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Abstract

This thesis presents methods for designing novel types of timber bar structures

arising from new robot-based fabrication and assembly processes. Specifically, the

focus lies in load-bearing structures which: a) are made of many short, linear soft-

wood elements joined with b) geometrically generic, notch-free and relatively low-

performing timber-to-timber connections, and c) are inherently not constrained to a

regular or repetitive build-up. The resulting flexibility of such constructive systems

not only offers applicability for free-form architectural designs but also holds poten-

tial to diversify geometry of individual elements according to their structural and

fabricational demands. However, as exemplified by two case studies, this potential is

challenged by the high level of complexity originating from an intricate interplay of

geometry, material properties, structural phenomena and fabrication requirements.

This research has investigated these complex interrelations and developed appro-

priate tools to handle and exploit them in an architectural design process. First,

computational methods for geometric modelling are presented, addressing specific

design parameters of two exemplary topologies: layered truss-like beams and butt

T-joint based structures. Second, interdisciplinary data- and workflows have been

established to facilitate integration of further design aspects – fabrication and struc-

tural performance – and to investigate their interdependencies with geometric para-

meters. Third, algorithmic strategies are proposed to process the data collected

from different disciplines so that it can be used to inform and improve the design.

The relevance of this research is showcased by i.a. a large-scale architectural demon-

strator, successfully developed using the presented tools and techniques and realized

as a fully robotic construction project.
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Zusammenfassung

Diese Dissertation präsentiert Entwurfsmethoden für neuartige Holzstabwerke, die

aus neuen roboterbasierten Fabrikations- und Assemblierungsprozessen hervorgehen.

Im Fokus liegen insbesondere Tragwerke die: a) aus vielen kurzen Nadelholzstäben

bestehen, b) mittels geometrisch generischen, kerbfreien und relativ schwachen Holz-

verbindungen zusammengesetzt werden und c) vom Prinzip her nicht auf standard-

isierten, repetitiven Aufbau eingeschränkt werden müssen. Die daraus resultierende

geometrische Flexibilität ermöglicht einerseits die Anwendbarkeit im Bereich der

Freiform-Architekturen, andererseits bietet sie Potenzial, die Geometrie der Ein-

zelteile präzise gemäss den lokalen Anforderungen zu variieren. Wie jedoch durch

zwei Fallstudien gezeigt, stellt die Ausnutzung dieses Potenzials eine grosse Heraus-

forderung dar. Bedingt durch Wechselwirkungen zwischen Geometrie, Materialei-

genschaften, statischen Phänomenen und Anforderungen der robotischen Fabrika-

tion weisen solche Systeme eine hohe Komplexität auf.

Diese Wechselwirkungen wurden in der vorliegenden Arbeit untersucht. Um

sie in einem architektonischen Entwurfsprozess ausschöpfen zu können, wurden

dazu entsprechende Entwurfswerkzeuge entwickelt. Erstens, es werden computer-

basierte Methoden für geometrisches Modellieren zweier exemplarischer Topologien

– geschichtete, fachwerkähnliche Träger und Strukturen bestehend aus T-Stoss

Verbindungen – vorgestellt. Zweitens, um die weiteren Aspekte – Fabrikation und

Tragverhalten – berücksichtigen und deren Zusammenspiel mit der Geometrie er-

forschen zu können, wurden Methoden zur Erstellung interdisziplinärer Datenflüsse

und Arbeitsprozesse erarbeitet. Drittens, die eigens für diese Arbeit entwickelten

algorithmischen Strategien ermöglichen die interdisziplinär gesammelten Daten zur

Verfeinerung des Entwurfsmodels auszuschöpfen.

Die Relevanz dieser Forschung zeigt sich u.a. am Beispiel eines grossmassstäblichen

Prototyps, welcher mithilfe der präsentierten Werkzeuge und Methoden entwickelt

und als Bauprojekt in einem vollrobotischen Fabrikationsverfahren realisiert wurde.
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1.1 Motivation and objectives

This research investigates development of timber structures that capitalize on the use

of integrative design strategies, combining computational tools to study and to solve

complex problems, and robot-based processes to handle non-standard fabrication.

