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iii. Summary (eng.)

This PhD thesis examines interactive and collaborative design methods for robotic
fabrication in architecture. Through the study of design thinking, computational
design exploration, robotic architecture and material systems, the thesis proposes
a design framework for co-creative human-material-robot processes in architecture.
This integrated design framework seeks to bridge a gap in current processes of digital
fabrication, where designers shift from being highly engaged during design process-
es, to designated passive bystanders during ongoing fabrication processes.

It is believed that robotic fabrication, supported by cyber-physical frameworks for
interactive and collaborative processes of human-material-robot making, can sup-
port and enhance the creative exploration of design modelling and design making
in architecture. To investigate this hypothesis, the thesis asks how interactive and
collaborative robotic fabrication can contribute to creative ‘co-evolutionary’ design
process in architecture and how such creative activities will influence cognitive de-
sign processes.

Focusing on the methodology of Research-through-Design the work presented in this
thesis advocates for design research being performed through experimental work,
involving digital models, physical prototypes, and full-scale demonstrators. The proj-
ect comprises a sequence of five discrete experimental studies that progressively
alternates between author-driven and student-driven design processes. This strategy
allows for an alternation between subjective and objective registrations of the ro-
bot-based design processes and an uncovering of the potential impact and relevance
of diverse levels of design experience.

Based on the findings of the thesis, the proposed design methods were found to pro-
gressively enhance interaction with the robotic fabrication process. The opportunity
to directly interact with a robotic arm and suggest changes during the ongoing fab-
rication process allowed for initiation of fabrication processes that were not entirely
determined, thereby substantiating trial-and-error based design explorations that
allow for reflection-in-action to occur.

The thesis also concludes that if decision-making is to be shared between all agents
in a co-creative human-robot design framework, the robotic framework must incor-
porate strategies for machine learning and artificial intelligence.
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iv. Resume (da.)

Denne PhD-afhandling undersgger interaktive og samarbejdende designmetoder for
robotbaseret fabrikation inden for arkitektur. Gennem en undersggelse af design-
teenkning, computerdrevet designudforskning, robotbaseret arkitektur og materia-
lesystemer foreslar afhandlingen et designsystem til samskabende menneske-mate-
riale-robot processer inden for arkitektur. Dette integrerede designsystem sgger at
lukke et hul i de nuvaerende digitale fabrikationsprocesser, hvor designere skifter fra
at veere dybt engagerede under designprocessen til at vaere passive tilskuere under
igangvaerende fabrikationsprocesser.

Det forventes at robotfabrikation, understgttet af virtuelle-fysiske systemer ftil
interaktive og samarbejdende menneske-materiale-robot fremstillingsprocesser,
kan understgtte og forsterke den kreative udforskning af designmodellering og
designfremstilling inden for arkitektur. For at undersgge denne hypotese spgrger
afhandlingen, hvordan en interaktiv og samarbejdende robotfabrikation kan bidrage
til kreative samudviklende designprocesser inden for arkitektur, og hvordan sadanne
kreative aktiviteter vil influere kognitive designprocesser.

Med fokus pa metoden for ‘forskning gennem design’ advokerer det praesenterede
arbejde i denne afhandling for, at designforskning udfgres igennem eksperimentelt
arbejde, hvilket involverer digitale modeller, fysiske prototyper og fuldskala demon-
stratorer. Projektet indeholder en serie af fem individuelle eksperimentelle studier,
der progressivt skifter mellem designprocesser drevet af henholdsvis forfatteren
og studerende. Denne strategi tillader en vekslen mellem subjektive og objektive
registreringer af den robotbaserede designproces samt afdaekning af den potentielle
indflydelse og relevans af forskellige niveauer af designerfaring.

Baseret pa afhandlingens resultater kan det identificeres, at den foreslaede design-
metode gradvist forsteerkede interaktionen med den robotbaserede fabrikation-
sproces. Muligheden for at interagere direkte med en robotarm og foreld andringer
under den igangvaerende fabrikationsproces tillod igangsatning af fabrikationspro-
cesser, der ikke var fuldt fastlagte. Derved understgttes designudforskning baseret
pa trial-and-error, hvilket muligggr reflection-in-action.

Afhandlingen konkluderer ogsa, at hvis beslutningstagning skal veere delt imellem
alle deltagere i et kreativt menneske-robot designsystem, skal robotsystemet inkor-
porere strategier for maskinlaering og kunstig intelligens.
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1.1 Motivation

The process of making

The process of making has always fascinated me. The creative process of exploring
solutions to a challenging problem through the creation of physical prototypes is
for me, one of the most rewarding aspects of a design process. What starts as a
collection of abstract ideas, only limited by imagination, evolves into tangible solu-
tions which can be further explored through suitable processes of physical making,
unveiling their potential to act in the physical environment. In the perfect scenario,
the physical processes of making are inseparable from the cognitive processes of
idea generation - the two types of processes iteratively inform and improve each
other.

In more than a decade, I've been fortunate to participate in both teaching and re-
search activities that explore the potentials of, and relations between, computational
design processes and computational making activities. In this context, creative design
processes have been explored through the development of computational systems
focused on generative design approaches and the making of material objects through
digital fabrication technologies. Common for almost all these design explorations
are their process-oriented approach and their focus on creating and investigating
computational design systems that establish relationships between environmental
performance, material properties, spatial sensations, assembly methods, and fabri-
cation processes.

This compilation of teaching courses and research projects constitutes a range of
diverse computational systems each investigating methods for the integration of
form generation and digital fabrication. Common to all these investigations is the
fabrication and assembly of 1:1 demonstrators — a build artefact acting as an embod-
iment of the instrument of inquiry (Dalsgaard, 2017). Although these investigations
resulted in critical explorations of computational design methods and challenged the
potential of integrating digital fabrication technologies, they never fully succeeded to
integrate digital fabrication within the explorative design process. The design meth-
ods only supported a type of design process best defined as fabrication-informed
design exploration. In these design processes, information concerning fabrication
(such as machine dimensions, speed, cutting depth, material sizes) is utilised as de-
sign constraints and as input for the generation of machine-specific fabrication files.
But, although these digital fabrication methods allow for an active engagement with
physical objects and their materiality, they exclude the designer during the fabrica-
tion process. This division is observed in current approaches of running automated
processes, where making machines are executing predetermined commands that
fabricates a predefined form — excluding uncertainty, exploration and the opportuni-
ty for creative input, rendering the designer superfluous.

| strongly believe that there is a great potential in facilitating digital fabrication
processes, in which the architect — the human element - can actively engage in the
creative process of making.

