-

regular structure.

Being a non-linear task, this first 

method was repeated numerous times, 

resulting in an approximate design that 

still required further optimization. If any 

problematic particles still remained in the 

resulting structure they were omitted in 

further processing.

This optimization algorithm is 

similar to the relaxation algorithm. A vec-

Figure 6 Self-organization method: a) first layers of the structure; b) vanished, omitted particles in the 

structure; c) magnetic principles in the algorithm
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tor shift is calculated for each particle in 

the structure , the length and direction 

of which depends on the locations of sur-

rounding particles. If the distance is smaller 

than the diameter of the sphere, then they 

must be overlapping, so the particle is re-

pelled. If the distance to the neighbouring 

particles is greater, the particle is attracted, 

until they touch. After several iterations the 

structure starts to coalesce, problematic in-

tersections disappear, and particles gain a 

number of neighbours.

Differences between various it-

erations could be observed in a log contain-

ing the number of overlapping particles, and 

the number of particles with 0, 1, 2, 3, 4 or 

more neighbours (Fig. 7, right). Particles lo-

cated in the first layers were aligned on the 

same plane and were prevented from mov-

ing vertically. This ensured that planes cre-

ated in the resulting structure would meet 

production requirements. (Fig. 6a).

When checking for feasibility 

(Fig. 6b), the structure resulting from this 

process had many elements missing from 

the original concept, which was not ideal. 

Due to the dynamic form of this structure it 

was quite a complicated task to bring back 

these elements without further limiting 

what we could add in the final stages (Fig. 

7, left) .

Additionally, a wide range of 

different gluing angles made fabrication 

times unpredictable, with frequent defects, 

dropped spheres, etc. Fabricated sections 

were fragile and incohesive, making trans-

port and handling very complicated.

In the following optimization 

methods we focused more on durability 

of the sections and specification of angle 

limits. These methods were based on the 

arrangement of the spheres into a defined 

grid. The grid made it easier to add the 

missing spheres at specific places in the 

structure and thus reduce the number of 

vanished spheres in the post-process opti-

mization.

3.2 Growth Algorithm

On this optimization algorithm we cooper-

ated with the Department of Cybernetics, 

Faculty of Electrical Engineering CTU in 

Prague. The basic principle of this solution 

was based on mathematical definitions of 

fabrication rules. The optimization algo-

rithm was then used as a method to define 

fabrication limits as an uneven grid “grows” 

Figure 7 Self-organization: (left) vanished spheres in the structure; (right) approximation result  of 

 optimization
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higher. Using growing rules in the algorithm 

we generated a structure that could be used 

as an uneven grid in which the original par-

ticles could be arranged.

The rules of the algorithm are 

similar to an L-system. Unlike an L-system, 

the generated structure does not fork, but 

if the distance between a pair of “parent” 

particles is within the specified limit, they 

automatically create a “child”, another par-

ticle that sits on top of them, resulting in a 

new layer. The “child” particle can be linked 

to its parents at various angles. The angle is 

chosen at random but cannot interfere with 

the existing structure. So, if one “child” par-

ticle overlaps with another, it automatically 

readjusts its position to fit neatly with the 

other “children”. Randomly selected angles 

further contributed to the unevenness of 

the resulting structure.

Each parent can have only one 

child with the same partner, but can have 

an unlimited number of partners. These 

rules ensure that each of the spheres in the 

structure is glued to two parent spheres 

and after creating its own child, each 

sphere has 0 DOF (zero degree of freedom) 

as it is linked to at least three spheres. 

This enhanced the durability of the fab-

ricated sections. Specifying the distance 

limits between the parents (Figure 8) re-

duced the number of problem angles and 

thus reduced the error rate of production.

At the beginning of the process the first 

production layer was randomly generated 

using the growth algorithm to create fur-

ther layers. We assumed that in this way 

it would be possible to create a grid of any 

size. However, in the upper layers it was 

no longer possible to create additional off-

spring. As can be seen in the picture, as the 

structure grows, there are less and less par-

ticles, resulting in a pyramid-like structure, 

instead of a solid, regular tower. Therefore, 

it is not possible to use this algorithm to de-

fine the grid.

3.3 Simple Tiling

Despite the fear of losing the dynamic im-

pression of the original concept and shifting 

to a clearly perceptible uniformity, we final-

ly decided to incorporate a uniform grid to 

obtain better control over optimization and 

Figure 8 Building principles of growth algorithm: a) minimal parents’ distance and child angles possibilities; 

b) maximum parents’ distance; c) growing structure
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production. The grid was created by tiling 

a pattern consisting of two spheres, which 

formed a rectangular grid with a sphere 

placed in the centre of the resulting cube. 

Unlike other patterns this model had a low-

er number of spheres per meter cubed, and 

was perceived as airy and less uniform. In 

the resulting structure there was one con-

stant angle, allowing for faster and more 

stable construction.

The original particles from the 

animation were arranged into the grid cre-

ating the wave model with a equal distance 

between neighbouring particles. The prob-

lem with the first production layers was 

eliminated, and uniformity of the grid al-

lowed us to fabricate sections which were 

strong, interchangeable, and fit seamlessly. 

There still remained the problem of com-

pleting the final details of the design, the 

irregularities that did not fit into this algo-

rithm due to a lack of support and so van-

ished (Fig. 9). Therefore it was necessary to 

add these spheres and limit further disap-

pearances (the post-optimization process). 

Unlike a self-organized irregular structure, 

the grid made it easier to put the spheres 

in the required positions. The post-optimi-

zation algorithm rules tried to provide a pair 

of parents for each sphere, which reduced 

errors and increased the density and rigidity 

of the structure. Another advantage of this 

uniform solution was that it gave us the 

ability to turn a section upside down, which 

also reduced sphere disappearances.

4 Structural Analysis

The resulting wave structure was designed 

for outdoor conditions, where it would have 

to handle a large amount of snow. We were 

afraid about load-capacity of some parts 

of the object, so we decided to conduct a 

structural analysis. For this we used a soft-

ware tool based on FEM structural analysis, 

which we have been developing, MIDAS [5, 

6] Svoboda (2012).

4.1 Analytical Model

We had to find the best way to create an 

analytical model, incorporating additional 

properties of the structure such as mate-

rials and cross-sections. In the analytical 

model, all the spheres were transformed 

into beam finite element mesh with nodes 

placed in their centers (Fig. 10c). The bearing 

capacity of the beams, normal and bending 

stiffness were obtained experimentally by 

the load test of several cantilever girders 

consisting of ten axially aligned spheres. 

The measured quantities were verified by a 

detailed FE analysis of a three-dimensional 

model with the spheres and glue joints pre-

cisely resolved. To analyse the structure it 

was necessary to make several changes in 

the analytical model including removing 

disconnected and levitating elements. For 

this reason we applied a “virus” algorithm 

in which one “infected” sphere spread to all 

the other spheres with which it could con-

nect (directly or through a chain) (Fig. 10a). 

Unconnected spheres were removed, other-

wise it would not be possible to analyze the 

structure using FE method.

The structural analysis was cal-

culated based on the weight of the struc-

ture, plus additional snow. The snow load 

was applied to the top nodes of the struc-

ture (Fig. 10b). For the sake of numerical 

analysis speed-up, only the arch-shaped 

part of the structure comprising about 250 
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thousands spheres was considered as criti-

cal. The analytical model was exported to a 

plain text file and sent to MIDAS structure 

analysis software, which processed it and 

computed the results in VTK file-format. 

The resulting mechanical quantities were 

converted into a concise bit of information 

on regions with exceeding load-bearing ca-

pacity (red beams) (Fig. 11a) and was dis-

played using the Paraview software [7].

4.2 Structural Optimization

Based on the results of this analysis, we 

optimized the form to increase the load 

bearing capacity of the structure. In order to 

strengthen the structure, we first merged 

different animation frames of original fluid 

simulation, Díaz (2010). On one hand, the 

load capacity increased thanks to a thicker 

structure. On the other hand, there was still 

the problem of adjusting the shape of the 

arch to a more ideal form.

We decided to reinforce the arch 

form. We considered steel rod supports, 

but were discouraged by complications to 

do with calculations and the poor synergy 

of combining these materials. Therefore 

we created support for the structure with 

spheres in a parabolic shape, which we 

merged with the fluid-form of the arch. This 

ensured sufficient load bearing capacity for 

the most exposed part of the structure.

Figure 9 Post-optimization process principles: a) add two parents (green) if possible; b) if not possible re-

move child (red); c) fabricated section, post-optimization process result.

Figure 10 Analytical model: a) result of “virus” algorithm; b) top nodes with applied snow load; c) spheres 

transformed into beam finite elements
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5 Conclusion

This paper presents several possible ap-

proaches to geometry optimization. Some 

of the techniques were not successful due 

to the complexity of the task. However, 

they showed potential for future use in the 

optimization of general complex forms.  

We began with the most ambi-

tious technology of self-organization, which 

was able to preserve the original concept of 

the object to the greatest extent. Through 

the growth algorithm, which can be used to 

create uneven grids, we developed a more 

manageable technique using uniform grids. 

Using the uniform grid we achieved the de-

sired results. Based on the knowledge and 

experience obtained we can expand and im-

prove these optimization techniques even 

more.

Structural analysis was per-

formed as a study. It would be useful to em-

ploy homogenization techniques for similar 

structures, as this might save time. Creat-

ing a less time consuming analysis would 

allow one to use an optimization algorithm 

to automate the arch shaping process and 

merge the geometric and structural optimi-

zation processes.

Structures created from spheres, 

when compared with those formed of rect-

angular  components have a more interest-

ing visual impact and also higher geometric 

variability in composing their structure. In 

addition, the sphere shape has a specific 

physical property, specifically the hollow 

body, which was used in our case too. A 

structure made   of hollow spheres has a 

surprisingly adequate load-bearing capacity 

and it is light, both of which are good prop-

erties for a self-supporting structure. The 

structure, after some surface treatment, 

could also have good insulating properties.

Concerning robotic fabrication, 

changes made in robotic fabrication might 

allow the entire structure to be fabricated 

in one place (without needing to divide the 

structure into prefabricated sections). Simi-

Figure 11 Arch: a) analysis results; b) arch support with parabolic shape; c) resulting structure

Figure 12 Snow-covered structure, load-bearing ca-

pacity verification in real world conditions.
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lar fabrication processes are used in Flight 

Assembled Architecture [8]. However, in 

the vertical stacking method a complex 

structure will certainly contain some prob-

lematic areas that would be impossible 

to fabricate, and the whole process would 

have to be carefully planned to avoid struc-

tural problems and possible collisions be-

tween the robot and structure.

In the future, for more ambi-

tious projects, the industrial robots cur-

rently available would not be sufficient. It 

would be necessary to design custom ro-

bots that would be able to run throughout 

the structure, building it gradually in layers. 

They might also be able to recycle the waste 

directly, reform it, and use it as a building 

material [9].

6 Discussion

The implementation of robotics in architec-

tural fabrication effects the planning of a 

project at every stage. It defines new pro-

duction data and architectural documenta-

tion. It also allows one to apply basic princi-

ples of micro-scale, where objects are made 

up of small components with their own log-

ic configuration, to our human macro-scale. 

We can talk about particles to spheres, as if 

they were bits to atoms. If we can manage 

a particle cloud, then we can fabricate new 

kinds of materials with different properties, 

all using robots. New ways of projecting and 

designing also change requirements for ar-

chitectural software tools. Newly develop-

ing software tools for architects should be 

more like the environment we know from 

games (like Mine Craft or World of Goo).

They should use dynamic game 

engines, where “live structure” would be 

created and would respond to the designer´s 

impulses. Live structure could be changed 

based on the optimization processed in the 

background. Other analyses, depending on 

the designer´s  decision, could be made on 

the structure to mark problematic areas and 

to make the designer aware of them and al-

low him/her to react. The whole structure 

might function as a large interactive infor-

mation model in which the designer realizes 

further relations and consequences of his/

her actions directly during the design pro-

cess. Such digital tools would ensure manu-

facturability of a designed structure in any 

form.
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Abstract Loose, designed macro-scale 

granulates can be used as architectural ma-

terial systems. Combined with a digitally-

controlled emitter-head the pouring process 

can serve as an alternative to known additive 

manufacturing techniques.  The potential of 

macro-scale granulates lies in their ability to 

re-configure as well as in being a functionally 

graded material. Given that these loose 

granulates merely display probable rather 

than certain behavior, the use of responsive 

motion-planning becomes a critical aspect. 

The research presented here introduces the 

field of synthetically produced architectural 

granulates. An overview of the current state 

of the art of robotically poured granulates is 

given.  Within this context, the proposed ro-

botic pouring process for designed granu-

lates is outlined. The established feedback 

loop consisting of optical sensing, paramet-

ric motion-planning, and robotic actuation is 

described in detail. In conclusion, an outlook 

for further research is given.

Keywords: aggregate architectures, syn-

thetic macro-scale particles, gunctionally 

graded materials, robotic pouring, respon-

sive motion planning
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Architectural systems commonly seek to 

form stable and permanent assemblies, 

where both the form of the individual ele-

ment and that of the overall structure can 

be defined in a very precise geometrical 

manner. In recent years, however, architects 

have come to investigate so-called granu-

lar structures or aggregates. These consist 

of large masses of elements that are only 

in loose frictional contact. If the individual 

grains are synthetically produced, the re-

sulting granular structures can be calibrated 

to suit specific architectural requirements, 

such as structural and environmental per-

formances. Designing with these aggregate 

structures requires the architect to observe 

the evolving formation rather than to pre-

cisely define it (Dierichs and Menges, 2012).

Using a six-axis robot as a pour-

ing device for  designed aggregate struc-

tures both renders the pouring process 

precise and offers the opportunity of pour-

ing patterns which are otherwise hard to 

achieve. These robotically poured aggregate 

structures can be seen as alternative forms 

of digital additive manufacturing, which al-

low for reconfigurable, functionally graded 

material systems.

In pick-and-place robotics ele-

ments are individually positioned in the 

overall structure in a very controlled manner 

(Bonwetsch, Gramazio and Kohler, 2007). 

In contrast to this, robotic pouring implies 

that the designed granules are flowing out 

of an emitter, such as a linear magazine or 

a flow-controlled pump. The resulting ag-

gregate formations are consequently pre-

dictable only in terms of probability rather 

than certainty. The use of interactive robot-

control thus becomes a necessity through 

which observation and interaction with the 

pouring process can be achieved. So far, re-

sponsive motion-planning in the architec-

tural context has been used mainly in com-

bination with assembly systems such as in 

the ECHORD project currently conducted at 

the ETH Zurich [1]. The use of interactive 

robot-control in combination with a loose 

aggregate consisting of synthetic macro-

scale particles, however, is novel.

In its first part, the paper will give 

a brief overview on the notion of aggregate 

architecture. Secondly, robotic aggregate 

pouring and interactive robot-control will be 

defined, and current tools and technologies 

described. In the third part, the newly devel-

oped technologies will be presented focus-

ing on sensing strategies for highly coarse 

synthetic macro-granulates.  In conclusion 

areas of further research into robotic pour-

ing with interactive motion-control will be 

discussed.

Aggregate Architectures

Aggregates are defined as large amounts 

of elements in loose contact (Cambou 1998; 

Duran 2000). In nature sand or snow are 

considered granular – or aggregate – sys-

tems (Bagnold 1954; Ball 2004; Nicot 2004; 

Rognon, Chevoir and Coussot, 2008). In ar-

chitecture there are only very rare examples 

consciously deploying loose granular matter 

as architectural systems in their own right 

(Hensel and Menges 2008a, 2008b; Dier-

ichs and Menges, 2010). However, especial-

ly if the grains are designed and produced 

synthetically, aggregates are a very relevant 

area of research into architectural material 

systems, due to their capacity to continu-
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ously reconfigure as well as their innate po-

tential for functional grading throughout a 

structure (Fig. 1).

In an architectural context, loose 

granulates have rarely been deployed. The 

few examples range from building physics, 

where the aggregate serves as an insula-

tor, to vernacular architecture, where it is 

mainly used as a filler in walls (Houben and 

Guillaud, 1994; Hausladen, de Saldanha and 

Liedl, 2006). It is also known as a large-

scale sand-mold in building construction 

(Treib 1996; Dierichs 2010; Kohler, Gram-

azio and Willmann, 2012). Several geo-

engineering applications consider not only 

the geo-technical, but also the architec-

tural and urban landscape aspects of their 

interventions (Hensel and Menges, 2006d; 

Trummer 2008; Hensel, Menges and Wein-

stock, 2010). The most directed research 

into loose granulates as a material system 

in an architectural context was conducted 

initially under Frei Otto and was later de-

veloped in Diploma Unit 4 at the Architec-

tural Association and the GDA Studio at 

Rice University (Gaß and Otto, 1990; Hensel 

and Menges, 2006a, 2006b, 2006c; Hensel 

and Menges, 2008a, 2008b). The field of 

research into loose granulates as an archi-

tectural material system in their own right 

is thus relatively unexplored.

One of the most relevant branch-

es within this area is the use of so-called 

designed granulates. This implies that the 

individual particle is customized to meet 

specific architectural performance criteria, 

such as fast frictional interlocking or heat 

insulation (Hensel and Menges, 2006b, 

2006c; Tsubaki 2011; Dierichs and Menges, 

2012). The research presented here is situ-

ated within this specific area of research 

into designed architectural granulates.

State-of-the-Art: Robotic Pouring of 
Granulates and Responsive Motion-
Planning

Robotic Pouring of Granulates

Over the past seven years robotic pouring 

of granulates is being explored mainly us-

ing the aggregate as a formwork or alterna-

tively operating in a geo-technical context. 

The following will give a more in-depth 

overview of the different projects as well 

as a comparative evaluation with regards to 

Figure 1 Aggregate structures consisting of synthetic macro-scale particles: a) aggregate vaults formed by 

up to ten thousand synthetically produced particles, b) building-scale aggregate structure
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(i) the type of the granulate, (ii) the role of 

the granulate in the design, (iii) the use of 

self-organizational capacities of the mate-

rial and (iv) the motion-sensing techniques 

involved.

The first project to be mentioned 

in this context was conducted at the IFF 

(Institut für Industrielle Fertigung und Fab-

rikbetrieb) at the University of Stuttgart. 

Its aim was to develop automated sys-

tems for the direct modeling of large-scale 

sand-molds using additive and formative 

manufacturing methods. The developed 

processes use materials that can be poured, 

like sand, as a mold for industrial parts. 

Both the pouring process itself and tools for 

compacting and modeling the aggregate 

are developed (Schaaf 2005). The context is 

not architectural but industrial production. 

Self-organization in the aggregate is not 

searched for as a design tool, but consid-

ered as a necessary production parameter. 

The granulate serves as a formwork, not as 

the design result itself.

The second project was con-

ducted at the ETH Zurich in 2011 under the 

supervision of Fabio Gramazio and Matthias 

Kohler as well as Christophe and Yael Girot. 

The course investigated the potential of 

digital fabrication processes for landscape 

design using materials like sand. Deploying 

machines fitted with sensors, the students 

were able to achieve processes of landscape 

formation that enabled a feedback between 

the process of pouring and the evolving for-

mations (Kohler, Gramazio and Willmann, 

2012; [2]). This project thus situates itself 

within the context of landscape design. The 

self-organization of the naturally occurring 

material sand is explicitly looked for in the 

process and is supported by the use of sen-

sor-equipped pouring devices.

As a successor to this project the 

same team at the ETH developed an addi-

tive manufacturing technique for reusable 

concrete formwork made of sand in 2011. 

The project bears great similarity to the 

research work conducted in 2005 at the 

IFF. In this case, however, the self-organi-

zational capacities of the formwork are ex-

plicitly looked for and the context is clearly 

architectural, resulting in three prototypes 

of 1 meter by 2 meters for a retaining wall 

(Kohler, Gramazio and Willmann, 2012; [3]). 

Again the material sand is used as a form-

work, sensing is not explicitly used accord-

ing to the project description, however self-

organization of the material is part of the 

design process.

In 2011 very similar studies into 

robotically-poured sand formwork were ini-

tiated at the Institute for Advanced Archi-

tecture of Catalonia (IAAC) under the super-

vision of Marta Malé-Alemany. The most 

significant difference to the experiments 

conducted at the ETH lies in the fact, that 

the sand itself is solidified in its top-layer 

or through liquid injection with the use of 

glue, wax, plaster and the like ([4]; [5]).

To conclude, the robotic pouring 

projects conducted so far use exclusively 

the natural granulate sand (i), the aggre-

gate serves either as a recyclable formwork, 

whose top-layer can also be solidified, or 

it is part of a geo-technical landscape for-

mation (ii), self-organizational behavior is 

explicitly being looked for in three of the 

projects, which are conducted in a design-

oriented context (iii), motion-sensing is 

used only in one landscape design applica-

tion (iv).
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Responsive Motion Planning in 

Architectural Robotics

Optical sensing in industrial robotics is cur-

rently used for object recognition which 

might trigger subsequent predefined rou-

tines that are executed by the robots such 

as in sorting or handling of objects on an 

assembly line. Alternatively, the orientation 

of a specific object in space can be deter-

mined in real-time to interactively adjust 

manipulator alignment with the object (Xie 

et al., 2008).

In the architectural context, op-

tical sensing is used to incorporate toler-

ances that might accrue over the course of 

an assembly process [1]. However, in both 

contexts sensing and robotic execution 

are clearly separated and consecutive data 

processing steps. In the case of aggregates 

a more fluid approach is desirable and re-

quired in order to provide instantaneous 

feedback and the possibility of minute ad-

justments, especially with regard to syn-

thetic macro-scale particles.

Responsive Motion Planning Strategy for 
Online Robot control of Granular Pouring 
Processes with Synthetic Macro-scale 
Particles

The use of a digitally-controlled emitter-

head such as a six-axis industrial robot as a 

pouring device for designed granulates can 

be regarded as a novel, alternative tech-

nique to known additive manufacturing - 

such as fused deposition modeling (FDM) 

(Oxman 2010; Soar and Andreen, 2012).  In 

FDM a continuous stream of heated poly-

mer is extruded from an emitter head and 

deposited on a height-adjustable printer-

bed to form individual horizontal layers. As 

the polymer cools down, the layer solidifies 

into a permanent configuration and forms 

the basis for the next layer. Existing FDM 

techniques on the architectural scale usu-

ally replace the polymer by a mineral mate-

rial such as concrete which solidifies after 

deposition. In contrast to FDM and other 

3D-printing techniques, synthetic granular 

aggregates are free of additional binders 

and do not rely on polymerization. Robotic 

pouring of non-convex designed granulates 

Figure 2 Robotic pouring of designed granulates: a) robotic pouring using a magazine emitter-head, b) 

poured structure using a linear KRL-controlled pouring path 
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thus offers the possibility of fully recyclable 

structures, as no binder is used and the 

particles interlock merely through friction. 

Moreover - depending on the material used 

- these poured aggregate structures can be 

light in weight as opposed to the relatively 

heavy additive manufacturing products 

(Fig. 2).

Compared to the state of the art 

overview presented in the previous two sec-

tions, the robotic pouring process presented 

here is novel in two respects. Firstly, it uses 

a designed, synthetic granulate instead of a 

natural one like sand. Secondly, the poured 

granulate does not just serve as a mould, 

it acts as the actual architectural struc-

ture itself, mainly due to the fact that the 

non-convex particles interlock and allow for 

forming self-supporting vault-structures 

or walls. Given that the material really is 

poured, a high degree of self-formation is 

involved in the process, which is explicitly 

being looked for in the design process. The 

resultant formations are thus predictable 

only on the level of probability, not certain-

ty. Consequently responsive motion-plan-

ning forms an integral part of the process, 

as it allows the robotic pouring path to in-

teract directly with the emerging formation 

rather than following a pre-defined pattern 

only.

