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Abstract

The development and dissemination of computer-aided modelling tools in

the last two decades have enabled architects to design with complex, often

double curved, geometry. In order to convert these digital data sets into

the physical reality, digital fabrication technology has become crucial and, in

turn, has stimulated the �eld of architectural geometry. However, commonly

used digital fabrication methods are still time- and material-ine�cient in

producing bespoke double curved surfaces, generating the need for alternative

solutions.

This thesis develops around a multi-robotic hot-wire cutting technique, that

allows to signi�cantly expand the set of possible hot-wire cutting geometries.

In contrast to standard computer-controlled hot-wire cutting processes, in

which the cutting medium remains straight, this technique modulates the

curvature of the hot-wire, which adopts itself against the resistance of the

processed material. This allows to produce a particular family of double-

curved surface geometries: sweep surfaces de�ned by the motion of an alter-

ing pro�le curve along two guide curves. While the technique's principle is

simple, its implications comprise to momentarily react and adapt to occur-

ring forces, which dynamic change determine the overall form being cut.

The aim of this thesis is to develop methods and techniques that allow to

control this cutting technique and to foresee its outcome. Knowledge is

acquired directly from the physical form-�nding process and implemented in

a respective digital model. The thesis investigates material- and fabrication

process-related constraints, correlations between operating physical factors,

such as heat input, cutting speeds, resulting cutting forces and wire shape. It

develops and validates suitable design, simulation and fabrication techniques

and examines possible architectural applications, such as the time-e�cient

production of formwork components at full architectural scale.

The work is built upon the hypothesis that the integration of digital de-

sign and simulation techniques with adaptive control strategies can not only
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lead to e�cient manufacturing procedures, but can also yield unique formal

vocabularies in placing materiality as an a priori agent in the formulation

of architectural building elements. As such, the thesis investigates topics

that are generally relevant for digital fabrication processes with complex or

non-linear behaviour and contributes to fabrication-aware design methods at

large.
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Zusammenfassung

Die Entwicklung und Verbreitung von computergestützten Entwurfswerkzeu-

gen in den letzten zwei Jahrzehnten haben es Architekten ermöglicht, komple-

xe, oft doppelt gekrümmte, Geometrien zu entwerfen. Infolge der Notwendig-

keit, diese digitalen Daten in die physische Wirklichkeit zu überführen, haben

auch digitale Fabrikationstechnologien an wesentlicher Bedeutung gewonnen

und wiederum dazu beigetragen, das Forschungsfeld der architektonischen

Geometrie zu fördern. Jedoch ist die Produktion von doppelt gekrümmten

Flächen durch herkömmliche digitale Fabrikationsmethoden noch immer zei-

tintensiv und mit grossem Materialverbrauch verbunden, warum gegenwärtig

nach e�ektiveren Alternativlösungen geforscht wird.

Im Zentrum der vorliegenden Dissertation steht die Untersuchung einer spe-

ziellen robotischen Heissdraht-Schneidetechnik, die das Spektrum bekannter

Schnittgeometrien massgeblich erweitert. Im Gegensatz zu herkömmlichen

computergesteuerten Heissdraht-Schneideverfahren, bei denen das Schneide-

mittel geradlinig bleibt, steuert diese Technik die Krümmung des Heissdrahts,

der sich dem Widerstand des bearbeiteten Materials anpasst. Dies erlaubt

die Erzeugung von speziellen doppelt gekrümmten Flächen, die durch die

Bewegung einer sich verändernden Pro�lkurve entlang zweier Leitkurven de-

�niert werden kann. Obwohl der Prozess auf einem einfachen Prinzip beruht,

erfordert er eine kontinuierliche Reaktion und Anpassung an die vorkommen-

den Kräfte, deren dynamische Veränderung die gesamte geschnittene Form

bestimmen.

Das Ziel der Arbeit ist es, Methoden und Techniken zu entwickeln, die es

erlauben, die Schneidetechnik zu kontrollieren und das Ergebnis vorherzu-

sehen. Dabei werden Kenntnisse direkt vom physischen Form�ndungspro-

zess erworben und in einem entsprechenden digitalen Modell implementiert.

Es werden material- und prozessbezogene Bedingungen untersucht und Ver-

hältnisse zwischen den vorkommenden physischen Faktoren, wie Wärmezu-

fuhr, Schnittgeschwindigkeiten, resultierende Schnittkräfte und Krümmung



iv

des Heissdrahtes, ermittelt. Zudem werden Entwurfs-, Simulations- und Fa-

brikationstechniken entwickelt und mögliche architektonische Anwendungen

untersucht, wie etwa die Produktion von Schalungselementen im architekto-

nischen Massstab.

Die Dissertation basiert auf der Hypothese, dass die Verknüpfung von digi-

talen Entwurfs- und Simulationstechniken mit adaptiver Kontrolle nicht nur

zu e�zienten Produktionsverfahren führt, sondern auch einzigartige Form-

sprachen hervorbringen kann, in der die Materialität die führende Kraft der

Formgebung architektonischer Bauelemente einnimmt. Die Thesis trägt so-

mit zu herstellungsbewussten Entwurfsmethoden bei und behandelt Themen,

die im Allgemeinen für digitale Fabrikationsprozesse mit komplexem oder

nichtlinearem Verhalten relevant sind.
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1 Introduction

1.1 Background and motivation

Over the last two decades, computation and information technology have

profoundly altered contemporary architecture. Computer-aided modelling

software has enabled architects to design digital models of buildings with

complex, double curved geometries, a�orded by underlying mathematical

concepts and equations. These digital models allow to superimpose a mul-

titude of information about structure, material, etc., enriching the explicit

three-dimensional model with the implicit n-dimensional space of heteroge-

neous, divergent and hybrid information. While these advancements have se-

riously redesigned the role of geometry in architecture [1, 2], increasing acces-

sibility and availability of digital fabrication technology have complemented

the needs to convert these intangible digital representations into physical re-

ality, creating a link between parametric and algorithmic design models and

their materialisation. The thereby facilitated production of non-standard

building structures and envelopes represents a technological shift, parting

from the mechanical age with its standardization and mass-production into

the information age with the serial reproduction of non-identical parts that

di�er through variation [3, p. 99].

Yet, besides the geometric �exibility and versatility that materialisation by

digital means involves, it also entails a multitude of constraints imposed by

the physical limitations that come along with certain machines and materi-

als. Formulated as design drivers1 however, these constraints allow to unfold

the speci�c tectonics of this combination. This development has fertilized

the �eld of architectural design and geometry exploration and has led to an
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revived engagement with craft and material systems, their behaviours and

procedural nature. These are inherently architectural topics2, which today,

can be investigated from a di�erent angle: sensor technologies in combina-

tion with computer controlled machines allow to comprise, react to, and learn

from materials with complex or non-linear behaviour, even in real time. The

resulting feedback-based fabrication processes allow for a synthesis of mate-

rial processes and information technology. Although digital fabrication ma-

chinery existed for half a century, it is through availability and accessibility of

control interfaces, together with the proliferation and adoption of CAD soft-

ware, that these hybrid systems are only recently becoming explored within

the �eld of architecture [4, p. 238]. Amongst others, one of its implication,

compiled in the phenomenon of digital materiality [5], is the dissolving of the

long-established separation between the architects' practice of designing and

the practice of building [6, p. 50]: the physical manipulation of the material

and the fabrication process itself become constitutive elements of the design

process.

Albeit these technical advancements and preconditions, the realisation of

general double-curved building elements, and concrete formwork in particu-

lar, is still a costly endeavour in practice. Therefore, on the agenda of various

industry and research institutions is the investigation of economical and eco-

logical techniques, such as �exible or reusable formwork typologies [7, 8, 9], or

the avoidance of formwork altogether through 3D-concrete printing [10, 11].

In this context also digitally controlled cutting techniques have become pop-

ular in the �elds of architecture, design and construction, since they facilitate

a fast, low-cost and material-e�cient fabrication of non-standard volumetric

elements, o�ering an economic alternative to other commonly used fabrica-

tion techniques, such as CNC milling. These elements are applied e.g. as

inlays for bespoke formwork components and are prevailingly created by the

material subtraction process of thermal plastic foam cutting, in which a hot

cutting medium, generally a wire or blade, is introduced to melt the synthetic

material just in advance of contact. Yet, the range of possible geometries, due
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to the straight cutting medium, is limited mostly to ruled surface elements.

The research presented in this thesis allows to signi�cantly expand the set

of possible hot-wire cutting geometries with a particular hot-wire cutting

technique, of which will be referred to Spatial Wire Cutting (SWC) through-

out the thesis. The technique is based on the principle of escaping from

the straight to a curved cutting medium, that additionally is altered in its

curvature throughout the cutting process. This is performed by two six-axis

robotic arms that are connected through a single hot-wire, which is attached

to their end-e�ectors (see Fig. 1.1). In the cutting procedure, their coordi-

nated spatial movement guides the hot-wire through the processed material

(e.g. expanded polystyrene), which takes up the form of a curve being shaped

through the material's resistance.

Fig. 1.1: Illustration of the SWC cutting procedure: Two robotic arms are mod-
ulating the curvature of the hot-wire, which adopts itself against the resistance of

the processed material [12]

Contrary to other approaches, which are outlined in Chapter 2.1.2, the pro-

cedure operates in transition states between thermal cutting and thermo-

mechanical cutting established through the interplay of velocity and heat.

This generates gradual contacts along the hot-wire to the processed polystyrene
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and subsequently gradual temperatures, as the hot-wire cools through con-

tact. These gradual temperatures, in turn, create variable forces that act

contrary to the moving direction onto the hot-wire, which adapts its form

accordingly. Consequently, the technique exploits the non-linear relationship

between temperature and wire curvature that allows to cut certain double-

curved surfaces, in particular sweep surfaces, which can be described by the

motion of a changing pro�le curve along two guide curves. Hence, the tech-

nique is not only a cutting, but also a form-�nding technique that, in contrast

to common form-�nding methods, searches not for one optimized equilibrium

state of a model, but for successive transitory equilibrium states.

1.2 Research goal

The aim of this research is to expand the geometric possibilities of hot-wire

cutting in investigating Spatial Wire Cutting, a technique that is economi-

cally lean in terms of material use and time consumption. This thesis pursues

the approach of acquiring knowledge from the physical form-�nding process

and implementing its digital counterpart. As such, methods and techniques

are developed that allow to control the cutting technique and foresee its out-

come. It investigates material- and process related constraints, correlations

between operating physical factors, such as heat input, cutting speed, result-

ing cutting force and wire shape. The research targets the exploration of the

procedures' speci�c geometry through a multitude of cutting samples and

a computational simulation that serves both for analysis and designing of

artefacts. Flexible controlling techniques are developed, since it is necessary

to monitor occurring forces and to adapt estimated fabrication parameters

accordingly. Ultimately, the goal is to examine the process' possible archi-

tectural applications, such as the production of formwork components at full

architectural scale.

The thesis builds upon the hypothesis that the integration of digital design

and simulation techniques with adaptive control strategies can not only lead
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to e�cient manufacturing procedures, but can also yield unique and di�er-

entiated formal vocabularies in placing materiality as an a priori agent in the

formulation of architectural building elements. With this exemplary case,

methods and techniques are developed that intend to optimize the relation

between action and re-action, between material, machine and designed form,

within both digital and physical domains. Thus, the thesis investigates topics

that are generally relevant for digital fabrication processes with non-linear

material behaviour and contributes to fabrication-aware design methods at

large.

1.3 Methodology

The above outlined subject matter consequently requires a synthetic, multi-

disciplinary approach that integrates both empirical physical robotic-based

testing and digital simulation-based experimentation. To develop an in-depth

understanding of the speci�c constraints and potentials of the procedure, a

digital counterpart is developed, where information is gathered through the

actual physical model itself.

Pbj

Paj
T

opt   
 t

0

T
opt   

 t
n-1

fi

F (Qeff ) = ae−bQeff

a = 3.187× 102

b = 2.599× 10−3

sensor data analysis and modeling

feasible geometries

physical prototyping simulation and design

Fig. 1.2: Diagram visualizing the applied methodology
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Throughout the thesis four research topics will serve as main, interconnected

threads. Progress and advancement within each is mutually dependent and

therefore they are mostly performed in parallel.

� Machine: the development of adaptive control techniques tailored for

the robotic set-up, tools and sensor devices, that allow to e�ciently

control, but also to capture data from the process

� Material : the de�nition of physical fabrication parameters and con-

straints that are essential to the SWC procedure, the analysis of recorded

data from the process and the modelling of the relationships between

the fabrication parameters

� Form: the computational design and simulation of the procedure both

to explore the formal capabilities and to predict the fabrication vari-

ables

� Application: the validation of the procedure in terms of precision and

predictability and its applicability for architectural purposes

1.3.1 Adaptive robotic control system

The project requires the implementation of control algorithms that process

feedback information directly from the cutting procedure and suitable syn-

chronisation strategies that allow to coordinate both of robots' movements.

Multiple cutting tests are performed to calibrate the robotic control, while

recording sensor data that, together with the actual physical artefact is val-

idated and analysed.

1.3.2 Analysis and modelling of material behaviour

Knowledge of occurring physical entities and their interplay are acquired em-

pirically through repeated and systematic experiments that target the de�-

nition of relationships between heat input, speed, curve shape and material

resistance in dependency to the curvature of the cut surface. Implemented
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into a computational model, this lies out the basis for the design and simu-

lation framework.

1.3.3 Design and simulation framework

The procedure creates a speci�c set of double curved surfaces. In order

to design within this constrained design space, it is necessary to integrate

simulation capabilities into the design environment. Based on the observation

of the physical process, the simulation model is employed to predict the

resulting geometry for analysis and formal exploration and also to improve

the control of the fabrication in emulating fabrication parameters.

1.3.4 Application and validation

The relation and e�ciency between the developed techniques, such as adap-

tive control and simulation, is continuously validated with physical artefacts.

The predictability of the combined design and simulation framework and its

applicability for architectural purposes is evaluated amongst others in work-

shops with students.

1.4 Structure of the thesis

The thesis is structured into �ve chapters. Following this introduction, Chap-

ter 2 covers the state of the art in robotic hot-wire cutting, provides an

overview of the process of thermal plastic foam cutting, reviews previous

work and displays it's application within the architectural domain. Further,

the thesis is contextualised within the �eld of digital fabrication in architec-

ture and gives an overview of precedents in analogue form-�nding.

Chapter 3 represents the developed techniques, tools, methods, and acquired

knowledge about the investigated process. It introduces the above mentioned

topics of the adaptive robotic control system, the analysis and modelling of

material behaviour, and the design and simulation framework. It outlines the
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objectives, challenges and illustrates the results. The chapter is closed with

comparative studies between physical artefact and digital counterpart that

allow for a quantitative veri�cation of the techniques regarding the process'

predictability and repeatability.

Chapter 4 provides the implementation and validation of the developed tech-

niques in regards to their applicability for architectural purposes. It illus-

trates workshop results with students, amongst others the production of

formwork components for façade panels at an architectural scale, and ad-

dresses the topic of how the investigated process can be applied for design

purposes.

Finally, Chapter 5 presents the overall conclusion. It begins with a summary

and discussion on the development and results of the main topics of investi-

gation. Further, it identi�es the contributions, as well as limitations of the

research and gives an outlook on future work.

Notes

1 Kilian introduced four types of constraints that can be used as design drivers: func-

tional, topological, geometrical and quantitative constraints and argues that these play

a key role in triggering design innovation [13, p. 90]. He further mentions constraints

deriving from digital fabrication [13, p. 95].

2 Semper is a famous example, who pushed for a reform of industrial design activities,

advocating that form should be appropriate to the function, the material and the

manufacturing process [14, pp. 7�9]. Another example is Frei Otto, who intensively

explored analogue form �nding methods with a palette of di�erent materials [15].
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2 Context

This chapter serves to embed the thesis in regards to architecture, fabrication

and technology. It is divided into three subsections, of which the objective of

the �rst one is to introduce the state of art in robotic hot-wire cutting in the

�elds of both architecture and mechanical engineering. This serves to display

the application range of Spatial Wire Cutting and outlines the preceding

research this project partly builds upon. However, since the technique di�ers

strongly from the mentioned projects in this context in regards to fabrication

control and geometry creation, the second subsection embeds the technique in

the bigger picture of digital fabrication and refers to other digital fabrication

processes dealing with non-linear material behaviour. The third part of this

contextualisation re�ects on form-�nding within architecture, that allows to

open a di�erent perspective on the procedure. Finally, the chapter closes

with a summary and conclusion.

2.1 Robotic hot-wire cutting

Albeit the manufacturing industry has advanced swiftly in recent decades,

the realisation of non-standard, formally complex building structures and,

in particular, formwork for concrete structures, is still involved with high

building costs3. As a result, the investigation of economical and ecological

techniques is on the research agenda of industry and academia. Topics are, for

example, �exible or reusable formwork typologies , such as adaptive moulding

[7, 8, 9], fabric formwork [16], dynamic slip-casting [17], combining formwork

and reinforcement [18], or the avoidance of formwork altogether by developing

additive manufacturing methods like 3D concrete printing [10, 11]. However,
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one of today's commonly used way to produce generic double-curved concrete

structures is CNC-milling. In this context also digitally controlled hot-wire

cutting techniques, often performed with a robotic arm, have become popular

in the �elds of architecture, design and construction [19, 20, 21, 22], since they

facilitate a fast, low-cost and material-e�cient fabrication of non-standard

volumetric elements.

In terms of production economy and for the fabrication of formwork elements

at an architectural scale, the advantages of robotic hot-wire cutting (RHWC)

over CNC-milling become most evident: Milling is a incremental material re-

moval process, requiring signi�cantly high machining steps and is therefore

a very time- and waste-intensive fabrication routine. Tolerating a rougher

surface could reduce machining hours, however, smooth surfaces may be re-

quired due to aesthetic and practical reasons for the formwork dismantling

process. Hot-wire cutting produces smooth surfaces already through a sin-

gle sweeping motion, and further on the cast product [22], while reaching

the same surface quality with milling requires high machining hours. Ad-

ditionally, the removed material through the milling process is waste, while

in hot-wire cutting the negative part of the cut can be processed further

entirely.

Yet, while the decrease of production time in RHWC is dramatic, the feasible

geometric vocabulary is considerably limited in comparison to the geometric

possibilities of milling. The consequences are that the application of CNC-

milling is either limited to exclusive high-end building budgets, for detailing

tasks and reusable formwork modules in the principle of standardization.

Complex design geometries are post-rationalized and simpli�ed, leading often

to formal restrictions of planar surfaces and geometric derivatives.

This chapter provides an overview over the geometric limitations of robotic

hot-wire cutting, exhibits di�erent set-ups and visualizes its application range.

Further, it gives a state of the art in the �eld of thermal foam cutting me-

chanics, on which this thesis builds upon.
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2.1.1 Ruled surface based design and panelling

A ruled surface can be described as the surface swept by a moving straight

line. This is the basic principle of standard hot-wire cutting, where the

hot-wire, representing the straight line, is moving relative to the work-piece,

resulting in a kerf. Ruled surfaces can be either single-curved (developable

surfaces, like the cylinder, see Fig. 2.1) or double-curved (like the hyperbolic

paraboloid, see Fig. 2.2) and there are multiple ways to physically produce

ruled surfaces apart from wire cutting due to their simple and comprehensi-

ble principle of creation. A famous pioneer in the use of ruled surfaces for his

designs was Antonio Gaudí, who's reference in this thesis is two-fold: Besides

his vast experimentation with ruled surfaces and their intersections, which

actually withdraw from simple comprehensibility, he also used physical com-

putation methods with catenary chain models for form �nding, which will be

a topic in Section 2.3.

Fig. 2.1: Developable ruled surfaces Fig. 2.2: String surface model of a
hyperbolic paraboloid [23]

Gaudí used helicoids, hyperbolic paraboloids and hyperboloids of revolution

for the design of the Sagrada Família [24, p. 25]. Through permutations of

individual parameters of each of these surfaces and their combinations, he

applied a rich formal and structural palette throughout the building, leaving

a legacy to an incredible oevre designed in times without CAD modelling.

Gaudí primarily worked with gypsum plaster for the creation of his models:

For the model of the clerestory window, half of a hyperboloid of revolution is
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formed by rotating a hyperbolic curve around a central pivot while the plaster

sets during the rotation of the pro�le. Multiple thereby created surfaces are

composed together by chipping o� their edges, creating three-dimensional

curves of intersection [25]. The actual full-size moulds for the window were

constructed similarly.

Further famous architects that developed an architectural language of ruled

surfaces are Félix Candela, Heinz Isler, Iannis Xenakis and Frei Otto. Ruled

surface based design is still of interest to contemporary free-form architecture,

due to the practicability of production.