21



Tools and technologies

“It is impossible to stress to much the difference between bare hands
and armed hands... The hand equipped with a good tool renders the
hand equipped with a poor one ridiculous.” (Bachelard, 2002)

My first engagement with digital fabrication, involving both the creative explora-
tion of potential digital-driven solutions and their subsequent materialisation and
assembly into physical prototypes or demonstrators, was defined and restricted by
the tools and technologies offered by current modelling environments. In my case,
dependency on tools and interfaces by leading software providers challenged the
preparation of my master theses in 2008. At that time, recent developments provid-
ed users with plug-ins and scripting environments that exposed the inner workings
of the software, allowing for the construction of custom scripts that surpass the
limitation of available tools and standard procedures. The work conducted during my
master thesis utilised RhinoScript, a scripting tool for the 3D modelling environment
Rhino 3D, to develop and explore a computational framework that generates an
environmentally and structurally informed frame+membrane system (Jensen et al.,
2009; Jensen, Kirkegaard and Holst, 2010). This project allowed for an exploration of
not only potential design solutions but also of the computational processes and the
negotiation between the various driving forces at play — a design exploration that
was made possible through the construction of bespoke computational tools. To me,
this marked the transition from only using tools, to also making tools.

1.1.1. Computational Design in Architecture

As emphasised in the previous quote by the French philosopher Gaston Bachelard,
the process of making is intrinsically tied to the possibilities and limitations of
available tools. Seeking to equip the designer with better tools, leading modelling
software providers have made great effort to develop interfaces and accessibility to
their programming libraries and languages. These alternative approaches to design
software were also called for by researchers in the field of digital design. As an ex-
ample, Axel Kilian, PhD in Design and Computation, suggested that: “software should
evolve around the design task, not the other way around” and that “this is already
happening in the academic environment with students developing their project spe-
cific tools from a platform of core software and languages” (Kilian, 2006).

Today, current modelling software now supports the development of bespoke
computational design tools that take advantage of access to extensive programming
libraries and provide more intuitive and designer-friendly interfaces that allow for
visual programming, text-based programming, geometric representation, or often a
combination of these. The introduction of parametric design software, such as Gen-
erative Components (by Bentley), Grasshopper (for Rhino), or Dynamo (by Autodesk),
has had a pronounced influence on design thinking (Oxman, 2008). Although there
are still cognitive issues involved with the use of parametric design software (Aish
and Hanna, 2017), it has allowed architects to escape the limitations of software
applications and explore novel design solutions through programming and execution
of algorithms (Tedeschi, 2014).
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In understanding the potentials of computational design tools for the exploration of
creative solutions, it is essential to appreciate how this modality differs from the pre-
ceding design modes in architecture, such as analogue drawings, digital CAD drawing,
and the use physical models. For centuries, the act of drawing has been the preferred
medium for expressing, organising, and exchanging ideas, as well as a means for
predicting design outcomes. Drawing, as a design activity, is a natural and manual
gesture that establish a direct link between ideas and the signs created to represent
them. This additive process, while allowing for a great range of (in)determinacy and
(im)precision, is incapable of managing the forces and constraints of the real world,
leaving all associative relations to be managed through the cognitive capabilities of
the designer (Tedeschi, 2014). The introduction of CAD software digitalised the free-
hand drawings, added the possibility of defining geometric primitives, and allowed
for atomisation of repetitive task. However, with CAD software, the designer is still
interacting directly with the design object, although now through a mouse, and still
basing design outputs on additive processes without correlation between forces and
forms. Introduced by pioneers like Antoni Gaudi, Heinz Isler, and Frei Otto, the use
of physical models represents an approach towards structural optimisation through
investigations of materials, shapes, structures, and their associative relations (ibid.).
Based on form-finding strategies this approach allows for design processes that
embrace the dynamic forces absent in the other two modalities and thereby shift
the process of exploration, from primarily involving cognitive processes externalised
through drawings (analogue or digital), to cognitive processes informed through
interaction with dynamic and self-optimising physical models. The use of physical
models is often driven by a single force, gravity, and although this approach enables
an exploration of novel structures it simultaneously marks a trajectory from simple
systems towards more complex systems negotiating with a series of interrelated and
interacting sub-systems (Menges and Ahlquist, 2011). It is towards this negotiation
between interacting elements that the potential of computational tools differs from
the other design modalities. In dealing with environments and design tasks that
embrace several forces and constraints, computation has the potential of providing
a framework for negotiating and interacting with heterogeneous data. Taking advan-
tage of algorithmic procedures and parametric dependencies (through the type of
software mentioned earlier) the implementation of computational tools has allowed
architects and designers to engage with architecture as a system, instead of as an
object, enabling interaction with design processes instead of single objects. A similar
shift of orientation in architecture has been put forward by David Leatherbarrow
regarding the discussion of architectural performance, in which he argues for a shift
from what architecture is, to what it does (Leatherbarrow, 2005).

In examining the impact of computation on the perception and realisation of archi-
tectural solutions, computational design researcher Sean Ahlquist and Professor of
computational design Achim Menges defined the computational design approach as
“one which focuses on the execution of variational methods for the purposeful intent
of resolving the complexities that exist in the interrelation and interdependencies of
material structures and dynamic environments” (Menges and Ahlquist, 2011). The
last decade has seen a promising development in modelling software that supports
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Figure 1.1.
Milling of foam model with a 3-axis CNC milling machine.
Photo by Mads Brath Jensen
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the definition and construction of such relationships and interdependencies, taking
advantage of the iterative, recursive, and expansive processes of computation (ibid.).
It is the potential freedom afforded by the (re)construction of algorithms that drives
these expansive computational design processes, allowing the designer to adapt
the capabilities of the design system towards the unpredictable nature of design
processes. As argued by Professor in Algorithmic Design, Kostas Terzidis, this affects
the way we engage with the computer, as these must be “acknowledged not only as
machines for imitating what is understood, but also as vehicles for exploring what is
not understood” (Terzidis, 2006).

Using the computer as a driving force, the development of increasingly sophisticated
computational design tools has enabled architects to extend the exploration of
geometric solutions, including their intrinsic (ex. structural, material) and extrinsic
(ex. environmental, social) performance, to incorporate the making and fabrication
of architecture. In the last two decades, the field of digital fabrication has coupled
creative form-finding processes with CNC fabrication tools, including technologies as
CNC mills (see figure 1.1), laser cutters, vinyl cutters, and 3D printers. By informing
the design process with parameters related to materialisation and production, the
generation of solutions can take into account the operational constraints of the ma-
chines, ensuring realisable outcome, and simultaneously encouraging full exploitation
of the operative techniques (Klinger, 2008). The control of fabrication logics allows
for easy transferral of information between design system and fabrication machinery,
facilitating a vital feedback loop in which the making of prototypes promotes a more
diverse range of considerations towards design-to-fabrication processes and supports
higher degrees of material sensibility. The following quote by Menges substantiates
the importance of, and the potentials in, utilising computational design methods and
tools in architecture.