Interactive, online robot control 

denotes the responsive steering of the robot 

through data collected at runtime through a 

continuous sensing process. This approach 

is suggested as an alternative to traditional 

robot programming techniques that consist 

of either step-by-step online teaching by 

a human operator or offline programming, 

e.g. as part of a CAD-CAM workflow (Brell-

Çokcan and Braumann, 2011). In the first ap-

proach, human visual control allows for de-

liberate and interactive robot programming, 

in what is termed the lead-through method 

(Pan 2012), without the need for further 

simulation as the robot is programmed by 

actively executing the program. A downside 

of this approach is that it quickly becomes 

very labor-intensive and therefore is only 

applicable for simple automation tasks; ad-

ditional disadvantages are the limited flex-

ibility and room for customization once the 

program has been taught (Pan 2012). The 

second approach of offline programming 

allows for very intricate and parametrically 

adjustable motion paths. The disadvantage 

being that this approach requires extensive 

simulation of the complex robot kinematics 

for collision avoidance, singularities, out-

reach-positions and so forth. Interactive 

online programming, in turn, offers the op-

portunity to combine the inherent advan-

tages of both aforementioned approaches 

by implementing an optical sensor-based 

feedback mechanism akin to the human 

eye, commonly termed visual serving (Xie 

et al., 2008), in combination with custom 

generative motion path algorithms that al-

low for intricate, yet highly adaptive robot 

control at runtime.

Utilizing a commercially avail-

able 3D scanner, different strategies have 

been evaluated within the course of this re-

search project with respect to their poten-

tial for establishing the following feedback 

loop: optical sensing, collecting and evalu-

ating sensor data, adapting the motion 

plan based on a task-specific strategy in a 

parametric design environment, execution 

on the robot and renewed sensing. 

In the implemented approach, 

the sensor data is streamed through an 
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open-source plug-in to a dedicated com-

puter for data-processing. There the raw 

data set consisting of an unordered point 

cloud is filtered and converted into input 

data for robot-control. The task-specific 

motion strategy is updated with the cur-

rent data and the new target points can be 

calculated.  Consequently the Cartesian co-

ordinates of the motion path are translated 

from the task space to the joint space of a 

specific robot with respect to its particular 

kinematics. A data feed to the robot oper-

ating system is established and the motion 

path is executed by the robot. The strategy 

is similar to the “hit and withdrawal” ap-

proach proposed by Solvang (2008) in that 

the XY-position of the tool center point is 

given and the current Z-coordinate is evalu-

ated independently - in the case presented 

here this is determined through the optical 

3D-sensor. In both cases, the motion paths 

are subsequently adjusted to maintain a 

constant offset from the work-piece. For 

the purpose of simulation this loop has ini-

tially been implemented by replacing the 

actual robot with a second computer run-

ning a custom inverse kinematics plug-in. 

In this case, the aggregate pouring pro-

cess is simulated by a rigid body simula-

tion from the gaming environment. Rigid 

body dynamics as a mathematical model is 

especially suited to calculate the behavior 

of hard, non-convex particles (Pöschel and 

Schwager, 2005; Featherstone 2008). The 

simulated model then serves as an input for 

the calculation of the motion paths. 

The use of a highly coarse non-

convex granular material renders the mo-

tion-planning especially challenging, as no 

smooth surface per se is established that 

can serve as a datum of height, but instead 

a median highest point  needs to be estab-

lished while the tool is moving across the 

aggregate as it is being poured. For that 

purpose the motion-planning tool devel-

oped uses a three-fold strategy to scan the 

Figure 3 Responsive motion-planning strategy for online robot-control using macro-scale non-convex 

granulates: a) a point-field is established, b) a selected area is scanned for intersections, c) within each 

intersection line the highest point of all intersections is established, d) within the entire scan-field the 

highest point is selected and chosen as the datum for the tool-point. This process is repeated over and 

over to establish the tool path.



203

Research

synthetic granulate. Initially a scanning-

point grid representing the visual field of 

the 3D scanner is established (Fig. 3a). 

From this point-field, rays are 

emitted in the directions of the positive 

Z-axis and the resulting mesh-ray inter-

sections are read consecutively in an area 

measuring 15 cm x 15 cm (Fig. 3b). The fol-

lowing step is a filtering operation, estab-

lishing the highest intersection point within 

the currently scanned field (Figs. 3c and 3d). 

This point becomes the datum, i.e. the Z-

coordinate for the current target point of 

the tool-path. This three-fold scanning op-

eration is repeated over and over as the TCP 

is moved along in the XY-plane and the tool 

path is established (Fig. 4). 

The motion-planning tool devel-

oped thus enables a fluid scanning process 

of the macro-scale particles, where minute 

adjustments resulting from the poured con-

figuration are quickly incorporated into the 

tool path.

Contributions and Further Research

Interactive motion control has been estab-

lished as a crucial aspect for robotic pour-

ing of loose granular structures, both on a 

design methodological and practical level. 

Consequently, a loop between a 3D scan-

ner and a six-axis industrial robot has been 

established using a parametric modeling 

software. An interactive motion-planning 

strategy has been developed to digitally 

simulate a tool-point in relation to an ag-

gregate consisting of synthetic non-convex 

particles.  

Further research at a technical 

level is being conducted into the develop-

ment of a flow-controlled emitter-head for 

the non-convex particles that allows for a 

constant stream of granules. This effector 

will be linked to the online motion-control 

tools presented here. At a design level only 

distance sensing has been established so 

far. However, the aim is to establish more 

intricate interaction patterns of the pour-

ing process with the configuration being 

poured. For that purpose the RBD simula-

tion will be streamed to the parametric 

online motion tool of the robot in order to 

investigate viable pouring and interaction 

patterns before implementing these real-

time.

Figure 4 Simulation of the tool-path using the online motion-planning strategy established. As a basis of 

this simulation a rigid-body dynamics generated model of the designed granulates is being used: a) real-

time simulation of the robotic kinematics, b) detail of the robotic motion paths. 
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Abstract Digital fabrication is emerging 

quickly in the architecture industry and is be-

ginning to reinforce the building process. 

This emergence brings with it a focus on 

natural, recyclable and local materials over-

lapping with global access to data and digital 

tools. We are now able to explore the possi-

bilities of merging these technologies and 

developing a new system of design. What 

can examining the collaboration of these 

techniques tell us about the future of archi-

tecture? As this field is gaining momentum 

in exploring the process of production, we 

were led to focus on a system in additive 

manufacturing. The research of magnetic ar-

chitecture explores the use of different sen-

sors and various digital tools to understand 

the possible trajectories that digital fabrica-

tion can provide for a future design process. 

Keywords: digital fabrication, sensors, 

generative design, additive manufacturing, 

robotic coding
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Context

There now exists the option not only to 

build architecture but also to manufacture 

it. The techniques of digital production as-

sist the architect in the construction pro-

cess, because the information generated in 

the design process is used to manufacture 

the various parts of a building. We are even 

seeing machines that define this genre in 

practice and in academia. Digital technol-

ogy has thus gone beyond the representa-

tion stage to take its place precisely in the 

production phase of architecture. 

Neri Oxman (2007) describes the 

“factory to file” protocols: “Machine execu-

tion should not merely be regarded as a ser-

vice tool for materializing design but rather 

as an opportunity to inform the design pro-

cess as one which integrates machine-logic 

across all scales of production. Material 

choice and fabrication methods are not in-

nocent decisions, but are rather pre-deter-

mined factors which guide the design both 

with respect to artifact and process from 

start to end.”

Challenging the traditional 

norms of linear file-to-factory production 

processes, we studied the potential of 

linking the collection of material data with 

mechanic control. Implementing this infor-

mation into a generative design gave way 

to new opportunities in approaching digital 

fabrication within architecture. 

Comprehension of Magnetic Properties : 
Focus on Control, Limits and Simulation

The research on magnetic architecture 

aims at developing a new building process 

that focuses on an iron-based material 

controlled in a magnetic field. One goal of 

this research is to develop a freeform ad-

ditive process able to face the challenge of 

1:1 rapid prototyping. In contrast to existing 

3D printing technology with great precision 

(μm) but slow feed rate (mm3/h), the build-

ing scale should achieve a much greater 

speed (m3/h) regardless of the precision 

(cm). With the control over iron in a mag-

netic field we saw potential to increase the 

flexibility of the additive process. Fig. 1 was 

one of the first experiments in collecting 

data from this formation to design a nozzle 

for a machine with multiple axis movement 

in the system we envisioned.

The experiment focused on set-

ting up this process for the building scale 

using recycled and granular material. The 

iron filings used throughout our experi-

ments were collected from industrial waste. 

Adding iron filings permitted us to increase 

the structural capacity of a given material 

and allowed us to manipulate its behavior 

through magnetic forces. Digitally control-

ling both material deposition and magnetic 

forces leads to new design opportunities. 

This technology will allow us to build free-

form architecture without using scaffolding 

or support material.

The main complexity arising 

from the combination of the chosen mate-

rial and the digital fabrication technology 

was the difficulty in virtually simulating 

Figure 1 Iron-based material controlled by magnets
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a process like iron inside a magnetic field. 

Even if we succeed in barely simulating it 

(Fig. 2), the final shape is never precisely 

duplicated.

Material Investigation : Exploration of 
Mixtures and their Behavior

Moving forward, different types of mix-

tures were tested to help solidify the iron 

in its position while in the magnetic field. 

The idea was to create one form and have 

the magnets move to create the next one. 

This movement would be controlled by one, 

if not both, of the axes. At every scale each 

material would pass through the round or 

fail due to several performance factors (Fig. 

3). The material’s behavior, as the scale in-

creased, provided information on how to 

address the path for the additive manufac-

turing. Could we start construction at any 

given point, in any given position? 

Increasing the size led to the 

use of electromagnets and eventually it be-

came clear how versatile the mixture could 

potentially be. From clay to concrete to 

sand, different materials were able to go to 

the maximum distance between the mag-

nets. However, the time for the material to 

solidify was an important factor. Though 

each material could meet the performance 

requirements, each had its own time for so-

lidification. A mixture of liquid plastic that 

solidified in approximately two minutes and 

thirty seconds became the final solution for 

this stage in the research.

Design of Custom End-effector : Digital 
Control over the System

To develop the envisioned control system, 

we needed an end effector capable of ma-

nipulating the distance and strength of 

the magnetic field.  Detachable shields to 

create different connection configurations 

were also needed for design variations. The 

evolution of the end-effector became pos-

sible only through an iterative loop of tool 

design and production needs. This involved 

responding to the behavior of the mate-

rial in the magnetic field and understand-

ing the material shape after solidification 

so as to then incorporate this information 

in the tool design. The initial reason for 

using a magnetic field to control material 

was to explore the flexibility in the additive 

process. The final design (Fig. 4) was the 

logical solution at this point to begin the 

exploration of the additive manufacturing 

opportunities. The manipulatable magnetic 

field could now be moved into the desired 

orientations with the assistance of multiple 

Figure 2 First attempt to simulate the material 

behavior in the magnetic field

Figure 3 First material samples made with magnets
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axis movement. A 3-axis computer numeri-

cally controlled (CNC) was first used to test 

the 2D connections but produced limita-

tions in the development of 3D networks. 

Using a 6-axis industrial robot provided a 

wider range of positions, leading to previ-

ously unexplored territories (Fig. 5).

Top-down Process : Generative Design In-
corporated in Robotic Production

To explore the robot capacities the idea of 

building a free-form shape arose. Looking 

at the opportunities given by the digital 

world, we chose to generate a 3D network 

using a parametric model that considered 

the limitations of the tool. The software al-

lowed us to optimize the result through ge-

netic algorithms. To evaluate the suitability 

of each result, two types of analysis were 

processed: environmental (sun exposition) 

and structural (load repartition). To sim-

plify the script each column element was 

represented by a line. The output of such 

generative design created an optimized 3D 

network (Fig. 6).

At this point, Jerome Frumar’s 

comment seemed relevant: “Iterative reduc-

Figure 4 Final nozzle design with various detachable 

shields

Figure 5 Final end-effector mounted on the industrial robot
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tion of irrelevant material using evolution-

ary-based computational processes returns 

architecture to its modernist musings. By 

distilling objects according to functionalist 

principles are we not effectively practicing 

modernist theory in an evolutionary fash-

ion?”

The schematic representation 

of the 3D network (lines) was then read to 

create the proper instructions for the robot 

and the custom tool. Firstly, each line was 

sorted to start the construction from the 

two foundations (the vertical lines on the 

bottom of Fig. 6 – structure analysis) and 

continued incrementally, assuring connec-

tion between the previous and next column. 

Then, for each particular element, a routine 

was applied:

1. Open the claw

2. Move fast to the secure position (tool in 

alignment with the column to print, but 

with a safety distance).

3. Move slowly to the first position in a 

linear movement (less likelihood of col-

lision).

4. Close the claw to the desired element 

size

5. Initiate the printing process (turn on 

magnetic field and deposit material)

6. Wait for drying time

7. Open the claw

8. Move slowly back to secure position

9. Move fast to next column secure posi-

tion.

Finally, a similar generative al-

gorithm is used to optimize the path gen-

eration for the industrial robot. The fitness 

evaluated here is the path length, for time 

optimization, and the presence of collision, 

for feasibility. The input variables are the 

security distance and the angle of approach 

of the robot.

An interesting process was to 

merge these two logics into one, including 

Figure 6 Generative process of a desired 3D network (software used : Grasshopper, Galapagos, Geco, 

Karamba and  KUKA|prc)
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the production logic from the initial script, 

leading to a generative design totally aware 

of the technology involved in the final 

 construction. Apart from some mechanical 

problems and many iteration designs, we 

were not faced with huge problems in au-

tomatizing the process. Yet, when we start-

ed building the desired shape with material, 

we realized how difficult it was to predict its 

behavior.

To connect the new formation 

with the previous one, the precision of the 

digital model and the robot execution were 

not matching the imprecision of the mate-

rial behavior. We ended up having to manu-

ally adapt the robot’s position to absorb 

this differences. 

Bottom-up Process: Use of Sensors to 
Enhance Robotic Intelligence 

In observing the top-down process, it be-

came clear that there was more data to be 

extracted from the entire system. Sensors 

became a way to approach the collection of 

this information. Through artificial vision 

we were able to start dissecting our forma-

tions and to add logic to the next position-

ing (Fig. 7). There were various approaches 

behind developing the logic for this sen-

sor. This data driven design could have an 

outcome of several logics, depending on 

the performance needs. In this phase of re-

search, structure and connections became a 

focus in analyzing the outcome.

Figure 7 Live screen shot of incremental coding using artificial vision.

Figure 8 Generative design rules
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It was understood that the pre-

vious top-down process did not take into 

account that the material was self-comput-

ing, unpredictable and self-aligning within 

its magnetic setup. Therefore we designed 

a law in which the camera would dissect the 

silhouette of the formation and through a 

calculation of points decide the maximum 

distance and angle for the next formation 

to be attached. Fig. 8 shows the division of 

the silhouette and an overlap of the pos-

sible combinations of two steps after a for-

mation.

Applying the position of Manuel 

DeLanda (2002): “We may now be in a posi-

tion to think about the origin of form and 

structure, not as something imposed from 

the outside on an inert matter, not as a 

hierarchical command from above as in an 

assembly line, but as something that may 

come from within the materials, a form 

that we tease out of those materials as we 

allow them to have their say in the struc-

tures we create.”

To create a system with live 

feedback of material behavior, we began 

to explore the possibilities of what sen-

sors could give to an architectural design 

through a generative process (Fig. 9). The 

use of artificial vision is only a small step 

in incorporating sensorial logic into robotic 

control. Is it possible with sensor technolo-

gy to bring architectural consideration down 

to such micro scale where nature begins to 

control design again?

 Conclusion 

Using sensors, this experiment has shown 

how an architectural scale structure can 

be built by incremental design. However, 

from a structural point of view reaching an 

optimized building through a bottom-up 

process is questionable. We believe in the 

possibility of mixing both a global and a lo-

cal approach in order to arrive at a fully op-

timized process.

Nevertheless, we also believe 

that in-situ generative design can reach an 

unexpected optimum using other sensors 

such as light-, humidity- or temperature 

sensors. This field of “in-situ generative 

design” has not yet been widely researched, 

therefore further and deeper research Figure 9 One of the final models.
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should lead to new design opportunities. 

According to Jasper Morrison: “Design is not 

done with rules, but with intuition. Intuition 

never lies.” So, can we provide rules for our 

own intuition? Can we code intuition into an 

architectural design approach?

Magnetic architecture is a re-

search platform employed to explore the 

use of generative designs at different scales 

of analysis, before and during production. 

This platform endeavors to incorporate new 

technologies to enhance the capabilities 

of additive manufacturing in a process in 

which the two scales, local and global, can 

coexist throughout the design. Through the 

investigation of a digitally controlled addi-

tive process, merging these technologies 

offered many possibilities for future re-

search that are explained more thoroughly 

on our website, magneticarchitecture.org.

With architecture manufactur-

ing through digital fabrication, the indus-

try needs more research in the direction of 

implementing technologies outside of its 

classic borders. This in turn brings the de-

sign of the architect back into the factory. 

The definition of the architect is currently 

being reformatted and the emergence of 

digital fabrication is playing a role in that 

reformatting process. 
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Abstract Stemming from ongoing re-

search into modular automation strategies 

and in conjunction with the development of 

Virginia Tech’s Lumenhaus  this research ex-

plores the potential for the robotic fabrica-

tion of a novel, complex, high-performance 

metal shading system. The Eclipsis facade 

system utilizes innovative circular geometry 

in the form of laser-cut holes to produce a 

series of folded tabs at calculated degrees to 

create a specialized yet customizable high-

performance facade system. The system’s 

algorithmic logic is designed for customiza-

tion taking into account varying degrees of 

privacy, spatial condition and local environ-

mental performance criteria including day-

lighting and ventilation. The logic of each 

semi-perforation is simple and controlled by 

parameters defined only by dimension, loca-

tion, rotation, and the angle of the folded 

tab. Complexity emerges in the part-to-

whole relationship where the aggregation of 

instantiated parametric geometry provides 

regulated infinite-variation of tab size and 

rotation thus eliminating the possibility of 

any standardized fabrication method or in-

dustrial process. This paper presents a de-

sign-driven approach that  merges Computer 

Aided Design and Robotic Manufacturing 

through the implementation of an “Integrat-

ed Environmental Design-to-Robotic Fabri-

cation Workflow” and explores a prototypical 

comparison between manual and automat-

ed-robotic fabrication strategies for com-

mercialization (Bechthold 2010).

Keywords robotic folding, automated 

workflow, metal, façade, optimization

Nathan King, Jonathan Grinham 

Automating Eclipsis 

Automated robotic fabrication of custom 

optimized metal façade systems 
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Introduction

This paper presents a pragmatic design re-

search approach that was undertaken dur-

ing the design and fabrication of the Eclip-

sis facade system. Eclipsis was developed 

as a  responsive architectural component  

for Virginia Tech’s Lumenhaus, the win-

ner of the 2010 Solar Decathlon Competi-

tion in Madrid, Spain and is an assembly 

of i ndividually operable layers including 

 enclosure, insulation, and shading screens 

(Fig. 1). The system facilitates the realiza-

tion of an architectural pavilion that also 

serves as a dwelling, while acting as the 

primary instrument in the address of many 

pragmatic considerations and performance 

criteria (Virginia Tech, 2009). The facade 

described in this paper is the only differen-

tiated component within the system and 

must resolve primary performance concerns 

with the demanding architectural inten-

tions of the project as a whole. The Eclipsys 

Facade System is envisioned as a facilitator 

of responsive architecture through its in-

clusion in both highly customized-dynamic 

and static facade systems. 

To address the manufacturing 

of the proposed complex system, several 

prototypes were created using a series of 

fabrication process ranging from indus-

trial metal-working techniques such as 

punching, braking, and die-cutting to in-

tegrated robotic manufacturing. After in-

dustry consultation and prototypical test-

ing surrounding the folding of the shading 

tabs two feasible fabrication strategies 

emerged: manual folding and automated 

industrial robotic folding. Manual folding 

is feasible on small production runs but 

presents significant limitations to the flex-

ibility and economic viability of the system 

in the context of larger scale construction. 

Successful integration of industrial robotic 

tab rotation facilitates maximum variability 

within the system but presents the added 

complication of the programming of thou-

sands of unique robotic movements that 

would be difficult be overcome in tradition-

al programming workflows. The ongoing 

research discussed in this paper explores 

the integration of a previously published  

automated Rhinoceros-based robotic fab-

rication workflow with the development of 

high performance tab-based metal shading 

systems (Bechthold, 2010).

Eclipsis System: Shutter Screen

The primary function of the outermost layer 

Figure 1 Building integrated façade system; Virginia Tech Lumenhaus
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of the façade system is the control of sun-

light while maintaining view and privacy. 

RhinoScript—a Visual Basic (Vb) coding en-

vironment designed for, and embedded in, 

the Rhino 3D modeling software—allowed 

for the development of variable criteria to 

produce a pattern that could be cut by in-

dustrial numerically controlled processes. 

A simple, repetitive, circular pattern was 

chosen that could be parameterized to 

meet the multiple performance criteria. An 

innovative aspect of this approach is the cir-

cular geometry of laser-cut holes with tabs 

folded at calculated degrees (Fig. 2). The 

folded tabs have four variables: the diam-

eter of the circular cut, the planar orienta-

tion of the tab to the surface, the degree 

of tab rotation away from the surface, and 

the thickness of the tab material. These 

variables are articulated to block and reflect 

sunlight, and to create controlled views and 

spatial conditions (Grinham 2011).

As a research platform, the sys-

tem’s algorithmic logic was designed for 

large scale customization. Shading, refract-

ed light, privacy and ventilation were wo-

ven through a complex definition designed 

within Grasshopper. Additional design crite-

ria introduced include security, privacy, view 

and the development of a particular quality 

of light. Grasshopper, along with Visual Ba-

sic programming language, allowed for the 

development of subtle complexity with ex-

tensive design versioning. The logic of each 

tab is simple; the complexity emerges from 

the swarm logic of the part-to-whole rela-

tionship (Grinham 2011).

Parameterizing Programmatic 

Requirements

In the open pavilion typology of the build-

ing,  program is used to define the relation-

ship of open and closed. These parameters 

were diagramed through the narrative of a 

typical morning routine. First, the occupant 

begins their day in the privacy of the bed-

room; upon rising the tabs are opened to al-

low views and light. The user then proceeds 

through the core of the house and finally 

sits at the table for breakfast, where once 

again there is a clear view outside (Fig. 3 ). 

The effectiveness of the screen to shade 

while providing dynamic light is an integral 

aspect of the project.  The computational 

design tool allows for refracted light to shift 

with the sun while also producing a smooth 

transition between lighting conditions, and 

allows for the customization of the propor-

tional relationship of the scale of opening 

and perpendicular rotation (Grinham 2011).

A diagonal grid (diagrid) was ad-

opted that allowed for a tight ‘packing’ of 

circles that increased views and light trans-

mittance and for the weaving of a second-

ary condition: a pure, non-tabbed, cut hole. 

Through multiple material prototypes, it 

was determined that a variable tab thick-

ness was required to sustain tab rotation 
Figure 2 Tab parameters: planar orientation, rota-

tion, size, and position
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beyond sixty degrees. This adjustment was 

allowed within the Grasshopper definition 

by reducing the arc length for circles with 

a rotation angle greater than sixty degrees 

(Grinham 2011).

Structural Integration

In addition to integrated program-based 

tab positioning discussed above the defi-

nition also incorporates the dimensioning 

of structural framing in relation to panel 

size. The macro façade surface used to de-

fine the location and position of individual 

perforations and tabs must be divided into 

modules relative to stock material, machine 

size, and locations of building supports. A 

return is allowed on the perimeter of each 

perforated panel that enables enhanced 

structural rigidity and hidden attachment 

points for an integrated structural frame. 

Each module is laser etched based on loca-

tion within the façade to enable expedited 

site installation and organization.  