While Gaudí developed his design based on physical ruled surfaces, quasi

pre-processing the constraints of materialisation at large, in today's digital

design process often free-forms are generated that, in the �rst instance, have

not yet incorporated their means of production. Therefore, rationalization of

designed geometries, such as panelling tasks4, have become an important re-

search topic in the �eld of architectural geometry. For example, for the glass

�ber reinforced concrete panels of the façade of the Cagliari Contemporary

Arts Center by Zaha Hadid Architects, hot-wire cutting was intended to be

used to produce the EPS foam moulds for the panels that have been approxi-

mated to ruled surfaces [26] (see Fig. 2.3). Likewise, in the project Fondation

Louis Vuitton by Gehry Technologies (see Fig. 2.4) the curved enclosure of

the building was post-processed and divided into 19 000 custom-shaped pan-

els. Each mould for the glass-reinforced concrete was either hot-wire cut (for

ruled and developable surfaces) or routed (for non-ruled surfaces) [27].

Although theoretically the de�nition of the ruled surface meets the standard

hot-wire cutting procedure, it is important to note here that not all ruled

surfaces can be produced by this technique. Apart from set-up speci�c limi-

tations, tool size, possible intersections with the existing surface object, this

is primarily due to its constrained operating time-frame in the relationship

between temperature and speed, further explained in the next section. For

example, half hyperboloids of revolution, like mentioned before, are critical

to fabricate, because, if the lead angle becomes too �at, the two wire (exit)
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Fig. 2.3: Cagliari Contemporary
Arts Center, Zaha Hadid Architects,

Cagliari, Italy, 2006 [28]

Fig. 2.4: Fondation Louis Vuitton,
Gehry Technologies, Paris, France, 2014

[29]

ends experience a high di�erence in speed, causing high temperature on one

end and melting the foam too much, while on the other end the foam would

be hardly melted due to low temperature.

2.1.2 The process of thermal plastic foam cutting

Thermal plastic foam cutting is the material removal process, in which a heat

source is introduced to melt a synthetic material while advancing, resulting

in a kerf. This heat source, generally a hot-wire or hot-blade, is generated

by passing an electrical current through a resistant material (Joule heating),

metal alloys such as Nichrome, Kanthal or stainless steel. Commonly used

plastic foams for foam cutting are polystyrene foams, because they are in-

expensive, widely available, the low density (less than 60 kg/m3) and their

physical properties make them ideal for the process. The kerf width and the

surface �nish of a cut are determined by the cutting speed, the electrical

power input and the material properties of both the cutting medium and the

plastic foam.

Thermal plastic foam cutting is a well-known technology for manifold ap-

plications. Apart from architectural purposes, outlined in Section 2.1.3, it

is further employed for rapid prototyping purposes and in the production
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Fig. 2.5: Manual fabrication (left) and photo of the installation EPS grotto (right)
from artist Kwangho Lee in collaboration with NAMELESS Architecture, 2013 [30]

of models for the �lm industry, advertising, aero- and hydrodynamic test-

ing and artwork (see Fig. 2.5). Many commercial CNC-cutters5 are avail-

able and the open source community provides instructions and blue-prints

for self-buildable CNC hot-wire cutters6. The following processes developed

within the �eld of mechanical engineering are a selection of the current state

in thermal plastic foam cutting and are mainly developed for rapid proto-

typing purposes. Here, approaches to overcome the geometric limitations of

the process are either only, or combinations of

� layer based approaches, in which the desired geometry �nish is linearly

approximated by layers

� �exible tools that change the cutting shape

� hot cutting tools that mainly carve or sculpt the foam of the work

piece; similarly to clay sculpting

Besides the following projects' di�erent set-ups, they are mentioned since

they investigate the physical factors of in�uence, on which this thesis builds

upon.

2.1.2.1 Variable Lamination Manufacturing (VLM-s)

This patented and commercialized process has been developed at the De-

partment of Mechanical Engineering at the Advanced Institute of Science

and Technology in Korea (KAIST). The VLM-s rapid prototyping process
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employs a four-axis synchronized automatic hot-wire cutter (with a taut hot-

wire) to cut EPS foam sheets with variable thickness, which are consequently

bonded together to form the �nished object. The process includes also a ma-

terial storing and -transport system [31].

(a) Concept of the VLM-s rapid
prototyping process

(b) Relationship between Qeff and kerf width
η according to the cutting angle (x-axis)

Fig. 2.6: Variable Lamination Manufacturing [32]

In the context of the research project, mainly to improve the dimensional

accuracy and part quality, a number of experiments have been carried out

to identify the relationships between the heat input, cutting speed and kerf

width, and, for this project in particular, the cutting angle. The property

e�ective heat input Qeff was introduced and it was concluded, that, within

the experimental range, the relationship between kerf width and the e�ective

heat input is linear (see Fig. 2.6b) [32].

2.1.2.2 Freeform Thick Layered Object Manufacturing (FF-TLOM)

The FF-TLOM technology was developed at the Faculty of Industrial Design

Engineering and Production, Delft University of Technology in the Nether-

lands. The proposed system combines the advantages of layer oriented man-

ufacturing with the speciality of having a �exible cutting tool, a hot-blade.

The research focuses on the decomposition of free-form CAD models into

producible layers and also on the production process, investigating the in�u-

ential parameters of plastic foam cutting with hot blades [33, 34, 35, 36, 37].

The prototypical cutting tool controls the shape of the blade through four

actuators: two stepper motors, which rotate each of the blade's supports and
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two linear slides to change the distance between the connection points (see

Fig. 2.7a). The FF-TLOM technology is most suitable to the production

of objects with slow changes in curvature, since rapidly changing curvature

will require the blade to move transversal. For the fabrication, a six-axis

industrial robot was applied to move the foam slab while the tool remained

in a �xed position. The concept of the �exible blade is also central to the

project BladeRunner, further explained in Section 2.1.3.2.

(a) Prototype of the cutting tool (b) Example of a stacked foam model

Fig. 2.7: Freeform Thick Layered Object Manufacturing (FFTLOM) [36]

2.1.2.3 Freeform Automated Sculpting Technology (FAST)

Research into thermal foam cutting mechanics is also performed at the De-

partment of Mechanical Engineering, University of Canterbury, New Zealand

with implemented systems in publications refereed to as Freeform Automated

Sculpting Technology (FAST) and also Robotic Foam Sculpting (RFS). The

set-up consists of a six-axis industrial robot and hot-wire and hot-blade tools

to sculpt blocks of polystyrene foam similarly to clay sculpting. On the basis

of multiple experimental cutting tests with both hot-wire [38] and hot-blade

settings, Brooks investigated empirically relationships between cutting force,

wire temperature and kerf width, together with observations of the surface

texture [39]. Furthermore, a force-feedback control system was implemented

(using a loadcell and a thermo-couple) that modulated the electrical current

to provide constant tool temperature for the purpose of maintaining both the

surface characteristics and kerf width [40]. Quantitative measurements of the
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surface roughness and form where investigated by Bain [41], who developed

also the model of the relationship between the e�ective heat input and the

cutting force in the steady state, to which this thesis will be referring to and

will further be explained in Section 3.2.2.

(a) Experimental set-up with
straight hot-blade cutting head

(b) Kerf width of hot-wire with and without
force feedback temperature control

Fig. 2.8: Freeform Automated Sculpting Technology (FAST) [40]

2.1.3 Research and application of RHWC in architecture

In the course of the recent shift towards robotic technology in architecture

and construction, robotic hot-wire cutting has become a topic within both

academia and industry. Here, the general set-up for hot-wire cutting consists

of one industrial robotic arm and a conventional end-e�ector, where the

hot-wire is tightly �xed at two points of a custom clamping device. In the

fabrication process, either the foam-block is moved relative to the hot tool or

vice versa (see Figs. 2.9, 2.10) and the set-up can further be extended with

a turn-table. In contrast to research projects from the �eld of mechanical

engineering, the focus within the following projects is more on application

scenarios and geometric possibilities of elements fabricated by the technique.

The method of cutting and associated operations and techniques has its his-

torical precedent in stereotomy, the science or art of stone cutting. From

the Renaissance on, stereotomy described the way of cutting solids into cer-

tain �gures or sections with developable surfaces, for the purpose of building

load-bearing structures such as arches, vaults and domes. The application of
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Fig. 2.9: Set-up used for fabricating
Persicope by Matter Design Studio [42]

Fig. 2.10: Set-up at RMIT Archi-
tectural Robotics Lab, workshop by

Robots in Architecture [43]

RHWC in architecture can be clustered into three di�erent research �elds:

First, the investigation of the volumetric possibilities and the assembly of

cut elements for temporal building structures similar to stereotomy, second,

the fabrication for formwork purposes and third, the combination of using

both the thermal insulation properties of the foam as well as its form-giving

capabilities for composite elements.

2.1.3.1 Temporal building structures

The RDM vault was a collaboration between the research group Hyper-

body (TU Delft), Block Research Group (ETH Zurich) and ROK (Rippmann

Oesterle Knauss GmbH) [44] exploring the joint approach of designing and

fabricating vaulting structures (see Fig. 2.11), which consisted of the aggre-

gation from several dissimilar hot-wire cut foam components, also topic of

investigation in [20, 21]. Foam vaults have similarly been explored in the

project Light-Vault [45] from Tongji University and Schwartz's Automated

FoamDome #1 and #2 [46]. In the installation Persicope by Matter De-

sign Studio, the fast process of robotic hot-wire cutting allowed to build a

15m tall tower of foam within a two-week construction window, assembled

by fabricated mass-customized masonry units [47, 22]. In comparison to the

aforementioned vaults, in which the elements were three-dimensionally hold

in place, these large units were stacked in layers building a volumetric tower.
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Fig. 2.11: RDM vault, TU Delft,
Netherlands, 2012 [44]

Fig. 2.12: The Catenary Pavilion, Gra-
mazio Kohler Research, Langenthal,

2010

Another potential of joining robotically cut foam elements was investigated

at the installation The Catenary Pavilion (see Fig. 2.12) from Gramazio

Kohler Research (ETH Zurich) and further, in the elective course The In-

terlocking. Here, custom interlocking elements were fabricated and allowed

for a constructive equilibrium during the assembly of the di�erentiated foam

structures [48, pp. 224-237].

2.1.3.2 Casts and formwork

In the project Opticut, resulting from a research partnership between Aarhus

School of Architecture, TU Delft's Hyperbody's Robotics Lab and the com-

panies Odico Formwork Robotics and Hi-Con, the potentials of topology-

optimised spatial structures were explored. The formwork was fabricated

with RHWC and casted with concrete [49] (see Fig. 2.13). The research

group of CEAU/FAUP at the University of Porto, Portugal developed di�er-

ent panels in concrete by applying several sweep cuts onto one single foam

block to create a closed mould [50] and thus explicitly pro�ting from the

positive and negative parts of a cut. Similarly, the Institute of Architecture

and Media (TU Graz, Austria) investigated the cutting of formwork of a sin-

gle block for column-like concrete structures and further explored pre-shaped

hot-wire tools [51, 52]. A research workshop at the Massachusetts Institute

of Technology by Cli�ord focused on robotic cutting with hot-knifes (using
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semi-circular and 'J'-shaped blades) to carve negative geometries from EPS

foam and then used to mould a glass-�ber reinforced gypsum column [53].

Fig. 2.13: Project Opticut: Formwork (left) and casted prototype (right) [49]

Fig. 2.14: Robotic arm cutting large scale moulds at Odico Formworks Robotics
[54]

As apparent in the projects named above by Zaha Hadid Architects and

Gehry Technologies (see Figs. 2.3, 2.4), architectural scale works in favour

of RHWC, since the limitation to ruled surfaces becomes less of an issue if a

greater surface area allows for a satisfactory approximation. The aforemen-

tioned company Odico Formworks Robotics [55], founded in 2012, grew out

of academic research at the Hyperbody TU Delft research group. Their focus

is to apply the RHWC technology also for larger industrial and architectural

applications (see Fig. 2.14), such as the Kirk Kapital headquarters in Vejle

designed by by Danish-Icelandic artist Olafur Eliasson, which requires 4000

m2 of formwork to be produced [56].
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Within the �eld of architecture, one of the most recent and advanced projects,

that expands the geometrical restrictions of RHWC is BladeRunner [57], sup-

ported the Danish National Advanced Technology Foundation. It presents

a novel process for �exible hot-blade cutting for the production of concrete

formwork: Two robotic arms are dynamically changing the shape of the

blade, mounted on their �anges, while another robot is moving the foam

block linearly through space, thus acting like a conveyer belt (see Fig. 2.15).

The project expands the set of applicable surfaces to "surfaces swept out by

continuously varying families of planar Euler elastica" [56, 58].

Fig. 2.15: Project Bladerunner: Tri-robot hot-blade cutting con�guration (left) and
fabricated prototype (right) [56]

Although the concept of the �exible blade is similar to the FF-TLOM project

(see Section 2.1.2.2), there are some di�erences. For example, since the aim in

the FF-TLOM project is to produce three-dimensional rapid prototype mod-

els and not concrete formwork, the segmentation problem of approximating

a given surface is approached by �nding appropriate thick layers whereas

in the Bladerunner the surface is divided into patches swept by elastica or

ruled patches. Further, the geometric problem to calculate the shape of the

blade is approached di�erently: while the FF-TLOM group apply a numer-

ical method to minimize the bending energy, the BladeRunner group apply

the known analytic representation of the shapes, which allows for advantages

in the post-processing of a given surface [59].
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2.1.3.3 Composite elements

The project "Integrales Faserzement Verbund-Element (IFVE)" (engl. Inte-

gral Fibre-Cement Composite Element) [60] from the Chair of Architecture

and Construction from Deplazes at ETH Zurich investigated the potential

to utilize both the thermal insulation properties of the foam as well as its

form-giving capabilities to develop composite elements. This façade system,

supported by the project partners Swisspor Management AG and Eternit

(Schweiz) AG, combines the advantages of a protecting material with insu-

lating material [61].

2.1.4 Feasibility study of SWC

In the summer of 2012 Ryan Johns conducted a three-month preliminary

study at the Chair of Gramazio Kohler Research, proo�ng in principle the

feasibility of the SWC process [62]. The experimental set-up comprised two

robotic arms, each equipped with a prototypical tool that allowed to measure

the occurring force online (see Section 3.1.3.1).

Fig. 2.16: Cutting samples fabricated in the feasibility study

For one cutting iteration, the drawn path-curves from McNeel Rhinoceros 3D

[63] were divided into a certain amount of positions and sent to the robotic

arms. The implemented software allowed to modify the robots' speeds in

the ongoing procedure according to the tools' measurements. This set-up

allowed for multiple initial experiments, producing various surface samples

and proved the potential of the SWC procedure (see Fig. 2.16).
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However, the process of drawing path-curves and successive fabrication was

mostly a trial- and error approach. It was concluded that in order to fully

control and design with the procedure, more knowledge of physical factors

was needed to foresee the outcome.

2.2 Digital fabrication in architecture

Today, the separation between design and building has dissolved, established

by the technical continuity of computational design and its realisation by

digital technologies [6, p. 50]. The recent shift towards digital fabrication

technologies in architecture, has induced universities around the globe to set

up research facilities with industrial robots. Following ETH Zurich in 2005,

they have fostered promising architectural case studies and prototypes, ex-

ploring novel robotic construction processes that allow for the production

of non-standard elements and structures. Additionally to the �eld of aca-

demic research this trend has been pursued by a number of start-up compa-

nies devoted entirely to architectural robotic fabrication processes, such as

the aforementioned Odico Formwork Robotics, and further RoboFold, ROB

Technologies, etc.

Central to projects within the �eld of digital fabrication in architecture, in-

cluding some of the projects presented in the last section, is the development

of tools to master the production. The purpose is not only to e�ciently con-

trol the fabrication process, but its integration in a design environment to

fully explore and deal with the fabrication-inherit constraints, that relate to

certain machines, materials and processes. Further, this allows to combine

the capacity for algorithmic design and robotic instruction code directly from

within CAD environments [19], and to investigate the full potential of this

combination7.

Although initially design-to-fabrication work�ows within architectural re-

search were linear and deterministic approaches, simply transporting digital

information to the physical world, but not vice versa, recent projects are
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emphasizing the potential of closed-loop feedback processes [64, 65, 66, 67].

Apart from obvious advantages, that the integration of feedback entails, such

as increasing stability, decreasing tolerances, synchronization of parallel ex-

ecuting processes, etc., it further establishes an momentarily fusion between

the digital and the physical world, between design and realisation, encom-

passing the potential to rephrase the goal in every iteration of exchange. For

example, this can be utilized for incorporating human interaction in the pro-

cess, to combine operational logics with intuitive actions [68, 69, 70] or, and

therein this thesis is embedded, for complex and non-linear architectural ma-

terialization processes. Examples are projects such as Procedural Landscapes

[71, 72], in which sand is formed through a feedback-driven process, or the re-

search project Smart Dynamic Casting [17], in which feedback is applied for

shaping concrete in its early hydration phase with a dynamically formable

formwork. Investigations as such provide the ground to mature from pre-

dictable material processes inherited by the industrialisation, of which most

of today's architectural production is still making use, and start to investi-

gate materials with heterogeneous or non-linear behaviour, adapt form and

design to the variability of nature almost as aptly as artisanal manipulation

once did [3, p. 105], and even, with the potential of digital simulation and

control, go beyond. Against this background, the thesis investigates topics

that are generally relevant for digital fabrication processes with non-linear

material behaviour and contributes to fabrication-aware design methods at

large.

2.3 Form-�nding and optimal shapes

Spatial Wire Cutting is a form-�nding procedure, that searches not for one

optimized equilibrium state of a model, but for successive transitory equilib-

rium states. The changing shape of the curve and the resulting swept surface,

are explicitly dependent on forces that operate time- and material depen-

dent. By controlling and inducing the respective forces, the resulting form is

controlled. Contrary to the hereafter discussed analogue-, and other digital
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form-�nding methods8, the project's combination of physical manipulation

and the integration with sensor technology in an adaptive manufacturing sys-

tem extends the notion of form-�nding, to a process that is neither merely

analogue nor merely digital. Hence it enqueues alongside other emerging

categories such as Fabrication-Aware Form Finding [73], as through digital

fabrication this dichotomy is continuously fading.

Fig. 2.17: Minimal surface of revolution
[74]
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Fig. 2.18: Catenoid creation

Before the introduction of computers, architects and engineers used dynamic

analogue physical models to compute optimal shapes and structural scenar-

ios. The hanging chain suspended from its two ends, takes up in tension

the shape that, when inverted is optimal for a compression structure [75,

p. 118]. Its discovery has a long history: In 1675 Hooke studied the mathe-

matical properties of the catenary curve and stated that he had discovered

the optimal shape of an arch [76]. Around same time Leibnitz, Huyges and

Johann Bernoulli discovered the algebraic description of the curve following

a challenge of Bernoulli's brother Jacob and demonstrated that this shape

was not, as Galileo had conjectured, a parabola but a catenary [77, p. 124].

Euler proved that the catenary is the curve which, when rotated about its

directrix, gives a surface of minimum area9, the catenoid [78] (see Fig. 2.18).

This surface results for example by the soap �lm between two bubble wands

(see Fig. 2.17). Jacob Bernoulli �rst and Euler later are also responsible for

the development of elastica, the theory on bendings or curvatures of beams

caused by weight or other compression forces (as applied in the Bladerunner

project, see 2.1.3.2) [79, 80] (as cited in [58]).
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Gaudí was the virtuoso in the expression of the catenary principle [75, p. 119].

He applied it in arches, columns and extended it to the forth dimension in

his funicular model based on strings and sand bags for the un�nished chapel

Colònia Güell. Felix Candela, Pier Luigi Nervi, Heinz Isler, Iannis Xenakis

and Frei Otto are a few of many architects that found surfaces through a

variety of physical analogue modelling techniques. Frei Otto generalized the

principles of form-�nding based on physical models to a large group of phys-

ical phenomena beyond chains and strings. He and his team at the Institute

for Lightweight Structures in Stuttgart experimented with multiple materi-

als that process forces by transformation. As a crucial pre-condition, they

used materials that have a certain �exibility and through material interac-

tion would result in a geometry based on the complex behaviour of elasticity

and variability [81]. Otto's material repertoire extends to sand, balloons,

paper, wool-thread and water, soap �lm and -bubbles, glue, varnish, etc [15].

To digitalize these physical models, for example the pre-stressed cable net

roofs of the Olympic Stadium in Munich, stereo-photogrammetry was ap-

plied. Based on these data, a computational validation and correction of the

measured equilibrium form was calculated, using the Force Density Method

(FDM)10 [82, 83], one of today's most commonly used numerical form �nding

techniques. This method will also be used to approximate the shape of the

hot-wire, further explained in Section 3.3.1.