“The underlying logic of computation strongly suggests [a design
approach], in which the geometric rigor and simulation capability of
computational modeling can be deployed to integrate manufacturing
constraints, assembly logics and material characteristics in the
definition of material and construction systems. Furthermore, the
development of versatile analysis tools for structure, thermodyna-
mics, light and acoustics provides for integrating feedback loops of
evaluating the system’s behaviour in interaction with a simulated
environment as generative drivers in the design process. Far beyond
the aptitude of representational digital models, which mainly focus on
geometry, such computational models describe behavior rather than
shape.” (Menges, 2008)

The creative development and use of computational design tools have been crucial
to digital fabrication in architecture — interfacing between design and fabrication.
Several techniques have been developed to generate, describe, predict, analyse,
evaluate, simulate, convert, and manage the explorative design processes, requiring
designers to rethink their design processes and the methods they employ.

25



Figure 1.2.

The 6-axis robot arm (KUKA KR300 R2500) installed in the Robot Lab. at the Utzon Center, Aalborg,
Denmark. Here mounted with a clay extruding end effector.

Photo by Mads Brath Jensen
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Although the development of computational methods has “facilitated a greater
fluidity between design generation, development, and fabrication” (Dunn, 2012),
which allows the designer to interact with the entire process from initial idea to final
product, the use of CAM technologies still seems to restraint the range of exploration
within fabrication-driven computational design processes. Digital fabrication has
shown how fabrication technologies and the inherent constraints of the machinery
(such as material type and dimensions, machining areas, and tool limitations) can
inform the computational model ensuring that potential design solution exploits the
potentials of digital fabrication and that they comply with fabrication constraints.
However, the fabrication processes in most industrial CNC machinery are based on
specialised techniques performed through fixed tool-sets and restricted movement
patterns. The creative and explorative freedom that permeates the computational
design processes is therefore often non-existent in the processes of standard CNC
fabrication, leaving a procedural gap between the interactive and indeterministic
processes of design exploration and the dissociated and deterministic processes of
digital fabrication.

During the last decade, a new fabrication technology has infiltrated design studios
and architectural research laboratories. A new platform of agile and flexible fab-
rication robots that allows for questioning and reimagination of the limitations of
standardised materials, forms and sizes that propelled the design processes of digital
fabrication (Dass and Wit, 2018). The designer now has the opportunity to redefine
the computational design processes and design the processes of new material sys-
tems and the tools for robotic fabrication.

1.1.2. Robots in Architecture

“Digital fabrication and robotic fabrication are two points along
technological and chronological continuums... yet one does not
replace the other. Robotic production builds off digital fabrication
technologies and provides degrees of freedom that open up new
avenues of making.” (Dass and Wit, 2018)

Unlike industrial CNC machinery and the more common off-the-shelf 3D printers
and CNC routers, industrial robotic arms, as the one shown in figure 1.2, are not
specialised towards the completion of certain tasks and not nearly as accurate or
powerful. When acquiring a brand new, top-of-the-line robot arm one only gets
the ‘naked’ arm, no hand and no tool. With the robot arm, however, one gets the
freedom to mount whatever tool or end effector, be it a high-end CNC spindle for
milling purposes or a self-made custom tool (digital or analogue) with the capability
of solving a particular task. The simple process of attaching a new tool to the robot
arm and its ability to move and orient to a given location in real space makes robotic
fabrication “significantly more flexible than fabrication using traditional CNC ma-
chines” (Nicholas, 2018). Although universal and multifunctional, they can be turned
into highly specialised machines that can execute “multiple and varied tasks to create
unique and carefully crafted objects” (Edgar, 2008).
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Figure 1.3.
The robotic fabricated brick facade of the Gantenbeim Winery, 2006, Switzerland.
Project by Bearth & Deplazes Architekten and Gramazio & Kohler. Photo by Ralph Feiner.
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In more than a decade, architects and design researchers have explored the potentials
of robots and their capacity to engage in a broad spectrum of applications. The first
pioneering projects by Fabio Gramazio and Mathias Kohler at ETH Zurich explored
robotic placement of individual bricks showcasing the potential of adding digital
intelligence to traditional building culture through control and customisation of the
robotic fabrication process (Gramazio, Kohler and Willmann, 2014). The control,
precision and variant achievable through robotic brick laying is especially apparent
in the Winey Gantenbein project from 2006 by Gramaizo & Kohler (see figure 1.3)

Breaking away from traditional fabrication methods, researchers at ICD/ITKE In-
stitutes at the University of Stuttgart, led by Achim Menges and Jan Knippers, has
explored various methods of robotic fabrication trough the design, fabrication and
assembly of annual research pavilions. This research strategy has been repeated
every year since 2010. As an example, The ICD/ITKE Research Pavilion of 2014/15
used robotic fabrication to delicately apply strings of carbon fibre reinforced polymer
to the inner surface of an inflated skin, building up the pavilion layer by layer. This
specific research pavilion also showcased the potential of adaptive robotic processes
through the implementation of real-time force sensors, allowing for correct pressure
between the robot end-effector and the flexible skin (Doerstelmann et al., 2015).

Otherinspiring projects have explored various methods of robotic fabrication includes
robotic rod bending (Macdowell and Tomova, 2011), robotic wire cutting (Pigram and
Mcgee, 2011), robotic sheet forming (Nicholas et al., 2015), robotic spatial printing
(Retsin, Garcia and Soler, 2018), robotic milling (Brell-Cokcan and Braumann, 2010),
robotic weaving (Brugnaro, Vasey and Menges, 2008), robotic carving (Brugnaro and
Hanna, 2019), and robotic band-saw cutting, to name just a few fabrication methods.