Prototyped Manufacturing Strategies

Three computer numerically controlled 

(CNC) methods of steel fabrication were 

explored. The first method, die cutting, was 

evaluated based on the fabrication consul-

tants, A. Zahner’s,  in-house operations and 

extensive application of die cut panel sys-

tems. Die cutting was ultimately dismissed 

due to the limited variations of circle pat-

terning (six diameters) and the inability 

to punch concentric arches while leaving a 

material tab, which is needed for the folded 

system. The second method, water-jet cut-

ting, provided infinite geometric variations; 

however the water jet produced a large kerf, 

reducing the stability of the tab and result-

ing in a heavy “halo” effect in direct sunlight 

caused by stray abrasive materials. CNC la-

ser cutting was chosen because of the pro-

cess’ ability to make tightly controlled cuts, 

unlimited geometric patterning, and laser 

etching capacity, a technique envisioned to 

inscribe data to simplify onsite assembly 

and facilitate manual folding. Prototyping, 

along with industry collaborators, provided 

a key understanding of feasibility (Grinham 

2011). Later full-scale mock-ups, described 

below, tested both performance and mul-

tiple fabrication strategies (Fig. 4).

Manual Folding Strategies

Given the complex nature of the rotation 

of the circular tabs and the limitations 

imposed by traditional industrial CNC pro-

gramming strategies, a manual system of 

folding was developed that introduced sev-

eral design parameters representing trade-

offs between performance and feasibility. 

First, a controlled set of nine rotational in-

Figure 3 Program-based surface parameterization: 

Top: morphed privacy and view diagrams; Bottom 

right: privacy driven topographic diagram used to 

drive system porosity; Bottom left: topographic dia-

gram used to map solar orientation and drive planar 

tab rotation.  
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crements was established, ranging from 

ten degrees to ninety degrees. This allowed 

for simple calibration “wedges” to be pro-

duced to calibrate the angle of tab rotation. 

In order to understand the polar rotation of 

each disk a “paint by numbers” approach 

was adopted where each disk would have 

its corresponding angle laser-etched on the 

exterior surface. 

Etchings provided informa-

tion relating to the degree of rotation, 

and the rotation’s polarity—the direc-

tion the disk rotated perpendicular to 

the surface (Fig. 5) (Grinham 2011). 

Robotic Folding

Due to industry limitations in 

industrial robotic programming workflows, 

tab rotation presents the single most chal-

lenging aspect of the industrial production 

of the shutter screen.  The automated pro-

gramming strategy proposed here would 

be integral to the commercialization of the 

system. In an attempt to resolve the part 

complexity with the need for industrialized 

production a series of tests resulting in sev-

eral full-scale robotically folded prototypes 

were created using a 6-axis industrial robot-

ic work cell and an integrated, automated 

programming workflow (Fig. 6). 

Automated Robotic Production Strategies

Computational Design-to-Robotic 

Manufacturing 

Automated robotic workflows have become 

relatively common and previously published 

work addresses aspects of automated 

programming in relation to sheet metal 

manipulation. For example, “Parametric 

Punching” by Michael Vasku, produced at 

Figure 4 Performance testing of prototyped facade section. Top left: illuminance testing system; Top center: 

interior view of light intensity; Top right: 3D plot of pixel density histogram (diagram: Robert Schubert); 

 Bottom: projected illuminance: red=high, yellow=moderate, green=low illuminance.

Figure 5 Manual prototyping using calculated 

“wedges” (Image: A. Ransom)
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Vienna UT, presents a related, yet different, 

approach using the KUKA|prc automation 

tools to drive the manipulation of sheet 

metal tabs (J. Braumann and S. Brell-Çokcan 

2011). Another approach suggested by La-

vallee et al. utilizes a Catia-based automa-

tion strategy along with two robotic grip-

pers to fold perforated metal sheets into 

individualized units using  rotational move-

ments (Lavallee et al. 2011). To facilitate 

robotic manufacturing, a similar integrated 

modular robotic programming component 

developed by the Harvard Design Robotics 

Group has been embedded into the Rhinoc-

eros-based computational design platform 

used to generate the screen’s final tab cut 

and rotation (Bechthold 2010). Using em-

bedded model geometry this component is 

deployed to streamline the identification of 

key parameters relating to position and ro-

tation of each perforation that are defined 

by the midpoint of the diameter of each 

part and an offset based on material thick-

ness (Fig. 7). This planar origin is assumed 

to have a z-axis normal to the materials 

surface with a second axis tangent to the 

prescribed diameter, or axis of rotation. The 

planar orientation of each tab in relation to 

the screens surface is defined at a second 

surface mid-point on the same diameter 

where the associated coordinate is rotated 

such that the z-axis is slightly beyond nor-

mal to the final rotated tab position. Over-

rotation of the tab is required to account for 

inherent ‘spring-back’ in the material and is 

adjusted based on model-defined material 

and tab dimension. 

 Based on the computational de-

sign model and the specific previously de-

fined plane, Rapid Code, the c-based lan-

guage used to control the tested ABB-4400 

industrial robotic work cell, is generated 

by the integrated component. The custom 

modular programming interface consists of 

three primary modular grasshopper compo-

nents. First, the project specific component 

isolates the geometric constraints as de-

fined by specific model data that is used by 

the second component to generate Rapid 

Code. The third component of the modular 

system, an inverse kinematic solver, en-

ables direct machine simulation within the 

Rhinoceros environment eliminating the 

need for specialized proprietary software 

(Fig. 7) (King, 2012).

Custom Robotic Tooling

Based on the dia-grid mentioned above a 

universal fixture was created to continuous-

Figure 6 Initial robotic folding using custom end 

e ffector (Image A. Lee)

Figure 7 Grasshopper visualization of facade varia-

tion with embedded machine programming.
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ly support the work object during folding. 

The work surface has a depth greater than 

the maximum tab depth and is perforated 

on the dia-grid with a hole diameter slightly 

larger than the largest tab dimension. This 

strategy allows the fixture to support all 

variations of panel based on the instantia-

tion logic discussed previously (Fig. 8).

   To facilitate the robotic actua-

tion of tab rotation a custom end effector 

was designed that incorporates a pushing 

implement and pneumatic suction gripper 

assembly that enables folding based on 

a push-pull strategy that reduces surface 

deformation or ‘oil canning’ during tab rota-

tion. The end effector applies an opposing 

bending moment on either side of the tab 

perpendicular to the axis of rotation The 

planes discussed above drive the tool-cen-

ter-point (TCP) and the folding action con-

sists of four movements. First, the tool is 

located directly above the surface plane and 

oriented according to the axis of rotation, 

second, the tool engages the flat surface, 

and third the tool rotates to a prescribed 

angle while maintaining a static TCP posi-

tion. The fourth movement is defined by 

an offset plane at the same rotation as the 

final tab position that serves as a retract 

movement while maintaining to tool orien-

tation. This positioning enables the tool to 

clear the work surface before returning to 

a normal orientation to avoid interference 

with final tab position.      

Conclusions

The ongoing research presented in this pa-

per is initiated through a design experiment 

that begins to reconnect the design idea 

to the associated material systems. The 

work represents the successful merger of a 

computationally driven architectural design 

process that links performance, both design 

and environmental, through an integrated 

design development workflow while simul-

taneously accounting for material and fab-

rication parameters. The many prototypes 

Figure 8 Robot simulation using integrate inverse 

kinematic solver

Figure 9 Robotically actuated prototype with tab 

r otation from 5-80 degrees (Image A. Lee) 
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developed including a full-scale building 

integrated façade system exemplifies the 

architectural possibilities introduced by pro-

posed system. Through industry collabora-

tion with advanced fabrication consultants 

we have recognized a limitation in the ex-

isting industry›s ability to produce substan-

tially differentiated architectural building 

components that can be addressed by the 

incorporation of the industrial robotic work 

cell. By addressing manufacturing concerns 

at the design level and fully developing and 

testing an integrated robotic fabrication 

scenario this research moves beyond the 

one-off digitally driven sculptural interven-

tion and into the development of a truly 

customizable building system that can be 

produced industrially (Fig. 10).  
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Abstract The poché, or the mediation be-

tween one surface geometry and another, 

becomes increasingly important as archi-

tects continue to expand their design vocab-

ulary with the aid of digital tools. Likewise, 

as the environmental and economic advan-

tages of renovating and retrofitting existing 

structures become more apparent, fitting 

precise and digitally designed models to the 

imprecise surfaces of an existing edifice be-

comes more necessary. In this paper we 

present an in-progress report on the devel-

opment of a surfacing technique which uti-

lizes a robotic manipulator as reconfigurable 

formwork for laying ceramic tiles over an im-

precise structure. Whereas the human tile-

worker must rely on a steady substrate for 

lack of a steady hand, the robot is capable of 

holding tiles in their designated position and 

orientation indefinitely (namely, until the 

bonding material sets). The process involves 

creating a digital model of a tile surface 

which is loosely offset from a low-resolution 

or irregular substrate surface. Tile positions 

are taken from the digital model, and are 

placed sequentially by a robotic manipulator 

equipped with a vacuum gripper. Each tile is 

held steadily in position while polyurethane-

based expanding foam is sprayed to fill the 

gap and create the bond between the tile 

and the existing surface.

Keywords: cladding, digital architecture, 

formwork, poché, robot programming

Ryan Luke Johns, Nicholas Foley
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Introduction

The poché, or the mediation between in-

terior and exterior surface geometries, is 

an inherent concern in architectural de-

sign and construction.   Differentiation 

between “shape, position, pattern and 

size”  (Venturi, 1966) of inside and outside 

surfaces enables specificity in design, but 

this contradiction also results in unused 

void space and the challenge of interfacing 

two dissimilar surfaces.   The construction 

techniques used to address these design 

challenges can be broadly divided into two 

methodologies: that of creating surfaces 

from a structure contained within the po-

ché  (Fig. 2a) and that of casting or aggre-

gating surfaces from a temporary external 

formwork or scaffold (Fig. 2b).   With the 

advent of digital fabrication and demands 

for “informed” (Kolarevic, 2003) surfaces 

in architectural design, the former category 

has yielded the necessity of creating finely 

tuned and precisely machined framework to 

support cladding elements within given tol-

erances:  materialising complexity requires 

a close bond between architects, data 

consultants, engineers, frame and clad-

ding fabricators, contractors and surveyors 

(Scheurer, 2010).   Likewise, formwork-

based construction techniques require simi-

lar coordination, but the temporary nature 

of the scaffold confers the advantage of 

isolating production constraints:  the preci-

sion of the final surface is contingent upon 

lost forms rather than embedded within 

the structure.  Accordingly, the structure of 

the poché is given the potential of meeting 

other functional requirements. With these 

principles in mind, we propose a hybrid of 

these processes: one which utilizes a robotic 

manipulator as a reconfigurable formwork 

for creating precise surface connections to 

a loosely defined structural framework (Fig. 

2c).  Panels are robotically placed in an addi-

tive technique but also serve as a formative 

(Kolarevic, 2003; Bonwetsch et al., 2006) 

boundary for the cast poché which binds 

them to the framed substrate.

Figure 1 Prototypical robotic poché surface.

Figure 2 From left: a) Cladding relying on digitally fabricated framework; b) Pantheon section: formwork 

with graded aggregate fill; c) Robotic poché
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Related Work

Previous work in robotic cladding in con-

struction has focused primarily upon in-

creasing safety and efficiency during the 

construction of tall buildings (Gassel et al., 

2006). Robotic strength is used to lift heavy 

façade panels into position, generally under 

the guidance of a human operator (Yu et 

al., 2007) (Fig. 3).   Rather than exploring 

the design potential of robotic fabrication 

however, prior work has been motivated by 

a desire to automate the construction pro-

cesses of conventional designs.

In the vein of the reconfigurable 

formwork, the recent “Procedural Land-

scapes” research at the chair of Gramazio 

and Kohler, ETH Zurich uses both additive 

and formative processes to create “in-

formed” surfaces for concrete casting by 

impressing sand with a robotic manipulator 

[1].   Use of polyurethane foam has prece-

dence in robotic architectural fabrication in 

the “Foam” project, also at the ETH (Gram-

azio and Kohler, 2008), however these were 

procedural explorations which utilized the 

material logic of expanding foam coupled 

with precise paths to inform the creation 

of acoustic diffusers—in our research, the 

material (while also engaging acoustics to 

some extent) is used for the more tradition-

al purpose of filling and binding.

Irregular Substrate Tiling

Overview

Appropriating traditional means of con-

struction for robotic processes enables not 

only the possibility for aesthetic complexity 

(Oesterle, 2009), but also enables a re-eval-

uation of the potential of processes which 

have evolved around human capabilities 

and ineptitudes.  For lack of a steady hand, 

the human tiling process requires a firm 

substrate to configure and support tiles 

during the construction process.   The pa-

tience and stamina of the robotic manipula-

tor, however, allows for an inversion of this 

process:   the robot can hold tiles precisely 

in position for extended periods without 

fatigue.   In essence, the manipulator be-

comes the substrate (fig 4).

The precision and variability of 

the robotic manipulator in this process en-

ables “highly informed” (Bonwetsch et al., 

2006) surface geometries.  While most cur-

rent digitally informed cladding techniques 

rely on a finely tuned structural frame, our 

process embraces and is enhanced by loose 

tolerances between surface panels and the 

structure to which they are attached.   As 

the robot provides the calibration of the 

surface by holding it in the appropriate po-

Figure 3 The KAJIMA “Mighty Hand” panel-holding 

construction robot

Figure 4 Human versus robotic tiling capability
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sition, any ad hoc technique can be used to 

bridge the poché space and adhere the pan-

el to the opposing frame/surface.   Varia-

tion of these filling-and-adhering materials 

has the potential of increasing the utility of 

the void space.  While this simple concept 

has a multitude of potential manifesta-

tions, our in-progress research explores one 

prototypical iteration.

Prototype Design Evolution

The evolution of our in-progress prototype 

was guided by the desire to explore tech-

niques of slow robotic fabrication while re-

sponding to the practical requirements of 

our workspace—an imprecise existing ceil-

ing structure with poor insulation proper-

ties.   In order to decrease heat loss during 

winter research while reducing the noise 

transmission associated with our work, we 

focused on materials which had the poten-

tial of providing both thermal insulation 

and acoustic dampening.  While expanding 

polyurethane foam met the thermal re-

quirements, we required mass in order to 

reduce sound transmittance: ceramic tiles 

provided a cheap and easily accessible op-

tion.  By utilizing expanding foam as both 

the means for filling the void space and 

adhering the tiles, we create a soft connec-

tion between the mass of our inner surface 

and the structure of the outer membrane—

theoretically increasing the effectiveness 

of acoustic dampening by decoupling the 

surfaces [2].

As the interior surface is both 

robotically assembled and will remain 

within the context of the research facility, 

we elected to inform the geometry of our 

simple test-case by the bounding envelope 

of the robot’s movement.   The tile layout 

was generated in Rhino Python such that 

tile angles were individually oriented by the 

surface normal at the closest point of the 

robot’s reach envelope and aligned to point 

towards its origin (Fig. 5). Tiles were placed 

recursively such that the distance between 

them was mapped based on the angle of 

their orientation, enabling a shingled ap-

pearance. The surface therefore serves both 

as an insulator for the space and a visual 

cue to the capabilities of the robot’s move-

ment within it.

Figure 5 Tile positions and RAPID generated using Rhino Python
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The large tolerances allowed 

by this process did not require a resolute 

model of the pre-existing conditions, but 

simply a general understanding of its key 

points (primarily for the purpose of avoid-

ing collisions).  We utilized our robotic ma-

nipulator as a digitizer, sending a handful of 

coordinate values to Rhino Python via serial 

interface and referencing them during the 

modeling process to generate our surface 

within a loose range (~25 cm) of the exist-

ing structure.

Fabrication

For the construction of this prototype, we 

created a custom vacuum gripper for our 

6-axis industrial robot (an ABB IRB 6400) 

using a salvaged mini-fridge compressor 

and off-the-shelf components.   The I/O 

system of the robot controller is wired to a 

relay which controls power to the compres-

sor and to a solenoid valve which can be 

opened to release the vacuum.

We use 11.0 cm square ceramic 

tiles for an adequate balance between reso-

lution and construction speed (Bonwetsch 

et  al., 2006).  Guided by its native RAPID 

language (ABB, 1997), converted from the 

data of the digital model using Rhino Py-

thon, the robot moves the suction cup to 

the loading position and turns on the vacu-

um pump.  It then carries the tile to its des-

ignated position and raises a prompt on the 

controller’s teach pendant notifying the user 

to manually apply the expanding foam.  As 

the robot can maintain this position indefi-

nitely (and can be shut down during a pose), 

the time it must wait until its next move-

ment is determined entirely by the cure 

time of the filling and adhering material.  In 

our case, we use primarily store-bought ex-

panding polyurethane foam, which we have 

found to require 40-60 minutes of cure 

time (at 20-30 °C) before the tile can be 

released by the robot.  In an attempt to in-

crease production speed, we experimented 

with a professional two-part polyurethane 

Figure 6 Prototype build process 
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system, and though the rapid cure time al-

lowed the tile to be released in 2-4 minutes, 

it accordingly exacerbated nozzle-clogging 

issues to the extent that it became infea-

sible for continued use.   The products we 

tested listed a suggested gap-filling ability 

of 7.5 cm, but we found we could fill larger 

volumes with careful application and the 

use of ad hoc filler materials (scrap styro-

foam, wire mesh, dowels, etc.).  The pres-

ently constructed one-square-meter sec-

tion of our prototype contains 63 tiles and 

required approximately 70 hours of build 

time (Figs. 6/7).

Discussion and Conclusion

Our process effectively demonstrates a 

technique for using a robotic manipula-

tor as a reconfigurable formwork, while 

clearly indicating that opportunities exist to 

streamline the foam-tile manifestation of 

the concept.  Simple improvements to the 

foam delivery system, such as automated 

spraying, faster curing, and a self-cleaning 

nozzle, could improve the process speed 

tenfold.  Further efficiency gains could be 

achieved through an end effector capable 

of orienting and placing multiple tiles in 

one movement. It is worth noting, however, 

that our primary intention is not to maxi-

mize efficiency, but to examine the design 

potential of this method.  Indeed, the idea 

of maximum efficiency is in many ways 

at odds with the concept of the poché:  as 

Venturi (1966) states, the residual space 

created by contradiction between inte-

rior and exterior geometries is “sometimes 

awkward” and “seldom economic.”

Beyond our prototypical ex-

ample which engaged thermal insulation 

and acoustic isolation, simple variations in 

material and technique present an array of 

available performative qualities: aesthetic 

complexity, light deflection, directional 

acoustics,  and economy of material. Per-

haps this process’s greatest potential is its 

ability to produce composite surfaces which 

tailor the physical properties of the each 

element of cladding and filling to specific 

program requirements, creating “functional 

gradient materials” (Hirai, 1996). 

In a production environment, ac-

cessing the full potential of this process to 

reduce the complexity and tight tolerances 

demanded by current freeform cladding 

systems requires mobilizing the robot for 

on-site construction. Mobile construction 

robots—like the Echord robot of ETH Zur-

ich [3]—could be located within a working 

zone using not only pre-placed registration 

markers, but by scanning and calibrating 

their own previously placed tiles: effectively 

employing precise placement as a dynamic 

Figure 7 Prototypical irregular-substrate tile surface.
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datum for growth.   While the tight toler-

ance requirements of recent digital archi-

tecture have resulted in the need to register 

“the entire building... from one zero point” 

in place of the more traditional “ruler and 

tape [run] offsets from specific points” (Ko-

larevic, 2003), such mobile robotic paneling 

and re-positioning systems would afford 

the potential of a return to the flexibility of 

utilizing local origins in construction.

The precise reference system af-

forded by this prototypical robotic construc-

tion process encourages a reexamination of 

existing construction methods and implies 

a potential for reimagining construction 

order.  Whether dealing with new construc-

tion or retrofitting existing structures, the 

loose tolerances of the architectural poché, 

when combined with the accuracy of indus-

trial actuators, allow a greater liberty in pro-

ducing highly informed surfaces within rela-

tively imprecise construction constraints.
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Abstract This paper describes a novel 

work-flow for minimal waste custom design 

manufacturing through the integration of 

traditional sculpture techniques and current 

manufacturing technology. This is demon-

strated by using oil clay as a mold material 

for fiberglass layups.  In addition to being re-

usable, the use of a malleable material al-

lows for a non-rotating cutting tool on a 

7-axis robot, addressing some current manu-

facturing limitations such as uniformity of 

the cutting tool, undercuts, and surface de-

fects. The work-flow is demonstrated 

through the creation of a chair.  The chair has 

multiple curvature and is constructed using 

two molds, both employing the same mate-

rial. Fiberglass is used as the final products 

material demonstrating a selective applica-

tion for minimal waste from both mold and 

final materials. 

Keywords: minimal waste, robotics, 

 design, sculpture, prototyping
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Introduction

For thousands of years sculptors and ar-

tisans have used clay in a variety of ways. 

With the refinement of oil, a new type of 

clay was created, providing unique proper-

ties in an old material. Oil clay excels at be-

ing water tight, reusable, and maintaining 

its shape. The process and materials used 

for making oil clay allow for a highly cus-

tomizable material with simple changes to 

material proportions. The changes in pro-

portions can take the clay from being ex-

tremely soft and flexible to hard and brittle. 

The fact that it is such a flexible material 

has allowed sculptors to use oil clay in both 

the modeling and molding process. Al-

though oil clay can be manufactured to dif-

ferent consistencies it retains a very unique 

characteristic. 

The characteristics of clay have 

been useful in fields outside of art such as 

the automotive industry. In technology the 

extensive use of clay properties for both 

haptic feedback devices and virtual mod-

eling demonstrate the versatile charac-

teristics of this material (Cani & Angelidis, 

2006; Yan, Hou, Zhang, & Kang, 2009). In 

the automotive industry special clay CNC 

machines, such as the Tarus 5-Axis[1], are 

used to translate computer models to phys-

ical models.   These clay models can range 

from small scale to full size cars, and can 

be finished and retouched by the hands of 

a skilled designer. 

In contrast to specialized ma-

chinery, multi-axis robots provide a ma-

chine that can be as unique or redundant 

as the operator decides (Gramazio & Kohler, 

2008). As the number and availability of 

versatile multi-axis robots increases, the 

uses and innovations around them follows. 

The versatility of these robots has been 

exploited enormously in the last few years 

through novel manufacturing methods  

and computer-human interfaces(Payne, 

2011; Willis, Xu, Wu, Levin, & Gross, 2010). 

This has been accompanied by new mate-

rials and ways of manufacturing(Pigram 

& McGee, 2011) that would not have been 

thought of as useful, or even possible, in 

the past.

Much of the new robotics work 

comes from the integration and invention 

of new technology. In contrast, this work 

takes processes and techniques from a 

long history of sculpture and integrates 

them in the relatively recent field of in-

dustrial manufacturing. The integration of 

these two fields is not direct, nor should 

it be. Over twenty years ago a similar re-

search project was implemented in the GM 

laboratory(Chen &Gu, 1993).

Using a six-joint robot with a 

linear servo-track (a robot very similar to 

the one used for this research), research-

ers worked on cutting full scale car models. 

They named the project ROBOCUT. Details 

on the project are limited to the math-

ematics behind the inverse kinematics of 

the robot, which have been handled here 

by MasterCAM. The ROBOCUT project was 

highly focused on the mathematics of the 

robots for quick modeling. This paper dem-

onstrates the possibilities for not just mod-

eling but mold making as well. By taking the 

best of both sculpture and manufacturing, 

we demonstrate a novel method for low 

cost, reusable, and accurate mold making. 
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Approach

The individual elements used in this process 

are broken down as follows: 

 – 7-axis Kuka robot

 – Water jet cutter

 – Oil clay (200 lbs)

 – Cutting head

 – Foam

 – Fiberglass

The 7-axis KUKA was used as the 

main manufacturing method with its direc-

tions created in Master CAM and the Robot 

Master plug-in. The water jet was used for 

making the robot’s clay cutting tools which 

were designed as 2D cut paths. The oil clay 

was based on an in-house formula consist-

ing of: 7.5lbs Micro-Wax, 30lbs dry ball clay, 

1lb Vaseline, 3qts motor oil, and 1qt glycerin. 

Blue foam insulation @ 25psi was used to 

reduce the weight of the mold by acting as 

an armature. The fiberglass was 1 meter 

square automotive grade woven sheets. 