2.4 Conclusion

Robotic hot-wire cutting (RHWC) has manifold applications, as outlined in

Chapter 2.1, but is geometrically limited to ruled surfaces. In the current

state of art, approaches to overcome these limitations are either layer-based

approaches, carving strategies or the use of �exible tools that change the

cutting shape. Concerning the latter, the project BladeRunner (see Section

2.1.3.2) also exempli�es the relevance of a multidisciplinary integration of

geometry processing with robotic fabrication for the purpose of architectural

production. From an architectural and geometrical perspective, the project
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has similarities to Spatial Wire Cutting : Both create a particular family

of sweep surfaces, however the curve formed by the blade lies within a two-

dimensional plane, whereas the SWC curve utilizes the full three-dimensional

space. Since the pro�le curve and both guide curves, through which the sweep

surface is created, are di�erent, it can be argued that the Bladerunner's

surface family does not coincide with the set of SWC surfaces. Additionally,

the di�erence of SWC lies particularly in the interaction with the processed

material.

For this reason SWC is an exception in the �eld of RHWC, because apart

from Brooks [40] and Gallina [84, 85], that use force-feedback to maintain

both the surface characteristics and the kerf width, hot-wire cutting is usually

a linear and predictable fabrication method, in which the resulting geome-

try and the process parameters are predetermined. The discussed technique

however, requires a di�erent design- and fabrication approach: It is neces-

sary to continuously adapt fabrication parameters in the procedure and to

comprise the process' peculiar formal language. Therefore not only direct

feedback is needed in the process itself, but also an indirect feedback, which

is built up as empirical knowledge, implemented in a digital counterpart and

which subsequently guides formal design decisions.

Thus, the discussed technique extends conventional hot-wire cutting geom-

etry with a yet unexplored surface vocabulary that stems from the physical

process, based on the interplay of material properties, speed, heat and force.

Through the investigation of this unique process, this research develops meth-

ods and techniques, integrating digital design and simulation techniques with

adaptive control strategies and thereby contributes to the domain of digital

fabrication and fabrication-informed design methods at large.

Notes

3 Examples for high building costs due to non-standard formwork are: EPFL Learning

Center [86], Meiso No Mori Municipal Funeral Hall [87] or Spencer Dock Bridge [88].
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4 The approximation of a design surface by a set of panels that can be manufactured

using a selected technology at a reasonable cost, while respecting the design intent and

achieving the desired aesthetic quality of panel layout and surface smoothness. [89]

5 One commercial CNC-cutter is for example Hotwire Direct [90].

6 Instructions for self-buildable CNC hot-wire cutters can be found at the websites [91]

and [92].

7 Many of the projects presented in Section 2.1 are simultaneously developing or working

with tools such as PyRAPID [49], superMatterTools [19], KUKA|prc [93], Robots.IO

[94], and HAL [95].

8 Digital form-�nding methods are for example: Dynamic relaxation [96], the Force

Density Method [82, 83] or constraint solvers such as ShapeOp [97].

9 A minimal surface is a surface that locally minimizes its area. This is equivalent to

having a mean curvature of zero. Also, the helicoid, a ruled surface, is a minimal

surface.

10 The Force Density Method (FDM) is commonly used in engineering to �nd the equi-

librium shape of a structure consisting of a network of cables with di�erent elasticity

properties when stress is applied. While shape analysis of tensile structures is a geomet-

rically non�linear problem, the FDM linearises the form-�tting equations analytically

by using the force density ratio for each cable element, q = F/L, where F and L are

the force and length of one cable element respectively. [98]
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3 Techniques for design and

control

This chapter describes the process-speci�c developed methods, technology

and acquired knowledge for the Spatial Wire Cutting process, implemented

throughout the two and a half year lasting research project (see project cred-

its in Appendix C). It followed a preliminary study (see Section 2.1.4), which

proofed the technical feasibility of the SWC process. This chapter is struc-

tured into four sections, of which the �rst three discuss the core topics such

of adaptive robotic control, modelling of material behaviour, computational

design and simulation. The last one documents on the validation of the de-

veloped techniques, particularly on the predictability and reproducibility of

the physical process by means of the simulation framework and the adaptive

control software.

The complex and interconnected relation between the presented topics de-

manded an analytical as well as an empirical research method. Computa-

tional simulations concurrently supported and were informed by real world

experiments. Physical artefacts and the capturing of sensor data from the

fabrication process delivered comprehensive insights on a number of multi-

layered interdependencies such as material behaviour, fabrication control, as

well as resulting geometrical articulations. As such, calibration and parallel

development in the topics was necessary, however started with implementing

the robotic control, on which the others were based upon.
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3.1 Adaptive robotic control system

This section describes the development of the adaptive control techniques

tailored for the robotic set-up, as well as the tools and sensor devices, that

allow to e�ciently control, but also to capture data from the fabrication pro-

cess. Parts of the below described prototypical control software and strategies

have been developed within the scope of a collaborative master thesis [99] by

Kathrin Dör�er and the author of this thesis [69, 100]. Within the frame-

work of this thesis, the software has been developed further with a generic

approach, which, apart from little set-up speci�c deviations, enables to write

control sequences for various actuator- and sensor devices. Out of practical-

ity it has been decided not to switch to far more advanced tools that have

similar goals and are currently in intensive use in the �eld of robotics, such

as ROS (Robot Operating System)11. For the purpose of keeping clarity and

simplicity not all modules and processes are explained on the following pages,

the focus is on those that are speci�c and relevant for the SWC procedure.

3.1.1 Objective

The preliminary requirements for the development of the robotic control can

be outlined as follows:

� The necessity to collect data from the physical process requires the

identi�cation of appropriate sensors and tools, which speci�cations have

to be identi�ed through physical experiments

� High frequency of data �ows from sensors and actuators must be estab-

lished, which requires the development of appropriate communication

protocols and status control

� The partial unpredictability of the fabrication procedure requires an

open control system that allows to adjust certain pre-estimated fabri-

cation parameters online
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� To guarantee at a proper surface quality a smooth movement of the

robotic arms is requisite

� Appropriate synchronization methods for the two robots must be iden-

ti�ed and tailored for the robotic set-up

� Interrupt channel and safety control have to be implemented to protect

the sensors

3.1.2 Experimental set-up

Fig. 3.1: The experimental set-up

The experimental set-up (see Fig. 3.1) was built upon the Robotic Model

Laboratory (RML) of the Gramazio Kohler Research group, which provides

a platform for scaled research on architectural robotic fabrication. It consists

of two Universal Robots UR5 [92] (six-axis robotic arms with a payload of

5 kg and an operating range of 850 mm each), two customized end-e�ectors

(further explained in Section 3.1.3) that are connected to a hot-wire (Kanthal

A, 0.20 mm diameter), which is heated via programmable laboratory power

supply. All software-based implementations are summarised in the control
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system (see Section 3.1.5), of which the Control Core, a custom Python pro-

gram, monitors and orchestrates all passing information (see Section 3.1.5.1).

It is running on a laptop computer, to which the UR5 robots are connected

over TCP/IP socket and each of the micro-controllers (Arduino Nano 3.0),

controlling the sensors in the end-e�ectors, are connected over USB, as well

as the laboratory power supply, continuously streaming data to the Con-

trol Core. In the cutting procedure, the robotic arms are moving the hot-

wire through material blocks of graphite-enhanced expanded foam12, which

is placed in between. The size of these blocks varied in the course of the

development and ranged from 200 x 300 x 600 mm up to 800 x 600 x 1200

mm13.

3.1.3 Sensors and tooling

The necessity to collect data from the physical process in order to be able

to adapt certain fabrication parameters online, requires the identi�cation of

appropriate sensors and the development of adequate tools, which measure

certain physical quantities while not distorting the outcome. Experiments

have been performed to determine the most necessary quantities and the

speci�cations of the tool.

3.1.3.1 Force measurement with linear potentiometer

As already mentioned in Section 2.1.4, in the preliminary study of SWC a

prototypical end-e�ector was developed, and used during the beginning of

this thesis, which allowed to investigate fundamental problems and require-

ments. It consisted of a milled PVC encasement which served as guidance

for the internal spring. The spring extension was measured with a linear po-

tentiometer attached to the encasement. As the wire was pulled or released,

the slider shifted and the output voltage of the potentiometer was scaled (see

Fig. 3.2). Together with the spring constant, the tension force was calculated

on basis of Hooke's law.
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Fig. 3.2: Prototypical tool with linear potentiometer

This end-e�ector solved some problems encountered in early experiments:

For example, the spring allows a tolerance in wire tension, which enables the

hot-wire to be taught without breaking and therefore works as a damper. The

alligator connector from the power supply is �xed to the bolt at the opposite

end of the PVC encasement, passing the current successively through the

bolt, to the spring, a �exible stranded cable and the hot-wire. As such, is

does not interfere with the hot-wire and omits clipping the alligator connector

directly to and weighing upon the hot-wire (see Fig. 3.2). Although this tool

served well for early experiments, for the purpose of producing consistent

and reliable measurements, it had major disadvantages:

� Force is required to move the slider of the linear potentiometer, and

therefore force measurements below a certain value can not be measured

� The current �ows through the spring, which is heated according to its

respective electrical resistance and changes its spring constant. There-

fore the spring extension cannot be reliably and consistently measured.

� Most importantly, the tool remains in a �xed position along the cut
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and if the wire de�ects from the axis of the tool, the spring is extended

with de�ected force and additionally melts the PVC encasement.

3.1.3.2 Force and torque sensor

The ATI Nano17 is a sensor that measures all six components of force and

torque (Fx, Fy, Fz, Tx, Ty, Tz) [101]. For temporary usage, a prototypical

tool was developed (see Fig. 3.3) and several tests were carried out to further

identify and concretise the requirements for the appropriate end-e�ector.

1.

2.

3.

4.

4.

3.

2.

1.

Spring (operates as a buffer)

Power

Teflon block (operates as thermal and electrical resistor)

ATI Nano 17 50N 6-axis transducer

b)

a)

= (    ,    ,    )

α
FzFyt Fx

z

y

Fig. 3.3: a) Prototypical tool with the ATI Nano17 force/torque sensor and b)
de�ection α from the tool's z-axis calculated with the sensor's measurements

The experiments were performed with the two UR5 robotic arms; one robot

equipped with the ATI Nano17 tool and the other one with the linear poten-

tiometer tool. The hot-wire was heated with constant current, moved with
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constant velocity through the foam on parallel path curves and the measure-

ments of both tools along the cut were logged. The purpose of these tests was,

on the one hand, to show the di�erences between both force measurements

and, on the other hand, to check the repeatability of the force measurements

from the ATI Nano Tool to di�erent heat inputs.
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Fig. 3.4: Measured tension force and de�ection α along one cut

From the measured tension force vector t = (Fx, Fy, Fz) its magnitude and

de�ection α about the tools' z-axis were calculated (see Fig. 3.3). The

graph in Figure 3.4 shows the force magnitudes and de�ections along one

cut, which is characteristic for foam cutting (see Section 3.2.2). The angular

measurements resemble the force's pro�le curve, as with increasing force, the

wire de�ection from the mounting point increases as well. The hot-wire's

exit from the foam is obvious in the fallo� of the curve in both pro�le curves.
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The graph in Figure 3.5 shows the force measurements of ten repeated cutting

tests and, beside the force measurements of the ATI Nano17 sensor, shows

the force calculated from the spring extension of the linear potentiometer

tool. In this comparison it becomes clear that the ATI Nano17 sensor, with

a much higher resolution, allows for a better investigation into the variation

of the tension force. The standard deviation of the ten tests at various test

points was within the acceptable range of 0.045 to 0.052 N.

3.1.3.3 The cardan-joint end-e�ector

On basis of the aforementioned prototypes and several cutting experiments,

the requirements for the design of the end-e�ector could be characterized.

It was concluded that, besides measuring the tension force, it is important

to measure the de�ection about the mounting point. This would allow to

calculate the cutting force acting contrary to moving direction (see Section

3.2.3). Additionally, it is necessary, that the force measurement follows the

de�ection of the hot-wire in order to measure the tension in the force direc-

tion and that all sensory equipment should not disturb the outcome by its

measurement. This end-e�ector was developed in cooperation with Florian

Rist, who gave valuable advice and help in its realisation.

� For the purpose of measuring the tension force, a force sensor operating

with foil strain gauge was used, that provides an appropriate resolution

and accuracy (see Fig. 3.7, 5.).

� This sensor is placed in the center of a cardan joint (see Fig. 3.7, 6.a

and 6.b), which follows the rotation of the hot-wire and therefore the

force direction. The maximal rotation range in axis A is from -129.34

to +129.34 degrees, and in axis B from -61.07 to +61.07 degrees (see

Fig. 3.6). Ball bearings are used to reduce the friction in the joint.

� The rotation of each of the axis of the joint is measured by magnetic

rotary encoders, which don't need contact, but just a certain distance
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to a magnet to sense its rotation and therefore the measurement does

not interfere with the rotation.

� The light-weight carbon �bre stick (see Fig. 3.7, 4.) from the force

sensor operates as a handle, additionally reducing the force needed to

rotate the joint.

� The ceramic cylinder (see Fig. 3.7, 2.) operates as thermal and electric

resistor and as a connector for the spring.

� The spring (see Fig. 3.7, 1.) operates as damper or bu�er between

the hot-wire and the handle, allowing for a smooth contraction and

extension, omitting breaking the wire.

� The hot-wire is attached to the spring and the cable transmitting the

current, which is �xed at the handle.

� The weight of the handle, ceramic cylinder, spring and cable of the

current entry is equalized with a lead weight, �xed below the force

sensor (see Fig. 3.7, 8.).

� For practical reasons it was decided to build a compact, space-saving

tool, with a custom circuit board on which the small micro-controller

Arduino Nano 3.0 is placed.

axis A axis B

axis A

axis A

axis B

axi
s B

operation range

-129.335°+129.335°

+61.067° -61.067°

Fig. 3.6: Visualisation of the tool's operating ranges in axes A and B
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Fig. 3.7: Exploded view of the cardan-joint end-e�ector
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3.1.4 The UR robot

The UR5 robot is programmed at the script level with a custom program

written in the robot programming language URScript. The script is sent

as pure text from the computer over TCP/IP socket to the URControl Run-

timeMachine (RTMachine) that evaluates and executes the code in real-time.

The RTMachine communicates with the robot with a frequency of 125 hz

[102, p. 9]. To generate a robot trajectory, the URScript provides several

move functions, of which movej(move linear in joint space) and primarily

movel(move linear in tool space) are used.

movel(pose, a=1.2, v=0.3, t=0, r=0)

pose Target pose, consisting of a list of six �oating numbers. The �rst
three are Cartesian coordinates and the last three describe the tool
orientation in axis-angle representation [103].

a tool acceleration [m/s2]

v tool speed [m/s]

t time [s]

r blend radius [m]

path p

robot's poses along path p
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Fig. 3.8: Robot example path, speci�ed through poses Pa1 to Pa5 and respective
blend radii r2 to r4

To specify the type of the movement, it is possible to control the trapezoid

speed pro�le of the move either with the speed v and acceleration a parame-

ters, or to set the time for the move with the parameter t, which has priority

over v and a settings. The blend radius can be set with the parameter r

to avoid the robot stopping and to achieve a smooth movement from one to

another pose, which is relevant for the SWC procedure to produce a proper
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and smooth surface. Yet, if the robot starts to execute a path with pose P1

(see Fig. 3.8), the URControl requires to foresee the next two poses (P2, P3)

in order to calculate the joint trajectories for the blend at P2. Therefore,

to maintain adaptability features and to avoid sending all poses on a calcu-

lated path-curve at once, a bu�er had to be implemented that stores just

the next upcoming poses, which additionally requires appropriate messaging

and status protocols between the Control Core (see Section 3.1.5.1) and the

robot program (see Section 3.1.5.6) to allow for a piecewise sending of path

information (see Fig. 3.15).

3.1.5 Control system
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Fig. 3.9: The tra�c within the SWC control system

The control system is the underlying system controlling the fabrication pro-

cess, which is explained step by step in Section 3.1.6. It involves the set of

software tools that manage the communication between the Python program

Control Core, running on a laptop computer, the UR robots (further referred

to as UR robots a and b), which are controlled by a custom URScript pro-

gram, the Arduino micro-controllers in the end-e�ectors, which stream the
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sensors' readings to the Control Core, the programmable laboratory power-

supply and McNeel Rhinoceros 3D's Grasshopper [63, 104], also running on

the laptop computer and which serves as graphical user interface (GUI) to

the Control Core. As mentioned before, the SWC process requires adap-

tivity features, smooth robotic movements and high frequency of data �ows

from sensors and from/to actuators, wherefore appropriate communication

protocols and status control were implemented. Furthermore, the system's

structure was adapted and developed according to the experimental set-up

and the functionality of the UR robot's programming language URScript. In

the following, particular details of the control system are discussed.

Control Core All communication streams converge here; it is the

main control over the fabrication process.

Message

protocol

All parties of the control system communicate with a

uniform message protocol (except for the laboratory

power supply that has its custom protocol14.

Status control The status control ensures a synchronisation of paral-

lel executing processes on di�erent devices.

Robot bu�er The implemented bu�er together with the status con-

trol allow for a piecewise sending and execution of

path information.

Robot

synchronisation

Both UR robots a and b need to reach the speci�ed

poses on their respective path curves at the same time.

Robot program The custom URScript program controlling each of the

UR robots is constantly streaming its current position

and speed, reading new commands from the Control

Core, executing them and synchronizing the start of

each move command to the other robot.
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3.1.5.1 Control Core

The Control Core is a custom Python program, that monitors, manages

and orchestrates the information passing between the di�erent parties of the

control system. The high frequency of information �ows requires multiple

processes to run in parallel. These processes are clustered into the following

modules (see Fig. 3.10):

Server This module handles all communications over TCP/IP socket,

such as the UR robots a, b and Grasshopper, which starts

the fabrication process by transmitting the fabrication pa-

rameters in the beginning of the procedure and also allows

to stop all processes immediately by sending the correspond-

ing message. The Server module is further responsible for

the piecewise sending of path information to the robots.

Serial This module handles all communications over USB connec-

tion, such as both Arduino micro-controllers a, b and the

laboratory power supply.

Fabrication This module has global access to all information handled by

the previously noted modules and is the main control over

the fabrication procedure, further explained in Section 3.1.6.

Control Core

FabricationSerialServer

Global access 
and control

Arduino a Arduino b Power supplyRobot b GrasshopperRobot a

Fig. 3.10: Overview of the Control Core's structure
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3.1.5.2 Message protocol

Throughout the procedure there are di�erent message types passed around

to di�erent parties of the control system. With respect to generality and

based on ROS's messaging system [105], a similar message protocol was im-

plemented that allows for a common interface. Since the requirement is to

have high frequency in data �ow, it must be guaranteed, that all transmitted

bytes are received and properly processed. They consist of

� message_length, which speci�es the length of the message in bytes

� message_identifier, which classi�es the message for the recipient

� the actual message, which will be converted according to the

message_identifier into the correct data type and then passed on for

further processing

Example: the move message. As mentioned before, in the SWC proce-

dure the movement on a path is speci�ed by several poses, each one consisting

of a blend radius r and a speed value v, through which the robot controller

calculates the joint trajectories. To track the robots current position along

a path, the poses are numbered consecutively by a WAYPOINT_ID, which is

also sent together with the pose settings. For example, a move message with

message identi�er MSG_COMMAND to the robot consists of

message_length MSG_COMMAND WAYPOINT_ID pose v r.

Other messages to the robot have self-explanatory message identi�ers such

as MSG_STOP, MSG_QUIT, MSG_CURRENT_POSE_CARTESIAN and so on.

3.1.5.3 Status control

According to the passed messages, the objects representing the di�erent par-

ties of the control system enter di�erent states in the Control Core. While

sensor devices may be in just two states (READY to receive data and BUSY

processing a task), the robot can enter three di�erent states:
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READY_TO_PROGRAM the robot's bu�er is empty, it is ready to receive a move

command, but not executing any command

READY_TO_RECEIVE the robot's bu�er is not full, it is ready to receive a move

command and currently executing a move command

EXECUTING the robot's bu�er is full, it is not ready to receive a move

command and currently executing a move command

The above mentioned states are changed by following message identi�ers that

are sent from the robot.

MSG_RECEIVED the robot has received a move command and stored it

in its bu�er, but not executed the command yet

MSG_EXECUTED the robot has de�nitely executed a move command

3.1.5.4 Robot bu�er

To enable path adaptability (for possible later improvements) and to avoid

sending all poses on a calculated path-curve at once, a bu�er was imple-

mented. For example, a robotic move along a path p consisting of �ve poses

(see Fig. 3.8) would be processed as follows: First, after connecting to the

Server of the Control Core, the object representing the robot would enter

the READY_TO_PROGRAM state (1a), its bu�er is empty. Then, to �ll the bu�er,

three poses have to be sent at once (2a). After receiving these poses with

their identi�ers, three times the message MSG_RECEIVED together with each

of the identi�ers WAYPOINT_ID of the poses would be sent back (2b). In par-

allel, the robot starts to execute the move to the �rst pose (4b) and if it has

reached the pose, it would sent an MSG_EXECUTED together with the identi�er

to the Control Core (5b). This would tell the Control Core to send a new

pose (5a), which is read in into the robot's free bu�er entry (6b). As such,

the timing of sending pose information is ruled by the robot that executes

the poses. In the end, after having sent and executed all poses, the robot

would enter the READY_TO_PROGRAM state again (9a).
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Fig. 3.11: Robot bu�er explanation

3.1.5.5 Robot synchronisation

The UR robots a and b need to reach the speci�ed poses on their respective

path curves at the same time, while not stopping at the pose, keeping a

smooth movement. The therefore required synchronisation was implemented

in three parts:

(1) Speed calculation

(2) Control Core synchronisation

(3) I/O synchronisation

(1) First the poses on the path curves must be calculated in such a way

that the robots would reach the poses simultaneously. Therefore the speed

parameters (va, vb) between the poses are de�ned relatively to the distance

(da, db) in between. For example, if the next pose of robot a is twice as
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Fig. 3.12: Pose synchronisation with velocity calculation

far to the current pose as the distance of robot b, then also the speed must

be twice as fast to guarantee a simultaneous movement (see Fig. 3.12).