One of the essential advancements that support investigations in robotic fabrication
is the development of parametric robotic control, allowing designers to simulate
the movement of robotic arms and generate the robot code needed to physically
move the robot along the desired path(s) (Brell-Cokcan and Braumann, 2010). KU-
KAprc, a parametric robotic simulation/control tools directed towards architects and
designers, developed by Johannes Braumann and Sigrid Brell-Cokcan as part of the
main goal for the Association for Robots in Architecture (ibid.), has had a vital role
in these advancements. By developing KUKAprc as a set of components for Grass-
hopper, simulation of robotic fabrication can be linked directly with the geometrical
changes in the parametric design system, allowing the designer to engage with the
fabrication process through very fluid interactions with the virtual robot (Braumann,
Stumm and Brell-Cokcan, 2018). With KUKAprc focusing on establishing a connection
between Grasshopper (now also available for Dynamo) and robotic arms from the
KUKA brand, other initiatives have developed similar software tools for robots from
other robot manufacturers, like ABB, Universal Robots, Fanuc, and Denso. With
these developments, robotic simulation and control can be embedded within the
computational design system, establishing relationships between form generation,
structural analysis, environmental simulation, performance evaluation, and robotic
fabrication. From the perspective of design exploration, the greatest affordance of
these robotic fabrication tools is their capability of changing robotic fabrication from
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a post-processing activity occurring in the conclusion of the design process, to an
integrated process that allows the designer to simultaneously develop, explore, and
directly influence all aspects of the creative design process.

As previously mentioned, the integrated design processes of robotic fabrication
have not only allowed a continuous exchange of information within the compu-
tational design system but also established a relationship between the predicted
digital model and the actual physical model through the utilisation of sensor-based
feedback systems. These adaptive fabrication processes allow for investigation of
design processes that unfold simultaneously with fabrication; processes in which
“the design process is not centered on realising a predefined solution, but instead
embraces explorative and experimental processes” (Brugnaro, Vasey and Menges,
2008). This fusing of design an making processes changes the common file-to-factory
approach, in which the design is entirely determined prior to fabrication — a process
in which the fabrication is merely a copying of a design (Nicholas, 2018). Instead,
these robotic fabrication processes rely on adaptive strategies that afford reciprocity
between design models and fabrication (Vasey, Maxwell and Pigram, 2014). With the
prospect of adaptive robot arms capable of sensing certain aspects of the physical
model, the question put forward by Achim Menges seems increasingly important.

“what happens if the production machine no longer remains just the
obedient executor of predetermined instructions, but begins to have
the capacity to sense, react and act?” (Menges, 2015)

Several research projects have addressed this question during the last few years. In
the previously mentioned ICD/ITKE Research Pavilion of 2014/1, the robot arm is
sensing the presence of the inflated skin to readjust the pressure through which it
applies the carbon fibre material (Doerstelmann et al., 2015). In the research project
“A Bridge Too Far” a robot arm senses the effects of an incremental sheet forming
process and adapts to deviations in the final shape by selecting between appropriate
corrective actions (Nicholas, 2018). Research into Adaptive Part Variation (APV) has
also demonstrated how computer vision sensors can add a feedback loop that en-
ables a robotic arm to detect errors during rod bending, triggering conditional design
responses and re-computing the bending parameters for the following rod. The APV
strategy thereby ensures the management of any variation (imprecision) in the rod
bending process by adapting the geometry of all the affected rods within the spatial
rod assembly — facilitating full automation intelligence (Vasey, Maxwell and Pigram,
2014).

These projects, and the research agenda they pursue, are crucial for the advance-
ment of robotic fabrication, but they also, deliberately, keep the human element
out of the fabrication process. In all cases, the nature of the material system and the
investigated fabrication process makes human intervention impossible, or at least
undesirable. The question is, referring back to the initial motivation if similar projects
exploring robotic fabrication could benefit from an integration of human interaction,
or even collaboration? Instead of designating the designer as a mere bystander
passively observing the on-going fabrication process, these processes might benefit
from incorporating and adapting to human interaction?

30



CO-CREATIVE ROBOTIC DESIGN PROCESSES IN ARCHITECTURE

1.1.3. Creativity, Exploration and Intention

If one looks back at the architectural design process and compares the established
design modalities, it is apparent that computational design and robotic fabrication
has changed and extended the creative process by allowing for an exploration of
cyber-physical systems. Based on the brief overview given above, it is evident that
the field of robotic architecture is a breeding ground for technological advancements
and growing material sensitivity. But the showcased projects also features very
complex design systems in which negotiating between several complex processes,
both computational and physical, takes place. The form of creativity occurring with-
in these robotic fabrication processes seems to be of another character than the
one taking place during hand sketching or manual building of physical models and
prototypes - both modalities allowing for dynamic “what-if” conjecturing. Especially
during the early phases of the creative design process, the option of pursuing various
conjectures is a vital aspect. To critically investigate how robotic fabrication might
support the creative processes of early design exploration, it is essential to not only
clarify the technological implications but also to understand the cognitive aspect of
creativity. In addition to uncovering what creativity is, identification of how to extend
this creativity into design thinking is critical for the proposal of suitable robotic-based
design methods.

Turning to the field of cognitive science, Research Professor Margaret A. Boden seeks
to uncover the nature of human creativity by drawing on examples from artist and
scientist, as well as computing models from the field of artificial intelligence (Boden,
2004). Boden’s identification of two different senses of creativity, as well as three
forms of creativity, allows for critical insight into the cognitive processes occurring
during creative moments. Boden’s work thereby helps to clarify the type of creativity
that could potentially be supported through the proposal of robot-based design
methods and how one might address the evaluation and possible segregation of
creative design processes.

When engaging in any type of creative work, be it painting, handcrafting, gardening,
or cooking, a particular sensation of losing time and place might occur. This very
positive experience can be characterised by high levels of intrinsic motivation, most
evident when engaging in challenging activities. This subjective phenomenon was
investigated by Professor of Psychology and Management Mihaly Csikszentmihalyi,
labelling it a ‘flow’ experience. Flow research, pursued throughout the 1980s and
1990s, was developed into a clear concept with a well-defined set of conditions and
characteristics. The concept of flow went through several iterations ending up being
defined as "the balance of challenges and skills when both are above average levels
for the individual” (Nakamura and Csikszentmihalyi, 2005). The concept of flow can
thereby be understood as a specific balance between action opportunities (challeng-
es) and action capabilities (skills). Through a strengthened focus on this balance, flow
experience could be deployed as both a guiding principle for the development of
robot-based design methods and as a benchmark for evaluating the resulting design
processes.
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Figure 1.4.