Conceptually, the combination 

of elements was approached as a robotic 

arm imitating a sculptor, allowing for a 

higher transfer of knowledge for manipu-

lating the oil clay. Although oil clay can con-

sistently be made the same, it is by far the 

most dynamic, and as such least predict-

able, variable in the process. As with most, 

if not all, materials to be cut, the interac-

tion of the material and cutting tool must 

be tested and understood in order to create 

predictable results. The appropriation of 

the robotic arm as a sculptor’s arm circum-

vented many of the otherwise necessary 

tests to understand the material and cut-

ting tool interaction. Using the knowledge 

of in-house sculptors, the human technique 

for cutting clay was broken into conven-

tional manufacturing terms that could be 

easily transferred to machining inputs: cut-

ting speed, resistance, approach angle, cut 

angle, cut depth, and retraction technique.  

With the exception of resistance, due to the 

lack of a force-feedback sensor, the human 

techniques were translated as inputs for 

MasterCAM. These inputs were later ad-

justed to refine the surface quality of the 

cut, machine capabilities, and speed. 

Inline with the robotic arm mim-

icking a sculptor, the cutting tool was mod-

eled on clay sculpture tools (Lucchesi & 

Malmstrom, 1996). The first tool was made 

by cutting the profile of a tool out of stain-

less steel on a water jet (Fig. 1). The part 

was then ground by hand to create a single 

sided beveled edge. The tool was then bolt-

ed to a generic mounting plate on the robot. 

This initial tool worked well in the cutting 

tests and served as a starting point for fu-

ture customized tools. As the forms to be 

cut became more complex, the mounting 

plate of the robots end effector began to 

collide with the clay. Future iterations led to 

a redesigned interior for additional strength 

and a lengthened body to avoid collisions 

of the end effector and material. The final 

tool was cut from 1/4” stainless steal us-

ing a water jet, beveled on one side with a 

grinding wheel, and smoothed with a water 

stone.Figure 1 Final clay tool
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The mold was created by stack-

ing rectangular blocks of blue foam to cre-

ate an armature, and laying oil clay on top. 

Two methods were used to compact the 

clay into an easily usable and diverse ma-

terial; 1) Using a hydraulic press to create 

bricks and 2) using a roller to create sheets 

(Fig. 2).  The hydraulic press was able to cre-

ate clay bricks fairly quickly and with mini-

mal human effort. However, the more labor 

intensive process of using a roller provided 

a more versatile clay shape that was able to 

drape over an armature without adding too 

much weight. The foam was cut into rect-

angular shapes independent of any form, 

making them reusable (Fig. 3). 

Implementation

The efficacy of this process was demon-

strated through the making of a chair. With 

the intention of making the final piece out 

of fiberglass, a chair with multiple locations 

of double curvature was designed in a CAD 

program (Fig. 4). In order to create the chair 

two molds were needed, one for the top and 

one for the bottom. The use of two molds 

demonstrates the reconfigurable and reus-

able approach. Both molds used the same 

clay, foam, and cutting tool. 

As mentioned earlier, the curva-

ture of these molds made the use of clay 

in brick form excessively heavy. For this ap-

plication the clay was most useful in sheet 

form. The 200 lbs of clay were put through 

a clay roller. The clay sheets were placed 

over the foam armature and compacted by 

hand (Fig. 5). The oil clay was rigid enough 

to stay together when moving the sheet, 

while also being able to follow the contours 

of the armature. This initial setup time for 

the mold currently takes two people around 

Figure 5 Sheets of clay compacted on armature

Figure 4 Computer design of chair

Figure 3 Foam armature

Figure 2 Rolled sheets of clay
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one hour, however, it varies greatly accord-

ing to the rigidity of the clay.

Inline with the conceptual ap-

proach, the best surface quality of a cut was 

produced with the tool slightly more than 

perpendicular to the surface, with the acute 

angle between the surface in front of the 

tool’s path and the tool [(Fig. 6). The angle 

offset from perpendicular is dependent on 

the thickness of the tool, the bevel of the 

cutting edge, and the tool’s exterior sur-

face quality. The tool used for these molds 

was beveled gradually from midpoint of the 

stock to the cutting edge. The smoothness 

of the bevel assists in keeping the surface 

smooth as the tool rides along the clay. 

Although we have not found an exact for-

mula, an offset between 5 and 20 degrees 

produced similar results. 

For the same reason that oil clay 

can be reused, fixing surface defects on the 

mold is quick and easy. The rigid but mal-

leable properties of the clay allowed for any 

defects in the surface to be easily patched 

and re-cut. This takes the process of cut-

ting molds from exclusively subtractive to 

both subtractive and additive. At present, 

this dynamic exists not just by machine, 

but as the robot subtracting material, and 

the operator adding material.   While some 

materials can be added to through bonding 

agents, clay is unique in its ability to re-

attach independent of any bonding agents. 

Without a bonding agent there is no need 

for clamps or waiting, allowing clay to be 

re-attached without affecting other parts 

of the mold and ready to be cut within sec-

onds. The ability to quickly patch defects in 

the clay is critical when the compacted clay 

has air trapped in it. These air pockets are 

not seen until the clay is cut, however, with 

little effort the air pocket was filled in by 

hand, and the path was recut (Fig. 7).

The firmness of the clay due to 

the quantity of wax helps the clay maintain 

its form in that, if the clay is cut, the cut 

piece will remain separated from the mold. 

This saves a tremendous amount of human 

labor that otherwise would be required to 

Figure 7 Air pockets found after the first pass.  They were patched over and quickly recut, resulting in a 

smooth surface.

Figure 6 Cutting clay
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remove pieces of clay after each pass. While 

cutting the second mold we did not remove 

any clay during the cut. After each path the 

clay fell down, and any clay remaining was 

pushed away on the next pass (Fig. 8). 

The cut speed could be varied 

with little to no effect in surface quality. 

The only case where speed was a factor was 

on retraction. The tradeoff to a very light 

mold thanks to a thin layer of clay is the lack 

of weight to hold the clay down. Since the 

oil clay bonds almost exclusively to itself, 

the weight of the oil clay must be sufficient 

to prevent the mold from sliding. A mold 

with multiple angles and curvature does not 

have a problem with sliding, however, a very 

thin layer of clay is prone to being pulled by 

the robot. We found that a slow retract rate 

prevented the mold from sliding, most like-

ly due to a higher usage of static friction. In-

dependent of retraction, and since the cut-

ting tool does not rotate, the cut speed is 

determined by the load on the robotic arm 

servos. This eliminates many calculations 

previously needed to predict surface quality 

(Lazoglu, 2003).

After cutting the first mold a 

release agent was sprayed on the clay and 

a fiberglass layup was done directly on the 

clay (Fig. 9). Staying true to the aim of mini-

mal waste, fiberglass was used for its abil-

ity to be selectively applied. With the edge 

of the mold clearly defined by the radius of 

the tool, only a few inches of fiberglass ex-

tended past the used portion of the mold 

(Fig. 10). Unlike viscous materials such as 

concrete that require twice the surface area 

of molds in order to control the shape, fi-

berglass is able to contour directly on an 

open mold. By using polyester resin, each 

layup was limited to 20 minutes. To create 

a fiberglass shell strong enough for a chair, 

without an interior spacer, eight layers were 

used. The entire fiberglass layup for the 

Figure 9 Fiberglass layup on clay moldFigure 8 Clay either falls or is forced away on the 

next cut path

Figure 10 Minimal fiberglass wasted near edge
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first mold took an hour and a half, followed 

by a six hour wait before de-molding. The 

clay was easily peeled away from the fi-

berglass, any remaining clay was scrubbed 

off with soap and water. The mold release 

agent provides an extremely thin barrier 

over the mold, and is negligible when reus-

ing the clay for another mold. The foam ar-

mature was then reconfigured and the clay 

was rolled again to create the second mold. 

After both molds had been com-

pleted and the fiberglass parts attached, 

the final fiberglass form was sanded and 

painted (Fig. 11). The finishing of the fiber-

glass chair was no different to any other 

fiberglass product. In the end, the clay is 

perfectly usable for more molds and, if 

sculpture practices are any indication, the 

clay will be reusable for a long time. 

Conclusions

This work presents a method for combin-

ing aspects of traditional art and industrial 

manufacturing to yield an independent and 

useful process, which informs the creation 

of a chair. The process of making two se-

quential molds for the chair produced al-

most no waste, as all the materials were 

reused. 

We acknowledge the scope in 

which this process is applicable, as the level 

of practicality of this method is highly de-

pendent on the material used. Using the oil 

Figure 11 Final chair after sanding and painting
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clay mold to create a physical surface pat-

tern with plaster tiles would be an appro-

priate usage, however, using liquid materi-

als like plaster and concrete to create high 

relief images or 3D solids creates an enor-

mous amount of extra work. In this work 

we use fiberglass as the ideal material. Fi-

berglass easily conforms to a surface and 

can be selectively applied. Further usage of 

fiberglass can be done by the robot. In the 

example of a bathtub, a robot can use a 

cutting tool for oil clay, switch to a chopped 

fiberglass spray gun, and selectively apply 

the fiberglass with extreme accuracy. 

The technique demonstrated 

here can be expanded in many ways, most 

notably by the tool design. By having the 

robotic arm mimic a sculptor’s arm, we have 

opened up the manufacturing possibilities 

to be the same as a sculptor’s. The unique 

shape of sculptor’s tool allows for different 

techniques in removing material. With a 

single tool, the robot can cut flat surfaces, 

different radii, and different textures. 

This research concentrates on 

a process for making unique designs with 

minimal waste, however, the combination 

of this and recent research on CHI could pro-

vide a new way of prototyping and making 

that would thrive in areas such as automo-

tive design. This work bridges two impres-

sive areas of research, the Haptic Control 

Scheme (Her, Hsu, Lan, & Karkoub, 2002) 

and the newly created Robotic Motion Con-

troller (Payne, 2011). The characteristics of 

clay and the limitless possibilities for ma-

nipulating it make this minimal waste sys-

tem not just usable, but in many situations 

actually a more effective system.

References

Cani MP, and Angelidis A 2006, Towards Virtual Clay.

SIGGRAPH pp. 67-83. New York: ACM.

Chen Y, and Gu YL 1993. “Optimal path generation of 

a (6+1)-axis robot for auto-industrial applications.” 

IEEE International Conference on Robotics and Auto-

mation, pp. 388-395.

Gramazio F, and Kohler M 2008, Digital Materiality in 

Architecture. Baden: Lars Muller Publishers.

Her MG, Hsu KS, Lan TS, and Karkoub M 2002, “Hap-

tic Direct-Drive Robot Control Scheme in Virtual Re-

ality.” Journal of Intelligent & Robotic Systems, pp. 

247-264.

Lazoglu I 2003, “Sculpture surface machining: a 

generalized model of ball-end milling force sys-

tem.” International Journal of Machine Tools and 

Manufacture,pp. 453-462.

Lucchesi B and Malmstrom M 1996, Modeling the 

Head in Clay. Watson-Guptill Publications.

Payne, A 2011, “A Five-axis Robotic Motion Control-

ler for Designers.” Proceedings of the 31st Annual 

Conference of the Association for Computer Aided 

Design in Architecture (ACADIA), pp. 162-169.

Pigram D, and Mcgee W 2011, “Formation Embedded 

Design.” Proceedings of the 31st Annual Conference 

of the Association for Computer Aided Design in Ar-

chitecture (ACADIA), pp. 122-131.

Willis KD, Xu C, Wu KJ, Levin G, and Gross MD 2010, 

“Interactive Fabrication: New Interfaces for Digital 

Fabrication.” Proceedings of the fifth international 

conference on Tangible, embedded, and embodied 

interaction pp. 69-72. ACM.

Yan F, Hou Z, Zhang D, and Kang W 2009, “Virtual 

Clay Modeling System with 6-DOF Haptic Feedback.” 

Materials Science Forum, pp. 155-160.

[1] www.tarus.com



Abstract According to the Encyclopedia 

Britannica [1] a robot is “any automatically 

operated machine that replaces human ef-

fort […]”. But it is much more than just an-

other tool. It is an extremely adaptable ma-

chine open to any kind of task, when oper-

ated adequately. It is a complete new “me-

dium”, and as a result, there is a whole new 

“message” (Fiore and McLuhan 1967). Half a 

century after the introduction of robots to 

the manufacturing process this kinematical 

apparatus has finally made its way into art 

and architecture. Using a tangible example 

this paper tries to illustrate the opportuni-

ties for the contemporary building industries 

and the importance of teaching students the 

basic principles of interacting with robots. As 

a matter of fact, we will discuss the Design 

Master Studio bot/log: Parametrics/Joints 

constructed/designed by/in Robots/Wood.

Keywords: project and practical applica-

tion of algorithmic design, computational 

approaches to sustainable design, 1:1 real-

ization in wood

Richard Dank, Christian Freißling

The Framed Pavilion

Modeling and producing complex systems 

in architectural education 
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Robots: the Ultimate CNC Machines

In a recent lecture at Graz University of 

Technology (TUG) Martin Bechthold (2012), 

Professor of Architectural Technology at 

the Harvard Graduate School of Design 

(GSD), pointed out that the usual architec-

tural design strategy starts with a given 

problem, a problem to be solved. Subse-

quently one develops a tool or a system 

that could possibly solve that problem in a 

suitable manner. Therefore the outcome is 

usually unique, but in most cases also rigid. 

As an example of this he refers to Japan’s 

construction robot industry in the 1980s 

(Cousineau and Miura, 1998).

In contrast to this, the scientific 

approach of the Institute of Architecture 

and Media (IAM) [2] is not necessarily based 

on a problem. We try to take a given tool 

and explore its capabilities. Our goal is to 

get to the bottom of that tool, discover the 

present limits of its employment and ex-

pand the borders of what is possible. And, 

as we are currently working at the univer-

sity, we always feel the need to focus on 

the process, the research and the educa-

tion of future architects rather than on the 

pure result. In this context the head of our 

department, Urs Hirschberg, loves to quote 

Nicholas Negroponte (1994): “Don’t dissect 

a frog, build one!”

Despite externally funded re-

search projects in the field of geometric 

processing and non-standard architecture 

[3] the IAM has been pursuing the idea of 

a research-based education of master stu-

dents for several years now. We canvassed 

promising hardware tools such as tracking 

systems [4], electronics prototyping plat-

forms [5] and different rapid prototyping 

machines [6] [7] [8] [9] [10] in our Design 

Master Studios [11] with real success – in-

cluding several exhibitions and publica-

tions. In 2009 the Faculty of Architecture 

[12] and the Faculty of Civil Engineering [13] 

joined forces to set up a new Robot Design 

Laboratory [14] in cooperation with ABB 

Robotics [15]. And the IAM started to delve 

deeply for new applications that are beyond 

the available industry solutions. 

Apart from other obvious ad-

vantages over different CNC machinery it is 

the manufacturing flexibility of robots that 

make them rewarding for any researcher 

and student. Since the robotic arm can 

manipulate any tool that is mounted on its 

flange, robots already take on a large vari-

ety of tasks – some are taught online, but 

most of the complex ones are programmed 

offline (Braumann and Brell-Çokcan 2011).

A quintessential example of 

picking and placing with a gripper is, for 

instance, Gramazio/Kohler’s robotically 

placed bricks used to form walls and col-

umns [16] (Bärtschi et al. 2010) (Fig. 1, left). 

Interesting examples of stamping, drawing 

and even painting are offered by robotlab’s 

autoportrait [17], IAM’s winter semester 

2010 studio papier peint [18] and Richard 

Dank’s Chinese Ink Painting Robot at the 

HDA panel discussion Should buildings 

grow/adapt/repair themselves? And if not, 

why not? [19] (Fig. 1, center). And there are 

certainly a lot of welding, hot wire cutting 

and milling projects around, such as experi-

ments at the smartgeometry workshops 

[20], designtoproduction’s SWISSBAU Pa-

villon 2005 [21] (Scheurer 2007) or the ICD/

ITKE research pavilion 2010 [22] (Kaltenbach 

2010; Knippers and Menges 2011) and 2011 

[23] (Fleischmann and Menges 2011) (Fig. 1, 
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right) envisioned at the institutes of Achim 

Menges and Jan Knippers in Stuttgart, to 

name just a few.

So, the aim for architecture 

schools around the world seems pretty ob-

vious: Teach students to model parametri-

cally and give them full algorithmic con-

trol over the robotic arm. When they have 

grasped the principles and know the instru-

ment, they will be able to produce astonish-

ing results while experimenting.

Code: The Ultimate Way to Control the 
Robot

In their paper Parametric Robot Control 

Braumann and Brell-Çokcan (2011) thor-

oughly analyze robot on- and offline pro-

gramming and the common linear workflow. 

Usually there are several professions and 

platforms involved until the design of the 

architect finally disembogues in produced 

architecture: “A designer[…] to create an 

aesthetic surface in CAD”, “a programmer 

then” applies “the geometric constraints 

to the predefined surface, […] followed by a 

technician who post-processes the geomet-

ric data output for the robot control data 

file.” Additionally, most projects require 

structural engineers and people/facilities 

who/which are able to produce and assem-

ble the different pieces in the end. Thanks 

to all these different operations the whole 

object will gradually evolve.

This could be a good thing in the 

end, but none the less the architect eventu-

ally loses control over his/her composition. 

What’s even worse though: if the originally 

induced “aesthetic surface” needs to be 

changed for whatever reason, everything 

has to be done all over again. “The ques-

tion arises here how to further customize 

the digital workflow to allow the user, i.e. 

the designer, to manipulate the initial CAD 

surface […] and the robot control simulta-

neously.”

We argue that all the external 

know-how from the collaborating partners 

must be incorporated in one single para-

metric model. This allows all the plans, 

figures and facts required to be directly ex-

ported. In addition even the robot code with 

all its parameters, from tool-data to toler-

ances, is written on the fly (Fig. 2, right). So 

the process of designing is not frozen until 

one presses the play-button on the robot’s 

pendant.

As a consequence this means 

that future architects must be trained in 

designing the “aesthetic surface” as well 

Figure 1 Gramazio/Kohler’s brick-laying robot in action (left); Dank’s Chinese ink painting robot (center); 

Menges/Knippers’ ICD/ITKE research pavilion 2011 (right)
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as being able to formalize the process. They 

need to be programmers (to a certain ex-

tent) and to know CNC technology with all 

its constraining and liberating features, so 

that there is no necessity to “dissect the 

frog”; the designer should be able to “build 

it” from scratch.

bot/log: Parametrics/Joints Constructed/
Designed by/in Robots/Wood

This paper presents a case study just re-

cently finished at the IAM. It started out as 

a Design Master Studio in winter semester 

2011/12 with a group of students and the 

strong Styrian woodworking industry on-

board. 

The task set: to design a struc-

ture and all joints solely made from timber, 

no glue or other fasteners or fixings al-

lowed. For the realization use the capabili-

ties of a 6-axis robot on an additional linear 

axis. Moreover the entire project must be 

applied parametrically! Start to analyze ex-

isting and traditional wood joints and test 

the possibilities of transforming them into 

digital and parametrical models. Next step 

is to improve the parametrical models with 

the aim of producing all joints with our ro-

bot and the milling environment. The  tra-

ditional Japanese wood joint shown (Fig. 2, 

left) is a good example of how production 

with cylindrical milling tools is not possible 

without redesigning the joint. With this de-

veloped data start to design and simulate a 

walk-in structure.

The Studio concluded with 18 

individual, full-scale algorithmic projects 

and one completely implemented and built 

structure —”The Framed Pavilion” (TFP). 

There were basically two main reasons why 

we ultimately decided to build this particu-

lar structure. Firstly: the erection process 

does not require any scaffolding at all; 

secondly, everything can be put together 

without the equipment or the hands of 

professional workmen. The students could 

assemble the frames and blocks on their 

own. The whole range of projects and the 

evolution of TFP can be found on our bot/

log webpage [24].

The Evolution of The Framed Pavilion

Sabine Lehner’s original design intention 

was to build irregular pentagonal frames 

mutating along an axis. The implemented 

algorithmic process enables the user to con-

vert any basic surface that seems appeal-

ing. The application helps to meet the re-

Figure 2 Traditional Japanese wood joint (left);. Visual representation of parametric model generation (right)
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strictive parameters such as the positioning 

of the wooden dowels, the minimum and 

maximum beam length and joint angles. 

Thereby it was possible to generate a mor-

phing shape between the interior and the 

exterior where height variations, gaps and 

openings define a special ambiance (Fig. 3).

The framework for the conceived 

design to production workflow was Rhinoc-

eros [25] extended by its visual program-

ming language Grasshopper [26]. These 

tools allowed us build a bridge between 

design, simulation and fabrication and pro-

vided all the opportunities to enlarge their 

functionality by specially programmed add-

ons for our project. Due to performance 

and handling issues of large datasets we 

 decided to split our parametrical process 

into two linked components: 

1. Definition of boundary conditions and 

design environment for the main struc-

ture.

2. Elaboration for the joint details with 

building and fabrication requirements 

including robot code generation.

The basic setup of the realized 

form was defined by multiple pentagons 

with variable interior angles. These curves 

defined a lofted surface with straight sec-

tions. Afterwards we sliced the surface in 

user defined distances to create the square 

cross section wood frames (Fig. 4).

Alongside aesthetics, transport 

dimensions, given wood measurements 

and other boundary conditions, structural 

analysis was one of the biggest influences 

on   constructing our rigid wood frame 

structure.

In collaboration with the Insti-

tute of Structural Design (ITE) [27] it was 

possible to define maximum beam length 

according to its cross section and the crease 

angle range between each wooden beam 

inside the polygonal frame where our rigid 

Figure 3 The  structure as implemented and built

Figure 4 Evolution from designed shape to finally defined frames.

Figure 5 Simulating different load situations.
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joint design carries all loads without any ex-

ternal fasteners and fixing. Therefore finite 

elements simulations with different load 

situations were calculated (Fig. 5).

In addition to the final shape of 

“The Framed Pavilion” all drawings, produc-

tion lists, mounting instructions as well as 

material nesting results were generated 

on the fly with our first design component. 

Generated output data for each beam, as 

well as for each joint, defines the input for 

our second component where all joint infor-

mation was gathered and the robot-milling 

code generated. The joint design was in-

spired by Japanese wood joints in which, 

after assembly, the way the joint is made is 

invisible (Fig. 6). 

For the parametrically genera-

tion of all machining operations and tool 

paths following input parameters were con-

sidered:

1. Milling head for 6-axis robot with differ-

ent cylindrical tool definitions.

2. Robot geometry including additional lin-

ear axis for reachability simulations.

3. Fastening structure for beams during 

milling. 

4. Tolerance optimization between easy 

manual assembling and best values for 

friction and rigidity inside the joint. 

5. Milling parameters such as cut levels, 

path offset distances, point step density 

and additional tolerances to avoid colli-

sions. 

6. Optimization of tool paths and strate-

gies to reduce production time

Based on these conditions all 

necessary machining operations were spe-

cifically developed to generate automated 

production data. Fig. 7 shows the visual 

representation for different tool paths and 

associated tool orientations. 

Keeping different robotic pro-

duction environments and robot manufac-

turer in mind we developed two gateways 

to communicate with the output devices. 

Our component is able to export apt milling 

files which are standard in exchanging mill-

ing information, e.g. using robot post pro-

cessors like Pi-Path for ABB robots. Pi-Path 

converts automatically 5 axis CNC code 

into multi-axis robot programs. The second 

output format creates the possibility of 

directly writing and simulating entire ABB 

RAPID code in real-time without interme-

diate steps between design environment 

and production. Therefore all inverse-ki-

nematics, target information, quaternions 

Figure 6 Comparison of digital parametric model (left); milled joint parts (center); assembled joint (right).



244

The Framed Pavlilion

and configurations are calculated on the fly 

– see e.g. the Java-based simulation, code 

generator and live controller for ABB robots 

Boot The Bot for details [18].

The Production of “The Framed Pavilion”

In January 2012 over a period of three weeks 

our Design Master Studio students pro-

duced and assembled TFP within the pro-

duction environment of the Engineering 

Center Wood (ECW) at the Holz Innovation-

szentrum in Zeltweg, Styria [28]. The pro-

totype workshop includes an ABB IRB 6640 

6-axis industrial robot on an additional 13.7 

meter linear axis. This robot is equipped 

with a tool change unit combined with a 

24.000 rpm milling head.