However, since the joint acceleration constraints are not taken into account

for this calculation, additional synchronisation is necessary.
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start 
sync process

no

stop
no

Fig. 3.13: This (pseudo-)synchronization process in the Control Core is called if one
of the robots enters the READY_TO_RECEIVE state.

(2) In multi-robotic environments the position synchronization problem is

commonly approached through a master-slave model [106, 107]. One robot

would receive all commands from a controlling system, and would transmit
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the information to the other robot wrapping the robot control towards outside

as one system. However, it was decided upon controlling both robots directly

from the Control Core, in which the time-stamp of sending to each robot a

new move command is synchronised (see Fig. 3.13). Yet the reading of

that command in the robot program and its execution depends on multiple

circumstances, amongst others, the robot's task load and cycle time.
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sync process

stop

is TRUE ?
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no

set digital out
TRUE

read 
digital in

is FALSE ?

yes

no

read 
digital in

stop

Fig. 3.14: Handshake over digital I/Os: Robot a = master, robot b = slave

(3) The bu�er layout in the robot program makes it di�cult to control when

exactly the robot would start processing the move. Therefore, additionally to

the mentioned synchronization approaches, a handshake between the robots

a and b was implemented (see Fig. 3.14). The robots are connected to their

digital I/Os and by switching the outputs to TRUE or FALSE and waiting until

their inputs get TRUE or FALSE, they would signalize each other when to start

the move. Secondary, this works as a safety loop. For example, if robot a

would terminate the URScript out of any unforeseeable reason, robot b would
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be stuck in the loop, not continuing the movement, and therefore saving the

sensory equipment. The time spent on this handshake varies according to

the robots' cycle time and takes up to maximal 48 milliseconds (= 4 cycle

times).

3.1.5.6 Robot program

The program running on both UR robots consists of four sub-processes run-

ning in parallel (see Fig. 3.15). It was partially written in following the

implementation of the ROS UR driver [108].
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Fig. 3.15: UR program �owchart, focusing on the sub-processes read and move



3.1. Adaptive robotic control system 49

stream This sub-process streams the current position and speed

to the Control Core.

read This sub-process reads and processes the data from the

Control Core and saves the move commands into a bu�er.

move This sub-process reads from the bu�er, moves the robot

and, before starting the move, synchronizes to the other

robot. (see Fig. 3.14)

modify speed This sub-process sets the global speed of the robot, which

overwrites the speed settings in the move command. This

is necessary in order to keep a constant tension force in

the end-e�ectors.

3.1.6 The fabrication process

Designing and simulating of SWC surfaces is performed from within McNeel

Rhinoceros 3D's Grasshopper, further described in Section 3.3. In order to

cut one of the designed surfaces, the sequential steps are as follows: After the

Control Core has been started, the URScript program is sent over TCP/IP

socket to each of the robots, which move into their starting pose and con-

nect as clients to the Server of the Control Core (see Section 3.1.5.1). The

Serial module starts the communication to the programmable laboratory

power supply and the Arduino micro controllers. Then the hot-wire is manu-

ally �xed at both robot end-e�ectors in a certain tension. The Fabrication

module waits for the message from Grasshopper, containing all relevant in-

formation to fabricate. Amongst others, this includes, the sequential poses

for each robot, the respective blend radii and pre-estimated speed parameters

at each of these poses and the voltage, which is calculated according to the

desired heat input, the length and a material constant of the hot-wire. The

voltage is set by transmitting a custom protocol15 to the laboratory power

supply through the Serial module. When electric current passes through

resistant material the Joule heating e�ect occurs and heats up the hot-wire,
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READY_TO_PROGRAM?

turn voltage off

save all data
into file

calculate new
speed

yes

no

Fig. 3.16: Fabrication process �owchart

which slightly extents and experiences a loss of tension force. Since the wire is

mounted manually and for the purpose of having comparable measurements

in the experiments, a sub-routine was implemented that moves the robots

either closer or farther until they reach the optimal tension force Topt already

in the initial positions, which, according to the experimental set-up and var-

ious tests was set to 2.0 N (see Section 3.2.4). According to this movement,

all poses on the paths are updated. After this sub-routine the fabrication

process starts and the move commands are sent piecewise to both of the

robots. This step by step sending of path information is handled within the

Server module (see Section 3.1.5.4). In parallel, the Fabrication module

enters the loop of reading the force values, calculating new speeds accord-

ingly and sending them to the robots (see Fig. 3.16). This loop is performed



3.1. Adaptive robotic control system 51

until the robots have processed all poses and enter the READY_TO_PROGRAM

state. All data that was transmitted within the procedure is stored with

their respective time-stamps and saved into a �le with a unique identi�er,

which is used for later analysis.

While the above description of the fabrication process did just change slightly

over the course of the development, the way of how the new speeds were

calculated according to the force measurements, indicated as sub-process in

Figure 3.16, changed indeed and is described below.

3.1.7 Feedback and feedforward

To reach a proper surface quality and to e�ciently control the procedure it

is necessary that the hot-wire is kept under a certain tension all along the

cutting procedure, which, as stated above, was set to Topt (optimal tension

force). Rather than adaptively changing the path-curves or the heat input,

which was postponed to further development (see Section 3.2.4), it was de-

cided to control this tension by moving faster or slower on the respective

path-curves. This implies that the individual speed for each pose has to be

calculated according to the occurring cutting force, as speed and force are

related to each other: moving with higher speed results in higher cutting

forces, following higher tension (reaction) forces at the wire ends and con-

versely. However, since the calculation of optimal speeds in respect to the

tension force depends on multiple variables (see Section 3.2.1) and couldn't

be calculated with absolute precision, it was decided to regulate this re-

lation over feedback. A control loop feedback mechanism commonly used

in industrial control systems is a proportional�integral�derivative controller

(PID controller). This controller continuously calculates an error value as

the di�erence between a desired set-point and a measured process variable

and applies a correction to the control variable based on proportional, in-

tegral, and derivative terms, respectively. The set-point in this case is the

force measured in the beginning of the procedure (initial force), the measured
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process variable is the tension force and the control variable is the speed (see

Fig. 3.17).

process variable
(force)

set-point
(init force)

control variable
(speed)

error

P  proportional

I  integral

D  derivative

process

Fig. 3.17: Feedback control

However, the controller proved not to �t the application, despite various

tests in alternating the proportional, integral and derivative coe�cients. The

output was oscillating (see Fig. 3.18) and caused de�ections on the surface.

The reason is that although the process variable should tare about the set-

point, the control variable, the speed, varies all along the process. Therefore,

the controller would need di�erent coe�cients along one cutting procedure.
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Fig. 3.18: Process data 151213_03B15: In phases with constant speed, such as time
stamp 66 to 88, the PID controller works �ne, however the output is oscillating in

phases in which the speed is decreasing

The logical consequence to reduce the oscillations was therefore to introduce

a certain estimation of the optimal speed to reach the target tension force.

Over the course of the development, the speed trajectories for the both robots

could be more and more accurately calculated (see Section 3.3.4). These

trajectories serve as input for the combined feedback-feedforward control (see
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Fig. 3.19) to tare the speed according to the force measurement about this

estimated speed. This combination was a big improvement to the adaptive

control, see for example Figure 3.20, and its evaluation is further described

in Section 3.4.2.
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Fig. 3.19: Combined feedback and feedforward control
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Fig. 3.20: Process data 160304_B2140: The feedback-feedforward control starts
approximately at time stamp 22. After a balancing phase, which approximately
lasts till time stamp 40, the force measurements stay in a range of ± 1 N to the
set-point and the speed measurements follow the simulated speed trajectory with

no apparent oscillations.

3.2 Analysis and modelling of material behaviour

Computational modelling of the Spatial Wire Cutting process requires to

considerate a large number of interacting variables. This chapter serves to

identify them, de�ne their operating range and the limits of the research's in-

vestigation. The knowledge of occurring physical entities and their interplay
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was acquired empirically through repeated and systematic experiments. Al-

though previous research (see Section 2.1.2) served as a good starting point,

the SWC procedure has strong geometrical implications and therefore can

only be understood with the complementary simulation. For this reason,

the following documented estimation of process data, dependent on certain

physical inputs, forms a basis for the design and simulation framework (see

Section 3.3), which serves for further analysis.

3.2.1 Process description

In contrast to standard hot-wire cutting procedures, Spatial Wire Cutting

operates in transition states between thermal cutting and thermo-mechanical

cutting established through the interplay of velocity and heat, that generates

gradual contacts along the hot-wire to the processed polystyrene and further

gradual temperatures. This, in turn, creates variable forces that act contrary

to the moving direction onto the hot-wire, which adapts its form accordingly.

In order to control the process, it is requisite to understand how these forces,

their magnitudes and directions, are induced and to comprehend the cutting

mechanics. Initial cutting tests were performed to build a body of knowledge

about the procedure and to characterize the interacting relationships between

input parameters and process variables, as listed below.

Input parameters Process variables

1. foam material I. cutting speeds vi
2. wire material II. tension forces Ta, Tb
3. heat input Q III. cutting forces fi
4. robotic path curves Pa, Pb IV. engaged wire length lf

V. temperature gradient
VI. kerf width
VII. curve shape

3.2.1.1 Input parameters

1. Foam material. The thermal behaviour of the thermoplastic foam

in�uences the cutting process in virtually all aspects: It a�ects the amount
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Fig. 3.21: Graphic of the hot-wire moving through in the foam block

of energy needed to melt it, the corresponding speed of the cutting medium

that induces the cutting forces, etc. Additionally the dimensions of the foam

block in�uence the engaged wire length lf .

2. Wire material. The material, length l and diameter of the hot-wire

determine its electrical resistance R. The wire material together with its

temperature also in�uence the upper limit of the possible tension forces: too

high forces will break the wire.

3. Heat input. The electric current I is de�ned by the voltage input U

and the wire's resistance R through Ohm's law (I = U
R ). Joule heating is the

process when electric current passes through a resistant material and releases

heat. The heat input Q depends on the supplied current I and the electric

resistance R of the hot-wire. It is de�ned by Joule's �rst law: Q = I2R. Ql is

the heat input per unit length of hot-wire and is calculated through Ql =
Q
l .

The heat input is directly related to the overall temperature of the wire.

4. Robotic path curves. Amongst other variables, the path curves (Pa,

Pb) mainly de�ne the resulting geometry of the cut, as well as the curve

shape, the direction of tension and cutting forces and the force distribution

(see Section 3.3.3).
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3.2.1.2 Process variables

I. Cutting speeds. The cutting speed is referring to the speed with which

the wire moves through the foam. In SWC di�erent segments along the wire

can experience di�erent cutting speeds vi (more precisely: cutting velocities

vi) and are dependent on the velocities at the wire ends (va, vb) controlled by

the robots and the wire's shape (see Fig. 3.21). The cutting speeds directly

relate to the foam material, the temperature, the path curves, the tension

and cutting forces and, amongst others, are constrained to the robotic joint

acceleration limits.

II. Tension forces. The tension forces Ta and Tb at the respective wire ends

are directly measured with the end-e�ector and are used as feedback signal

for the adaptive robotic control. Together with the measured de�ection from

the mounting point (αa, βa, resp. αb, βb), the tension force vectors ta and tb

can be calculated, which have the same direction as the respective tangent at

the wire's endpoints. The tension force vectors are the reaction forces to the

acting cutting forces. With both tension force vectors the resulting cutting

force Fres is calculated (see Fig. 3.22).
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Fig. 3.22: Calculation of the tension force vector ta from the tool's measurements
and calculation of the resulting cutting force Fres from tension force vectors ta and

tb (from robot tool b)

III. Cutting forces. The resulting cutting force Fres is the magnitude of

the sum of all cutting forces fi that act contrary to the moving direction

of the hot-wire and can be calculated through the measured tension force
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vectors (see Fig. 3.21). The cutting forces strongly depend on the foam

material, the temperature gradient, the wire's shape, the path curves, the

engaged wire length and the cutting velocities.

IV. Engaged wire length. The engaged wire length lf is the amount

of wire that is actually in the foam. As apparent in Figure 3.21, the wire

is curved inside the foam, while it is straight outside. The engaged wire

length depends therefore on the current curve shape and the path curves.

With increasing engaged wire length, temperature decrease is assumed, which

a�ects speed and force variables.

V. Temperature gradient. The electric energy is dissipated as thermal

energy. A inverse relation is expected with the cutting forces. Since the

SWC procedure operates between thermal and thermo-mechanical cutting,

the hot-wire experiences di�erences in temperature, not only along the cut,

but also along the engaged wire in the foam. Higher temperature is assumed

at the exit zone of the wire from the foam [32] (see Fig. 3.21).

VI. Kerf width. The kerf width is dependent on the foam material, the

speed and the heat input.

VII. Curve shape. The shape of the hot-wire curve as a multi-dimensional

variable is dependent on all forces, respectively their directions and mag-

nitudes, that acted upon the hot-wire from the beginning of the procedure

to the current time stamp. Therefore the shape, and subsequently the cut

surface, is dependent on all previously noted parameters and variables.

3.2.2 Thermo-mechanical mechanisms

Cutting tests performed with constant heat input and constant cutting speed

revealed the characteristic cutting force pro�le curve [39, p. 123]. This pro�le

exhibits the transient nature of hot-wire cutting and three di�erent cutting

stages (see Fig. 3.23): Shortly after entering the foam the wire is in an over-

heated stage (stage 1), vaporising the foam ahead while advancing. Then it
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cools and comes into a transitional phase (stage 2) until it enters the equilib-

rium stage (stage 3), or steady state in which the thermal energy generated

in the wire is balanced by the heat transferred from the wire into the sur-

roundings [39, p. 90]. Cutting force and the wire temperature are therefore

approximately inversely related.
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Fig. 3.23: Process data 150803_D179F: Characteristic cutting force and cutting
stages

According to Brooks [39, p. 19], this transient phenomenon also describes

the thermo-mechanical mechanisms present in thermal plastic foam cutting,

which can be separated into three main cutting modes and transitions be-

tween them (see Fig. 3.24):

thermal cutting The foam is melted or vaporised ahead of the ad-

vancing heat source, there is no physical contact

between wire and foam (see also Fig. 3.23, stage 1)

thermo-mechanical The cutting element comes into contact with the

foam and thus cuts via a combination of melting

and shearing (see also Fig. 3.23, stage 3)

mechanical cutting The temperature of the cutting element in relation

to its velocity is too low

These cutting modes a�ect the kerf width and surface �nish of the cut. While

mechanical cutting results in ripped surfaces, purely thermal cut surfaces

have a hard skin of relatively high density. The best surface �nish however,

can be achieved by low, but non-zero cutting forces, by thermo-mechanical
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Fig. 3.24: Relationship between tool temperature and cutting force, cp. Brooks
�gure 1.18. [39]

cutting, being the result of the wire dragging molten material into the recessed

cell boundaries, smearing and smoothing the surface during the cut [41, p. 12].

3.2.2.1 E�ective heat input

The area speci�c e�ective heat input Qeff was developed by Ahn et al. [31]

and is a property that is calculated by dividing the normalized heat input

Ql by the speed v and has units J/m2. Physically this value represents the

amount of electrical or thermal energy used to create a unit area of cut

surface. It is a very useful parameter as it allows a wide range of cutting

data to be presented on a single graph. Ahn et al. [31] used Qeff to observe

how the kerf width changes with energy input (see Section 2.1.2.1), Brooks

[39, p. 113] and Bain [41, p. 176] plotted the steady state cutting forces on

a secondary axis to the e�ective heat input and observed that this relation

follows an exponential trend, is related to the engaged wire length lf and can

be modelled for di�erent foam materials and cutting tools. For the purpose

of �nding the material- and set-up speci�c coe�cients for the exponential

cutting force model, analogue tests have been performed and are illustrated

below.
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3.2.3 Cutting force model

The experimental set-up (see Section 3.1.2) was used to measure and log the

tension force and the angles of cuts with various speed settings, heat inputs

and engaged wire lengths (resp. foam block widths) while the robotic arms

moved on parallel path curves, mainly inducing perpendicular forces on the

wire. Each individual combination (see Table 3.1) produced a characteristic

cutting force pro�le.

engaged wire

length lf [mm]
voltage V [V] cutting speed v = vi

[mm/s]

400, 500 43.5, 45.0, 46.5, 48.0,
49.5, 51.0, 52.5, 54.0,
55.5, 57.0, 58.5, 60.0,
61.5

12.5, 15.0, 17.5, 20.0,
22.5, 25.0, 27.5

Table 3.1: Input parameter values for developing the cutting force model
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Fig. 3.25: Process data 150803_D179F: From recorded tension forces and angles α,
the resulting cutting forces Fres were calculated and registered in the steady state

Through computing the histogram of the process data, the steady state for

tension forces, angles and cutting forces was calculated (see Fig. 3.25, for an
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Fig. 3.27: Model of relation between
Qeff and the cutting force F in the
steady state per unit of engaged wire

length

overview of results see Appendix B.1). Figure 3.26 shows the steady state

tension force T for an engaged wire length of 400 mm and Figure 3.27 shows

the steady state cutting force F per unit of engaged wire length plotted

against the e�ective heat input for several cutting tests, clearly indicating

an exponential decay of force with increasing Qeff . Model �tting was used

to �nd the coe�cients (a, b) and to �t the data into an exponential model,

which allowed to estimate the occurring cutting force according to given Qeff

settings.

F (Qeff ) = ae−bQeff (3.1)

or, splitting Qeff into speed v and heat input Ql, such as

F (v,Ql) = ae−b
Ql
v (3.2)

3.2.4 Operating ranges and scope de�nition

On basis of the described tests, it was concluded that for the experimental

set-up, in respect to the chosen hot-wire and foam material, the optimal

e�ective heat input Qeff ranges from 4400 to 6000 J/m2. The lower limit is

de�ned by the tension force of 3.4 N which still provides a bu�er until the

wire breaks. The upper limit is de�ned by the cutting force, which can be

low, but not zero. This Qeff range subsequently speci�es the cutting speed
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range (12 to 25 mm/s) (for cutting speeds of wire segments in the foam) and

heat input per unit length of hot-wire Ql (66 to 110 W/m). The optimal

tension force Topt was set to 2.0 N, since a certain minimal tension in the

wire has to be kept throughout the cutting process. This is necessary to

achieve a corresponding surface quality and, ultimately, to e�ciently control

the procedure (see Fig. 3.29).

The tests also served to de�ne several process constraints and the limits of

the research's investigation in respect to available resources.

� The temperature of the wire can be controlled by both the cutting

speed and the heat input. However, for further tests it was decided

to keep the heat input constant, just modulate the cutting speed and

postpone the investigation of this relation for further development.

� The tension of the wire can be controlled by the robots' speeds, the heat

input and the path curves. For further tests it was decided to adap-

tively control the speed, but postpone the investigation into adaptively

changing path-curves or heat input for further development.

� The path curves are divided into the same amount of positions (poses)

(see Section 3.3.5). The robots are synchronized at these positions,

which may not produce the optimal tension at both wire ends and

subsequently the optimal speed trajectory, however, facilitated control

of the geometry was assumed (see Fig. 3.28).

� Thermo-mechanical cutting produces small kerf widths (in these tests <

2 mm), therefore the kerf width is not considered in further calculations.

� Rather than keeping a constant sum of cutting forces, a constant ten-

sion force is targeted, which may produce di�erent surface qualities on

one cut, however the di�erences are negligible.

� The most bene�cial variable to capture would be the temperature along

the wire in the foam, but with the experimental set-up and devices it
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was not measurable. However, the electric resistance of the wire is

related to the temperature and is logged.

� The joint acceleration limits are not taken into account for speed cal-

culations. This is postponed for further development.

� In the cutting procedure, the wire experiences slight expansion or con-

traction through temperature changes. However, this was considered

not relevant for the investigation.