Model of the proposed human-robot design system visualising the information flow between
human designer, computational framework, robot, and the physical object/material.
Diagram by Mads Brath Jensen
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1.2 Human-Robot Design Systems

To address and clarify the potential challenges and opportunities related to the
investigation of robotic fabrication and human-robot interaction and collaboration
strategies, a closer examination of the required elements and their potential relations
is necessary. Inspired by previous work in robotic fabrication, as referred to above,
and based on the previous experience that drives the research motivation, the model
in figure 1.4 represents the essential elements and information flows needed to
establish a human-robot design system. The proposed model of the human-robot
design system is deliberately kept simple to focus attention the overarching features.
However, it is essential to appreciate the fact that each of the four main elements
(human, robot, computational framework, and the physical object) are comprised
by multiple systems and sub-processes stretching into other knowledge domains.
Identifying these subordinate systems and uncovering the processes they contain
and those they impact upon, is crucial to the inquiry into suitable methods for hu-
man-robot design exploration. Investigating the creative impact of engaging with a
human-robot design system thereby require an inquiry into aspects of a technical,
material, computational, creative, and explorative nature. As not all of these aspects,
or their relevance, are known in advance, it is believed that the best method of in-
quiry involves the design, construction, and exploration of such human-robot design
systems.
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1.3 Hypothesis and research questions

To address the questions and concerns raised throughout the introduction, the thesis
seeks to construct a hypothesis that articulate the premises of the following research
endeavour. Based on the research motivation, the hypotheses, together with the
more detailed set of research questions below, frames the specific subjects of the
study as well as the appropriate research activities and techniques.

Robotic fabrication, supported by cyber-physical frameworks for
interactive and collaborative processes of human-material-robot
making, can support and enhance the creative exploration of design
modelling and design making in architecture.

Based on the hypothesis, the thesis seeks to investigate the following subjects:

Q1. How can interactive and collaborative robotic fabrication
contribute to the creative ‘co-evolutionary’ design process?

In answering this question, it is necessary to consider the impact that such explor-
ative design methods might have on the creative human mind:

Q2. How are creative cognitive design processes influenced by
interactive and collaborative real-time human-material-robot
processes in architecture?

And, how the proposed design methods might influence and merge with existing
design modalities:

Q3. What impact does the integration of interactive and collaborative
robotic fabrication have on the existing methods and processes
supporting creative design exploration?

Robotic fabrication is primarily driven by technological advancements regarding both
hardware and software. Although visual programming environments and available
software tools have made robots more accessible for architects, it is important to
consider if the technological workflows inherent to the proposed robotic fabrication
methods might inhibit design exploration for specific user groups. Therefore it is
essential to ask:

Q4. What skills and knowledge-sets are required of designers to adopt

and implement these technological advancements and their
accompanying design processes?
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All of the questions above rely on the realisation and critical evaluation of cy-
ber-physical frameworks and the interactive and collaborative design processes they
might afford. For that reason, it is pivotal that the project is capable of answering the
following question:

Q5. What are the requirements for a robot-based design framework
that support interactive and collaborative design processes, and
how might this design framework be constructed?

The main motivation of the thesis stems from the potential of re-introducing hu-
man involvement during on-going fabrication processes. The design processes are
thereby likely to entail scenarios of human-robot interaction and collaboration made
possible through the affordance of a sensing and reacting robotic co-worker. The
standard human-to-human design communication thereby needs to be reimagined
for questions regarding human-to-robot design communication to be answered:

Q6. How can design variations, proposals, and intentions, generated
by the computational design algorithm, be applied to the cognitive
design creation of the human designer?

1.4 Objective

As a consequence of the initial motivation, the hypotheses and the more detailed
research questions, the general objective of the PhD project is to study how architec-
tural design ‘solutions’ and design ‘problem’ processes can be investigated through
co-creative robotic fabrication frameworks, which allows for robot-based design
methods and processes that respond to human and material behaviour.

On an applied level, the specific objective is to formulate, construct and showcase
design methods and design procedures for establishing a direct relationship between
the intuitive design processes of the designer and the analytical robotic based
evaluation and actuation properties. Construction of the design methods is treated
as a continual process centred around the conduction of experiments, involving
both prototypes and full-scale demonstrators. The design studies are also critical in
understanding how instrumental/informative feedback on design variations can be
proposed and implemented in interplay with human design decisions.
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1.5 Structure of the Thesis

This thesis is written as a collection of papers comprising two peer-reviewed journal
papers (Appendix B and D) and three peer-reviewed conference papers (Appendix A,
C, and E). The thesis follows a model in which knowledge is produced through design
experimentation and where each forthcoming design study influence one another in
sequence. To maintain this sequence, each of the five design studies, disseminated
through individual papers, are presented in chronological order. The sequence of
papers thereby mirrors the progression of the design studies and their contribution
to the overarching research inquiry. Likewise, as each design study challenge the
initial research questions, the papers also demonstrate a continuous re-framing of
the foundations of the research itself.

Chapter 1 presents the research motivation and outlines how recent technological
developments in the field of robotic fabrication are bridging the gap between design
modelling and design making. These new possibilities, along with internal motiva-
tion, drives the presented hypothesis and the research questions.

Chapter 2 elaborates on the research position and the research design, the latter
explaining how a Research-through-Design approach is being implemented and how
experimental activities are given a pivotal role during the project.

Chapter 3 outlines the scope of each of the four domains within the proposed design
system (see figure 1.3) and elaborates on the theoretical and methodological field
associated with each domain. The chapter, seeking to investigate the creative impact
of merging these domains into a seamless methodological framework, also attempt
to identify existing and potential connections between them.

Chapter 4-6 seeks to answer the research questions through a presentation of the
five design studies, each with references to the published/submitted papers. Chapter
4 presents the first two design studies categorised under the heading ‘Informed
Robotic Design Exploration’. Chapter 5 presents the third and fourth design study
categorised under the heading ‘Interactive Robotic Design Exploration’. And last,
chapter 6 presents the fifth and final design study categorised under the heading
‘Collaborative Robotic Design Exploration’.

Chapter 7 intends to present the overall conclusion of the thesis. It includes a sum-
mary of the experimental findings followed by answers to the research questions,
and finally, a reflection on the results and suggestions for future work.
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2.

Research Design
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Before presenting and arguing for the choice of research design employed in this
thesis, it is essential to clarify what research is. In general, research can be defined as
“systematic enquiry whose goal is communicable knowledge” (Archer, 1995). From
this definition, two aspects need further attention. First, the inquiry has to be sys-
tematic; it has to be pursued according to a specific plan. This aspect underlines the
importance of consciously focusing ones attention on particular information which
is extracted from lived experience, and categorised and analysed in a particular way.
According to Groat and Wang, this demarcation of information implies that “all
research is reductionist in some form or other.” (Groat and Wang, 2013). Second, the
findings of the research enquiry have to create knowledge, and that this knowledge
must be communicated so that others can appreciate it.