After nesting and cutting all 

wooden beams, up to 10 beams were 

mounted side by side on an angled sup-

porting structure during robot milling. The 

workflow was designed to pick, place and 

mill in one process. But due to technical and 

temporal requirements – automatic tool 

changing still consumes a lot of time – we 

had to fix the beams manually (Fig. 8). 

The final definition of the ex-

act length for each beam and the milling 

process for all individual joints was done 

automatically afterwards. Although we 

could save about 48 hours of machine time 

thanks to milling path optimization, the 

production of one joint still took between 8 

and 11 minutes – depending on its geome-

try. Several constraints had to be taken into 

account, as wood is obviously an anisotropic 

construction material.

In the next manufacturing 

phase, the pentagonal frames were assem-

bled (Fig. 9). The precise production made it 

possible to achieve sufficient stability and 

stiffness  in the corners by just hammer-

ing them together – no additional adhe-

sion was needed. Eleven individual frames 

were then placed successively on a cradle 

Figure 7 Different machining operations and milling path creation.

Figure 8 Positioned wooden beams and robot milling head during the production of the two joint parts.
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and doweled together – with wooden plugs 

driven in at the predefined skew drill holes  

– to form transportable units (Fig. 10). Dur-

ing those 12 days of fabrication we were 

able to produce four individual units which, 

when positioned together, finally resulted 

in The Framed Pavilion (Fig. 11).

Conclusion and Outlook

Since completion TFP has been transported 

across Austria, exhibited in public [29], dis-

cussed in architecture magazines (Colletti 

et al. 2012) and has just recently been de-

ployed in the city of Knittelfeld at its final 

destination. However, the steep learning 

curve of all students during the semes-

ter and the affirmative feedback from the 

woodworking industry is even more gratify-

ing. And the experience plus the algorithmic 

tools we built along the way are invaluable 

for us teachers and researchers. 51 years 

after the first Unimate joined the assembly 

line in Ewing Township, New Jersey [30], and 

almost half a century after the introduction 

of UNISURF, the automotive industry is still 

the powerhouse behind robotics. They have 

the money and they produce the turnover. 

Nevertheless, they seem to have lost most 

of the innovative drive from the 60s (de 

Casteljau 1999), as they basically keep using 

their high-end equipment for recurring rou-

tines only – with exceptions, of course. The 

animating spirit of mass customization has 

returned to the origins of industrialization 

and rationalization: the textile and garment 

industries. But they mostly use regular CNC 

machines.

Figure 9 Assembling the pentagonal frames.

Figure 10 Combined transportable units (left); tilting the units into an upright position (right).
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“Non-standard design in archi-

tecture is rapidly evolving, and with the 

designs come a need for engineering and 

construction methodologies to support 

them. […] The most appropriate position 

for these new tools seems to be firmly set 

between the two disciplines of architecture 

and engineering, helping each rationalize 

and realize the project. The development 

of these digital processes not only presents 

the professions with a new set of tools, but 

also presents new challenges to traditional 

working methodology. Perhaps the biggest 

challenge for the non-standard designer 

will be to accept that, in order to optimize 

the processes, the designer will no longer 

detail the form of a design, but will design 

the process which generates the details.” 

(Scheurer 2007) Perhaps the new genera-

tion of architects that is now graduating 

from universities worldwide can close the 

gap between robotics and parametric de-

sign – or at least make a substantial contri-

bution to achieving this.
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Abstract Architectural design is developed 

in conjunction with technological innova-

tions.  These developments are not merely 

informed by new tools and techniques of 

production, but also by technologies of rep-

resentation and dissemination (Carpo 2001) .  

The last decade has seen a marked increase 

in both realms:  parametric design, CAAD 

(Computer Aided Architectural Design) and 

CAM (Computer Aided Manufacturing) on 

one side, and networked mobile visualiza-

tions on the other (augmented reality, smart 

phones, Microsoft’s Kinect technology, Web 

2.0, etc.).  In this paper we utilize a combina-

tion of these technologies to explore the de-

sign potential of using robotic fabrication 

tools in conjunction with a specially devel-

oped low-cost augmented reality system.  

We propose and implement a work-flow in 

which forms are (1) generated using skele-

ton-tracking and human gesture, (2) visual-

ized, explored and modified in 3D first-per-

son-view in situ with a head-tracked see-

through augmented reality headset, and (3) 

fabricated in position using a robotic manip-

ulator.  We will discuss the communication 

protocol behind several variations of this 

procedure and their architectural implica-

tions upon design scale, on-site design, and 

the modular.

Keywords: augmented reality, digital 

a rchitecture, robot programming

Ryan Luke Johns

Augmented Reality and the 
Fabrication of Gestural Form
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Introduction

The inherent link between technological 

development and architectural design in-

novation is one of both empowerment and 

restriction.  As William Mitchell poignantly 

observed, “architects tend to draw what 

they can build and build what they can 

draw” (2001, cited Kolarevic 2003).  While 

industrial robotic manipulators have recent-

ly provided the potential of highly informed 

(Bonwetsch et al., 2006) design fabrication, 

a coupling of these technologies with de-

velopments in accessible representational 

techniques would enable another means of 

informing design for mass customization 

(Piller 2004).  Mario Carpo (2001) illustrates 

that, while design and construction tech-

nologies are clearly linked to the develop-

ment of architectural styles (trabeation for 

the Ancient Greek, the arch for the Romans, 

stereotomy for the Gothic, reinforced con-

crete in modernism, and more recently, dig-

ital fabrication), they can also be influenced 

by technologies of representation and the 

dissemination of media (notably, the effect 

of the printing press upon the Renaissance).  

With the prominence of social networking, 

Web 2.0, and highly-capable smart phones, 

new forms of representational media have 

become more fluid and, in turn, accessible 

to designers. 

In this paper, we examine a se-

ries of experiments which utilize a combi-

nation of representational and fabrication 

techniques with potential utility in on-site 

architectural design and mass customiza-

tion.  Namely, we develop a low-cost aug-

mented reality (AR) system using widely 

available commercial products for use in a 

workflow in which forms are generated us-

ing skeleton-tracking and human gesture, 

previewed using a see-through AR headset, 

and fabricated in situ via robotic manipula-

tor.

Related Work

There have been numerous research proj-

ects involving gestural form-finding (Green-

wold, 2003) and many more that suggest 

the potential application of augmented re-

ality systems in architectural design (Feiner 

et al., 1996).

The intent of this research is 

not to develop or dwell upon technology in 

skeletal tracking or augmented reality, but 

rather to implement them as simply and 

as cheaply as possible in order to explore 

their ability to inform architectural design, 

robotic fabrication, and mass customiza-

tion.  In this sense, the project contains 

some of the same ideas behind  the cell-

phone-designed mTable of 2002 (Gramazio 

and Kohler, 2008)—by empowering non-de-

signers with software that turns their own 

off-the-shelf hardware into highly capable 

and often clumsily-controlled design tools,  

architects are forced to rethink their role in 

a world where digital fabrication technolo-

gies have enabled the potential of mass-

customization.

Initial Research

This project naturally evolved from research 

begun at the Gramazio & Kohler Professor-

ship for Architecture and Digital Fabrica-

tion, ETH Zurich, which explored the on-site 

potential of robotic fabrication through the 

use of laser scanning technologies and a 

robotic manipulator mounted on a mov-
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able platform.  Initial tests utilized a robot-

mounted Kinect (Kean et al., 2011) scanner 

connected to a nearby PC, which was in-turn 

connected to the robot controller via Ether-

net connection.  Using the simpleOpenNI [1] 

library for processing [2], we were able to 

track the 3D hand coordinates of the human 

user in real-time.  The program was writ-

ten such that hand movements could be 

interpreted to generate a virtual brick wall 

along the gestured path as it was drawn.  

By reading the orientation and position of 

the robotic manipulator, the Kinect’s local 

coordinates could be transformed to match 

the coordinate system of the robot, and 

the processing code was written such that 

the generated brick positions and orienta-

tions could be translated into the native 

language or the robot (ABB, 1997) and sent 

directly to the controller.  Using a vacuum 

gripper attached to the same end-effector 

as the Kinect, the robot could then proceed 

to construct the brick wall along the desig-

nated path (Fig. 1).

For more information on this 

research project, see “In-situ robotic fab-

rication” (Project leader:  Volker Helm; 

Collaborators:  Dr. Ralph Bärtschi, Tobias 

Bonwetsch, Selen Ercan, Ryan Luke Johns, 

Dominik Weber), Professorship for Archi-

tecture and Digital Fabrication, ETH Zurich 

[3].

Augmented Reality System

Overview

While the potential of coupling the gesture 

recognition of the Kinect with robotic ma-

nipulators has been explored on numerous 

occasions, there is generally a gravitation 

towards human mimicry via telerobotics (De 

Luca and Flacco, 2012;  Itauma et al., 2012) 

rather than utilizing gesture as guiding fac-

tor for more complex processes (i.e. brick 

laying).  By combining the highly informed 

detailing made possible by computer script-

ing and industrial robotics with gestural 

inputs, defining complex structures intui-

tively on-site becomes more feasible.

In order to experiment with the 

potential of shaping, interacting with, and 

approving the parameters of gesturally-

based forms in situ prior to robotic fabri-

cation, we opted to utilize a see-through, 

head-mounted augmented reality system.  

Figure 1 Brick wall robotically fabricated along gestured path,  Gramazio & Kohler, ETH Zurich
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To maximize options for expanded func-

tionality and to avoid the cost of AR-spe-

cific commercial products, we developed 

our own device using cheap, off-the-shelf 

components.

Hardware

In searching for the components necessary 

for an augmented reality system—position 

tracking, orientation sensors (electronic 

inclinometer/accelerometer and compass), 

networked communications, portable 

power, resolute screen, and an operating 

system that supports localized software 

(Feiner et al., 1997) — it quickly became clear 

that all of these elements were available 

inside the majority of today’s smartphones.  

Repurposing such a widely available prod-

uct ensured low cost, compact form-factor 

and the potential of making any developed 

applications accessible to a mass audi-

ence.  For its existing integration with the 

processing environment [4], the Android OS 

was selected and a used Motorola Droid X 

became the core of the augmented reality 

system.

The headset was assembled 

from the hardware of a scrap head-

lamp and laser-cut acrylic parts, with the 

M otorola Droid X mounted above the eyes 

with downwards-facing screen, reflecting 

onto an angled sheet of transparent, mir-

rored acrylic (Fig. 2).

Multi-device Interface

By creating a custom interface between 

three mass market electronic devices (Ki-

nect, personal computer, and smartphone), 

we are able to create a robust gestural in-

terface using components that exist within 

millions of homes worldwide [5].  The inter-

connectivity of the devices functions in the 

following manner (Fig. 3):

1. Both the PC and Droid X (headset) are 

running custom applications written in 

processing which are constantly commu-

nicating with one another wirelessly over 

the internet using OSC protocol [6].

2. The Kinect is connected via USB to the PC 

and provides the data used for 3D track-

ing of the user’s joint coordinates.

3. Head pan, tilt and roll are calculated us-

ing the mobile phone’s accelerometer 

and geomagnetic sensor [7] , while head 

position is read from the Kinect data.

Figure 2 Smartphone based augmented reality headset;  Equirectangular image credit: Ilja van de Pavert
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4. The touch screen of the Droid X activates 

Google’s Speech Recognizer [8] to listen 

for voice commands which operate the 

program.

Software Development and Capabilities

In order to gain familiarity with processing 

for android and an understanding of how to 

utilize the phone’s sensor readings, we first 

implemented a simple panoramic viewer 

which rotated the viewing direction within 

a textured sphere [9] (mapped with an 

equirectangular image) based on the user’s 

head orientation (Kwiatek, 2005) (Fig. 4).

Once we were familiar with the 

settings required to create a fixed position, 

orientation-based viewer, these techniques 

were combined with the skeleton-tracking 

capabilities of the Kinect order to enable a 

fully navigable and modifiable AR environ-

ment. The software on the PC side reads 

skeleton data, and is constantly sending 

the head and hand positions wirelessly to 

the headset.  The processing ‘scenes’ in both 

versions of the software are fundamentally 

the same—sharing a common world origin 

directly below the Kinect on the ground 

Figure 3 Interface of hardware and software for gestural AR system
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plane.  The headset software merely places 

its virtual camera at the received head-XYZ 

coordinate and orients the camera frustum 

based on the values read from the acceler-

ometer and compass.  As head-rotation (in 

plan) is based on world azimuth angles and 

the Kinect is not always placed due-north 

of the viewer, each session begins by the 

user facing the Kinect and “calibrating” the 

scene such that the angle between the cali-

brated azimuth and true-north is factored 

into future camera rotations.

The program on each device is 

equipped with the same expandable set of 

gestural form-finding techniques:  at the 

current state of this prototype, the primary 

functions are “loft” surfaces and “brick” 

surfaces.  All commands are accessed by 

tapping the touch-screen to initialize voice 

recognition, and then speaking the com-

mand (which is registered by the Droid and 

immediately sent to the PC).  In example, 

the spoken command “loft” initializes the 

generation of a surface that is lofted be-

tween the paths of the right and left hand, 

while the command “brick,” initializes a 

brick wall which follows the path of the 

right hand in plan and is built to the height 

of the hand in elevation. 

 Multiple functions can be run si-

multaneously (Fig. 5a), forms can be added 

to or erased, and multiple objects can be 

generated within the same program.  The 

user can walk around and explore the scene 

before speaking the command “Rhino” 

to open the exported geometry in the 3d 

modeling software (Fig. 5b) on the PC for 

prototyping (Fig. 5c) or can export RAPID 

for direct use with the robotic manipulator 

 (Fig. 6).

Discussion

While augmented reality systems and ges-

tural form-finding are certainly not new 

topics, we propose that their architectural 

potential is reinvigorated through integra-

tion with industrial robotics and the ques-

tion of design scale.  If we regress to the 

time of the primitive hut, we find an ar-

chitecture that is both designed and con-

structed at the human scale (Fig. 7a)—one 
Figure 4 Orientation-responsive equirectangular 

image viewer developed with processing for Android

Figure 5 From left: a) simultaneous gestural generation of brick wall and loft surface using hand coordi-

nates; b) geometry exported to Rhino 3d; c) lasercut scale model
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that is informed by the modularity of man 

and restricted by the strength and reach of 

his body.  As drawing technology entered 

the picture, however, architects began to 

design at abstract scales while construction 

detailing remained limited by the capabili-

ties of the worker (Fig. 7b).  With the advent 

of computer modeling and industrial fabri-

cation, both architecture and construction 

have lost their association to the human 

body:  digital models are generated in ab-

stract scales and fabricated using machines 

whose scale, strength and precision go far 

beyond human potential (Fig. 7c).  We sug-

gest that a coupling of gestural form-find-

ing with highly capable industrial robotics 

enables an exploration of the last remaining 

trajectory: one in which design is done at a 

human scale and construction is performed 

with a level of strength and complexity that 

is entirely inhuman (Fig. 7d).

Conclusion

In this paper, we implement a workflow in 

which architectural forms can be generated 

based on bodily movement, previewed and 

altered using an augmented reality system, 

and translated back into the physical world 

through means of digital fabrication.  Using 

a prototypical software interface, we pres-

ent a method for adding informed complex-

ity to spontaneous forms.  In this instance, 

we generate a brick wall or a loft surface 

along the path of the hand, but foresee a 

potential future in which design functions 

could be added by other developers and 

architects much like “apps” are added to 

smartphones.  In this way, the software 

could be expanded to enable a wide array 

of modeling techniques which are tailored 

to consumer demands or specific develop-

ments in computational design and fabrica-

tion technologies.  By providing individuals 

with intuitive means for roughing out ar-

chitectural forms at the human scale, and 

then equipping them with easy techniques 

for exploring, editing, detailing and fabri-

cating those forms, such interfaces make 

the design process more accessible to non-

architects.  The potential implications of 

mass customization, therefore, can only 

be realized when the technology for repre-

Figure 7 Relationships between scales of design 

and construction in architecture.

Figure 6 From left: a) loft surfaces generated using AR headset and hand coordinates from the Kinect; b) 

surfaces exported to Rhino for viewing; c) RAPID code generated for robotically produced light painting of 

surface

DESIGN CONSTRUCTION

HUMAN HUMAN
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senting and disseminating design options 

is given as much attention as the tools for 

fabricating them.
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Abstract In this work a KUKA KR5 sixx 

R850 robotic arm was transformed into a 

novel multi-fabrication platform capable of 

additive, subtractive, formative, and imma-

terial fabrication processes. We define im-

material fabrication as a novel class of fabri-

cation category where material properties 

are manipulated without direct mechanical 

forces to create design environments and 

objects. Design studies discussed in this pa-

per include real-time light renders generated 

by dynamic control of light sources and an-

nealed patterns created by manipulating 

heat fields. The paper focuses on the imma-

terial sensing and fabrication processes de-

veloped, including volumetric scanning mea-

surements of optical, thermal, magnetic, 

and electromagnetic fields and methods of 

spatial data output. In addition, the concept 

of informed fabrication utilizing robotically-

controlled environmental sensing to influ-

ence and inform fabrication is discussed, ex-

plored, and demonstrated.

Keywords: digital fabrication, robotics, in-

formed fabrication, immaterial fabrication, 

light painting

Steven Keating, Neri Oxman

Robotic Immaterial Fabrication
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Introduction

Industrial robotic arms are used in fabrica-

tion applications apart from assembly lines 

with increasing frequency. From robotic 

bricklayers to graffiti robots,robot arms are 

expanding into new roles that challenge our 

current view of robotics and redefine fab-

rication techniques (Gramazio and Kohler, 

2008; Robots in Architecture, 2011).

As the significance of digital 

fabrication continues to grow in digital 

design and fabrication, the definition of 

fabrication becomes increasingly useful 

both as an organizational and a generative 

tool. Fabrication is classically defined as a 

process of “construction from parts” and is 

traditionally broken down into categories 

based on how the “parts”, or raw materials, 

are mechanically manipulated to construct 

an object. The three widely accepted fabri-

cation categories include additive, subtrac-

tive, and formative processes (Chua, Leong, 

& Lim, 2010).

Additive processes are construc-

tion methods that add material to produce 

an object. Most 3D printing technologies 

(such as fused-deposition, stereolithogra-

thy, and laser sintering processes) are 

included in this category. In contrast, sub-

tractive fabrication techniques remove ma-

terial to produce the manufactured object. 

Most machining processes are subtractive 

fabrication methods and include milling, 

turning, and grinding. Finally, fabrication 

methods that mechanically shape a set 

amount of material are known as forma-

tive processes such as bending, forging, 

and forming. Manufacturing methods that 

combine additive, subtractive and forma-

tive techniques are referred to as composite 

or hybrid processes. With these definitions 

in mind, we aim to explore two new classes 

of fabrication that use robotic arms: imma-

terial fabrication and informed fabrication. 

Robotic arms have the benefits of speed, 

agility, and flexibility, and can be used as 

both inputs (sensing) and outputs (modi-

fying the physical environment). In addi-

tion to mechanical outputs, elements of 

an environment can be transformed as an 

output without the movement of physical 

material. Instead of physical matter, prop-

erties and fields can be made into spatial 

outputs of the system, such as light, sound, 

heat, radiation, and radio waves. Heat, for 

example,can be applied to a metallic ob-

ject in varying quantities to impart an an-

nealing pattern. While a digital fabrication 

method is implemented here, the medium 

has altered from relocating physical matter 

in a specific design to repositioning a heat 

source in an intended design. The design 

process is still a process constructed from 

parts—in this case it is the alteration of the 

crystal structure—but not by manipulat-

ing material with direct mechanical force, 

as is characteristic of additive, subtractive, 

and formative processes. To facilitates the 

characterization of this type of environ-

mental fabrication and distinguish it from 

physical construction, we use the term im-

material fabrication. In this paper we will 

explore this definition and demonstrate 

different examples of immaterial robotic 

fabrication distinct from conventional addi-

tive, subtractive, and formative processes.

Robotic arms are considered ad-

vanced compared with traditional fabrica-

tion methods (Pires, 2007). As mentioned, 

robotic arms can be used as input or output 

devices. When implemented as an input 
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device, sensors are coupled with the arm to 

allow spatial measurements of the environ-

ment. For example, an optical scanning sys-

tem can be combined with the robotic arm 

to automatically generate 3D data of ob-

jects in an environment (Callieri, 2004). As 

an output device, end effectors are coupled 

with the arm allowing the robot to modify 

its environment. Such environmental modi-

fication can be made useful for a variety of 

digital and physical automation purposes 

such as fabrication, entertainment, or orga-

nization. For example, a milling robot cuts 

foam to create a sculpture, a dancing robot 

moves its limbs to entertain an audience, 

and a cleaning robot tidies up a mess.

The coupling of input and output 

fabrication capabilities of a robotic arm al-

lows for a system capable of producing ob-

jects that incorporate environmental data. 

This use of environmental feedback to di-

rectly inform and influence fabrication of-

fers many potential new avenues for design 

and manufacturing which will be discussed 

in this paper. We use the term informed 

fabrication to refer to combinations of envi-

ronmental sensing and fabrication. 

The Multi-functional Robotic Fabrication 
Platform

To explore the concepts of robotic fabrica-

tion, we set out to build a robotic arm plat-

form capable of each type of fabrication 

category: additive, subtract, formative, and 

immaterial. This paper focuses on immate-

rial fabrication processes and environmen-

tal sensing, but a brief description of all of 

fabrication capabilities is provided.

For all experiments, a KUKA 

KR5 sixx R850 robotic arm was used. The 

KR5 sixx R850 is lightweight (29 kg), fast 

(maximum speed of 2.0 m/s), and has a 

reach of 850 mm with a repeatability of 

+/- 0.03mm[1]. A KUKA KR C2 sr control-

ler was used for communication with the 

robotic arm. All programming was executed 

implementing Python scripts to generate 

KUKA Robotic Language (KRL) code, with 

the exception of 3D printing and milling tool 

Figure 1 The multi-functional robotic arm platform configured as an ABS 3D printer (left). Printed objects 

have a layer height of 0.3mm (right).
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paths. For this purpose, a G-Code to KRL 

Python script was written to facilitate the 

use of commercial printing and machining 

CNC software. Custom end effectors were 

made to facilitate the various fabrication 

processes and controlled through the pro-

grammable outputs of the arm. 

Additive fabrication was dem-

onstrated using an acrylonitrile butadiene 

styrene (ABS) extruder attachment. By ex-

truding layers of molten plastic on top of 

previous layers, the robotic arm platform 

was able to 3D print objects with a layer res-

olution of 0.3 mm from a computer aided 

design (CAD) file (Fig. 1).

Using a milling attachment, 

the robotic arm successfully milled various 

polyurethane and wooden panels employ-

ing a CAD file, demonstrating subtractive 

fabrication (Fig. 2). In addition, the com-

bination of 3D printing ABS followed by a 

facing milling operation created a hybrid 

process capable of achieving a finer surface 

finish than 3D printing alone.

Formative fabrication was ex-

plored through clay sculpting using a mod-

eling end effector. By mechanically de-

pressing the clay as informed by CAD data, 

various relief patterns were formed which 

served as molds for casting objects (Fig. 3).

By demonstrating the use of 

a single robotic arm as a multi-functional 

fabrication platform capable of additive, 

subtractive, and formative processes, the 

flexibility of robot arms in digital fabrica-

tion is made clear. Moving past traditional 

fabrication techniques, we believe robotic 

arms are also well suited for novel fabrica-

tion possibilities; namely immaterial fabri-

cation, sensing, and informed fabrication. 

Immaterial Fabrication

The conventional fabrication categories are 

defined by the interaction of mechanical 

forces with the raw stock material; addi-

tive processes build structures up, subtrac-

tive processes carve structures out, and 

formative processes reshape material into 

the final structure. Such categorization is 

sufficient when dealing with homogenous 

physical matter, however these definitions 

become problematic when fabricated parts 

cease to be based on mass and physical 

matter alone. What happens when designs 

are fabricated out of material properties 

Figure 2 A polystyrene sign milled using the robotic 

arm platform. The tool paths are seen using long-

exposure photography.