Fig. 3.28: Cutting example with inadequate relation between left and right path-
positions in the beginning: high force on left (top in picture) side controls the speed,
while the wire at the right (bottom in picture) side melts the foam, since it is moving

too slow. Additionally oscillation errors occur (see Section 3.4.1)

Fig. 3.29: Cutting tests, in which the tension was not at a constant level, leading
the material to melt. The resulting surface pattern clearly exhibits the wire's traces,

however is hardly controllable

Fig. 3.30: Cutting example in which through joint acceleration limits the tension
force could not successfully be targeted resulting into melted material
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3.3 Design and simulation framework

Building upon the simpli�ed physical behaviour, as described in the previous

Section 3.2, this sub-chapter describes the design and simulation framework,

which was successively developed to provide an interface for the design of

SWC surfaces, produced with the adaptive robotic control. The main inputs

for the fabrication procedure (see Section 3.1.6), are the path curves for the

robotic arms (along with the robot's speed trajectories and the heat input

of the wire), respectively their positions along that curves, that have to be

reached at the same moment in time (see Fig. 3.31). The non-transparent

relationship between these path-positions and the resulting physical cut sur-

face is resolved by the developed simulation framework, that anticipates the

wire's deformation within the material (see Fig. 3.32). As such, it is not

only employed to virtually represent but also to provide information about

the design's feasibility. The generated surfaces belong to a particular vo-

cabulary of double-curved surfaces: sweep surfaces, which can be de�ned by

the motion of a changing pro�le curve along two guide curves. In order to

design with this constrained geometrical vocabulary, design and simulation

were integrated. Additionally to the geometry, the simulation emulates fab-

rication variables, such as robots' speeds. With advancing development this

estimation of variables was employed to improve the fabrication control.

Fig. 3.31: Path curves, synchronized
positions on the curves and foam block

[12]

Fig. 3.32: Simulated hot-wire curves
and lofted surface thereof [12]

Over the course of development di�erent simulation strategies have been

explored, for example, approximating the wire curve with particle/spring

simulation or applying the library ShapeOp16. These strategies were not
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continued, since the non-linear Force Density Method, as explained here-

after, proved to �t the requirements best. Generally, the development of the

simulation can be divided into two stages, �rst without, and later with the

integration of the force distribution equation 3.7. Without the equation, the

forces were assumed with equal magnitudes. The simulation strategy, which

was pursued and elaborated, is described on the following pages and starts

with the investigation of one individual wire shape.

3.3.1 Wire shape calculation

moving 
direction

l ... wire length 

X ... node positions

F ... forces acting on nodes

n ... number of nodes

s ... length between nodesi

f(Qeff ) = 318.7841e−0.0026Qeff (1)

f(s,Ql) = 318.7841e−0.0026
Ql
s (2)

f(s) = 318.7841e−0.0026 49.8
s (3)

Qeff =
Ql

s
(4)

∥∥∥∥∥
n−1∑

i=0

f(si)
∥∥�vi × �ti

∥∥ �vi

∥∥∥∥∥ = ‖�r‖ (5)

si = kdi (6)
∥∥∥∥∥
n−1∑

i=0

f(kdi)
∥∥�vi × �ti

∥∥ �vi

∥∥∥∥∥ = ‖�r‖ (7)

g(k) = (

∥∥∥∥∥
n−1∑

i=0

f(kdi)
∥∥�vi × �ti

∥∥ �vi

∥∥∥∥∥− ‖�r‖)2 (8)

fi = F (vi, Ql)li

∥∥∥t̂i × f̂i

∥∥∥ f̂i (9)

Fres =

∥∥∥∥∥
n−1∑

i=0

fi

∥∥∥∥∥ = k
∥∥t̂0 + t̂n−1

∥∥ (10)

F (Qeff ) = ae−bQeff (11)

T (Qeff ) = alee
−bQeff + c (12)

T (Qeff ) = ae−bQeff + c (13)
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Fig. 3.33: Computational wire representation

Computationally the shape of the wire with length l is represented with dis-

crete n nodes (node index i) and n−1 segments, with constant segment length

s (= si) between the nodes (see Fig. 3.33) [109]. Since in the SWC process

the form of the wire and the acting forces on it are mutually depended, gen-

erating transitory equilibrium states along the cutting trajectory, the Force

Density Method [82, 83] is applied to approximate its form: The two end-

points of the wire are set to �xed nodes nf with known positions Xf . With

the known connectivity matrix C (= [Cu, Cf ]) and according to applied

forces F [n×3], we search for a vector q of force densities, so that the length

between each individual node matches the segment length s, equivalent to

�nding the unknown positions Xu of the free nodes nu [109]. An iterative

approach is applied to �nd the target force densities [110]. We estimate a

starting vector q0 (diagonal matrix Q0) and solve the equation in 3.5 for the
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unknown positions Xu0 [109]

Du = Cu
TQ0Cu (3.3)

Df = Cu
TQ0Cf (3.4)

DuXu0 = Fu −DfXf (3.5)

qk+1 = QkS
−1pk (3.6)

Then we calculate the edge length vector pk according to X0 (= [Xu0, Xf ])

and estimate the next force density vector qk+1 with 3.6, which is again

inserted into equations 3.3 and 3.4 as diagonal matrix Qk+1. We solve the

linear system in 3.5 to calculate the new coordinates Xk+1. This procedure

is continued until the sum of all edge lengths matches the wire length l up

to a certain tolerance [109].

This form-�nding approach delivered quick results and proved to meet the re-

quirements for an interactive design and simulation tool, however transferred

the problem of calculating the wire shape towards calculating the forces that

shape the wire. Therefore, experiments have been performed to analyse the

actual physical shape of the wire and investigate how the forces F have to

be distributed so that calculated and physical shape match.

3.3.2 Physical wire shape

With the experimental set-up and sensor equipment, it is not possible to

track the process inside the foam block, especially not the deformation of the

wire. The only indication of its form are the tension force vectors, as the

tangents at the end points of the wire and the sum of which are the sum of

all forces acting on the wire.

A series of cutting tests have been performed with di�erent foam block

widths, di�erent heat inputs (see Table 3.2) and di�erent path curves, gen-

erating di�erent wire shapes. The purpose of these tests was
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� to analyse the physical shape of the wire and its deformation, and

investigate how the input of the shape calculation in 3.3.1 relates to

the physical shape,

� to develop a method for estimating the forces (see Section 3.3.3) and

� to test the developed simulation model in comparing process- and sim-

ulated data (see Section 3.4.1).

In the cutting procedure, force-feedback control (see Section 3.1.7) was used,

to keep the optimal tension force Topt and adjust the speeds accordingly.

This setting was chosen to constrain the range of investigation speci�cally to

the selected tension force. Within the process the Control Core logged the

robots' positions together with the respective measurements from both of

the end-e�ectors (angles and forces). The robots' path curves were designed

in such a way that all positions lay in the same horizontal plane but have

di�erent distances to each other, constraining also the force directions to lay

in one plane. After the cut, to uncover the wire's shape from the cut surface,

it was illuminated from two sloped angles and the distortion of the taken

pictures was reversed (see Fig. 3.34).

Fig. 3.34: Photos from the cut surface. The wire's traces cannot be scanned, how-
ever are visible with inclined light incidence

In the experiments symmetric and asymmetric path curves were used to

produce di�erent wire deformations and to generate di�erent phases that are

of interest to the analysis, due to expected distinctive di�erences in the force

distribution:

a) Entry phase: the wire starts straight but the wire's endpoints are

continuously moving towards each other, expecting higher forces at
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a)

b)

c)

d)

e)

Fig. 3.35: Topview of symmetric and asymmetric path curves with phases a) to e)

outer zones, than in the center.

b) Steady phase: the wire keeps its shape and the endpoints of the

wire are moving parallel to each other, expecting little di�erences

in the force distribution along the wire.

c) Exit phase: the endpoints of the wire move o� each other, expecting

higher forces in the center than in the outer zones.

d), e) Phases with asymmetric force distribution along the wire, expecting

higher forces on one side than the other.

foam block widths

[mm]
heat inputs Ql

[W/m]
de�ection α in the
steady phase [radians]

300, 400, 500 50, 58, 67, 76, 85 0.30, 0.48, 0.58, 0.68,
0.78, 0.86

Table 3.2: Input parameter values for the symmmetric path curves

3.3.2.1 Force magnitudes and shape comparison

For the purpose of �nding a �rst estimation of forces, the recorded tension

force vectors with their respective recorded positions and the surface's pic-

ture were visualised. On several positions along the path curves the force

magnitude distributions for the nodes in foam were estimated by a graph

(see Fig. 3.36, 1.) and adjusted until they ful�lled the tension force vector

(see Fig. 3.36, 3.) and the wire pattern visible on the surface (see Fig. 3.36,

2.).
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a)

b)

c)

1. 2.

3.

cutting direction

Fig. 3.36: 1. De�ned mapping curves for the force distribution, 2. overlay of wire
shape and surface picture, 3. overlay of recorded tension force vector and wire shape

As expected, the modelled forces exhibited a transition along the cut, which

is connected to the di�erent speeds along the wire: In the entry phase a) the

wire segments at the exit zones of the foam have to move faster than in the

center, resulting in higher forces, while in phase b) little di�erences in the

force distribution are visible and in the exit phase c) the reversed picture to

the entry phase is visible, where the wire segments at the exit zones move

slower than in the center, resulting in lower forces at the exit zones than in

the center. Low forces can also be recognized on the physical cut surface,

e.g. in the detail picture of Figure 3.36, 2.: low or zero force means thermal

cutting, melting more material and producing more rills.

On basis of this observations, the following force distribution equation was

developed, which calculates the forces acting on the wire at one moment in

time.

3.3.3 Force distribution

The wire, represented by n nodes, is experiencing di�erent forces on every

node i, which is in the foam. Nodes outside of the foam have zero vectors.

The force fi, which is inversely related to the temperature, acting on one node
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i, is dependent on the actual shape of the wire, respectively the tangent t̂i

(tangent at node i), the force direction f̂i, the speed vi and the heat input

Ql and is estimated as follows [109]

fi = F (vi, Ql)si

∥∥∥t̂i × f̂i

∥∥∥ f̂i (3.7)

where F (vi, Ql) is the force [N/mm] acting perpendicular to the engaged wire

length according to equation 3.2, si the segment length, and
∥∥∥t̂i × f̂i

∥∥∥ a ratio

between 0 and 1 depending on the angle between f̂i and the node tangent t̂i.

Since higher temperature is assumed at the exit zones of the wire from the

foam [32, p. 1449], an linear fallo� of the force magnitudes is estimated at

arbitrary 30 mm before the exit of the hot-wire17. Thus, all fi acting on

nodes, which match this assumption, are additionally scaled.

Since the target tension force in the endpoints of the wire with tangents

t̂0 and t̂n−1 is constrained to the optimal tension force Topt, the resultant

cutting force Fres, which is the magnitude of the sum of all force vectors from

equation 3.7 should comply [109]

Fres =

∥∥∥∥∥
n−1∑

i=0

fi

∥∥∥∥∥ = Topt
∥∥t̂0 + t̂n−1

∥∥ (3.8)

As such, with given wire shape, and force directions, it is possible to calculate

the necessary speeds vi, so that the wire experiences Topt at both of the wire

ends. The evaluation and validation of this force distribution is summed up

in Section 3.4.1.

3.3.4 Simulation model

The dynamic system of the moving wire through the foam has boundary

conditions such as path-positions Pa, Pb (for robots a, b), size and position

of the foam block as a volume, and a de�ned heat input Ql [109]. The forces

F (= matrix of all fi) from the force distribution equation 3.7 are the forces
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that act at a certain moment t on the wire. The shape however, depends

on the dynamic forces, thus the transient behaviour of the wire. The total

forces F (see Section 3.3.1) we need to compute the shape, originate from

all forces that have occurred since the entry of the wire into the foam at t0

to the current time-stamp tj and are therefore numerically integrated over

time [109]. We use a combination of the explicit Euler method with the

trapezoidal rule and the predictor � corrector method (Heun's method) for

the integration. With constant Ql, the forces F are a function of the shape

X and the speeds v, F = F(v,X) (cp. 3.7) acting at time tj . We denote the

step size with hj and initial forces with F0 = F(t0,X0). Starting from the

current forces Fj , in the predictor step the next forces F̃j+1 are estimated

with the Euler method [109],

F̃j+1 = Fj + hjF(vj ,Xj) (3.9)

which are used to calculate the shape X̃j+1, as described in Section 3.3.1.

This initial guess is improved in the corrector step by using the trapezoidal

rule,

Fj+1 = Fj +
1

2
hj(F(vj ,Xj) + F(ṽj+1, X̃j+1)) (3.10)

and with the forces Fj+1 the shape Xj+1 is calculated. In each iteration step

we estimate the speed ṽij+1 for one node i through rd̃ij+1 (r factor, distances

d̃ij+1 =
∥∥∥Xij − X̃ij+1

∥∥∥, Xij position of node i at iteration step j). We apply

the secant method to �nd the factor r and the root to the non-linear equation

3.11. As such, the sum of F(ṽj+1, X̃j+1) acting in the moment tj+1 satisfy

equation 3.8 [109].

g(r) =

∥∥∥∥∥
n−1∑

i=0

F (rd̃ij+1, Ql)si

∥∥∥t̂i × f̂i

∥∥∥ f̂i
∥∥∥∥∥− Topt

∥∥t̂0 + t̂n−1

∥∥ = 0 (3.11)

We calculate the step size hj based on the solution r (hj = dij/vij), as the
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time between two iteration steps. Then we downscale Fj+1, so that equation

3.8 is satis�ed and multiply the forces by hj . This is necessary since the

relation to the new force vectors hj+1F(vj+1,Xj+1) in the next iteration

step wouldn't correspond otherwise [109].

Boundary conditions
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Fig. 3.37: Schematic of the simulation algorithm for one iteration step [109]

The inputs for the simulation are de�ned in the computational design tool-kit

in McNeel's Rhinoceros 3D Grasshopper, but the described calculation, due

to performance issues, is performed in Python running outside of Grasshop-

per utilizing libraries NumPy and SciPy18. Results from the simulation are

again visualized in Grasshopper and include:

� node positions Xij of the discretized wire, from which NURBS curves

are created. Additionally, the wire's de�ection about the mounting

points, resp. the estimated angles for the cardan joint end-e�ector are

calculated (see Fig. 3.38, 1.).
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� force vectors fij for each of the node positions. The force magnitudes

can be displayed in color for analysing the surface (see Fig. 3.38, 2.).

� speed values vij for each of the node positions, therefore also for the

outer nodes, representing the robots' end-e�ector speeds (va, vb =

estimated speed trajectories) The speed values can also be displayed in

color for analysing the surface (see Fig. 3.38).

a) b) c)0.0 0.25 N per node 10 28 mm/s per node

angle deflections speed trajectories

Q
l  = 75.91

151213_9850A

Fig. 3.38: Results from the simulation a) NURBS curves, force vectors at nodes
and estimated de�ection angles below, b) force magnitude color mapping onto the

surface, c) speed value color mapping and speed trajectories below

3.3.4.1 Force magnitude analysis

The force magnitude colouring, as result from the simulation, contributes to

an understanding of what happens inside the foam block. It can be applied

to re�ect on critical phases (e.g. too big di�erence in high and low forces) and

to make further assumptions about the procedure's scope. The Figure in 3.39

shows the results of �ve simulations, where each had the same boundary con-

ditions except for the heat input. The forces are almost equally calculated,

while the speed values increase with increasing heat input Ql. Therefore,

it can be recognised that within this experimental range, di�erent Ql set-

tings may not change the wire shape drastically, which is also visible in the

constant angular measurements as in Figures 3.44 and 3.45. Exceptions are

path curves with high curvature in their speed trajectory: high heat input
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will require higher speed to keep Topt, which may lead to joint acceleration

problems.

10 28 mm/s per node

Q
l 
 = 75.91Q

l 
 = 49.90 Q
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deflection α 0.68 radians
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Fig. 3.39: Force magnitudes and speed values of the nodes mapped to color value
and displayed on the surface

3.3.5 Design tool

Although the simulation generates results from given path-curves and step

by step helps to develop an understanding about the process, designing those

path-curves is counter-intuitive, especially if they are not planar. Not only

di�erent path-curves change the result, but di�erent distributions of the syn-

chronized positions on the curves change it. For example, all positions have

to have less or equal distance than the �rst two positions, since the wire

cannot extend. Another geometrical constraint is in the entry phase: if the

robots approach each other too fast, the wire will not move in the center

of the foam block, as indicated in the preliminary simulation with overlap-

ping path curves (see Fig. 3.40). If the relation of the distance between

two positions of the path curves di�ers too much, high force di�erences on
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the opposite exit faces of the block occur, melting material on one side and

exhibiting low temperature on the other.

Fig. 3.40: Preliminary simulation: overlapping curves in the entry phase

a) b)N = 15 N = 15 N = 15c)

Fig. 3.41: Curve division a) by length, b) by curvature, or c) by arbitrary mapping

Therefore, the initial simulation set-up was altered to facilitate designing the

SWC surfaces: Instead of modelling the path curves, edge curves on surfaces

of the foam block are designed, which are discretized into an equal number

of points, which distribution can additionally be chosen (see Fig. 3.41).

Further, a function is created (a planar curve), that de�nes the additional

length of wire to the distance between the points Paj and Pbj (see Fig. 3.42,

a.). In contrast to the simulation described in 3.3.4, this simulation calculates

the forces for nodes that are constantly in the foam, and the �xed nodes are

the de�ned positions on the edge curves. Since the length of the curve from

one iteration step to the other changes, the nodes and their forces have to

be redistributed. After all node positions have been calculated and NURBS

curves have been created, a surface is lofted through the curves (see Fig. 3.42,

b.). To generate the path-positions Pa and Pb, a minimum distance to the

foam block is de�ned (keeping space for the tool handle) and the simulated

curves are tangentially extended in such a way that all curves have the same

length (see Fig. 3.42, c)).
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p
Aj

p
Bj

d

f

wl

d + f =   wla) b) c)

Fig. 3.42: a) Edge curves, distribution of positions and wire length extension func-
tion, b) simulated curves and lofted surface thereof, c) tangential extension of curve

to calculate path curves [109]

Fig. 3.43: Multiple simulated surfaces, with randomly created edge-curve pairs as
inputs (curves di�ering in amplitude, frequency, rotation)

This simulation set-up allows to explore the geometrical solution range (see

Fig. 3.43) and solved some issues encountered in the early design set-ups, for

example in the elective course Spatial Wire Cutting (see Section 4.1). The

function that de�nes the additional length allows to design smooth transitions

for di�erent phases and thereby omits erroneous results in the �rst place.
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This design- and simulation framework was further empirically tested and

validated in the Summerschool 2015 (see Section 4.2), a two-week design and

building workshop with students, the two-day AAG Workshop 2016 (see Ap-

pendix A) and applied to design six surfaces for the comparative studies (see

Section 3.4.2). These studies served to validate the overall integration of the

design and simulation framework with the combined feedforward-feedback

control and the repeatability of the process.

3.4 Validation of developed techniques

This section focuses on the evaluation and validation of the developed tech-

niques documented in the previous sections in regards to the predictability

and reproducibility of the physical process by means of the simulation frame-

work and the adaptive control software. Over the course of development two

series of cutting studies have been conducted that focused on the comparison

between computationally calculated process data and the actual measure-

ments from the physical process. The �rst comparative studies (see Section

3.4.1) served to validate the developed force distribution equation and the

second comparative studies (see Section 3.4.2) focused on analysing the devi-

ation between simulated surface and physical artefact. In the following they

are described and discussed.

3.4.1 Comparative studies N°1

Following the analysis of the physical wire shape (see Section 3.3.2) and

the subsequent development of the force-distribution equation (see Section

3.3.3), the carried out tests with varying boundary conditions, such as path-

curves and heat-inputs (see Table 3.2), have also been used to validate the

force-distribution equation 3.7 and the simulation framework. The calculated

wire curves and simulated process variables were compared to the measured

data from its respective physical counterpart in phases a) to e) (see Fig.

3.35). The phases were selected for investigation due to expected distinctive



78 3. Techniques for design and control

di�erences in the force distribution. The experiments have been performed

with feedback-control only.

3.4.1.1 Process data comparison

The estimated speed trajectories and estimated cardan joint angles from the

simulation (see Fig. 3.38), were overlaid in a graph to the measured speeds

and the tools' measured angles (resp. just angles αa and αb, since angles

βa, βb stayed constant) at their respective positions along the path (see Fig.

3.44).
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Fig. 3.44: Measured and simulated (dotted) process data (speed and de�ection
angle) from �ve cutting tests with di�erent heat inputs Ql, but the same symmetric

path curves. Phases a), b) and c) are indicated

However, since the measured data was oscillating in the entry phase a) (see

Fig. 3.44) and as well in phase d) (see Fig. 3.45) due to the force-feedback
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Fig. 3.45: Measured and simulated process data (speed and de�ection angle) from
�ve cutting tests with di�erent heat input Ql, but the same asymmetric path curves.