In defining the terminology of research design (or strategy), Groat and Wang refer to
a passage in which Robert K. Yin states that “an action plan for getting from here to
there” (Yin, 2003), with ‘here’ referring to the research questions and ‘there’ to the
findings and their conclusion. This definition points toward a linear process in which
the precise steps towards ‘there’ can be plotted before the research journey begins.
However, to address the presented research questions, the project embarks on an
explorative investigation to gain new insights about the creative impact of human-ro-
bot design processes. Yet to investigate the specific phenomena, it has to be created
first. Not until the phenomena is created can it be critically observed. Philosopher of
science lan Hacking, advocates for the creation of phenomena as an essential role of
the scientific experiment and argues for the creation of phenomena as the potential
pivot of research capable of creating new insights and plotting potential trajectories
for further studies (Hacking, 1983). Hence, the ability to support drifting (Redstrom,
2011) or the pursuit of alternative opportunities (Krogh, Markussen and Bang, 2015)
revealed through critical observations of created phenomena is an essential element
of the proposed research strategy.

This chapter elaborates on how the thesis positions itself within existing categories
of design research, followed by a presentation of the research design, in which the
strategies and tactics employed to answer the research questions are argued.
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Systems of Inquiry

Schools of Thought

Strategies

Tactics

Figure 2.1.

The methodological practices of strategies and tactics are
framed by broader systems of inquiry and schools of thought.
Diagram based on (Groat and Wang, 2013). Diagram redrawn
by Mads Brath Jensen.
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2.1 Research position

To specify a set of applied models and methods that enable and support design
processes through human-robot co-creation, the thesis is anchors in architecture
with connections to computational science, engineering science and psychological
science. With the project working across these scientific fields, tapping into each of
the respective knowledge fields, the research work incorporates the epistemologies
from both quantitative and qualitative science. A positivistic mode of research influ-
ences the investigation of physical properties, apparent during the examination of
materials and when dealing with processes of robotic systems, both situations treated
through objective measurements that assume to reflect reality. On the other hand,
when investigating the design method’s influence on creative cognitive processes,
a constructivist perspective is employed, adopting a subjectivist epistemology in
which knowledge emerges as the author, and in some studies also the test subjects,
create an understanding of the specific design situation (Groat and Wang, 2013). The
studies conducted in the thesis are all based on this integration and simultaneous
employment of qualitative and quantitative methods.

As the objective of the thesis calls for the formulation, implementation and evalu-
ation of new design methods, the project relies on the construction of digital and
physical prototypes, and thereby depends on practical investigations of experiments
performed by the author. According to Archer, these explorations can be categorised
as Action Research (Archer, 1995), which he defines as the “Systematic investigation
through practical action calculated to devise or test new information, ideas, forms
or procedures and to produce communicable knowledge” (Archer, 1995). Carrying
out research activity through experimental work does, however, imply that the in-
vestigator interferes directly with the investigated situation, thereby ruling out truly
objective argumentation of the findings. The established research design, therefore,
has to make specific reservations towards the evaluation and generalisation of the
research findings.
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Figure 2.2.

The Constructive Design Research (CDR) model, depicting the constant refram-
ing of the research activities centred around conducted experiments. The mod-
el is based on the work of (Bang et al, 2012.). Diagram by Mads Brath Jensen.
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2.2 Research Design

In the terminology of Groat and Wang, research design is situated within a con-
ceptual framework consisting of four frames, as seen in figure 2.1. The outermost
frame refers to the System of Inquiry which describes the researcher’s worldview,
the assumptions about the nature of reality. These assumptions, as described above,
basically distinguish between two systems of understanding, or belief systems: quan-
titative and qualitative; the first assuming an objective reality in which everything
can be measured or weighted (a positivistic view) and the second assumes that
multiple subjective realities can be socially constructed (Groat and Wang, 2013). The
next frame, referring to the “Schools of Thought”, represents the existence of a the-
oretical perspective, that if adopted, is likely to influence the framing of the research
question and the choice of analysis (Groat and Wang, 2013). For the definition of the
last two frames, Groat and Wang have adopted the distinction between Strategies
and Tactics, as used in military contexts. The choice of strategy thereby refers to
the overall plan of the research inquiry, synonymous with the term research design,
whereas tactics refer to the selection of specific techniques such as data collection,
literature review, performance analysis. Within each of the four concentric frames,
multiple choices exist, and although making a specific choice in one frame does not
predetermine one’s choices in another frame, Groat and Wang underlines the impor-
tance of coherence and continuity across the four frames (Groat and Wang, 2013).

As mentioned above, the work presented in this thesis is carried out through the
medium of design activities, focusing on the methodology of Research-through-De-
sign (Frayling, 1993; Archer, 1995). This research approach, lately also referred to as
Constructive Design Research (Koskinen et al., 2012), advocates for design research
being performed through experimental work, i.e. by creatively making objects,
interventions, or processes, and evaluating them in the context for which they are
developed, with the purpose acquiring knowledge (Bang et al., 2012). Thus, to de-
scribe and argue for the chosen research design, a recent model proposed by Bang
et al. is applied.

In their recent work, Bang et al. suggest correlating the scientific processes in
Research-through-Design with those applied to other research fields, thereby
adopting recognised terms to describe the process of knowledge creation (Bang et
al., 2012). In their effort to describe constructive design research, they propose a
model in which the design experiment has a pivotal role. As shown in figure 2.2,
the model, from now referred to as the CDR model, describes a constant reframing
of the research activities centred around conducted experiments. The CDR model
simultaneously depicts a deliberate hierarchy between Motivation, Hypothesis, and
Research Question, based on the conception that “developing a hypothesis happens
on the foundation of a clear motivation, after which a narrower research question
can be put forward and criteria for evaluation can be found and used” (Bang et al.,
2012). The last but most important element in the CDR model is knowledge, which
is to be disseminated when research has met the defined evaluation criteria. A vital
aspect of the CDR model is the type and directionality of the interlinking arrows.
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Deduction:

WHAT + HOW leadsto ?

Induction:

WHAT + ? leadsto RESULT

Abduction 1:

? + HOW leadsto VALUE

Abduction 2:

? + ? leadsto VALUE

Figure 2.3.
The role of deduction, induction, and abduction in design. Based on (Groat and Wang, 2013).
Diagram by Mads Brath Jensen.
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One set of single-headed arrows reveals the continuous cyclical process of reframing
the research work, and the other set of double-headed arrows illustrates the exper-
iment’s capacity of informing (and being informed) by every level of the research
process (ibid). The CDR model thereby facilitates drifting, or the pursuit of alternative
opportunities, based on the insights gained from experimental work.