Figure 3 A clay mold is sculpted using the robotic 

arm platform according to a CAD file.
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rather than mass, such as crystal structure, 

elasticity, and density? How should designs 

that are fabricated with fields other than 

mass be regarded, for instance designs that 

are informed by electromagnetic and ther-

mal fields? Can the definition of fabrica-

tion be extended beyond purely mechanical 

movements of mass?

Driven by the necessity to design 

and deliver highly complex material parts, 

new technologies and applications are in-

creasingly focusing on material properties 

and behavior. Materials with gradient prop-

erties are an ideal example. Functionally 

graded materials—materials designed with 

spatially varying properties—offer many ad-

vantages over conventional homogenous 

structures. The ability to tailor structural 

and material properties spatially can im-

prove functionality and material efficiency. 

For example, annealed metals are often 

designed with heat treatments that impart 

gradient material properties suitable for 

structure applications. By imparting heat 

the crystalline features of a metal struc-

ture can be changed to produce and control 

various properties, such as hardness. The 

application of heat in a pre-designed spa-

tial pattern to produce a desired structure, 

postulates a new class or category of digital 

fabrication that we term immaterial fabri-

cation.

Immaterial fabrication processes 

are based on non-mechanical forces and 

fields, such as electromagnetic, thermal, 

radioactive, and acoustic fields. In the case 

of annealing, as previously discussed, both 

thermal (conductive and convective energy 

transfer) and electromagnetic forces (ra-

diative energy transfer) are used to affect 

the material and create the designed struc-

ture. This definition is still based on the 

formal definition of fabrication proposing 

the construction of parts, yet it allows for 

controlled designed manipulation of non-

physical parts, such as photons.

Many possibilities for immaterial 

fabrication exist with regard to media such 

as light, sound, heat, and material proper-

ties. Light was selected and explored as an 

example medium and several methods of 

light design fabrication were executed. 

Figure 4 An image is fabricated in physical space 

and captured using long-exposure photography. 

This technique of capturing light paths is known as 

light painting.

Figure 5 A series of 3D light structures are fabri-

cated and captured as long-exposure photographs, 

as frames of an animation sequence of a growing 

cube.
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Light painting is a photographic 

technique where a long-exposure image is 

used to show motion paths of lights within 

the image. Light painting has been used for 

decades by photography artists and recent-

ly explored in several robotic installations 

including Outrace (Weisshaar&Kram, 2010) 

and Halo: Remember Reach [2]. We clas-

sify light painting as a type of immaterial 

fabrication since the designed structure is 

defined through a manipulation of the elec-

tromagnetic field (i.e. light generation).

Light painting was initially ex-

plored by moving a controlled light source in 

a designated spatial design from a CAD file. 

2D color images were generated using this 

method and were captured using long ex-

posure photography (Fig. 4). 3D structures 

and animations were also generated, where 

the robotic arm rendered each frame of the 

animation in real space (Fig. 5).

 The light painting ex-

amples explored in this paper constitute 

a slow volumetric display. Combining this 

technique with a static camera to visualize 

the designs, a new form of digitally con-

trolled animation is made possible in which 

each frame of the animation is rendered in 

the real environment. While this application 

is primarily artistic, the use of immaterial 

fabrication may promote and contribute to 

industrial purposes such as localized heat 

treatments, specific curing designs, or 

magnetic patterning. Instead of outputting 

light, an effector can produce complex heat 

treatments, electromagnetic fields, and 

magnetic designs for target structures. 

Environmental Sensing

The opposite effect, where data is cap-

tured instead of being exported, is achieved 

through the use of sensors. By applying a 

sensor as an end effector, volumetric sensor 

arrays can be simulated quickly and cheaply. 

Any type of environmental sensor that can 

be mounted to a robotic arm may be used 

to simulate a sensor array. This sensor array 

can have a programmable scanning struc-

ture to allow for custom spatial resolution. 

The simulated array has a reduction in tem-

poral resolution due to the serial nature of 

scanning and this temporal resolution is 

dictated by the scanning speed, distance of 

the scanning paths, and the total volume 

scanned. 

As a first example, the reverse 

setup to the light painting experiments 

was explored. Instead of moving the light 

source and keeping the camera static, the 

camera’s location is dynamically controlled 

by the robotic arm and static environmen-

tal light was used (Fig. 6). Termed inverse 

light painting, a controlled light source was 

placed in the environment and the camera 

was moved in designed paths to generate 

an arbitrary image in the form of a long-ex-

posure. This is seen in Fig. 7, where the de-

sired image is centered and the background 

is a blurred combination of the light from 

the rest of the environment. 

This setup can be taken one step 

further to create a camera with a synthetic 

aperture of any given size within the reach 

of the robotic arm. By translating a camera 

with the shutter open in the desired shape 

and size of the synthetic aperture, an ef-

fective synthetic aperture camera is cre-

ated. Fig. 8 compares the result of a scene 

captured with the regular camera aperture 

and the same scene captured with a very 

large synthetic aperture with a robotic arm. 
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Synthetic apertures can be utilized for a 

number of applications in computational 

photography. For example, as seen in Fig. 8, 

larger apertures can see through occlusions 

if the aperture is larger than the occlusion. 

Compared to building a complex and expen-

sive array of hundreds of cameras, simulat-

ing a large camera array with a robotic arm 

offers the benefits of simplicity, costs, and 

flexibility at the cost of temporal resolu-

tion. For steady-state environments, the 

reduced temporal resolution does not af-

fect the data.

Volumetric measurements can 

be taken as well, where a sensor is moved 

through a 3D space to collect spatial mea-

surements. Based on the previous light 

exploration, a volumetric reading was ob-

tained by moving a photodiode through 

a 500 mm cube. The measurements were 

taken in the dark with a single light emit-

ting diode positioned at the bottom of the 

robotic arm to provide an example light 

field. By sampling the light intensity, a 3D 

map can be generated showing the spatial 

light intensity corresponding to the scene 

(Fig. 9). 

The potential applications for 

robotic sensing are vast, ranging from pure 

scientific applications to applied analytical 

ones. Examples include optical scanning, 

acoustical mapping for sound reduction, 

spatial chemical analysis, heat transfer 

data acquisition, structural inspections, X-

ray analysis, tomography, and much more. 

The inherent flexibility of robotic arms is 

ideal for such scanning applications, as 

arms can unobtrusively explore spaces, be 

easily reconfigured, and have a small physi-

cal footprint. 

Figure 6 The setup used for inverse light painting 

has a robotically controlled camera and a fixed envi-

ronmental light source.   

Figure 7 By moving the camera in specific paths 

according to a CAD file, this long-exposure photo-

graph displays an image painted using environmen-

tal light. The background is a result of the blurred 

environment.
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Informed Fabrication

The combination of immaterial sensing and 

physical fabrication is here referred to as 

informed fabrication, where environmental 

feedback contributes to the finished design 

product. Using sensing equipment as an 

effector, the robotic platform can map out 

an environmental field or material property 

and use such information to control the 

fabrication process. For example, using an 

X-ray imaging system as a scanning sensor 

for crack detection on an aircraft part (Xu et 

al. 2010). Using the information from the 

sensor effector, a welding effector can then 

be used to apply a repair weld to the precise 

area required. This method is made fast and 

efficient by combining operations and it fa-

cilitates a secondary X-ray scan to evaluate 

the repaired weld seam. Informed fabrica-

tion can involve real-time feedback to en-

able process control. This allows for subtle 

corrections to ensure proper fabrication, 

such as correcting for observed thermal 

warping in 3D printing or chip removal in 

milling. Informed fabrication can be applied 

to any CNC manufacturing method, but is 

especially suited for robotic arm systems 

that have the required flexibility, internal 

space freedom, and agility.

Using our previous examples of 

light painting as immaterial fabrication, 

adding a sensing input to light painting cre-

ates an informed process. We set up sev-

eral different sensors on the robotic arm to 

inform the light painting process including 

microwave and magnetic fields (Figs. 10 and 

11). Using a scanning pattern, hidden fields 

were visualized using the light painting 

technique. The intensity and color of light 

was informed in real-time by the spatial 

field strength, producing images captured 

Figure 8 An environment (left) and the resulting inverse light painting from the same scene (right) shows 

the effects of a large synthetic aperture. Note that occlusions smaller than the synthetic aperture, like the 

windows on the right of the scene, can be imaged through if the focal plane is tuned past the occlusions.

Figure 9 Volumetric light intensity measurements 

using the robotic arm show a single light source 

near the bottom left. 
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in long-exposure photographs. This was ac-

complished using a tri-color light emitting 

diode controlled by a microcontroller at-

tached to various sensors.

By setting a threshold sensor 

value to turn on the light and mapping sen-

sor values higher than the threshold to a 

color chart, the environmental data is rep-

resented in the light painting. As seen in 

Figure 10, a microwave oven produces mi-

crowave radiation that leaks outside of the 

oven. The magnetic field strength around 

a laptop is seen in Figure 11, indicating the 

location of the hard drive. This method of 

field visualization is very useful for analysis, 

as it allows data to be directly matched to 

an environment. 

Conclusion

The research work presented in this paper 

proposes the term immaterial fabrication 

as a novel category of digital fabrication 

and construction. By altering the design 

medium (or substrate) from physical mat-

ter to physical properties or force fields, it 

promotes design processes informed by in-

visible forces such as heat, light and load. 

Though fabrication is traditionally defined 

as the process of constructing wholes from 

parts, such“parts”need not be limited, as 

we propose, to homogeneous physical sol-

ids. The photons used to fabricate designs 

implementing the light painting method 

serve as the fabrication medium used to 

Figure 10 The microwave field around a microwave oven is seen using a scanning probe sensor and real-

time light output. Note the higher field strength in the right corner indicates the location of the magne-

tron. Also, the sharp corners leak higher amounts of radiation. 
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construct immaterial designs. Other imma-

terial properties can be utilized to embody 

a design, such as magnetic or thermal ra-

diation. Based on this definition, the multi-

fabrication platform can be utilized in a 

range of interesting applications that are 

largely unexplored. Extending the use of 

robotic arms from fabrication to sensing al-

lows valuable sensor arrays to be simulated 

using single sensors and scanning motion 

paths. This facilitates volumetric environ-

mental data acquisition that can then be 

used for a variety of applied applications. 

Informed fabrication combines 

fabrication and environmental sensing. 

With sensor data informing the fabrication 

process, the manufacturing process can 

start to take on roles both for process con-

trol and for design itself. Finally, this paper 

demonstrates the potential of immaterial 

and informed fabrication to transcend the 

utilitarian automation-centric role of robot-

ic fabrication by proposing novel research 

areas where such platforms may not only 

execute but also inform the design process 

from its earliest stages to its complete and 

fully integrated physical manifestation. 
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Automation with Industrial Robots

The use of industrial robots has increased 

steadily in recent years. Automation is 

the decisive key to higher productivity and 

greater cost-effectiveness. It improves 

product quality, reduces cost-intensive use 

of materials and minimizes the consump-

tion of dwindling energy resources. Robots 

replace the rigid and expensive special ma-

chines that were still customary fifteen 

years ago with highly flexible automation 

solutions.

In the past industrial robots were 

used almost exclusively in the automotive 

sector and in series production. Thanks to 

the systematic ongoing development of 

robot and control technology, industrial ro-

bots have now become established in many 

other sectors besides the automotive in-

dustry. The primary objective here is the de-

velopment of applications in new markets 

– in the fields of plastics, metalworking, 

foundry, electronics, medical technology, 

but also in the creative industries, from en-

tertainment to art and architecture.

New Robot Technologies

In 1996, KUKA presented the first PC-based 

robot controller, marking the dawn of a 

new era of “real” mechatronics, character-

ized by the precise interaction of software, 

controller and mechanical systems. Within 

the past two years, KUKA has introduced 

two completely new robot families, the KR 

QUANTEC series of high-payload robots, 

and the KR AGILUS, a small robot with ex-

treme speed and high precision. Another re-

cent development is the KUKA LWR (light-

weight-robot), a small robot originating 

from the aerospace industry, whose seven 

axes allow extremely human-like motions. 

These advances in new hardware are sup-

ported by newly developed software and 

interfaces such as the KR C4 robot control-

ler, the SafeOperation package for safe hu-

man-robot interaction, and the KUKA CNC 

package, which allows robot to be used as 

CNC machines, without requiring external 

software.

KUKA KR QUANTEC: Efficient High-
Payload Robots

KUKA KR QUANTEC robots are character-

ised by their extremely high power density, 

offering up to 160 kg less weight and 25% 

less volume, compared to the Series 2000 

robots, while keeping reach and payload 

unchanged. The KR QUANTEC robot family 

covers the entire high payload range from 

90 to 300 kg, with reaches from 2,500 to 

3,100 mm. As the most compact robots in 

Alois Buchstab

KUKA: Innovations in Industrial Robotics 
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their class, the reduced space requirements 

open up new fields of potential applications 

for production in confined areas. 

The series has been designed by 

implementing a concept based on shared 

parts with just four motor and gear unit 

variants. All models have the same hole 

pattern for the mounting base, the same 

as that for the previous series, and an iden-

tical tool flange on the wrist, making the 

KR QUANTEC series thus fully compatible 

with existing cell layouts based on the Se-

ries 2000. The design of the KR QUANTEC 

series is distinguished by minimized disrup-

tive contours and a compact wrist for acces-

sibility, even in confined spaces.

As such, the KR QUANTEC ro-

bots can be used in virtually all branches 

of industry: the palletizers in the logistics 

sector, the foundry variants in foundry set-

tings, the shelf-mounted robots in the plas-

tics industry and the press-linking robots in 

the metalworking industry.

KUKA KR AGILUS and LWR: Innovative 
Small Robots

The most recent developments by KUKA in 

the area of small robots are the KR AGILUS 

and the LWR robots. While the new KR AGI-

LUS small robot is characterized by preci-

sion and speed, the 7-axis LWR, a sensitive 

lightweight robot with integrated sensors, 

opens up a large range-of new possibilities 

both for innovative research and industrial 

applications.

The KR AGILUS is characterized 

by its extreme speed, short cycle times and 

high level of precision and safety. For han-

dling tasks, especially Pick&Place, it offers 

minimized cycle times while at the same 

time working with great precision, enabling 

manufacturing quality of the highest stan-

dard. Its speed and accuracy make the per-

formance of the KR AGILUS unique in its 

payload category. The basic model, KR 6 

R900 sixx, weighing 51 kg, can carry a maxi-

Figure 1 KUKA KR QUANTEC robot in a tooling application
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mum payload of 6 kg. The energy supply 

system of the KR AGILUS is integrated into 

the robot to save space and includes a 100 

Mbit Ethernet cable, three 5/2-way valves 

for compressed air, a direct air hose, six dig-

ital inputs and two digital outputs. The KR 

6 R900 sixx can reach points both near the 

robot base and also in the overhead area, 

performing its tasks as a floor, ceiling or 

wall-mounted robot.

The KR AGILUS is especially suit-

ed for operation in general industry, wher-

ever automation with low payloads is re-

quired. In the context of universities or even 

architectural offices, robots such as the KR 

AGILUS can be used to quickly prototype 

robotic tasks, before moving on to a heavy-

payload robot. KUKA SafeOperation makes 

the KR AGILUS especially suitable for such 

environments, as it greatly simplifies safe 

human-robot interaction. The software and 

hardware components of KUKA.SafeOpera-

tion monitor velocities and workspaces of 

both robot and external axes. This dispens-

es with the need for mechanical axis range 

monitoring systems and opens up new, 

cost-effective options for cell configuration 

and human-robot interaction. Similarly, 

the LWR has been specifically designed to 

share its workspace with the human opera-

tor in the future. A sensitive, lightweight 

robot, the LWR comes very close to the 

motion sequences of the human arm. The 

operator can manually guide the robot to 

different positions in the workspace and 

control and teach it using the very simple 

user interface. The LWR is able to perform 

demanding tasks that require high preci-

sion and a sensitive but powerful touch. 

With its in-built sensitivity, achieved by 

means of the integrated sensors, it is ide-

ally suited to handling and assembly tasks. 

Its low weight of just 16 kg makes the robot 

energy-efficient and portable. 

New Robotic Software and Interfaces

The robot control unit is the brain of every 

Figure 2 KUKA LWR light weight robot
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robotic arm. In addition to robot, motion, 

sequence and process control, safety con-

trol has also been seamlessly integrated 

into the new KR C4 control system. The 

KR  C4 thus not only ensures the simple 

implementation of dedicated monitoring 

functions, but even more importantly the 

control technology ensures that the motion 

and velocity of the robot can be influenced 

safely.

By replacing limiting hardware 

with commonly-used, open industry stan-

dards, such as multi-core and Ethernet 

technology, the KR C4 offers a large perfor-

mance and development potential. Based 

on these technologies Ethernet-based field 

bus systems, such as ProfiNet or Ethernet/

IP, can be simply integrated as software 

functions. In this way the KR  C4 concept 

will automatically benefit from future leaps 

in development and performance increases.

Furthermore, expanded software packag-

es for a wide range of applications can be 

implemented at the controller. Especially 

interesting in the context of architectural 

fabrication is the KUKA CNC application, 

which enables the robot and machine tool 

to work together more efficiently as a sys-

tem and simplifies production.

The smartPAD controller acts as 

the interface between user and robot con-

trol unit. Weighing only about 1,000 grams, 

the KUKA smartPAD offers a wide range of 

new user-friendly features, such as a USB 

port for convenient saving and loading of 

data directly on the control panel. It is oper-

ated using a large, high-resolution, 8.4” an-

tireflection touch screen and a small num-

ber of keys, making it possible to control 

eight axes switching. When working with 

the KUKA smartPAD, the user is always 

offered precisely the operator control ele-

ments that are actually needed at any given 

moment.

Advances in Safe Human-Robot 
Cooperation

According to the International Federation 

of Robotics (IFR), there are around 234 in-

dustrial robots in Germany for every 10,000 

employees in the manufacturing industries. 

As the number of robots increases, so, too, 

does their proximity to humans with the as-

sociated potential hazards. The objective is 

cooperation between the robot and the hu-

man, without endangering the latter.

Protection against injury takes 

the highest priority. Since it is impossible to 

preclude entirely the possibility of collisions 

between robots and humans in collabora-

tion spaces, the minimum objective is to Figure 3 KUKA KR AGILUS robot
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reduce the risk of injury to a tolerable level. 

International norms and standards help 

manufacturers and integrators to imple-

ment safe systems.

Where humans and machines 

work together in close proximity and physi-

cal safeguards impede work sequences, 

other measures must be taken to ensure 

the safety and protection of the human 

workers. What is required is a safe, “intel-

ligent” robot that reacts immediately in the 

event of danger.

With the integration of Safe 

Technology into the KR C4 controller soft-

ware, KUKA has taken a step towards the 

concept of a safe and intelligent robot for 

which there is increasing need in order to 

perform collaborative tasks. Such a robot 

must be equipped with safety controllers, 

permanently sense the motions of the hu-

man worker, determine the risk of collision 

and adapt its own Cartesian motions.

Research towards Green Robotics

KUKA is committed to conserving environ-

mental resources and developing robots 

that offer maximum energy efficiency. The 

specifications regarding energy savings and 

increased energy efficiency must therefore 

be taken into consideration early in the 

process. Drives and components are opti-

mally rated, for example, in order to avoid 

overdimensioning the robot. Furthermore, 

research by KUKA has recognized that pro-

gramming and control are increasingly rel-

evant in terms of energy-efficient robot op-

eration. The latest studies show that there 

is significant potential for savings in path 

programming. In the past, the goal was 

always to program the shortest path. How-

ever, energy-efficient robot paths often dif-

fer greatly from direct point-to-point mo-

tions. The task is to generate a robot path 

in which the interplay of the axes consisting 

of repeated acceleration and deceleration 

and is coordinated so as to create the most 

energy-efficient motion profile. 

The solution is sophisticated 

software tools in which the user merely 

defines the start and end coordinates. The 

software then calculates the energy-op-

timal path within the specified workspace 

quickly and with minimum effort. 

Robot Design

Functionality and aesthetic appearance are 

not mutually exclusive. In the development 

of new KUKA products, industrial designer 

Mario Selic is consulted at a very early stage. 

The development engineers implement the 

Figure 4 KUKA smartPAD with touch interface 
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latest robot-specific technology. The close 

interplay of design expertise and engineer-

ing prowess results in robots that not only 

meet the highest mechanical requirements, 

but also look good, as evidenced by the KR 

270 R2700 ultra which won this year’s red 

dot “best of the best”.

For the company, the design 

reduces costs and energy consumption 

and increases the service life of the prod-

ucts, while also enabling the customer to 

benefit from ergonomic and intuitive op-

erator guidance. For example, organically 

designed components with smooth transi-

tions between structural shapes improve 

the mechanical force transmission and in-

crease component strength. The nature of 

the design gives the robots a high degree of 

stability and stiffness. 

Designing with Robots

Today, industrial robots are much more 

than robotic arms that replace manual la-

bor in the automotive industry — they are 

present in nearly all industries and are used 

for a wide variety of tasks — even in various 

creative industries. KUKA robots have been 

present in movies such as The DaVinci Code, 

James Bond: Die Another Day, and Tomb 

Raider. They can also be found on the other 

side of the camera, as part of a system that 

uses LWRs as camera platforms for repeat-

able, complex camera movements.

With the development of new 

interfaces such as KUKA|prc, and projects 

such as the Red Bull arch, where a group 

of artists themselves fabricated 83 2x3 m 

foam molds with a KUKA robot, the creative 

industry has proven to be a serious user of 

industrial robots, capable of dealing with 

complex problems themselves. KUKA’s 

open architecture supports these advances 

by providing users with the opportunity to 

delve deep into the software and customize 

the machines to individual needs.

www.kuka-robotics.com

Figure 5 Cooperating KUKA robots at Automatica
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Introduction

The rapid development in CAD (Computer 

Aided Design) software in recent years has 

made new, previously unimaginable shapes 

for architecture and design possible. Very 

often, however, these ideas remain in virtu-

al space. While elaborate freeform shapes 

and organically-morphed geometries have 

become state-of-the-art in architectural 

design software, the 1:1 conversion of 

free-form structures into reality — i.e. into 

systems with material properties, where a 

thickness of 0 does not exist — is still highly 

complicated and therefore expensive.

This — often unattainable — aes-

thetic appeal of a CAD-wireframe informed 

the work of Valentine Troi, at that time lec-

turer and researcher at the Institute of Ex-

perimental Architecture and Construction 

at the University of Innsbruck, which finally 

led to the development of splineTEX.

splineTEX

splineTEX is a multi-phase composite ma-

terial that can be simply formed into the 

desired shape in the soft state, before it 

is then cured, rendering the elaborate and 

costly production of molds currently re-

quired for the preparation of free-formed 

structural components superfluous. Using 

splineTEX fibre composite profiles, complex 

geometric shaped, structural elements can 

be produced across a range of sizes at a 

considerably reduced cost. splineTEX struc-

tural elements are available in diameters 

from 5 mm up to 50 mm. Carbon and glass 

fibers are processed as standard. If desired, 

natural fibers (hemp, linen, flax) and special 

fibers (hybrids, aramid, basalt) also provide 

unique advantages. Carbon fiber structural 

elements suitable for weight-sensitive ap-

plications can achieve a flexural modulus 

of 75,000, corresponding to the bending 

modulus of elasticity of aluminium, at a 

Valentine Troi

splineTEX

Architectural composite materials

Figure 1 SplineTEX forming (left and center); hardened splineTEX element (right)
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density of 1, 45 g / cm ³ (aluminium density 

3 g / cc), i.e. the same performance at half 

the weight.