Phases d) and e) are indicated

control (problem formulated in 3.1.7), the phases used for the quantitative

comparison were just b), c) and e). For the symmetric tests the simulated

angle α (αa = αb for symmetric curves) in phases b) and c) had a normalized

root-mean-square deviation (NRMSD)19 of just 0.062. The estimated speed

trajectory also produced very good results and a similar NRMSD of 0.076

in the cutting tests (see Fig. 3.44 and Table B.3). For the asymmetric tests

in phase e) the speed estimation was similar successful (average NRMSD for

va 0.095, NRMSD for vb 0.058), however the angular comparison exhibited

a deviation of 0.351 for angle αa and 0.189 for angle αb (see Fig. 3.45 and

Table B.4). Further results are documented in Appendix B.2.
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3.4.1.2 Shape comparison

a)

b)

c)

Fig. 3.46: Overlay of simulated curves and picture, measured tension force vector
at its respective position for process data 151213_FA2A6 and path-curves

a) b) c)

Fig. 3.47: Details from the overlay between simulated curves and surface picture,
from a) entry, b) steady and c) exit phases, see Figure 3.46

Additionally to the process data, to compare the shape of the physical wire

with the simulated curve shape, the taken pictures were overlaid with the

simulated curves. This comparison was just performed visually (see Fig.

3.46)20. As apparent in the detail pictures a) and c) of the symmetric path-

curves (see Fig. 3.47), the curves in the entry and exit phases resemble to

the shadows from the surface, however phase b) has deviances.
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e)

d)

Fig. 3.48: Overlay of simulated curves and picture, measured tension force vector
at its respective position for process data 151214_8BAF4 and path-curves

e)d)

Fig. 3.49: Details from the overlay between simulated curves and surface picture,
from phases d) and e) with asymmetric force distribution, see Figure 3.48

The shape comparison for the asymmetric curves was not successful, as clear

aberrations are visible in the detail pictures (see Fig. 3.49) and follows the

aforementioned insu�cient NRMSD for angles αa and αb in the process data

comparison. The reason for this may as well be the oscillation problem since

it a�ects the shape of the curve as well. More comparisons of both symmetric

and asymmetric tests can be found in the Appendix B.2.2.
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3.4.1.3 Results

Summing up, the results of the comparative studies N°1 proved physical

coherency for the force distribution equation 3.7 and therefore also a good

estimation for the robot's speeds trajectories. However, the force-feedback

controller was again proven not to �t the application as it caused oscillations

in phases a) and d). But with the successful enhanced speed estimation, the

feedback-feedforward control (see Section 3.1.7) could be improved to �nally

integrate the acquired knowledge of material behaviour in the process control

and close the loop between simulation and fabrication which is evaluated

next.

3.4.2 Comparative studies N°2

To evaluate the predictability and reproducibility of the physical process by

means of the simulation framework and the adaptive control software, six dif-

ferent sample surfaces have been designed, simulated, two times fabricated

and 3D-scanned, sizing 900 mm in length and 400 mm in width. The gen-

erated data allowed for quantitative comparisons between simulated surface,

estimated process variables, physical artefact and acquired data during the

process.

The edge curves and the wire length extension function (see Fig. 3.50), as

input for the simulation, were designed in such a way to provide variability be-

tween moving directions and varying force distributions (see Figs. 3.51, 3.52)

to generate double-curved surfaces. As mentioned in Section 4.1.2, double-

curvature (negative Gaussian curvature, see Figure 3.54) can be achieved, if

one wire end changes its moving direction contrary to the other, or, change

the general moving direction radically. This causes the wire curve to leave

the two-dimensional residing plane and to utilize its three-dimensional be-

haviour. Therefore, the designed edge-curves feature high- and low curvature

peaks in positive and negative amplitudes with di�ering frequency.
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1) 2) 3)

6)3) 4)

a)

b)

c)

d)

a)

b)

c)

d)

a)

b)

c)

d)

a)

b)

c)

d)

a)

b)

c)

d)

a)

b)

c)

d)

Fig. 3.50: Input curves for the six simulated surfaces: a), b) edge-curves, c) wire
length extension curve and d) resulting engaged wire length

1) 2) 3)

6)3) 4)

Fig. 3.51: Six simulated surfaces with variing edge-curves as inputs, see Figure 3.50
and generated path-curves thereof

The estimated speed trajectories for the robots, calculated in the simula-

tion, served as input for the fabrication procedure, which used the combined

feedback-feedforward control (see Section 3.1.7) to tare the speed according

to the force measurement about the estimated speed trajectory. The Control

Core logged the measured robots' speeds and angular and force measure-

ments from both of the cardan joint end-e�ectors. To investigate the process
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3) 4)

1) 2) 3)

6)

0.0 0.25 N

Force per node:

Fig. 3.52: Force magnitudes of the calculated nodes mapped as color values and
visualized on the simulated surfaces

1) 2) 3)

6)3) 4)

Fig. 3.53: Photos from the fabricated objects, 400 x 900 mm (width x length)

in the phase where the wire has already cooled, 200 mm of foam were cut be-

fore the actual start of the path curves without feedback control (see Section

3.2.2). After fabrication (see Fig. 3.53), all twelve surfaces were scanned

with a Leica Nova MS50 Camera [111] and per surface an average of one

million scan points was registered. From these point clouds, meshes were

constructed21.
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3) 4)

1) 2) 3)

6)

-3×10-5 0 4×10-5

Gaussian curvature range:

Fig. 3.54: Gaussian curvature analysis on the reconstructed meshes from the 3D-
scanned point clouds

3.4.2.1 Predictability of the SWC process

To validate the simulation framework, the estimated angles and speed tra-

jectories from the simulation were compared with the measured speeds and

angles of the twelve surface cuts (see for example Fig. 3.55). The normalized

root-mean-square deviation (NRMSD) of speeds va, vb ranged between 0.23

and 0.09, of angles αa, βa, αb, βb between 0.03 and 0.12 and proved a good

estimation of process variables (see Table 3.3).

surface id data�le id va vb αa βa αb βb

1.
160304_17295 0.23 0.15 0.08 0.07 0.06 0.08
160304_B2140 0.23 0.15 0.08 0.07 0.06 0.08

2.
160304_7C529 0.16 0.16 0.08 0.08 0.07 0.06
160313_5017B 0.16 0.17 0.05 0.08 0.08 0.04

3.
160304_C9874 0.17 0.11 0.06 0.06 0.09 0.11
160304_C2CEF 0.19 0.11 0.06 0.06 0.09 0.11

4.
160304_4C58B 0.10 0.15 0.06 0.05 0.11 0.05
160304_680DB 0.10 0.15 0.06 0.05 0.11 0.05

5.
160305_314D1 0.12 0.09 0.08 0.08 0.12 0.04
160313_03E5B 0.12 0.09 0.05 0.08 0.09 0.04

6.
160306_CEE87 0.14 0.12 0.03 0.07 0.12 0.03
160306_BC582 0.14 0.13 0.03 0.07 0.12 0.03

average NRMSD 1.-6. 0.16 0.13 0.06 0.07 0.09 0.06

Table 3.3: NRMSD of speeds va, vb and angles αa, βa, αb, βb
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Fig. 3.55: Process data comparison of 160304_B2140, surface 1)
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4) 5)
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cutting 
direction

Fig. 3.56: Point cloud data from the scanning process and simulated surfaces with
fabrication deviance mapping. The colours on the surfaces indicate the closest

distance to the reconstructed mesh from the point cloud



3.4. Validation of developed techniques 87

The reconstructed meshes from the scanned surface were compared to the

simulated surface and the o�set distance was calculated (see Fig. 3.56). The

maximum distance was 42 mm, which is high in terms of building tolerances.

Areas of high deviation could be identi�ed where the path curves show high

curvature and increase at later moments in the procedure since small devia-

tions along the path accumulate.

3.4.2.2 Repeatability of the SWC process

To validate the feedforward-feedback control and check the repeatability of

the process, the process data of two cutting iterations with identical input

parameters were compared to one another and exhibited almost no di�erence

(see Fig. 3.57). Also the reconstructed meshes from both cutting iterations

exhibited a maximal distance of just 6 mm to each other (surface example 1)

drops out) and the histogram displays 94 percent22 below 2 mm of the mea-

sured points (see Fig. 3.58). This proves that the integration of feedforward

and feedback control makes the process very stable and repeatable, reducing

additionally the oscillations.
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2). More comparisons can be found in Appendix B.3.2
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3) 4)

1) 2) 3)

6)

0.0 7.0 mm

Fig. 3.58: Comparison between two cuts of the reconstructed meshes from the point
clouds. Distances mapped to color and visualized on the surface. Below: histogram

of the distances

Generally it can be noticed, that the optimal tension force Topt can e�ciently

be reached where path-curves show less curvature (for example, peak between

timestamps 50 - 60 (see Fig. 3.57)), implicating less speed change. The

value of 2.0 N is very sensible, for example, if the wire is taut between the

robots with tension force Topt and one robot distances from the other in the

wire direction of just 1.3 mm, this already leads to a di�erence of 0.6 N23.

Therefore, force measurements between 1.0 to 3.0 N are optimal.

3.4.2.3 Results

Generally, the results of the second comparative studies were successful. The

improved estimation of process variables through the simulation framework

and the e�cient adaptive control are clearly visible in the surface quality of

all six cuts (see Fig. 3.59).

The simulated geometry however, had a high deviation from the actual ob-

ject and therefore cannot predict the resulting physical surface with absolute

precision. However, the comparison in this case is only for a single element.

Considering these tolerances in context with the overall assembly in respect
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Fig. 3.59: Surface details of cut objects

to scale and relation between the elements, certain tolerances become accept-

able. For example, in the case of façade systems (documented in Chapter

4), the deviations on the surface become less of an issue, if continuity at the

edges between adjacent panels can be guaranteed. Although not accurate,

the curvature of the surface in general is anticipated through the simula-

tion framework and therefore it can be employed to digitally investigate and

explore the geometrical particularities of the SWC process.

Strategies to reduce the deviances between digitally simulated surface and

physically fabricated artefact should involve approaches from multiple direc-

tions: The fabrication control could be extended to adaptively adjust the

path curves and prevent the accumulation of deviations, but also the design

and simulation framework could continuously learn from the process and

adapt to the physically fabricated artefact. The reduction of deviances is

also one of the main challenges for future development and strategies there-

for are explained in more detail in Section 5.3.

Notes

11 Robot Operating System (ROS) is a collection of software frameworks for robot software

development. Unfortunately, currently just Ubuntu Linux is listed as "Supported"

while other variants such as Fedora Linux, Mac OS X, and Microsoft Windows are

designated "Experimental" [112]. For architectural purposes, the fabrication control

needs to be interlinked with CAD Environment. However, McNeel Rhinoceros 3D,

which is widely-used amongst architectural computaional design, is not available for

Linux. Thus to fully utilize ROS' potential, a second Linux computer or a Linux virtual
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machine would be required and additionally a ROS node for linking Grasshopper to

ROS would have to be implemented.

12 The expanded foam used throughout the research project was swissporLAMBDAVento,

a graphite-enhanced expanded polystyrene with a density of 15 kg/m3 [113]. This ma-

terial was chosen, as its cut surface was re�ective, allowing for an increased visibility

of curvature on the surface.

13 The foam block size is notated in the order of width, height, length; where width refers

to the space between the two robotic arms and length along the cut

14 Programming guide for the programmable laboratory power supply can be found at

[114].

15 The protocol can be found in the programming guide for the programmable laboratory

power supply: [114].

16 ShapeOp is a library for static and dynamic geometry processing [115].

17 The estimation of the linear temperature fallo� of the hot-wire was empirically evalu-

ated. However, a correct temperature gradient of the wire should be on the agenda for

future investigations.

18 NumPy is an extension to Python, adding support for multi-dimensional arrays and

matrices, along with various mathematical functions on them. SciPy contains modules

for optimization, linear algebra, integration, interpolation and other tasks commonly

in science and engineering [116].

19 RMSD represents the sample standard deviation of the di�erences between the simu-

lated values and measured values. NRMSD is the normalized RMSD according to the

range of the measured data (= maximum � minimum value).

20 Canny Edge Detection [117] could eventually be used to �nd edges and compare with

the simulated curves.

21 From the point clouds meshes were constructed using Meshlab [118] and its implemen-

tation of the Poisson Surface Reconstruction algorithm [119].

22 Surface examples 2) - 6) exhibit 94 - 96 % of data below 2 mm and surface 1) drops

out with 70 %.

23 In the beginning, the wire was taut between the robots, their distance from each other

was 1155 mm and the force sensor measured 1.05 N. After a movement of 1.3 mm away

from each other (= 2.6 mm in total) allowed by the springs at the end-e�ectors, the

measured force was 1.69 N.
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4 Application and validation

This chapter provides the implementation and validation of the developed

techniques documented in Chapter 3 in regards to their applicability for ar-

chitectural purposes. It is structured into two sections, documenting �rst on

results from an elective course and second from a summer school workshop,

in which architectural students were participating. Based on a design task,

the central focus in these experiments was to investigate particular design

strategies, for individual- as well as for the assembly of multiple elements,

reveal certain cutting characteristics and geometrical particularities of the

Spatial Wire Cutting process. In the applied experimental methodology the

speci�c design solution was empirically and iteratively developed using a

combination of both the design- and simulation framework and the fabri-

cated physical prototypes. Moreover, this chapter displays the application of

the SWC technology for the production of formwork components for façade

panels at an architectural scale.

4.1 SWC elective course 2015

In the spring semester of 2015, the preliminary design- and simulation frame-

work and adaptive control software (using the feedback-control) were applied

and validated in an elective course named Spatial Wire Cutting with ten

architecture students at ETH Zurich [120]. The used foam block size var-

ied depending on the student's projects and ranged from 300x300x300 to

600x400x300 mm. The design task in this course was to explore the typol-

ogy and characteristics of individual cut elements and subsequently develop a
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logic for their assembly as a façade system. The course was intended as pre-

study to the following summer school workshop, as documented next. While

three student teams developed projects that took advantage of the SWC pro-

cedure, following the bottom-up principle, the other two teams focused on

the assembly of panels with ruled surfaces.

4.1.1 Group 1 - Sigmoid curve

This group generated path-curves, through which the movement of the wire

resembles a cross. The wire moves in di�erent directions on the opposite exit

faces of the block, which results into contrary force directions around the

centre point of the wire's movement (see Fig. 4.1). As a consequence, the

wire is shaped into a slight sigmoid curve. Through varying the angle, the

depth and the path-curves for each element (see Fig. 4.2), the group pro-

duced an assembly of elements that featured a tension between single- and

double curved surfaces, resembling a chequerboard (see Fig. 4.3). While cast-

ing the element might be di�cult, the project however visualized a cutting

characteristic apart from producing surfaces through entering on one side of

a foam block and exiting on the opposite: The cut surfaces demonstrate a

singularity in the form of self-intersections24.

Fig. 4.1: Crossed cutting movement, re-
sulting into a slight sigmoid curve

Fig. 4.2: Variation possibilities on one
element: angle, depth and path-curves
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Fig. 4.3: Final prototype of Group 1: The element variations have been parametri-
cally controlled (single element size: 300 x 300 x 300 mm)

4.1.2 Group 2 - Movement patterns

This group explored the generation of patterns on the surface by apply-

ing repetitive movements to enhance and visualise the deformation of the

curved cutting medium (see Fig. 4.5). With the SWC procedure, expressive

double-curved surfaces can only be cut when one wire end changes its moving

direction contrary to the other25, or, as examined in the next group, change

the general moving direction radically, forcing the wire curve to leave its two-

dimensional residing plane and step towards utilizing its three-dimensional

behaviour. To extract this behaviour and fully pro�t from the potential of

this curved cutting medium, this group spared no e�ort to test a multitude

of di�erent paths (symmetric and asymmetric) (see Fig. 4.4). For the �nal

prototype they applied variations of transformations such as mirror, rotation,

scale and translation to the path-curves and used both positive and negative

parts of the cut, which resulted into a highly articulated aggregation (see

Fig. 4.6), which could directly be employed for formwork purposes.
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Fig. 4.4: Table of path generation:
di�erent patterns and path correspon-

dence

Fig. 4.5: Fabricated objects with three
di�erent pattern movements

Fig. 4.6: Final prototype of Group 2: Assembly of multiple objects fabricated with
di�erent pattern movements (element size: 600 x 300 x 200 mm)

4.1.3 Group 3 - Subtle variation

This group focused on the subtle variation of two symmetric path-curves,

which produced surfaces that clearly exhibited one particularity of the pro-

cess: Through radically changing the moving direction, as indicated as peak

in Figure 4.7, the curve utilizes the full tree-dimensional space, which sub-

sequently results in double curvature. However, since the high curvature

peak in the path-curves induced speed-up in the fabrication process, joint

acceleration issues were the consequence and further led to limited repeata-

bility and continuity problems with adjacent panels. To overcome this issue,
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the group applied another cut in the longitudinal direction and �ipped the

parts (see Fig. 4.8). Thus, the critical edge was transferred to the center

and the inner edge, which exhibited less discrepancies, moved outwards, re-

solving the continuity issues. Further to mention is that, at that time, the

feedback-based fabrication procedure exhibited oscillation problems (see Sec-

tion 3.1.7), which, although considered as lack of control, was intentionally

forced by the students since it created small deviances on the surface, that

re�ected the wire's traces (see Fig. 4.9). The assembled panels di�ered in

size and overlapped vertically.

Fig. 4.7: Subtle variation of the path-
curves' peak, generating slightly di�er-

ing surfaces

a) b)

c)

Fig. 4.8: a), b) Cutting the panel in
the longitudinal direction and c) �ip-

ping the parts

Fig. 4.9: Final prototype of Group 3: The panels with varying element size over-
lapped vertically.
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4.1.4 Groups 4 and 5 - Ruled surfaces

The two other groups focused on the assembly of panels with ruled surfaces.

One team produced multiple equal hyperbolic paraboloid panels which aggre-

gated into, in contrast to the other prototypes, a more space �lling structure

(see Fig. 4.10). Although the connection of the panels has to be considered

further, the group cleverly circumvented the problem of the aforementioned

critical edge through joining just the controlled (entry- and exit-) edges. The

resulting aggregation, which may not necessarily need to consist of equal pan-

els, could eventually be used for dividing walls and have structural qualities

through the double-curved panels. The other team generated di�erentiated

ruled surface panels to investigate variable shadow conditions (see Fig. 4.11)

and thereby extended the design brief of investigating also a functional façade

system.

Fig. 4.10: Final prototype of Group 4:
Hyperbolic paraboloid panels

Fig. 4.11: Final prototype of Group 5:
Variable shadow conditions

4.1.5 Results

The elective course pushed the development of the research project in vir-

tually all aspects and allowed for a large number of iterative tests and form

explorations. However, the design set-up with the path-curves as input, led

to a lot of error-prone results in the simulation, for which reason the students

had to intensively rework the path-curves. Additionally, the feedback-based

robotic control produced oscillating movements in the fabrication procedure.
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This combined premature technology was quite a challenge for the students,

since they had to come up with design solutions that cover the imprecise

fabrication, which may have been the reason why two groups switched to

using just ruled surfaces. Following this experiences, the next goal, was to

enhance the design set-up to provide more intuitive handling and to improve

the adaptive control. Summing up, the elective course has led to valuable

�ndings for the preparation of the following summer school, as documented

next.

4.2 Swisspearl® Summerschool 2015

Fig. 4.12: Employed robotic set-up in the Swisspearl® Summerschool 2015

On the basis of the experiences from the elective course, the design- and

simulation framework was improved to use the edge-curves as input (see

Section 3.3.5) and the adaptive control was extended to feedback-feedforward

control (see Section 3.1.7), however the simulation did not yet incorporate the

force-distribution equation (see Section 3.3.3) and therefore the calculation

of the speed trajectories as fabrication input was rather a rough estimation

[12].

To validate the second iteration of the design- and simulation framework a



98 4. Application and validation

two-week Swisspearl® Summerschool 2015 [121] was conducted. Further-

more, this workshop focused on expanding the SWC technology towards the

application at an architectural scale by developing façade typologies (see Fig.

4.12, the up-scaled robotic set-up). Within the design and conceptual phase

of the workshop, the 14 students started exploring the technique through a

series of manual tests, using a hand-held hot-wire cutting device and foam

blocks of 300 x 400 x 600 mm (see Fig. 4.14) to develop an intuitive under-

standing of the SWC process26.

b)

a)

c)

d)

e)

Fig. 4.13: Work�ow: a) manual testing b) computational design c) robotic fabrica-
tion, d) manual lamination e) assembly

Fig. 4.14: Manual testing Fig. 4.15: Lamination process

Subsequently, based on the �ndings of the manual tests, these concepts were

translated into the computational simulation framework to elaborate an over-

all design concept and parametric model for the aggregation of façades com-

posed of custom panel sizes of 1200 x 600 mm. With the given design setup,
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the focus was on the control and the modulation of three planar curves: the

two edge curves of the panel and another curve that de�ned the amount of

wire length in the foam (see Section 3.3.5). The parametric control of the

edge curves facilitated the design of the façade system, as same edge curves

allowed for continuity between the panels.