A typology of experimentation

To ensure proper investigation of the ill-defined problems presented in the introduc-
tion chapter, the project seeks to establish a research process in which knowledge
production is based on insights gained from experimental activities. In doing so, it is
essential to clarify how the pursuit of new insights take place and how the experiments
are combined. To describe different ways of drifting in Research-through-Design,
Krogh, Markussen and Bang describes five different models of knowledge production
through design experimentation: Accumulative, Comparative, Serial, Expansive, and
Probing (Krogh, Markussen and Bang, 2015). Although not representing an exhaus-
tive list, their definition of the Serial method is very much in line with the explorative
approach of this thesis. According to Krogh, Markussen and Bang, the Serial model is
defined by design experiments being “carried out in a certain order or logic of locality
determined by how neighbouring experiments in a sequence influence one another”
(ibid, p. 45). With design experiments following each other in chronological order,
successive experiments are not only framed by potential solutions or made possible
due to the accumulated knowledge but are also motivated based on the identifica-
tion of new problems. Evaluation of each discrete experiment should, therefore, be
based on both the generation of novel solutions and its ability to aid the identifica-
tion of relevant problems. Complying with the Serial model, the knowledge acquired
during an experimental study adjusts and reframes the motivation, hypothesis, and
research questions of its predecessor.

Motivation and hypothesis

The project comprises a sequence of five discrete experiments that progressively
investigates and identifies new problems and potential solutions. The starting point
for this sequence of experiments does not originate in a specific problem but rise
from a motivation of exploring the potential advantages in establishing co-creative
human-robot design exploration. As such, the motivation contains both the argu-
ments of why the research is relevant to the researcher (internal relevance) and
society (external relevance) (Bang et al., 2012).

Following Abraham Kaplan’s argumentation for an appreciation for the role of intu-
ition in the generation of a hypothesis (Groat and Wang, 2013) this work views the
hypothesis statement as based on intuitive ideas, emerging from previous knowledge,
observations, evaluation of experimental work and reviews of relevant literature.
The thesis also regards the hypothesis statement as a process of abductive reasoning
with the purpose of framing and guiding the research questions (Bang et al., 2012).
In doing so, the work engages with the specific form of abductive reasoning that
design researcher Kees Dorst refers to as ‘Abduction-2’ (Dorst, 2011). According to
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Dorst, abductive reasoning appears in two forms: ‘Abduction-1’ and ‘Abduction-2’, as
visualised in figure 2.3. In ‘Abduction-1’ we are only missing the ‘what’ (an object,
a service, a system) from the equation ‘what + how, leads to value’, and so repre-
sent a form of ‘closed’ problem-solving. In ‘Abduction-2" only the aspired ‘value’ is
known, so the challenge is to create the ‘how’ (the working principle) and the ‘what’
(object, service, system) in parallel (ibid, p. 524). This challenge, as stated above, is
approached through the strategy of framing, a term defined as: “the creation of a
(novel) standpoint from which a problematic situation can be tackled” (ibid, p. 525)

Design Experimentation

The design experiment defines the core research activity within this thesis - utilised
as a vehicle for reframing both the research questions, the hypothesis, and the moti-
vational aspects associated with the internal relevance of the research. Referring to
the CDR model, this thesis does not use experiments to substantiate or falsify a tem-
porary hypothesis, but rather to inform or question it through processes of abductive
reasoning, as described above. The act of hypothesising and experimenting thereby
becomes a “direction providing” design activity (Bang et al., 2012) that supports a
continuous exploration and evaluation of potential challenges. This orientation to-
wards the engagement with physical experiments as a means of knowledge creation,
is, according to philosopher of science Manual De Landa, an essential aspect of the
experimentalist approach:

”“In learning by doing, or by interacting with and adjusting to mate-
rials, machines and models, experimentalists progressively discern

what is relevant and what is not in a given experiment.” (de Landa,
2013)

The learning situation described by De Landa parallels the experimental design pro-
cesses established in this thesis, in which interaction with physical materials, robotic
arms, and computational models combines the act of making with the construction
of knowledge. The design experiment thereby supports knowing-through-action
(Dalsgaard, 2017), the intertwining and co-evolving of thinking and doing, which
according to design researcher Peter Dalsgaard, is one out of five qualities of what
he labels as the instruments of inquiry; the other qualities referred to as perception,
conception, externalisation, and mediation (ibid.). Dalsgaard’s conceptualisation of
instruments of inquiry is based on Dewey’s description of inquiry:

”...the controlled or directed transformation of an indeterminate
situation into one that is so determinate in its constituents distinctions
and relations as to convert the elements of the original situation

into a unified whole... The resolution of a problematic situation may
involve transforming the inquirer, the environment, and often both.
The emphasis is on transformation.” (Dewey, 1938)

According to Dalsgaard, this transformation of the inquirer and the environment
is facilitated and affected by the use of tools and technological developments. The
work conducted in this thesis, relies on the development of new tools for exploring
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and transforming the indeterminate situations, and thereby embrace and responds
to the constraints, or the ‘dual side’ as Dalsgaard refers to it, of instruments of
inquiry, namely that the tools not only extents our capabilities, but also influence
our understanding and perception of a situation (Dalsgaard, 2017). During design
experimentation, the conceptualisation of instruments of inquiry is employed as
a framework for supporting the development of novel tools, and their associated
methods, and as a way of understanding the role of the proposed instruments within
the domain of research inquiry and design creativity.

Besides the instrumental aspect of the research inquiry, the research design also
appreciates the importance of the physical objects of the experiments and recognise
these as a valid form of knowledge. Robotic fabrication of material prototypes is key
to this research endeavour. As the generation of design solutions is, among others,
driven by factors concerning environmental performance and contextual specificity,
the design outcome is intended to function in the real world. For this reason, much
emphasis and research time are assigned to the fabrication of full-scale demonstra-
tors and their exposure to the intended contexts.

As described above, the thesis, as a means of knowledge creation, constructs a
series of experimental studies. To uncover the potential influence of human-robot
design exploration on creative design processes in architecture, the thesis pursues
a strategy in which the experimental studies alternates between author-driven
and student-driven design processes. Through this strategy the thesis focus on
alternating between subjective and objective observations, an approach adopted
to evaluate the robot-based design processes better and to uncover the potential
impact of diverse levels of design experience (expert and novice). By conducting
two types of studies, the thesis also permits a comparison between two different
approaches towards robot-based design exploration. In the first approach, the expert
designer in a parallel and feedback-oriented process both develops the human-robot
design methods and utilise these methods for exploring design processes and their
solutions. In the second approach, the novice design students are asked to follow
a proposed human-robot design method and develop design solutions within the
constraints of the given problem-space. By conducting the latter approach through
the teaching environment of the design studio, the mutual problem investigation
between the researcher and the students provides a forum for speculative ideas
within a short, but intensive, period (Roggema, 2016).