New splineTEX Markets

The technology has been optimised for the 

production of structural elements with a 

length up to 3 meters, although in special 

cases lengths up to 10 meters can be pro-

duced. After three years of development 

work on splineTEX the client base is no lon-

ger made up solely of architects and design-

ers. The automotive industry, as well as the 

aerospace and boat construction sectors 

are also showing a keen interest in “flexible 

composite profiles”, and the use of this ma-

terial, originally developed for architectural 

and design applications as an ultra-light al-

ternative to formed metal components (e.g. 

aluminium), has been widely discussed at 

materials technology trade fairs and sym-

posia.

Robotic Forming of splineTEX

Prototypes for detailing a composite-based 

car of the future are currently at the plan-

ning stage. Working together with the 

Association for Robots in Architecture, an 

automated production concept for a CFRP 

body structure is being produced under con-

tract for an automotive OEM. Instead of 

constructing a large number of individual 

molds, the flexibility of the material allows 

a large-scale winding of splineTEX mate-

rial blanks around a single mold, producing 

multiple splineTEX parts in a single robotic 

process. The large workspace required, high 

precision and repeatability of the winding in 

Figure 2 superTEX tower: Vertical shaped net structure made with splineTEX carbon.
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a short cycle time is achieved by cooperat-

ing KUKA robots, with one robot rotating 

the tool, while the other robot holds the 

splineTEX blank, Using KUKA|prc, the ro-

botic fabrication process can be simulated 

beforehand in the parametric design envi-

ronment Grasshopper. Similarly, material 

simulation allows the quick verification of 

the winding process. It is expected that 

the combination of flexible, modular molds 

with fully parametrized robot programming 

using KUKA|prc will enable the rapid shap-

ing of a high number of individual splineTEX 

parts. 

Further research to discover new 

ways in which robotic arms, as inherently 

multifunctional machines, can be used to 

shape the similarly adaptable and multi-

functional material splineTEX is currently 

ongoing.

www.supertex.at

Figure 5 KUKA robots forming a 1:5 scale chassis part, parametrically programmed in KUKA|prc

Figure 4 Robotic winding process fully simulated in 

a CAD environment

Figure 3 Automotive chassis assembly via paramet-

ric, modular tube structures
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Robots have been proven to deliver signifi-

cant benefits in a wide variety of applica-

tions. Introducing robots to production pro-

cesses typically leads to a significant trans-

formation in productivity and efficiency, 

with higher levels of output, product quality 

and especially flexibility.

Innovations – Fuel for Differentiation

Innovations such as ABB's Force Control 

technology for surface finishing processes, 

true offline programming with ABB's Ro-

botStudio software, frequently in combina-

tion with dedicated CAD/CAM-solutions, 

MultiMove robot systems with up to four 

coordinated manipulators and revolutionary 

manipulator models like the compact IRB 

2600 with sharp accuracy and short cycle 

times or the powerful IRB 6660 for tough 

machining processes enable undreamed-of 

possibilities for new applications in archi-

tecture and the construction industry. In to-

day’s industrial production factors like up-

time, energy efficiency and increased work-

place safety are the keys to success when it 

comes to automation solutions with robots.

Force Control Technology

One key development that promotes the 

more efficient use of robots in the process-

ing field is a new technology that regulates 

force and position. ABB’s new RobotWare 

Machining FC (force control) simplifies the 

previously complex track programming dur-

ing processing. One aspect of the technolo-

gy, FC Pressure Process, provides improved 

process quality and programming through 

force-controlled motion perpendicular to 

the surface. Force in the sensor-controlled 

direction and speed along the surface is 

constant. The path is adapted to the cur-

vature of the surface, using a controlled 

material-removal rate. The programming is 

done in process parameters instead of posi-

tions, thereby taking significantly less ma-

chining and operating time. With FC Speed 

Change, another aspect of the technology, 

cycle times on a predefined path can be im-

proved. A controlled material removal rate 

is based on the force acting on the tool. By 

using the force acting on the tool, a maxi-

mum process speed can be maintained, 

while automatically slowing down when 

the process forces are too high. The force in 

path direction is constant, while the speed 

is variable. The results are increased path 

accuracy and minimized risk of damage to 

work objects, tools and the robot. As a ben-

efit of using the new force control technol-

ogy, the system becomes significantly more 

flexible and can also be used for smaller lot 

sizes and a larger number of variations.

David Kittl, Martin Kohlmaier  

Industrial Robots in Architecture

Trends and innovations from ABB
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Offline Programming & Virtual Robot 
Technology

RobotStudio is ABB’s premier solution for 

offline programming. Offline programming 

reduces the risk by visualizing and confirm-

ing solutions and layouts before the actual 

robot is installed, and generates higher part 

quality through the creation of more accu-

rate paths.

The most timesaving feature 

of RobotStudio is the so-called AutoPath 

routine. By using a CAD model of the part 

to be processed it is possible to automati-

cally generate the robot positions needed to 

follow geometry, providing a significant ad-

vantage for CAD-based workflows as used 

in architecture.

MultiMove & Motion Control

The IRC5 industrial robot controller builds 

upon more than four decades of robotics 

experience. With the control of up to four 

robots by only one controller, with a com-

pact drive module added for each additional 

robot, MultiMove opens up previously un-

imaginable operations, thanks to the per-

fect coordination of complex motion pat-

terns. Based on advanced dynamic model-

ing, the IRC5 optimizes the performance of 

the robots for the physically shortest pos-

sible cycle time and precise path accuracy. 

Together with a speed-independent path, 

predictable and high-performance behavior 

is delivered automatically, with no tuning 

required by the programmer.

Figure 1 Cooperating ABB robots
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Safety Solutions

Operator safety is a central quality of the 

IRC5 robot controller, fulfilling all relevant 

regulations with good measure, as certified 

by third party inspections. Electronic posi-

tion switches (EPS) and SafeMove repre-

sent a new generation of safety, enabling 

more flexible cell safety concepts, e.g. in-

volving collaboration between robot and 

operator. These innovations mark a major 

step in removing the bonds placed on heav-

ily regulated industrial robots that toil in 

isolated settings. “Safe Stand-Still” — as a 

key function — supervises the stand-still of 

all robot axes without having to switch the 

robot to “Motors Off”. It enables operators 

to perform tasks in the immediate vicinity 

of the robot, saving cycle time and wear to 

contactors and brakes. Developed and test-

ed to comply with international safety stan-

dards, SafeMove is a software and electron-

ics based safety solution that ensures safe 

and predictable robot motion.

Follow the Trend

Robots offer speed and accuracy that can-

not be achieved with human labor, they 

reduce operating costs and scrap and, most 

importantly, are extremely flexible. The new 

technologies outlined above, from CAD-

based offline programming to the simulta-

neous control of cooperating robots, allow 

robots to be used in entirely new fields such 

as architecture, where a fluent CAD work-

flow is imperative and multiple robots may 

be required to process large workpieces.

www.abb.com

Figure 2 Robot programming using ABB RobotStudio
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Introduction

Based in Styria in southeastern Austria, ZE-

MAN has developed a fully automated pro-

duction line for practically any type of steel 

beam that includes add-on parts. The indi-

vidual components arrive on a conveyor at 

one end, are processed by industrial robots, 

and emerge a short time later at the other 

end as an assembled steel beam that then 

only needs to be given a protective coating 

and loaded onto a truck.

Current Steel Beam Fabrication

Until recently, the only way fabricators 

could put their steel beams together was 

by hand. Traditionally this meant assem-

bling structural steel elements by manu-

ally welding on the headplates, baseplates, 

connection plates and whatever stiffeners 

might be needed to meet structural design 

requirements. There are several drawbacks 

to this. As this approach is no longer eco-

nomically viable in Western countries, more 

and more firms have relocated their produc-

tion to low-wage countries, only to find that 

problems with technical standards, meet-

ing deadlines and quality control often eat 

up much of the cost advantage. As a result, 

structural steel fabricators in Western Eu-

rope have increasingly lost ground to com-

petitors from further east. These, in turn, 

have to contend with a constant shortage 

of qualified personnel, and frequently with 

an inability to meet the required quality 

standards.

The Robot-based Steel Beam Assembler

Zeman has now developed a fully auto-

mated production line, the Steel Beam 

Assembler (SBA), capable of performing 

all the steps involved in fabricating a steel 

member. Instead of manual labor, comput-

er-controlled robots execute the CAD engi-

neering drawings 1:1 – with no errors, and in 

a fraction of the time that would otherwise 

be needed. The first step is that a conveyor 

system feeds all the add-on parts into the 

production line past a high-powered scan-

ner, which not only detects the position of 

each of the randomly placed parts, but also 

captures its actual dimensions and com-

pares these with the target values given in 

the CAD drawings. This ensures compliace 

with the specified tolerances. The scanner 

relays all these data to the positioning ro-

bot, in real-time. This robot now has the job 

of picking up the parts one by one, and po-

sitioning them correctly on the steel beam. 

To do so, it uses several different magnetic 

grippers with which it can safely pick up the 

various add-on parts that can be of differ-

ing size and weight. If any parts come in 

from the infeed table facing the wrong way, 

Andreas Hofer

Revolution in Steel Beam Fabrication



284

Revolution in Steel-Beam Fabrication

the positioning robot can briefly set them 

down on a holding device on the robot table, 

and then pick them up again with the right 

orientation. Again, the positioning robot 

handles these tasks much more quickly and 

accurately than a human being ever could. 

There is no longer any need for laborious 

measuring up, or for the comparatively “fid-

dly” job of manually attaching the add-on 

parts. With diagonally arranged parts, too, 

the task of positioning these dimensionally 

accurately, and fitting them in the correct 

positions, is also carried out smoothly and 

flawlessly. Angles, tappets and frame cor-

ners are also no problem. In the case of thick 

add-on parts and large weld-seams, it is im-

portant to pre-heat the parts to be joined. 

Otherwise the metal may be distorted, or 

stress cracking may occur. This pre-heating 

is also carried out by the positioning robot, 

using a heat torch.

Once the plates are correctly 

placed on the steel beam, one of the two 

welding robots comes into action, tack-

welding the plates to the main member in 

the order dictated by the positioning robot. 

If higher capacity and output are needed, 

the production line can be designed with 

two parallel lines. In this dual-line configu-

ration, while the two welding robots finish 

welding the workpiece on one line, the po-

sitioning robot can carry on working on the 

other. The welding robots are also equipped 

with all the necessary tools: welding torch, 

plasma cutting device and laser measuring 

system. Changeover to whichever tool is 

needed is also performed fully automati-

cally. The two welding robots are mounted 

on a shared longitudinal trackway, but can 

be separately controlled. For the transverse 

and vertical strokes, there are two further 

traverse-axes for each robot. The vertical 

axis also has a telescoping unit which en-

ables the line to be installed in production 

buildings of the usual height. Each of the 

welding robots is also equipped with laser 

measuring heads. This enables them to 

recognise the actual fit-up situation and 

compensate for any weldment tolerances. 

And with the plasma cutting device the ro-

bots can trim the edges ready for large-vol-

ume welding seams, and make any open-

ings needed in the web, or cut-outs on the 

members. When the steel beam is finished, 

Figure 1 Robot welding at Zeman
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it emerges from the line via the unloading 

device. The line is designed in such a way 

that not even a power cut has any damag-

ing consequences; once power has been re-

stored, work can resume unhindered.

Conclusion

SBA’s complete automation means that 

high wage and ancillary labor costs etc. now 

play only a minor role, making industrial 

production in e.g. Western Europe much 

more competitive against rivals in Eastern 

Europe or Asia. For western producers, the 

substantial reductions in labor, energy and 

materials costs mean a shorter payback pe-

riod. For low-wage countries, on the other 

hand, the machine is attractive because it 

enables them to supply top-quality goods 

even without well-qualified personnel.

Reductions in production time of 

up to 85 percent can be achieved: Instead 

of at least eight hours for a tonne of steel, 

it now takes just under two hours for the 

beam to be completely finished. In addi-

tion to advances in efficiency, the SBA’s 

automation facilitates the production of 

highly individual steel members. This en-

ables planners to employ custom-tailored 

structural elements, thus saving costs and 

allowing for new geometrical solutions.
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Figure 2 Robotic steel beam fabrication.
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Introduction

The precision to capture and accurately re-

alize an artist’s vision; the speed to produce 

and reproduce objects en masse with flaw-

less consistency; the strength to lift, move 

and build with stone and brick, quickly and 

efficiently. On the frontiers of design and 

architecture, robots are empowering the 

creative human element to challenge the 

old “1% inspiration, 99% perspiration” ad-

age, freeing up more space for creativity by 

taking over labor-intensive tasks – and per-

forming them more quickly, accurately and 

flexibly than a human being ever could.

This is not the basic pick-and-

place industrial machine of the 1960s. When 

the Swiss mechatronics company Stäubli 

introduced its RX Series 6-axis robotic arm 

in 1992, it was unlike any robot that had 

ever been seen. It featured a unique fully 

enclosed structure armor that enabled it 

to withstand the rigors of harsh industrial 

environments, made it easy to clean, and 

protected its inner workings, while allowing 

it to move with remarkable dexterity and 

precision.

Stäubli Robots in Industry: the 
Possibilities Multiply

The RX Series provided the basis for what 

is now a wide range of 4- and 6-axis ro-

bots from Stäubli, including the TS, TX 

and TP Series low, medium and heavy pay-

load robots, with handling capability from 

1kg to 250kg. The range is highlighted by 

the TX40, TX60 and TX90 6-axis robots, 

launched in 2004. The most widely used of 

all Stäubli robots, the TX60 and TX90 (low 

and medium payload robots respectively) 

belong to the fastest and most precise ro-

bots on the market. 

Both feature the enclosed struc-

ture of the original RX Series, along with a 

unique spherical work envelope that allows 

maximum utilization of cell workspace. The 

flexibility of multiple mounting configura-

tions, including floor, wall and ceiling op-

tions, makes them easy to integrate. 

Stäubli robots have been adapt-

ed to a wide array of industrial applications. 

They provide safe, sterile handling for re-

petitive tasks in the pharmaceutical, life 

science and food industries. Their speed, 

reliability and accuracy have enabled new 

operations in the automotive, plastics, ma-

chining, semiconductor and solar industries, 

optimizing efficiency, safety, productivity 

and product quality, even where very deli-

cate handling is required.

TX60 and TX90 robots are also 

available in specialized versions adapted to 

the specific requirements of various indus-

Manfred Hübschmann, David Arceneaux 

21st Century Art: The Marriage of Inspiration and Innovation

Robots evolve to become the artist’s high-performance tool
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tries. These more application-specific auto-

mation solutions include:

 – Painting robots: spraying and painting 

robots controlled using PAINTIXEN Ad-

vanced Control Software, which allows 

the user to control all paint parameters.

 – Plastics robots: 6-axis robots perform 

operations such as insert loading, as-

sembling and fitting components, pre-

cision stacking and packaging, as well 

as trimming, despruing, reorienting and 

loading of molded parts.

 – Cleanroom and Stericlean robots: these 

consist of ISO Class 2/3 and Class 4 cer-

tified robots for use in semiconductor, 

biotechnology, pharmaceutical, medical 

and other industries. Stericlean robots 

are designed specifically for the VHP (Va-

por Hydrogen Peroxide) decontamination 

process used in the pharmaceutical/life 

science industries.

 – Humid environment robots: the TX HE 

robot is adapted for applications in very 

humid environments, such as waterjet 

cutting, cleaning and food processing.

Beyond the Factory Walls

In the latest phase of their evolution, 

Stäubli robots are being adapted to inno-

vative uses far beyond the traditional fac-

tory setting. Their high speed, precision and 

flexibility are sparking the imaginations of 

those looking for alternative fabrication 

and production techniques as well as more 

Figure 1 Range of Stäubli robots
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freedom to create. The elegantly designed 

robots are even popping up in postmodern 

art and high-tech entertainment.

Sculpting in Stone

A supplier of natural stone products in the 

U.K. needed a new approach to machining 

stone when it was offered the opportunity 

to provide artistically sculptured sandstone 

planters and seating units for its city’s 

main square, a popular theater district ex-

periencing a renaissance. The stonemason 

chose Stäubli 6-axis robots for their ability 

to machine stone in a wide variety of stan-

dard and non-standard shapes with a high 

degree of precision. Originally designed for 

high speed machining, the robots allow 

the user to integrate a variety of different 

spindles directly into the robot forearm. 

User-friendly software is used to control 

the robot and manage all of its functions. 

The robots proved capable of machining not 

only natural stone but also a range of other 

materials, from alloy and stainless steels to 

Inconel 600 and aluminum, with consistent 

accuracy. They also opened up new possibil-

ities for surface texturing of stone, signifi-

cantly adding to the aesthetics – through 

automation, rather than perspiration – al-

lowing the artisan to achieve textures that 

would be difficult, if not impossible, by any 

other production process. The endeavor 

also proved more cost-effective than tradi-

tional CNC machining.

Designing the Future of Architecture

In 2012 a prestigious architectural school in 

Los Angeles, California opened a design and 

construction studio featuring six Stäubli 

robots. The robot-centered environment 

serves as a platform for hands-on collabo-

ration and experimentation with the robots, 

enabling students and researchers to delve 

deeper into the physical realities of design 

concepts in real time.

The studio is comprised of two 

adjoining spaces. The main area features 

five large Stäubli robots configured into a 

multi-robot work cell. Adjacent to this is a 

lab equipped with a compact Stäubli TX40 

6-axis robot. In this pioneering workspace, 

Stäubli robots support a wide range of ap-

plications, including on-site construction. 

The 6-axis robots can move and cut in the X-

Y-Z planes, like more traditional 3-axis CNC 

mills, but they can also rotate 360 degrees 

around an object. The finished product is 

more exact, so there is no need to use sand-

paper to smooth out edges and surfaces. 

With fewer constraints and greater inde-

pendence, the architects are able to venture 

beyond the standard design, programming, 

fabrication and construction sequence.

Those leading the robotics pro-

gram at the school are investigating tech-

niques of networked manufacturing in 

architectural design – in essence blazing a 

trail for what could well be the future of ar-

chitecture. Various projects explore move-

ment as well as free-form fabrication with 

advanced composite materials.

Robots in Art and Entertainment

Stäubli robots have been featured in a 

number of movies over the years. Their 

innovative design and fluid, anthropomor-

phic movements make them a natural fit 

for films set in an imagined future. Here in 

the 21st century, the role of robots in en-
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tertainment is being expanded by a French 

company that stages high-tech multimedia 

productions starring Stäubli robots.

As they are capable of a range 

of subtle movements, the robots are pro-

grammed to “dance” to music in live events 

as well as in video and movie projects. 

Along with music and lighting, the produc-

tions incorporate props, wherein the robots 

hold and swing various end-of-arm objects, 

such as light sticks, which can be switched 

quickly. The robots’ six degrees of freedom 

make an endless variety of staged scenes 

possible. Choreography is done either live, 

by a musician, or programmed using soft-

ware that controls the robots as well as mu-

sic and other elements of the performance. 

The robots can accelerate rapidly, with 6D 

spline trajectories allowing smooth or jerky 

movements. The result is a compelling 

spectacle of light, sound and motion.

Stäubli robots also serve as piec-

es of moving modern art. In Switzerland, 

a Stäubli TX60 is mounted on the lobby 

wall of an exclusive 5-star hotel. Grasp-

ing and moving light fixtures, the robot is 

an ultra-modern design element, blended 

intriguingly with a restored historic ceil-

ing and antique fireplace. The hotel earned 

SpaFinder’s International Best Interior De-

sign award, in addition to numerous other 

national and international awards.

www.staeubli.com

Figure 2 Stäubli TP-80 Fast Picker robot
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Introduction

Robotic arms are generally designed as 

universal machines capable of performing 

a multitude of different tasks, similar to a 

human arm.

However, there are also very 

s pecific applications, which cannot be cov-

ered by commonly available industrial ro-

bots, as e.g. non-standard kinematic lay-

outs with 6 or more degrees of freedom, or 

cordless operation using batteries may be 

required.

Modular Robotics

Schunk, best known for its clamping tech-

nology and gripping systems, has been 

developing robot modules as independent 

functional units for years. These units can 

be joined to complex systems via compat-

ible and standardized interfaces. Compact 

and flexibly combinable rotary actuators, 

lightweight manipulators and servo-electri-

cally actuated grippers, are used to create 

unique and modular-designed special ro-

botic solutions. These custom-built robots 

Christian Binder

Modular Robotics

From individual modules to complex robotic structures

Figure 1 Rail-mounted POLAB robot
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are used mostly for lab automation, service 

robotics, and research and development.

Exemplary service robotics appli-

cations are AMaRob, a semi-autonomous 

robot designed to help disabled and el-

derly people with their daily life activities, 

and the Care-O-bot, a robot that assists 

people in home environments. These spe-

cial systems require mobile, light-weight, 

battery-powered robotic arms that can be 

safely operated next to their users. A re-

search and development application is the 

POLAB Shuttle system, which consists of a 

modular robotic arm that is mounted on a 

mobile platform (Fig. 1). Moving along rails, 

the robot can work in a shared human-ma-

chine workspace and e.g. deliver samples to 

analysis equipment.

Innovative Robot Modules

As an expert in gripping technology, Schunk 

has developed many innovative gripper 

modules for robotic arms. Among the most 

sophisticated is the 5-finger hand, which 

uses nine drives to carry out various hu-

manoid gripping operations. The seemingly 

simple 2-finger parallel gripper WSG also 

features high-end technology inside, such 

as its own web-server for configuration 

and diagnosis, as well as a microSD slot for 

storing and exchanging programs. Even the 

gripper fingers can be highly customized, as 

the polyamide fingers are laser-formed, a 

rapid prototyping process that allows highly 

complex geometries and a delivery time of 

just three days. Another recent develop-

ment is the Powerball ERB — a single ro-

botic module which contains two axes with 

minimum space requirements (Fig.2).

Powerball Light Weight Arm

Three of these Powerball components 

make up the core of the Schunk Powerball 

Lightweight Arm LWA 4.6 (Fig. 3). Despite 

its low weight of 12 kg, it can dynamically 

handle loads of up to 6 kg, and has a grip-

ping radius of more than 700 mm, while 

using only an average of 80 W of energy. 

The Powerballs contain all supply lines for 

gripper and tools, and can even be equipped 

Figure 2 Powerball robot component
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with an integrated force-torque sensors 

that allows sensible interaction with the 

environment. Even without the sensors, the 

LWA’s design prevents dangerous crushing 

and shearing movements, making it safe to 

use around people.

Conclusion

The use of a modular robotic system al-

lows the creation of highly optimized ro-

botic arms for a wide variety of applica-

tions. Through open interfaces and even 

open-source hardware drivers, these robotic 

arms can then be easily integrated into a 

wide range of software systems, matching 

modular robotic hardware with custom-

ized software. These solutions are already 

used for research and service robotics ap-

plications, but have the potential to lead to 

entirely new types of robotic applications in 

the hands of the creative industry.

www.schunk.com

Figure 3 Powerball-based light weight arm LWA 4.6
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Introduction

One of the main challenges – be it in engi-

neering, architecture, or design – is to com-

bine form and function. With regard to both 

of these aspects, the choice of material is 

a deciding factor when designing elaborate 

three-dimensional structures, as it has an 

impact not only on the structural proper-

ties, but also on an object’s visual and hap-

tic appeal. Fabricating such structures in an 

economic, energy- and resource-efficient 

way requires in-depth knowledge about the 

properties of materials, as well as innova-

tive approaches to how they can be pro-

cessed.

Robotic Machining Centers

A² Anlagentechnik & Automation GmbH is 

based in Seligenstadt/Germany and devel-

ops and produces highly flexible robotic ma-

chining centers (RMCs). These devices offer 

repeatability of up to 0.2mm making them 

suitable for applications that until recently 

required expensive 5-axis CNC machining 

centerss. In comparison to these machines, 

RMCs offer the following advantages:

 – Reduced costs of purchase and   

operational expenses

 – Greater availability

 – Low maintenance effort

 – Faster tool changes

 – Greater flexibility

 – Easier programming and handling

RMCs are capable of processing 

the same materials as 5-axis CNC machin-

ing centerss. This enables architects and 

designers to use a full range of materials 

for their designs, from aluminium, steel, 

wood, and composite materials to aerated 

concrete, ceramics, and even natural stone. 