The simulated surfaces of the parametric model contained already the fab-

rication instructions, which were directly sent to the adaptive control soft-

ware, applying the combined feedforward-feedback control. After robotically

cutting, the elements were used as moulds for the lamination27 with the

�bre-cement composite Swisspearl® (also known conventionally as Eternit),

a well-established manufacturing procedure (see Fig. 4.15). After the 24

hours dry-out phase, the panels were mounted on a wooden sub-structure.

The challenge of this unique combination of automated cutting and manual

lamination was to �nd the synthesis between two very di�erent material sys-

tems: each one with his speci�cally constraint design space. Four student

groups developed four di�erent design concepts, which were materialized as

full scale prototypes.

4.2.1 Group 1 - Double cuts

The �rst group concentrated on a procedure consisting of two sequential

cuts on the same foam block and as such created intersections between the

two resulting surfaces (see Figs. 4.16, 4.17). These intersections, or crest

lines, which appeared as patterns on the �nal prototype (see Fig. 4.18),

were parametrically controlled by the edge curves through varying heights

and positions of the control points. Since the behaviour of the composite

material in respect to double-curvature was quite unknown and due to the

limited time-frame of production, these panels were partially realised very

�at, which, in hindsight, may not have been necessary. However, the resulting

three-dimensional curves of intersection led to an interesting composition and

additionally sti�ened the panels.
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f
a

a

m

Fig. 4.16: Conceptual drawing: Two in-
tersecting surfaces

Fig. 4.17: Photo of manual tests

Fig. 4.18: Final prototype of Group 1: Double Cuts

4.2.2 Group 2 - Flipping peaks and valleys

The second group explored a parametric di�erentiation of the edge curves

with alternating combination of sharp peaks and valleys. Similarly to the

Movement Patterns (see Section 4.1.2) the wire's movement and the unique-

ness of the process was demonstrated expressively in the fabricated surfaces.

To establish a certain surface continuity, every second panel was �ipped for

altering the direction of the hot-wire's movement (see Fig. 4.19).
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Fig. 4.19: Design concept: edge curves
with peaks and valleys

Fig. 4.20: Photo of manual tests, �ip-
ping cutting direction

Fig. 4.21: Final prototype of Group 2: Flipping peaks and valleys

4.2.3 Group 3 - Waves

The concept of the third group concentrated more on exhausting the compos-

ite material's limits. In developing a non-standard version of the company's

well known corrugated sheet, they additionally hid the vertical connections

between the panels by using waves. Through empirical testing the maximum

range of surface stretch and compression of the cement composite was iden-

ti�ed and used as a design constraint for the parametric control of the edge

curves, thus pushing the boundaries of the material process. However, since
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the path-curves exhibited high curvature, resulting in rapid speed variations,

the developed panels were generated just with a slightly curved wire (see Fig.

4.22).

h1 h2 h3

r1a

r1b

l1 l2 l3

r3

r2a

r2b

Fig. 4.22: Design concept: panel and
edge curve parameters

Fig. 4.23: Photo of manual test

Fig. 4.24: Final prototype of Group 3: Waves � hiding vertical connection

4.2.4 Group 4 - Subdivision

The fourth group's concept was to assemble six smaller fabricated pieces into

one single mould for the lamination of larger panels. This system, combined

with the controlled changing of edge curves to generate almost ruled, but still
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partly double-curved, surfaces, explored subdivision as strategy to widen the

spectrum of possible surfaces.

600

300
600

1800

Fig. 4.25: Conceptual drawing and de-
sign concept

Fig. 4.26: Manual test for hyperbolic
surfaces

Fig. 4.27: Final prototype of Group 4: Subdivision

4.2.5 Results

Overall, the pursued physical explorations within the framework of the Sum-

merschool led to a variety of di�erent results, promising interesting avenues

for SWC to be used for 1:1 future constructive processes. The combined

speediness and e�ciency of the SWC process and the lamination process

allowed for a large number of iterative physical tests and a comprehensive
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empirical investigation of the architectural potentials of the technique. This

has clearly evidenced the viability and application range of SWC. Through

the integrated computational design and simulation framework and the adap-

tive robotic control, the students designed prototypes that were coherent with

their materialisation and therefore con�rming the success of the second it-

eration of the design- and simulation framework. Further, the up-scaling of

the process, apart from some additional path-planning, worked without any

problems. The SWC procedure creates a speci�c family of double curved

surfaces linked with the related machining limitations. Thus, the solution

space is constrained, but it is exactly this particularity that challenges the

design scope and generates architectural diversity.

Fig. 4.28: Overview, various �nal prototypes

Notes

24 Self-intersections through ruled surfaces are documented and exhibited as models for

example in the Institute Henri Poincaré [122, p. 39].

25 With the SWC procedure, expressive double-curved surfaces can only be cut when one

wire end changes its moving direction contrary to the other, likewise in the creation of

the hyperbolic paraboloid.
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26 The hand-held device was already provided in the SWC elective course, however not

fully accepted by the students.

27 For the lamination it was not necessary to coat the polystyrene moulds: they were

directly used without preparation.
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5 Conclusion and outlook

5.1 Summary and discussion

The goal of this thesis was to develop techniques and methods for the multi-

robotic hot-wire cutting procedure Spatial Wire Cutting and investigate its

architectural potential in the design and production of geometrically com-

plex formwork components. Over the course of development, fundamental

knowledge was gained about the process, its characteristics and limitations,

which have been successively integrated in the custom software framework

and periphery. Besides, the process' predictability and control was continu-

ously improved, validating the applied methodology. Thus, existing hot-wire

cutting techniques have been extended with a new geometric capability, a

particular vocabulary of double-curved sweep surfaces. Hereinafter each of

the core topics of investigation is shortly summarized and discussed.

5.1.1 Adaptive robotic control system

In regards to the experimental set-up (see Section 3.1.2), suitable synchro-

nisation and control strategies have been developed that allowed to suc-

cessfully control the SWC process. Through several physical experiments

the requirements for a custom end-e�ector were identi�ed, which, equipped

with sensors, permitted to track the relevant physical variables. These were

utilized in the online control as feedback and additionally stored for later

analysis, enabling to acquire information from the process. One of the most

relevant developmental steps was the extension of the feedback control with

feedforward control, which stabilised the robots' movements and improved

the repeatability of the fabrication process, as successfully demonstrated by
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the comparative studies (see Section 3.4.2.2). This advancement however,

was just possible with a proper speed estimation for the feedforward control,

which required �rst a comprehensive investigation into the process variables

and their integration in the simulation.

The biggest challenge in the control of the process was to keep the hot-

wire constantly in an appropriate tension, which was identi�ed to range

between 1 to 3 N, targeting the optimal tension force Topt in the experi-

mental set-up. This range is sensitive, as through synchronisation issues or

joint acceleration problems the tension drops immediately, through which a

correct speed estimation was indispensable. However, for the calculation of

the speed trajectories, robotic simulation was intentionally not integrated to

not computationally overload the design tool. As a consequence, on multiple

occasions Topt could not be successful reached, the wire melted the material

and led to insu�cient surface qualities. With hindsight, it would have been

advantageous to integrate robotic motion planning, so that erroneous results

would be omitted in the �rst place. Moreover, the end-e�ector was inten-

tionally implemented passive, interfering as little as possible in the process

and keeping all actions performed by the robotic arms. In regard to possi-

ble improvements of the robotic control, this could eventually be modi�ed

to solve other problems, such as the avoidance of joint acceleration limits

(see Section 5.3.1). Reconsideration for further development would also con-

cern the three-step position synchronization (see Section 3.1.5.5). While it

worked acceptable within the scope of research, it could be improved through

a master-slave control system.

5.1.2 Analysis and modelling of material behaviour

The prevailing physical entities of SWC may di�er very little to standard

hot-wire cutting, yet by curving the wire, cutting mechanics change and the

solution space expands drastically as all interacting variables are exploit-

ing their respective operating ranges simultaneously. Successive tests and
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process studies allowed to accumulate a body of knowledge about the pro-

cedure, understanding the relationships between heat-input, speed, cutting-

and tension forces, etc., and allowing the development of an abstracted dig-

ital counterpart. One of the biggest challenges within this research was that

with the chosen set-up it was not possible to track the process inside the

foam-block, in this case the curvature of the wire at a given moment in time.

This required to make assumptions, estimations and models describing the

interior. For example, rather than simulating the variable temperature along

the wire, the force distribution equation was developed, based on measured

quantities. It was successively integrated in the simulation and proved to

allow for a good estimation of process variables. However, it has to be noted

that this constitutes also just a �rst approximation, as it is based on the cut-

ting force model that gives an estimate of cutting force under steady-state

conditions. These are conditions, in which the temperature of the wire inside

the foam is constant. Since in transition states (entry phase or exit phase,

see Section 3.3.2) the temperature along the wire in the foam distributes

gradually, this is very likely not to match.

5.1.3 Design and simulation framework

A design and simulation framework has been developed that served as me-

diator between design intent and producibility of SWC surfaces. The sim-

ulation was based on the empirical relationships gained from the material

studies and therefore emulated the geometrical articulation together with its

respective process variables, serving as fabrication input. Over the course of

development, the estimation of process variables was improved and lead to

an enhancement of both the geometric predictability and the control of the

robotic fabrication system.

The challenge was to provide a design tool as accurate as possible while not

loosing performance, in order to provide direct feedback on design decisions.

The framework has been evaluated through workshops with students and suc-

cessively adjusted to allow for an intuitive design process. A big step in the
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development was the transition from designing edge curves instead of path

curves, which resulted from the design task of developing façade systems, as

same edge curves allowed for continuity between façade panels: Designing

and modulating three planar curves instead of two three-dimensional curves

facilitated the control over the resulting surface and omitted erroneous input

curves in the �rst place. Further reconsiderations regarding the input param-

eters for the simulation framework should include the preceding division of

path/edge curves into discrete synchronized robot positions: the framework

should rather search for optimal positions along the curves.

The comparison between simulated surface and actual fabricated object re-

vealed high tolerances. Thus, the simulation framework cannot predict the

resulting physical surface with absolute precision. It has to be noted that

the simulation model in the current state of development has still a high

degree of simpli�cation and abstraction of the physical process: Not all fac-

tors were integrated and small inaccuracies sum up along the process, as

revealed by the comparative studies (see Section 3.4.2). Moreover, if con-

sidering these tolerances not only for a single element, but in context with

the overall assembly in respect to scale and relation between the elements,

certain tolerances even out or become acceptable. For example, in the case

of façade systems (see Section 4.2), the deviations on the surface become

less of an issue, if continuity at the edges between adjacent panels can be

guaranteed. Although not accurate, the curvature of the surface in general

is anticipated through the simulation framework and therefore it can be em-

ployed to digitally investigate, explore the geometrical particularities of the

SWC process and develop design strategies therefrom.

5.1.4 Application and validation

The developed techniques, such as adaptive control and simulation, were

continuously validated with physical artefacts from model- to full scale pro-

totypes and proved promising avenues for SWC in 1:1 future construction

processes. This integrative methodology pushed the development forward
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and allowed to develop an in-depth understanding of the speci�c limita-

tions and possibilities of the procedure. The combined design and simulation

framework and the process' applicability for architectural purposes was val-

idated with the help of architectural students, who accepted the challenge

of designing within a very speci�c design space. Although it was non-trivial

to come up with design solutions in respect to the process' boundaries, their

examination and discourse allowed to reveal its inherent particular geometry.

This geometry would have stayed hidden, if the constraints of materialisa-

tion would not have been pre-rationalized, but a software would have been

available for post-processing arbitrary designed geometry. It is the purpose

of fabrication-aware design to make the relations and constraints of material

processes explicit and available to the designing architect in order to examine

and exploit the process' full potential. While the investigation into the pro-

cess' architectural application focused mainly on façade systems, the process

o�ers several further application scenarios, which are mentioned in Section

5.3.3.

5.2 Contributions

The thesis has demonstrated that the integration of digital design and sim-

ulation techniques with adaptive control strategies can foster the creation of

unique and di�erentiated formal vocabularies in the design and production of

architectural formwork components. Over the course of development, several

topics have been investigated that are generally relevant for fabrication-aware

design methods and digital fabrication processes with non-linear material be-

haviour. The following section highlights the contributions of the research.

5.2.1 Integrated design and fabrication techniques

The integrated design and fabrication approach allowed to tackle the research

project's complex problem of anticipation and control holistically. Issues aris-

ing from within the individual research directions could not be treated fully
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encapsulated, as discoveries, advancement and changes a�ected the develop-

ment in others. These dependencies and relationships however, allowed to

tune the parameters and �nd the balance in the project's development. For

example, the simulation calculates an estimation of fabrication parameters,

that don't need to be exact, as the fabrication control can cover inaccura-

cies within a certain range autonomously, but still requires the estimation

of input parameters as basis to work properly. Hence, the computational

anticipation of the process and its controlled realisation, the digital model

and its physical pendant, act complementary.

De�ning this threshold of techniques is especially important within the �eld

of digital fabrication in architecture, as it is not mandatory to implement

a perfect digital model, but only the abstraction of a process to the extent

in which an acceptable precision and a coherency between designed artefact

and its fabrication can be provided. The question of how much technology

is necessary to achieve a high degree of simulation accuracy, is not only a

question of available resources, it is rather a question of how to de�ne the

respective soft- and hardware interfaces of the whole design- and fabrication

system.

5.2.2 Formal peculiarity

Spatial Wire Cutting has brought forward a new geometric capability to

robotic hot-wire cutting, a particular language of double-curved sweep sur-

face geometry, exempli�ed through a multitude of cutting samples and façade

prototypes. This peculiar geometry would have hardly been discovered within

a purely digital design environment and therefore demonstrates the discovery

of process inherent form that is possible through digital fabrication technolo-

gies.

While a mathematical description and classi�cation of surfaces created by the

technique was not the goal of the thesis, an appropriate representation was

achieved through the simulation and the force-magnitude/speed colouring on
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the simulated surface. This allowed to visualise the physical variables present

in the process responsible for the geometrical extension to hot-wire cutting.

5.2.3 Material process driven design methods

In the traditional sense of processing methods, it is the tool that modi�es

and shapes the material. In the Spatial Wire Cutting procedure however,

tool and material, hot-wire and polystyrene foam, are both being shaped

and modi�ed through the interaction with each other and therefore merge

the concept of processed material and processing tool.

Contrary to projects with materials that exhibit complex material behaviour

by themselves, such as materials with lower viscosity like concrete [17] or clay

[123, 124], for Spatial Wire Cutting it is the material's processing method

that brings forward the complex behaviour of the hot-wire. Within this

context, the scope of possible shapes is mostly broader than the range in

which the procedure is controllable through digital fabrication technology.

Thus, digital fabrication opens up new and complex design spaces that do

not possess clearly de�ned boundaries and need to be explored empirically.

For example, during initial material studies some cutting tests were identi�ed

as erroneous results (see Fig. 3.28), since the optimal tension force could not

be targeted. With increased fabrication control however, these e�ects could

also be used as quality in architectural design.

The thesis contributes to the investigation of material process driven design

methods as it presents a method of how process variables can be abstracted

and implemented in a design tool that serves both for pre-rationalisation and

discovery of form. It limits the design scope to the extent in which fabri-

cation control can be ensured and shifts the focus from the design of form

to the geometrical modelling of input parameters (curves). On this basis

the simulation calculates the representation of the resulting surface, through

which aesthetic qualities and design aspects can be the main concern. Ma-

terial process driven design methods are methods, which do not necessarily
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describe exact geometry but constraints and rules that create geometry. Ulti-

mately, this thesis has demonstrated that non-linear material behaviour and

its mastering with digital fabrication technology can enhance architectural

design and become a constituent driver for it.

5.3 Future work

The presented research investigated the potential of the robotic hot-wire cut-

ting process Spatial Wire Cutting and has outlined some of the architectural

implications of an integrated design, simulation and fabrication approach.

Within the scope of this thesis, several arising questions and problems could

be identi�ed that yield potential for further investigation. One of the main

challenges for future development is reducing the deviation between digitally

simulated surface and physically fabricated artefact. There are multiple, also

combinable, approaches to tackle this problem, which are identi�ed below.

5.3.1 Robotic setup and adaptive control

The experimental setup with two o�-the-shelf robotic arms equipped with

customized end-e�ectors served well for the scope of this research. How-

ever, it has to be noted that this setup implies some restrictions and creates

problems that eventually could be reduced. For example, the shape of the

hot-wire and the engaged wire length is, amongst others, in�uenced by the

distance between the two end-e�ectors attached to the robotic arms. The

length of the heated hot-wire throughout the cutting procedure is constant

and has a little leeway through the �xed physical spring, which reduces or

expands its length according the acting force. Additionally, the required con-

stant tension force throughout the procedure is di�cult to maintain if the

path curves exhibit high-curvature, leading to joint acceleration problems.

This could be avoided through pre-rationalisation in the design tool, but it

would constrain the design space. Another option would comprise an end-

e�ector with a force-sensitive spool that winds and unwinds the hot-wire
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according to the measured force. This would replace the physical spring, in-

crease the design space, as the hot-wire length could vary within the process,

and would bridge critical high curvature sections of the path curves. An-

other idea worth investigating could also be a dynamic, but stationary tool,

coupled with the movement of the foam-block, as applied for example in the

in FFTLOM project (see Section 2.1.2.2) and likewise in the BladeRunner

project (see Section 2.1.3.2).

As mentioned in Section 3.2.4, mainly to constrain the scope of investigation,

it was decided to keep the heat input constant. With respect to further re-

search into cutting mechanics, the analysis and integration into design logics

of a combined dynamic modulation of both the heat input and the cutting

speed could be bene�cial as it would also increase the design space and would

solve joint acceleration issues. Heat input control has for example been in-

vestigated by Brooks [39, p. 111] to maintain a constant temperature at the

entry situation and consequently constant kerf width and surface quality.

The reduction of the deviation between digitally simulated surface and phys-

ically fabricated artefact has to be approached from multiple directions. A

�rst step could be the extension of the fabrication control towards adaptively

adjusting the path curves in order to ful�l the estimated tangent vectors

alongside the speed modulation. This wouldn't solve the deviations on the

inner surface, but the deviations of the common edges of adjacent building

elements. The current control setup with the implemented piecewise send-

ing of path information would actually already allow for this, but has been

not tested within the scope of the thesis. Another option to reduce toler-

ances would be to feedback the captured data into the algorithmic design

framework, which recomputes and updates the fabrication parameters for

the successive cutting procedures. With increased performance of the simu-

lation, this concept could also be applied online within the cutting procedure,

constantly re-simulating and adjusting the path curves, in order to respond

to the inevitable accumulation of deviations.
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5.3.2 Modelling of physical behaviour

In this thesis stochastic data modelling was used to learn from the captured

data of the physical process: Based on several cutting iterations with di�erent

parameter settings, a material dependent model of relationships between heat

input, speed and resulting cutting force was developed; analogous to Bain (see

Section 3.2.3). This model was integrated in an equation describing the force

distribution for a curved hot-wire, which was evaluated (see Section 3.4.1)

and laid the basis for the simulation. As previously mentioned, the cutting

force model is an approximation and may �t best for steady-state conditions

with constant temperature along the wire in the foam. The SWC process

is based on a sweeping motion, a continuous interaction with the material,

the anticipation of which must be accurate since small inaccuracies sum up

along the process. It is therefore necessary, to tackle the problem of harmo-

nizing digital model and physical artefact either in the actual fabrication,

as mentioned before, or, improve the underlying model of the simulation.

Another approach to learn from data is machine learning, which comprises

algorithms that learn from data without relying on rule-based programming.

With increasing data set, the data model becomes more accurate [125] and

could possibly cover the complexity of the process in a more comprehensive

way. However, for the algorithmic model to work properly, not only su�-

cient learning data would be necessary, but a method that would capture the

shape of the wire within the material in real-time. As such, the relation be-

tween process data and geometry creation would be more direct and would

not only support the simulation, but could be used as online feedback in

the fabrication. Furthermore, this method could also serve to produce new

data sets automatically, for example to learn the hot-wire's behaviour of cut-

ting a polystyrene foam with di�erent material properties and to successively

calibrate the design- and fabrication system thereon.
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5.3.3 Surface classi�cation, design tool and application

Central design focus throughout the realised student workshops and the elec-

tive course was the exploration of the individual cut elements' typology, from

which a design logic for larger assemblies was developed. While this bottom-

up design logic allowed to identify the particularity of the SWC process in

an explorative manner, in view of further development the implementation

of a design rationalising software could be targeted, in which arbitrary sur-

faces could be optimally approximated into SWC feasible geometries. One

prerequisite for this implementation would be the analytic representation of

the SWC curve, which creates the sweep surface through its continuous mo-

tion and alternation. This would also serve as the basis for a mathematical

classi�cation of surfaces created by the technique. In order to rationalize an

arbitrary CAD surface it must be segmented into patches by �nding curves

on the surface that can be �tted to SWC curves. This would probably be

the biggest challenge of such an implementation since the SWC curve is not

planar and therefore strategies, as documented for example in [56] and [126],

could not be directly transferred. However, once found, new surfaces could

be obtained by interpolating the control parameters of these curves.