Observations

As mentioned above, knowledge acquisition is approached through two distinct
approaches — author-driven and student-driven design experimentation. This allows
for two perspectives on the investigation of the research objective and at the same
time demands that the design researcher alternate between two distinct types of
observation.

During author-driven design experimentation, the focus is on identifying the barriers
and enablers of the creative design process and how the construction of human-robot
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design methods might take these findings into account. In such explorative design
investigation, a specific kind of observation is required. According to Hacking, the de-
sign researcher is “not the ‘observer’ of traditional philosophy of science, but rather
the alert and observant person” (Hacking, 1983). The observer must, therefore, focus
on identifying the unexpected, the errors, and the processes that bring new learning
or distort what was already thought to be known. This entails that during the iterative
process of constructing, testing and observing design experiments, emphasis should
be placed on “the mechanisms by which this might be occurring, rather than how
much it is occurring” (Robertson and Radcliffe, 2009).

In the student-driven design studies, the role of the observer is deliberately more
distanced from the design process. As suggested by Robertson and Radcliffe, it is
essential to focus on the qualitative aspects of the design process, which can be
ensured through qualitative observations performed by the author, a strategy that is
applied and discussed in Design Study 2 (Chapter 4). However, it is also believed that
triangulation between subjective observations, data-gathering, and questionnaires
constitutes a strategy that affords a more nuanced insight into the cognitive design
processes of the human designer, while still accounting for the more data-driven
aspects of robotic co-creation. Based on an appreciation of the interplay between
subjective and objective processes in human-robot design exploration, Design Study
4 (Chapter 5) employs a triangulation of qualitative user observations, question-
naires, and quantitative logging of individual student design processes.

Evaluation

As discussed above, critical observations of the design processes, both author- and
student-driven, enabled by the construction of co-creative human-robot design
methods, is one of the evaluation methods employed to assess the design methods
and frameworks proposed during the thesis. However, the design methods and
frameworks themselves are also seen is as tools for evaluation. The proposed co-cre-
ative design methods, enabling explorative processes of parametric-driven variation
and robotic-based fabrication, allows for continual assessment of design solutions
and are thereby also seen as tools for evaluation. While the making and evaluation of
such digital and physical prototypes allow for an understanding of the relationships
between processes related to generation, simulation, evaluation, fabrication, and
assembly, the physical establishment of full-scale demonstrators acts as a critical ob-
ject for evaluation as it allows for post-construct analysis and evaluation in a specific
context.

Seeking to establish a research process in which knowledge production is based on
insights gained from experimental activities, it is essential that the proposed co-cre-
ative design method, design tools, demonstrator and the student-driven design
processes, are all evaluated and discussed in relation to their potential for driving
further research inquiries.
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2.3 Results and dissemination

The findings of the research inquiries are presented and discussed based on five
design studies conducted within the period of the PhD project. Each design study has
been disseminated through peer-reviewed channels; Design Study 2 and 4 through
journal papers (Appendix B and D), and Design Study 1, 3, and 5 through conference
papers (Appendix A, C, and E). The findings and discussions presented in this thesis
targets researchers, designers, and architects either working or interested in the
field of robotic architecture, creative design thinking and computational design. As a
result, the work has been disseminated through journals and conference supporting
these research fields.

The structure of the research design follows a serial method in which identified
problems and their potential solutions frames and motivates successive design ex-
periments. As this is an intrinsically non-linear research process, the findings do not
converge towards a single solution and an indisputable result, but as a consequence,
the results of the thesis constitute a documentation of a process. In conveying these
design processes, the knowledge revealed in prototypes and demonstrator is crucial,
and as a result, much attention has been allocated towards the exhibition of this
scientific work.
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3.

Fields and Domains
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As described in the Introduction chapter, the general objective of the PhD project
is to investigate, formulate and evaluate design methods that facilitate co-creative
human-robot design exploration. This research agenda is pursued by carrying out
inquiries within a network of distinct knowledge fields comprising human cognition
and creativity, technological advancements in robotic simulation and fabrication,
architectural performance aspects, design thinking, computer science, and sen-
sor-based feedback systems. As illustrated through the model in figure 1.4, one can
conceive the scope of this multidimensional field as a framework consisting of four
general domains, each associated with an existing research field.

To investigate the creative impact of merging these domains into a seamless method-
ological framework, it is crucial to accumulate relevant theoretical and methodolog-
ical aspects associated with each field, and equally important, to clarify existing and
potential connections between them. As the majority of the research investigation
is located in the development of the computational framework and the means with
which it supports creative design processes, the following chapter concentrates on
attaining relevant theoretical and methodological knowledge, first from the field of
Design Thinking and Creativity, and then from Computation in Architecture. The field
of Creative Robotics, briefly presented in the Introduction chapter, is also discussed
and relevant knowledge concerning the project’s use of diverse material systems is
discussed within the individual design studies presented in chapter 4, 5 and 6.
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PROBLEM analysis

synthesis

evaluation

SOLUTION

Figure 3.1.

Bryan Lawson’s map of the negotiation between problem and solution
through the three activities of analysis, synthesis, and evaluation. Illustration
based on (Lawson, 2005), redrawn by Mads Brath Jensen.
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3.1 Design Thinking

Design, as an activity, is performed by all people, from the simple act of arranging toys
on a shelf, selecting matching clothes for a new outfit, planning the weekly calendar
or preparing exquisite meals. To some degree, these everyday design activities share
some of the same tasks as the ones occurring in the creative activities of professional
designers.

The most simple design tasks often merely involve the selection and combination
of existing items. Most of the daily design activities occur without even being rec-
ognised as a design task. Other design tasks include the creation of new things, which
in exceptional cases are so novel and surprising that they will be recognised, and
perhaps copied by others (Lawson, 2005). However, the last example is much more
likely to occur as a result of the design activities of professional designers. Another
critical difference is that professional designers design for other people. As within
the field of architecture, the design task likely involves a broad set of constraints
and features many unclear and wicked problems, requiring a wide range of skills.
To understand the actual process of designing, the following section elaborates on
current design methods and theories and how computational processes can support
these.

3.1.1 A Formal Model of Design Exploration

As hinted above, the professional designer is often confronted with design tasks that
contain ill-defined problems and features large sets of constraints 