Due to the fast and easy tool changes, the 

robot can perform multiple, different oper-

ations such as milling, drilling, cutting, saw-

ing, deburring, grinding, or polishing.

Additionally, robot solutions 

feature a combination of high flexibility and 

great range. A robot with six axes covers in 

its base configuration a range of 2800mm, 

which translates into a work envelope of 68 

m3. By placing the robot on a linear axis, this 

workspace can be enlarged at will, thereby 

enabling an economic processing of large 

parts.

Robot Programming

Another advantage of industrial robots 

is their comparably easy programming. 

The very first robots demanded profound 

knowledge of their proprietary program-

Alfred Kaser

New Perspectives for Architecture and Design

Fabrication using robotic machining centers
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ming language, as robot positions had to be 

programmed manually, point by point. This 

changed with the rise of robot programming 

strategies such as teaching, which is still 

used frequently today. Teaching requires 

the user to manually guide the robot’s tool 

center point (TCP) to each position. The co-

ordinates are then saved, and can later be 

combined to a single robot trajectory. Robot 

simulation programs marked another sig-

nificant innovation in the area of industrial 

robotics, as they allow the programming 

of robots in virtual space. Through this so-

called offline programming, complex appli-

cations can be generated without having to 

stop the production, thereby considerably 

raising the machine’s uptime. Furthermore, 

intelligent tools for collision avoidance al-

low the early detection of collisions with 

tools, workparts, or other technical equip-

ment in the robotic cell before they happen, 

allowing to user to act on this information 

and to change the programming. Recently, 

CAD/CAM systems acquired the ability to 

translate three-dimensional CAD data into 

robot control data. Nowadays, it is even 

possible to control industrial robots via 

industry-standard G-code (DIN/ISO), which 

is translated by the robot itself into robotic 

movements. This enables CNC program-

mers to work in their standard program-

ming environments, without requiring ad-

ditional robotic knowledge.

Outlook

Robotic material processing using indus-

trial robots has become state of the art in 

the metal, plastic, and wood industries. The 

experiences gained therein can now also be 

applied to the processing of ceramics and 

natural stones. This leads to highly inter-

Figure 1 Machining of aluminium in a RMC
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esting perspectives for architecture, art, 

and design, as robotic processes allow ma-

chining centers to realize concepts faster, 

and cheaper – with a lot size of one, but for 

the price of serial production. Even in an ar-

tistic context, the use of robotic labour is no 

longer out of the ordinary, with robots being 

used to support sculptors by roughly shap-

ing the stone for the sculptor, who then fol-

lows up by manually processing the surface 

and working out the intricate details. The 

RMC’s flexibility, combined with its large 

workspace and easy programmability, en-

able new fabrication strategies and make 

them uniquely suited for the non-standard 

requirements of the creative industry.

www.a-quadrat.eu

Figure 2 High-powered milling spindle mounted on a KUKA KR500 robot
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Introduction

Grasl Pneumatics is a medium-size enter-

prise specialized in the fabrication of pneu-

matic cylinders for light-domes. The core of 

this product is the patented profile of the 

tubes, which allows the free placement of 

the pneumatic supply, as well as the pivot 

point of the cylinder according to the cus-

tomer’s specifications. However, the cus-

tom CNC machine’s variable insertion depth 

made manual loading impossible, instead 

requiring a machine that would automatic-

ally take the tube from a pallet, position 

it in the CNC machine, and rotate the part 

so that both ends can be machined. Due to 

their large workspace and agility, the use of 

an industrial robot for this process was pro-

posed, finally settling on a KUKA KR60L45 

robot with 45 kg of carrying weight.

At the time of the robot pro-

gramming, the sequence of commands was 

already fixed:

 – Take a tube from a pallet fed by an auto-

matic conveyor belt

 – Insert the tube into the CNC machine

 – After side 1 is finished, remove the tube 

and insert it into a fixture

 – Take the tube from the other side of the 

fixture.

 – Insert it into the machine for the pro-

cessing of side 2

 – Place the tube back into the pallet

The robot interacts with the 

tubes via a custom-made gripper, which 

holds the elements from inside. For each 

tube diameter, the robot can automatic-

ally retrieve a fitting gripping tool from 

the gripper shelf. Each pneumatic cylinder 

therefore requires individual manufacturing 

parameters, but still has to be processed 

automatically, one box of elements of vari-

ous lengths at a time. A common way of 

dealing with such a matter would be to cre-

ate one job for each individual element, and 

then just execute the fitting file. However, a 

quick calculation shows that, taking a tube 

length of 150 to 2030 mm and at least 5 

tube diameters into account, such an ap-

proach would result in 94,000 variants, 

or nearly 5,000,000 robot positions. This 

quickly showed that the only proper way of 

dealing with such a problem is to develop 

a parametric model that can accommodate 

all these variants in one shared definition 

with individual parameters. As Grasl Pneu-

matics required an integrated solution, the 

parametric model was generated entirely in 

KUKA Robot Language (KRL).

Eric Dokulil

Parametric Robot Control without CAD/CAM

Dynamically generated parametric robot commands for the  fabri cation 

of pneumatic cylinders
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Advances Robot Strategies

Robotic movements are always defined in 

relation to a tool coordinate system and a 

base coordinate system. This approach has 

the advantage, that e.g. the same job can 

be applied to various objects at different 

positions just by shifting the tool or base 

coordinate system. The robotic movement 

programming strategy that was used for 

the pneumatic tubes utilizes this concept. 

When comparing a gripper without a tube, 

and a gripper holding a tube, one notices 

that the tool centerpoint (TCP) is simply 

shifted along the tool’s main axis. The dif-

ferent length of the tube can therefore be 

easily compensated by editing the proper-

ties of the tool instead (Fig. 2). In KRL this 

can be done by adding the position vectors 

of the tools. Of course, such an approach 

requires a perfectly defined tool axis, some-

thing that cannot be achieved with the 

robot’s on-board tools, as even a slight de-

viation can lead to inaccuracies in the cen-

timeter range when dealing with 2 m long 

elements. Therefore, a laser was used to ex-

actly calibrate the orientation of the tool. In 

theory this concept would make it possible 

to deal with all tube lengths, just by pro-

gramming the movement once with a ref-

erence tube and then adjusting the length 

value of the tool. However, the large differ-

ences in tube length lead to very different 

robot postures for the same sequence of 

movements. In general, there is more than 

one way for a robotic arm with six degrees 

of freedom to approach a give point. While 

one strategy may work for the reference 

tube, it may not be ideal for an especially 

long or short tube. Therefore, the program 

evaluates all possible movement strategies 

from one point to another, and chooses the 

strategy that leads to the least amount of 

axis rotation.

All these motion programs are 

then linked together to be accessed by a 

central program structure. The CNC mill-

ing machine and the industrial robot are 

tightly linked, but retain a certain amount 

of independence. The robot acts similarly 

to a state machine and decides what to do 

based on the state of the gripper, the mill-

ing machine and any additional periphery. 

Instead of using a fixed cycle, the robot can 

react to instructions from the CNC machine 

immediately, and once it has inserted the 

tube, instruct the CNC machine itself to 

start the according program.

Evaluating KUKA|prc

KUKA|prc (parametric robot control) is a 

plugin developed by the Association for Ro-

bots in Architecture that allows accessible 

and intuitive robot programming, based 

on the parametric modelling environment 

Grasshopper, whose approach towards vi-

sual programming has made it a popular Figure 1 Robot inserting tube into CNC machine
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tool in the creative industry. The advan-

tage of parametric design for fabrication 

is that processes – such as the handling of 

the pneumatic tubes – can be programmed 

once, but still allow the variation of param-

eters – in this case the length of the pneu-

matic tubes.

At the time of the project, KUKA|prc was not 

yet available and therefore not an option. 

However, recent evaluation of the software 

has shown, that even complex handling 

tasks can be programmed in KUKA|prc. As 

KUKA|prc immediately visualizes and kine-

matically simulates parametric toolpaths, 

the user can fluently and intuitively inter-

act with the virtual robot and optimize its 

trajectory. It has to be noted, though, that 

such software requires basic CAD literacy, 

which is sometimes not available on the 

shop floor. However, projects like the Red 

Bull arch show that even new robot users 

can quickly acquire CAD, KUKA|prc, and ro-

bot skills.

Conclusion

Parametric modelling allows the reduc-

tion of 94,000 individual movement pro-

grams to a single parametric definition that 

adapts itself to the current requirements. 

Instead of placing the fabrication logic in 

an external computer and using the robot 

as a simple positioning unit, all program-

ming is contained within the robot’s own 

control unit, reducing cycle time, while re-

taining full flexibility. The described robot 

program has proven itself over many years, 

and clearly shows that parametric logic can 

not only be contained in design tools, but 

also in the robot code itself. However, for 

future projects, the use of CAD-based para-

metric control such as KUKA|prc will provide 

an alternative for the quick and intuitive 

programming  and simulation of parametric 

robot programs.

www.dokulil.com

Figure 2 Tool coordinate system for reference tube (1) and longer tube (2), using the same programming
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Introduction

Graf-Holztechnik, a timber construction 

company located in Horn, in the province 

of Lower Austria, has established itself as 

a leading trimming specialist in the wood 

industry.

Combining traditional crafts-

manship knowhow with state-of-the-art 

technology, Graf uses up-to-date computer 

technology in all stages of production, from 

static and constructive planning to manu-

facturing. This ensures a maximum of reli-

ability, speed and efficiency and gives free 

rein to creativity and the realization of ex-

traordinary ideas.

CNC in the Timber Construction Industry

In the 1990s the call for ever shorter build-

ing times in timber construction gave rise 

to new ideas and developments in trim-

ming, from the traditional drawing yard to 

trimming machines, in order to allow for a 

higher degree of prefabrication. CNC trim-

mers offer a number of decisive advantages 

for timber construction: 

1. production of 3D components with free 

shapes and three-dimensional curva-

tures, 

2. high precision and repeat accuracy 

(tenth-of-a-millimetre tolerances),

3. fast and efficient trimming, 

4. direct input of planning and design data, 

5. high degree of prefabrication.

This allows for the production 

of parts and shapes for modern timber 

structures that would otherwise have been 

impossible or too imprecise, or which could 

only have been produced at prohibitive cost. 

To meet these requirements, Graf-Holztec-

hnik has added two CNC trimming units to 

its line of production machinery, combin-

ing the advantages of an established Hun-

degger trimming/joining machine, with an 

experimental, robotic, multi-axis trimming 

machine. The Hundegger K2i is a highly-ad-

vanced trimmer/joinery machine for solid-

wood processing and timber trimming. The 

machine allows the trimming of workpieces 

of variable length without requiring time for 

measuring, marking or set-up. Designed for 

the rapid trimming of large series, the unit 

operated by a single worker can achieve an 

annual average output of 1.5 to 2.0 m³ per 

hour.

A Custom Multi-axis Robotic Trimmer

In cooperation with Hage, a special-purpose 

machine builder in Obdach, Styria, Graf de-

veloped a prototype robotic trimmer with 

Michael Bauer 

A Custom Robotic Trimmer for Modern Timber Constructions
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an overall length of 45 m capable of precise-

ly trimming workpieces up to 20 m in length 

and with a width of up to 2.4 m. 

The production process requires 

a workflow consisting of several tightly in-

terlocked programs:

1. With the aid of a CAD (Computer Aided 

Design) program the production planning 

department prepares three-dimensional 

design plans which are then sent to a 

BTL unit by via a custom post-processor.

2. The Easywood CAD/CAM (Computer 

Aided Manufacturing) software devel-

oped by the Italian software firm DDX 

issues the commands for the individual 

processing steps to the trimmer

3. The DDX files are loaded at the robotic 

trimmer

4. The clamping carriages automatically 

asume the requisite positions. 

5. The operator mounts the workpieces on 

the clamping carriages and aligns them 

along the zero laser line.

Subsequently the trimming 

process is started and runs automatically. 

Depending on the number and scope of the 

individual processing steps, drill-holes and 

milling operations, this can take between 10 

and 60 minutes, with the carriages moving 

at a rate of up to 80m/min. The unit can 

handle workpieces weighing up to 9 tons. 

An essential feature is that all work-piece 

sides can be processed without re-clamp-

ing. This is an indispensable prerequisite for 

achieving a precision in the millimetre range 

needed to meet specifications.

The heart of the machine is a 

spindle with 5 degrees of freedom, operat-

ing at a speed of 12,000 rpm which can be 

adjusted in four directions and turned along 

Figure 1 Custom robotic trimmer
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two axes. 

Its spindle arm moves along the 

workpiece over a distance of 2.8 m horizon-

tally and 2.4 m vertically and is infinitely 

adjustable; this means that in combination 

with the adjustable carriages the machine 

can process all six sides of the workpiece at 

full spindle output without re-clamping, al-

lowing for the trimming of all conceivable 

free shapes.

Milling and drilling tools are 

stored in a drum-type holder for 20 tools up 

to 15 cm diameter and 40 cm length. Two 

additional tool boxes above the spindle hold 

circular saw blades and planing heads. The 

circular saw blades have a maximum diam-

eter of 800 mm and are driven by water-

cooled 30 kW spindles with a torque of 70 

Nm. 

Conclusion

Advances in the development of CNC ma-

chines for up-to-date timber applications 

open up new perspectives for wood as a 

building material, an ecological product with 

a high sustainability potential that offers 

architects a large measure of freedom and 

versatility. Compared to articulated robotic 

arms, as used in the automotive industry, 

custom robotic machines such as the trim-

mer by Hage, are highly optimized for their 

particular task and offer e.g. superior ac-

curacy and force. However, once ongoing 

research into robotic hard- and software al-

lows industrial robots to achieve the preci-

sion of today’s timber trimming machines, 

robotic arms may provide an affordable al-

ternative to specialized machines.

www.graf-holztechnik.at

Figure 2 Freeformed wooden elements
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Motivation: Research in the Lab, the 
Factory and On-site

Within contemporary architecture, freeform 

surfaces have gained increasing popularity 

over the last few years. Forming surfaces on 

a workstation has become easy due to the 

powerful cad packages and digital toolsets 

available to  the designer of today. Howev-

er, on the road to turning conceptual design 

models into real buildings, some interesting 

and challenging work often lies ahead. This 

includes the detailed computational design 

of building envelopes, precise part fabrica-

tion and the act of building such structures.

A number of highly interesting 

research projects related to robotics and 

automated digital fabrication processes 

within the architectural, engineering and 

construction industries are being or have 

been carried out at various research in-

stitutions and university faculties around 

the world. For a number of years, German 

façade systems developer BEMO SYSTEMS  

has endeavoured independently into this 

topic with a very strong focus on turning 

concepts to reality — both in terms of inno-

vative technology as well as built work.

Conventional Roll Forming

The metal forming process of cold roll form-

ing is well established in the field of build-

ing  materials, for example to produce cor-

rugated sheets, trapezoid sheets, standing 

seam profiles.

Roll forming is a bending tech-

nology with rotating tool motion, by which 

an initially flat metal sheet is transported 

through a series of roll forming-stands that 

gradually change the sheets shape (DIN 

8586:2003-09). Successively each forming 

stand defines an intermediate stage of the 

final cross section, into which the sheet is 

pressed. Minor over-bending by tool design 

accounts for the spring back of the bent 

profile, when it leaves the last forming 

stand.

The key to conventional roll 

forming is a carefully engineered layout 

and tooling of the forming rolls. The ar-

rangement and shape of the upper and 

lower forming rolls is designed with the aid 

of a so-called flower pattern, which is the 

sequence of profile cross-sections at each 

stand of rolls. The number of forming steps 

required to form a sheet into a profile is 

influenced by the profile shape to be roll-

formed, the properties and characteristic of 

the raw material and tolerances within to 

produce the panel.

A full production line also en-

compasses the processes of unwinding 

material from a coil, cutting the strip to the 

right length, and feeding the forming sta-

tion.

Peter Mehrtens

Rapid On-site Fabrication of Customized Freeform Metal Cladding Panels

Robotic devices in shipping containers shifting from research to state-of-the-art 
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Mobility of Production Units

When constructing large roof areas with 

standing seam profiles, it is beneficial to 

maximize the area of the joint- and pene-

tration-free water-bearing-layer. In order 

not restrict panel sizes to specific lengths 

required for transport, the production units 

were designed to be mobile. 

The MONRO roll forming tech-

nology was developed to fit into a custom-

ized 40-foot intermodal container (Fig. 1). 

The complementary machinery for bending 

standing seam panels is built into a 20-foot 

container (Fig. 2). For a streamlined work-

flow, as many in-line work stages as pos-

sible are integrated in the two portable pro-

duction units.���

Advanced Roll Forming Technology for 
the MONRO Standing Seam Profile

A mill for unwinding the coil is the first 

process, which the line of machines takes 

care of. A straightening device is located at 

the feeder. For cutting panels to length, the 

mobile unit is set up to use a pre-cut die. 

This means only a single blank runs through 

the machine. Also near the start of the pro-

duction line an optional set of forming rolls 

offers shaping linear ribs into the panel — 

primarily used when making panels with 

symmetric edges or when forming straight 

(developable) panels.

The cutting-edge technology 

literally sets-in where the panel is cut to 

shape: On both sides moveable edge cut-

ters truncate excessive metal, which is 

separated and transported to a tray above. 

The main roll forming work is carried out by 

two rows of forming stations. The 3D roll 

forming process requires not only trans-

porting sheet material through a set of 

forming stations, but especially demands 

that these tools move to the right position 

concordantly with the feeding speed. The 

pairs of rollers actively altering the shape 

must gradually move in synchronous man-

ner to satisfy geometric constrains, such as  

perpendicularity to the varying panel edge 

(Fig. 3).

A computerized node control, 

responsible for changing the cross-section 

profile within a single sheet, enables fast 

and precise mass customization of panels. 

As the bending process involves movement 

Figure 1  A customized 40-foot intermodal container enables deployment of the 3D-roll forming machine
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and friction, lubrication is used to create a 

thin barrier between the roll dies and the 

panel surface, reducing wear-off and result-

ing alteration of the end-effectors size.

The tooling of the rolls that form 

the large and small seams on the left and 

right sides of the panel can be designed 

with a conventional flower pattern. How-

ever, due to the fact that 3D roll forming 

has varying cross sections, the conven-

tional flower pattern design is replaced 

by software calculating the intermediate 

cross sections of each panel. The 12 left and 

12 right forming stations can individually 

move horizontally (along the Y-Axis) and 

vertically (along the Z-Axis) within planes 

perpendicular to the material transport di-

rection and they can rotate (B-Axis). These 

3 degrees-of-freedom combined with the 

common (X-axis) for all robotic devices 

within the panel shaping system, which is 

given by the linear sheet transportation, 

adds up to 24 end-effectors, each address-

ing 4 axes.

As opposite sided stations work 

in pairs, it is even possible to tilt the seam 

by lifting only one row of forming tools.

Bending

Six pairs of forming rolls in active and pas-

sive positions bend the standing seam 

profiles as the profiled sheet metal is 

transported through the bending machine. 

A proprietary numeric control software cor-

relates tool positioning to the overall panel 

shape and required radii. Important was 

that the inventors not only considered driv-

ing separate radii per edge, but to simulta-

neously tilt and shift active rolls sideways 

to match asymmetric panel edge tangents 

and changing width as the sheet progres-

sively travels. Between the two work stages 

of roll forming and bending, the sheet is 

manually rotated by 90°, so that the final 

workpiece can be taken from the machine 

easily. Convex and concave bending is pos-

sible — even within a single panel.

Underlying Geometric Concept and 
Resulting Panel Shapes

Clastic and anti-clastic surfaces can be ap-

proximated by models of developable strips. 

The MONRO technology is an abstracted 

application of developable strips, in which 

Figure 3 Each MONRO standing seam profile is grad-

ually formed by 24 individually moving stations

Figure 2 The 3D-bending machine is built into a 20-

foot intermodal container
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the alignment curves of the metal panels 

coincide with the reference surface. In the 

abstract model these alignment curves are 

the edges of the strips. The ribs and the 

seams of the panel are offset normal to the 

reference surface.

In cases, where the panel geom-

etry is rationalized, the panels may resem-

ble straight developable strips. For archi-

tectural applications, the exclusive use of 

such panels restricts the designer to orient-

ing closely to principle curvature lines (Fig. 

4), or at least to designing the alignment 

pattern as a family of geodesic curves — if 

twisting the panels (or strips) is permitted. 

This is likely to be acceptable for interior ap-

plications and certain surface shapes, how-

ever does not suffice for exterior application 

on buildings — i.e. the water-bearing-layer, 

as in this case study. When  applying purely 

straight developable strip models to build-

ing envelopes, the surface first needs to be 

segmented into patches that can be cov-

ered with parallel geodesics. This segmen-

tation can cause joinery work at undesirable 

locations. The second problem may be that 

in some cases the pattern of parallel geo-

desics can hinder proper water run-off.

The technical ability to produce 

panels that resemble developable strips 

with non-parallel edges, and even with 

curved edges gives architects and engineers 

greater freedom in designing building en-

velopes as general double curved surfaces. 

Reducing constraints in the shape of devel-

oped strips can be beneficial to the design 

Figure 4 Principle Curvature Lines indicate directions for families of geodesics that form the centerlines 

and/or the edges of strips which represent almost straight developable surfaces with low torsion (left). 

Sample surface displaying metal standing seam panels with independently curved edges (right).

Figure 5 Shape examples of developed strips, producible as facade and roof panels via roll forming and 

bending
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in terms of aesthetics (visually continuous 

patterns are feasible), and for constructive 

reasons, i.e. when long, joint-free panels 

are preferred or even required. Possible con-

figurations of shapes and manufacturing 

possibilities are shown in Figures 4 and 5.

The width of standing seam 

panels may vary between 100 mm to 1000 

mm, as the raw material is on coils of up to 

1250 mm width. Panel length may exceed 

100 meters when panels are fabricated on 

site, because their length is theoretically 

restricted only by coil length. Seam align-

ment curves and surfaces are modeled as 

geometric entities with curvature continu-

ous property (as NURBS). When it comes 

to driving the production line, a numeric 

approximation, consisting of coordinates, 

tangent vectors and feeding speeds, is ex-

tracted from the curves. Files storing CNC 

data for cutting, roll forming and bending 

procedures are generated per panel. Cut-

ting and forming tools, shaping the panels, 

move according to the instructions read 

from the machining file.

Examples of Built Work

The initially developed machines were in 

fact working prototypes, and the doubly-

curved structures realized in the mean-

time can be seen as proof-of-concept. The 

Budapest Sports Arena (Fig. 6) was the 

first envelope clad with MONRO panels 

(27000 m²).� The complete workflow has 

evolved into a fully digital process. Cov-

ering large roof and facade areas, e.g. of 

entire concert halls, stadia or airports, has 

become feasible in terms of design, qual-

ity, time and cost. Digital stages of work 

include the modelling of curvature con-

tinuous (smooth) surface patches, design 

of panel layout and optional optimization 

of geometry, 3D laser scanning of as-built 

load-bearing structures, responsive gen-

eration and dimensioning of substructure, 

extraction of production data, computer-

ized numerically controlled fabrication of 

parts, photogrammetric quality verification 

of building elements and tacheometric sur-

veying on site. Mass customized skins of 

Figure 6 Papp László Budapest Sportsarena, Budapest, Hungary (completion Feb 2003); 

architecture: KÖZTI (Skardelli György, Pottyondy Péter), Hungary; photos: KÖZTI
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have also been realized with this technol-

ogy on large public venues such as the mul-

tipurpose hall “ISS Dome” in Germany and  

“Le Tarmac” concert hall in France (Fig. 

7) — covering areas of 8000 m² and  

6200 m². In both cases the areas are as-

sembled largely of individual parts. The 

shape of the pebble-like domes emerged 

from the functional arrangement of the 

interior spaces.� Lightweight façades can 

be built of various metallic materials and 

finished with numerous coatings to match 

the conceived design intent. The roof of the 

Main Station Local Transport Hub in Graz, 

currently under construction, is treated with 

an eloxal coating, giving it a distinctive ap-

pearance in terms of color and reflection, as 

well as improving corrosion resistance.
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