Such a design rationalising software would allow the designer to go back and

forth between design intent and feasibility. Generally, the design tool could

be improved through increased performance, enhanced intuitive handling and

the visualisation of relevant fabrication data. Moreover, surface analysis

and investigations of how to reach continuity between SWC surfaces are

necessary, for example through �ipping the cutting direction, as investigated

by one group in the Summerschool (see Section 4.2.2).

Departing from the formal explorations into architectural elements such as

façade systems (see Section 4.2), future applications could address the fabri-

cation of volumetric, interlocking components which are three-dimensionally

hold in place during assembly (see Section 2.1.3). Furthermore, obvious
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applications would comprise formwork for concrete structures and lost form-

work for composite elements. With a bigger robotic setup, the size of these

elements can also be increased, since the upscaling of the process in the

Summerschool (see Section 4.2) was performed without any problems. Addi-

tionally, the use of other polystyrene foams or hot-wire materials is certainly

possible, substantiated through Bain's investigation of di�erent foams and

cutting tools [41, p. 177]. Besides the architectural application, the trans-

ferability of the process' cutting concept towards other material systems,

such as wire cutting of clay, could also be investigated in further stages of

development.

Hence, the potential of the Spatial Wire Cutting procedure is far from being

exploited, many of the described open-ended concepts could be investigated

and pursued. The procedure is one of potentially numerous digital fabri-

cation techniques that reasonably combine production e�ciency and formal

discovery by giving materiality a leading role in the design- and fabrication

process. Inherent to these digital fabrication processes is an optimised corre-

lation between action and re-action, between material, machine and designed

form, and it is exactly there, where the potential of the integrated digital and

physical manipulation unfolds.
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A AAG Workshop 2016

The two-day workshop at the Advances in Architectural Geometry (AAG) confer-

ence in September 2016 focused on applying the SWC technique for the production

of polystyrene columns [127].

Fig. A.1: AAG workshop: Manual tests and impressions

Similar to the methodology applied in the Swisspearl® Summerschool 2015, the

participants explored the technique �rst through a series of manual tests (see Fig.

A.1), using the hand-held hot-wire cutting device. Later, they translated their
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concepts into the computational design- and simulation framework to elaborate an

overall design concept and parametric model for a stacked column consisting of

three to four elements. These elements were hot-wire cut from foam blocks sizing

600 x 600 x 800 mm using the robotic setup from the Summerschool (see Fig. 4.12).

Apart from one group, that cut the element along the transverse direction of the

column (see Fig. A.5), the elements were produced by cutting on each of the four

sides of the column along the longitudinal direction and rotating the foam block to

process the successive side.

Fig. A.2: Final column of Group 1: The elements were produced by applying the
same path curve on each of the four sides of the element

Fig. A.3: Final column of Group 2: The elements were produced by applying the
same path curve on each of the four sides of the element
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Fig. A.4: Final column of Group 3: The elements were produced by cutting twice
on each of the four sides of the column, creating surface intersections

Fig. A.5: Final column of Group 4: The elements were cut along the transverse
direction of the column through a single cut
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B Process data

B.1 Cutting force model

data�le id Ql

[W/m]
v

[mm/s]
Qeff

[J/m2]
α

[rad]
T [N] Fres

[N]
F

[mN/mm]

150803_DA293 66.0 15.0 4400 0.124 1.125 0.279 0.696
150803_BB69D 73.0 17.5 4169 0.156 1.827 0.567 1.417
150803_DF370 77.6 17.5 4433 0.126 1.216 0.305 0.763
150803_04DA6 86.5 20.0 4325 0.131 1.240 0.323 0.808
150803_989B6 97.2 20.0 4859 0.079 0.161 0.026 0.064
150803_460D7 95.7 20.0 4783 0.092 0.440 0.081 0.203
150803_6C08A 95.4 22.5 4239 0.178 1.883 0.666 1.666
150803_DF3AB 94.0 22.5 4179 0.194 2.292 0.882 2.204
150803_62413 106.9 22.5 4750 0.090 0.299 0.054 0.135
150803_156E1 104.9 22.5 4663 0.126 0.869 0.218 0.545
150804_6EEA6 63.2 12.5 5056 0.076 0.320 0.048 0.121
150804_8070A 63.8 12.5 5104 0.051 0.010 0.001 0.003
150804_E8956 63.4 12.5 5070 0.051 0.060 0.006 0.015
150804_26C0E 63.8 15.0 4253 0.149 1.986 0.590 1.474
150804_37BBE 63.3 15.0 4218 0.150 2.079 0.620 1.550
150804_471BF 66.7 15.0 4444 0.125 1.414 0.352 0.880
150804_0D8C6 67.4 15.0 4492 0.125 1.193 0.299 0.746
150804_B6E8E 98.0 20.0 4902 0.077 0.442 0.068 0.169
150804_816EC 97.8 20.0 4889 0.077 0.555 0.085 0.213
150804_F7B73 97.3 22.5 4325 0.154 1.543 0.472 1.180
150804_91840 108.7 22.5 4829 0.088 0.308 0.054 0.135
150804_1CF37 108.0 22.5 4799 0.101 0.560 0.113 0.282
150804_3A057 108.5 25.0 4338 0.138 1.339 0.369 0.924
150803_F8BB6 73.2 17.5 4180 0.154 0.868 0.266 0.664
150803_46370 87.1 20.0 4356 0.118 0.800 0.188 0.470
150803_B880C 106.4 25.0 4254 0.153 0.843 0.257 0.643
150803_0C818 104.8 25.0 4192 0.166 0.572 0.189 0.472

Table B.1: Results of the computed steady state for measured angles α, tension
forces T , resulting cutting forces Fres for an engaged wire length of 400 mm and

cutting force F per unit of engaged wire length.

te
n
si

on
 f
or

ce
 [
N

]

Q
eff

 [J/m2]

4000 4200 4400 5000 5200 54004600 4800

l
f
 = 400

a =  6.742 × 100

b =  1.670 × 10-3

c = -4.268 × 10-1

T(Q
eff

) = a   l
f
 e   + c

-b   Q
eff T(Q

eff
) = a   l

f
 e   + c

-b   Q
eff

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

te
n
si

on
 f
or

ce
 [
N

]

4000 4200 4400 5000 5200 54004600 4800

Q
eff

 [J/m2]

l
f
 = 500

a =  2.257 × 101

b =  1.988 × 10-3

c = -4.490 × 10-1

Fig. B.1: Model of relation between Qeff and tension force T in the steady state
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data�le id Ql

[W/m]
v

[mm/s]
Qeff

[J/m2]
α

[rad]
T [N] Fres

[N]
F

[mN/mm]

150803_745E7 66.1 12.5 5287 0.039 0.029 0.002 0.005
150803_B1437 66.3 12.5 5307 0.026 0.012 0.001 0.001
150803_9B018 66.1 15.0 4408 0.138 1.793 0.493 0.986
150803_7D0C0 65.6 15.0 4370 0.150 1.972 0.590 1.181
150803_DFA0E 74.8 15.0 4984 0.052 0.068 0.007 0.014
150803_E68A1 75.0 15.0 5001 0.052 0.034 0.004 0.007
150803_A28EC 75.1 17.5 4290 0.151 1.773 0.535 1.070
150803_6F18F 74.7 17.5 4269 0.175 2.237 0.779 1.558
150803_6B1D5 83.2 17.5 4753 0.077 0.164 0.025 0.051
150803_AFF71 82.8 17.5 4733 0.077 0.358 0.055 0.111
150803_EA2CD 82.7 20.0 4133 0.178 2.209 0.783 1.565
150803_CB229 82.1 20.0 4105 0.199 2.957 1.170 2.340
150803_D000D 92.1 17.5 5262 0.040 0.027 0.002 0.004
150803_A6750 92.8 20.0 4637 0.101 0.271 0.055 0.109
150803_F5B99 92.0 20.0 4601 0.065 0.684 0.089 0.178
150803_1BD1C 91.6 20.0 4578 0.000 0.904 0.001 0.002
150803_CCEC0 91.8 22.5 4080 0.176 2.503 0.874 1.749
150803_70206 102.0 22.5 4534 0.126 0.719 0.181 0.361
150804_DEF6F 80.6 20.0 4031 0.215 3.487 1.491 2.982
150804_AFC6C 85.3 17.5 4871 0.053 0.026 0.003 0.005
150804_130FD 85.1 20.0 4257 0.200 1.858 0.737 1.474
150803_F03C0 93.4 22.5 4151 0.115 1.203 0.275 0.550
150803_EA560 100.0 22.5 4443 0.169 1.748 0.587 1.175
150803_3B464 98.2 20.0 4909 0.138 0.795 0.219 0.438
150804_33A32 63.4 15.0 4226 0.201 3.554 1.418 2.836
150804_4D74A 63.4 15.0 4229 0.199 3.526 1.393 2.785
150804_7B262 80.9 17.5 4620 0.128 1.267 0.323 0.646
150804_F6ED3 81.1 17.5 4634 0.126 1.091 0.274 0.549
150804_91E7E 80.8 17.5 4618 0.125 1.238 0.309 0.619
150804_3040B 88.9 20.0 4447 0.165 1.796 0.590 1.180
150804_552FD 88.1 20.0 4404 0.191 2.437 0.924 1.848

Table B.2: Results of the computed steady state for measured angles α, tension
forces T , resulting cutting forces Fres for an engaged wire length of 500 mm and

cutting force F per unit of engaged wire length.
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B.2 Comparative studies N°1

B.2.1 Process data comparison

data�le id width de�ection
α

Ql NRMSD
v

NRMSD
α

151213_BB526 300 0.48 67.1 0.078 0.070

151213_78891 300 0.58 60.2 0.067 0.096

151213_6C49D 300 0.68 68.2 0.053 0.073

151213_4D92E 300 0.78 68.8 0.054 0.056

151209_36769 400 0.48 68.8 0.161 0.139

151209_BF986 400 0.58 68.0 0.146 0.114

151211_AB87E 400 0.68 71.7 0.105 0.095

151211_8E058 400 0.78 68.8 0.069 0.066

151213_7E043 500 0.48 66.4 0.085 0.047

151213_635BC 500 0.58 66.7 0.082 0.046

151213_FA2A6 500 0.68 49.8 0.071 0.027

151213_EAE69 500 0.68 57.7 0.057 0.026

151213_249ED 500 0.68 66.3 0.053 0.027

151213_9850A 500 0.68 75.6 0.047 0.026

151213_A2770 500 0.68 84.3 0.043 0.027

151213_EDF0F 500 0.78 64.7 0.037 0.058

average NRMSD 0.076 0.062

Table B.3: Tests with symmetric path curves, NRMSD calculation in phases b) and
c) of speed v and angle α.

data�le id de�ection
α

Ql NRMSD
va

NRMSD
vb

NRMSD
αa

NRMSD
αb

151214_FCBEF 0.48 52.6 0.048 0.071 0.238 0.233

151214_C131F 0.48 60.9 0.088 0.065 0.231 0.236

151214_CB9A7 0.48 69.4 0.031 0.054 0.223 0.245

151214_C546C 0.48 78.8 0.053 0.056 0.221 0.248

151214_079BA 0.48 88.4 0.041 0.047 0.196 0.244

151214_C0F83 0.58 52.3 0.130 0.064 0.349 0.184

151214_30BB0 0.58 60.4 0.133 0.052 0.335 0.200

151214_53AF7 0.58 68.8 0.143 0.053 0.348 0.199

151214_7CB57 0.58 78.4 0.097 0.069 0.332 0.195

151214_A7EB7 0.58 89.9 0.052 0.064 0.305 0.166

151214_B6849 0.68 53.1 0.130 0.085 0.477 0.129

151214_8BAF4 0.68 61.5 0.088 0.052 0.492 0.131

151214_CEF7B 0.68 69.9 0.087 0.048 0.489 0.135

151214_CD0DC 0.68 79.5 0.159 0.041 0.507 0.141

151214_CFB27 0.68 88.5 0.151 0.056 0.519 0.143

average NRMSD 0.095 0.058 0.351 0.189

Table B.4: Tests with asymmetric path curves (400 mm foam block width), NRMSD
calculation in phase e) of speeds va, vb and angles αa, αb.
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Fig. B.3: Measured and simulated process data (speed and de�ection angle) from
symmetric cutting test 151209_36769 with Ql 68.79, de�ection 0.48. Phases a) to

c) are indicated
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Fig. B.4: Measured and simulated process data (speed and de�ection angle) from
symmetric cutting test 151209_BF986 with Ql 67.97 and de�ection 0.58. Phases

a) to c) are indicated
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Fig. B.5: Measured and simulated process data (speed and de�ection angle) from
symmetric cutting test 151209_BF986 with Ql 71.69 and de�ection 0.68. Phases

a) to c) are indicated
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Fig. B.7: Measured and simulated process data (speed and de�ection angle) from
�ve cutting tests with di�erent heat inputs Ql, but the same asymmetric path curves

with de�ection 0.48. Phases d) and e) are indicated
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Fig. B.8: Measured and simulated process data (speed and de�ection angle) from
�ve cutting tests with di�erent heat inputs Ql, but the same asymmetric path curves

with de�ection 0.58. Phases d) and e) are indicated



152 Appendix

0 200 400 600 800 1000 1200
0

1

2

3

4

5

Ql = 53.10

Ql = 61.46

Ql = 69.95

Ql = 79.46

Ql = 88.55

0 200 400 600 800 1000 1200
0

1

2

3

4

5

0 200 400 600 800 1000 1200
0

10
20
30
40
50
60
70
80
90

0 200 400 600 800 1000 1200
0

10
20
30
40
50
60
70
80
90

0 200 400 600 800 1000 1200
0

10
20
30
40
50
60
70
80
90

0 200 400 600 800 1000 1200
0

10
20
30
40
50
60
70
80
90

Ql = 53.10

Ql = 61.46

Ql = 69.95

Ql = 79.46

Ql = 88.55

Ql = 53.10

Ql = 61.46

Ql = 69.95

Ql = 79.46

Ql = 88.55

Ql = 53.10

Ql = 61.46

Ql = 69.95

Ql = 79.46

Ql = 88.55

0 200 400 600 800 1000 1200

− 0.2

0.0

0.2

0.4

0.6

0.8

0 200 400 600 800 1000 1200

− 0.2

0.0

0.2

0.4

0.6

0.8

0 200 400 600 800 1000 1200

− 0.2

0.0

0.2

0.4

0.6

0.8

0 200 400 600 800 1000 1200

− 0.2

0.0

0.2

0.4

0.6

0.8

te
n
si

on
 f
or

ce
[N

]

Robot a Robot b

length along path curve [mm]

sp
ee

d
[m

m
/s

]
sp

ee
d

[m
m

/s
]

length along path curve [mm]

an
gl

e 
α

[r
ad

]
an

gl
e 
α

[r
ad

]

si
m

u
la

te
d

m
ea

su
re

d
si

m
u
la

te
d

m
ea

su
re

d
m

ea
su

re
d

d) e) d) e)

Fig. B.9: Measured and simulated process data (speed and de�ection angle) from
�ve cutting tests with di�erent heat inputs Ql, but the same asymmetric path curves

with de�ection 0.68. Phases d) and e) are indicated
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B.2.2 Shape comparison

a)

b)

c)

Fig. B.10: Overlay of simulated curves and picture, measured tension force vector
at its respective position for process data 151213_78891 and path-curves (de�ection

0.58)

a)

b)

c)

Fig. B.11: Overlay of simulated curves and picture, measured tension force vector at
its respective position for process data 151213_4D92E and path-curves (de�ection

0.78)
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a)

b)

c)

Fig. B.12: Overlay of simulated curves and picture, measured tension force vector
at its respective position for process data 151209_36769 and path-curves (de�ection

0.48)

a)

b)

c)

Fig. B.13: Overlay of simulated curves and picture, measured tension force vector at
its respective position for process data 151211_AB87E and path-curves (de�ection

0.68)
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B.3 Comparative studies N°2

B.3.1 Predictability of the SWC process
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Fig. B.14: Comparison between process data of 160304_B2140 and simulated val-
ues, surface 1)
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Fig. B.15: Comparison between process data of 160313_5017B and simulated val-
ues, surface 2)
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Fig. B.16: Comparison between process data of 160304_C9874 and simulated val-
ues, surface 3)
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Fig. B.17: Comparison between process data of 160304_369E5 and simulated val-
ues, surface 4)
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Fig. B.18: Comparison between process data of 160313_03E5B and simulated val-
ues, surface 5)
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Fig. B.19: Comparison between process data of 160306_CEE87 and simulated val-
ues, surface 6)
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B.3.2 Repeatability of the SWC process
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Fig. B.20: Process data comparison of cuts 160304_17295 and 160304_B2140,
surface 1)
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Fig. B.21: Process data comparison of cuts 160313_7C529 and 160313_5017B,
surface 2)
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Fig. B.22: Process data comparison of cuts 160304_C9874 and 160313_C2CEF,
surface 3)
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Fig. B.24: Process data comparison of cuts 160305_314D1 and 160313_03E5B,
surface 5)
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Fig. B.25: Process data comparison of cuts 160306_CEE87 and 160306_BC582,
surface 6)



C. Project credits 161

C Project credits

This research is enabled by and funded through an Architecture & Technology PhD

fellowship from the Institute of Technology in Architecture (ITA) of ETH Zurich.

Ryan Luke Johns conducted the three-month preliminary study at the Chair of

Gramazio Kohler Research (see Section 2.1.4), providing a sound basis to start the

thesis therefrom.

Florian Rist gave valuable advice and help in the development and realisation of

the custom cardan joint end-e�ector (see Section 3.1.3.3).

Diederik Veenendaal suggested equation 3.6 and proofread Sections 2.1 � 2.4 in the

paper Force-Adaptive Hot-Wire Cutting [109], which contents are also described in

Sections 3.3.1, 3.3.3 and 3.3.4.

The Swisspearl® Summerschool 2015 and the following exhibition in the Architek-

turforum Zürich were supported by Eternit (Schweiz) AG. The Department of Ar-

chitecture (D-ARCH) of ETH Zurich and swisspor AG co-supported the project.

Many people from Eternit (Schweiz) AG contributed to the success of the Summer-

school, especially Janine Löpfe, head of communication and Beat Brechtbühl, who,

amongst many people working at the production facilities of Swisspearl® in Pay-

erne, were extremely helpful with laminating the wire-cut moulds. The artist Marco

Ganz contributed to the workshop with his precious discussions and his special sense

for form and expression.

The elective course and the workshops discussed in this thesis have been conducted

within the group of Gramazio Kohler Research at ETH Zurich, under the guidance

of Professor Fabio Gramazio and Professor Matthias Kohler. Further credits belong

to the whole team of Gramazio Kohler Research and the participants, listed below.

C.1 SWC elective course 2015

Gramazio Kohler Research:

David Jenny (project lead), Romana Rust (research lead)

Students: Arash Adel, Jordan Berta, Stefan Caranovic, Alix Gasser, Kadivar Mo-

hammad, Magdalena Osiniak, George Papamatthaiakis, Lukasz Pawlicki, Valerian

Portokalis, See Hong Quek



162 Appendix

C.2 Swisspearl® Summerschool 2015

Gramazio Kohler Research:

David Jenny (project lead), Romana Rust (research lead)

Students: Grgurac Ana, Gheyselinck Aurèle, Sarah Barras, Li Bo, Marco Caprani,

James Chenault, Stéphane de Weck, Ahmed Elshafei, Victoria Fard, Alix Gasser,

Marco Palma, Julien Prudhomme, Ludwig Schilling, Stavroula Tsafou

C.3 AAG Workshop

Gramazio Kohler Research:

Romana Rust (project and research lead), David Jenny (teaching lead)

Participants: Inés Ariza, Julien Beauchamp-Roy, Giulio Brugnaro, Christina Doum-

pioti, Angelo Figliola, Nicholas Hoban, Marko Jovanovic, Lisa Keskinen, Riccardo

La Magna, Josef Musil, Andrea Quartara, Inés J Pedras, Hsiao Wei Yu


	Abstract
	Zusammenfassung
	Acknowledgements
	Contents
	Introduction
	Background and motivation
	Research goal
	Methodology
	Structure of the thesis

	Context
	Robotic hot-wire cutting
	Digital fabrication in architecture
	Form-finding and optimal shapes
	Conclusion

	Techniques for design and control
	Adaptive robotic control system
	Analysis and modelling of material behaviour
	Design and simulation framework
	Validation of developed techniques

	Application and validation
	SWC elective course 2015
	Swisspearl® Summerschool 2015

	Conclusion and outlook
	Summary and discussion
	Contributions
	Future work

	List of Figures
	List of Tables
	List of Symbols
	Bibliography
	Appendix
	AAG Workshop 2016
	Process data
	Project credits