The structures that are in focus of this thesis arise from a concept of employing a

robot to perform a series of carpentry tasks: using stock material, each element,

one after another, is processed (e.g. cut to length) and assembled (placed and fixed

in its target position) within a seamless digital workflow [90][91]. This fabrication

strategy allows to exploit the genericness of the tool (a robot) by matching it with

genericness of the input material from which the individually defined parts and joints

can be created [31]. Here, structures designed to take advantage of this potential use

simple constructive softwood with small cross-sections (expedient for fast machining)

and connection techniques that are fast, geometrically simple and generic, and can

accommodate minor tolerances, for example nailed or adhesive-based notch-free,

face-to-face joints [95].

A number of built prototypes explored and validated this construction approach

[32], however, so far little research was dedicated to evaluation of their structural

performance and its impact on the design. Preliminary investigations hinted at a

highly differentiated and complex behaviour [37], however its interrelations with the

design’s geometry and fabrication demands have hitherto been largely unknown. In

particular, the relatively low and strongly anisotropic strengths of the given con-

nection techniques are a challenging factor, pointing to joints as decisive design

parameters not only for the robotic assembly process but also for the structure’s

load-bearing capacity.

Altogether, the specific combination of geometric, structural and fabrication-related

conditions form a unique and so far unexplored problem setting. In other words,

little knowledge exists to provide guidance to the designer (architect) to apply these

constructive systems in appropriate designs. Targeting wnon-regular designs and

structural topologies which potentially result in many unique and interdependent

elements, the modelling process can be insurmountably tedious and arguably can

only be effectively enabled through custom algorithmic methods. Because of the

prevailing complexity, the geometric, structural and fabrication-related aspects can

hardly be treated in isolation during the design process and need to be integrated

within one digital data- and workflow. As this confluence of information is widely

impeded by poor interoperability of conventional design tools and processes, custom
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software solutions and tailor-made data exchange schemes are needed. Once such

integrated data- and workflow is established, it further allows to refine the design,

for example to locally differentiate design parameters of selected elements precisely

according to their individual needs. However, this possibility is challenged by the

fact that interdependencies between parameters of different elements result again in

circular problems these problems are equally circular and cannot be solved for each

element in isolation, which motivates the search for suitable algorithmic problem-

solving approaches.

In response to the challenges pointed out above, the objectives of this research are

to:

– establish computational modelling methods appropriate for the investigated to-

pologies and based on relevant design parameters,

– implement these methods as design tools using appropriate representation and

data schemes to seamlessly combine geometric, semantic and analysis information,

– overcome the interoperability deficits of standard software to establish integrated

data- and workflows within a design environment,

– employ these tools in series of design experiments to explore the complex interplay

of geometry, structural performance and fabrication constraints,

– develop algorithms to refine the design on a local level based on analysis data,

– discuss implications of the applied design approaches on the architectural design

process.

1.2 Methodology

This research is conducted based on two complimentary case studies, which ex-

emplify the overall research question targeting two scenarios in terms of topology,

connection technique and design goals (Figure 1.1). Within these scenarios, both

case studies are structured around three main areas of investigation:

– geometric modelling using custom computational methods,

– tools and techniques for an integrative, interdisciplinary design process, and

– algorithmic methods to solve complex design problems.

Within each of the two case studies, the research is conducted through step-by-step

development of the aforesaid tools and methods and their implementation in series

of design experiments. This process takes place in many iterations, where findings
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from the experiments serve to refine the methods. Also, several concepts of the case

study I are further developed in the successive case study II.

a) b)

Figure 1.1: Sneak preview of the two investigated structure types.
a) A layered truss-like structure in case study I. b) Single- and double-
layer butt-jointed reciprocal frames in case study II.

Reflecting the wide spectrum of disciplines outlining the context of this thesis, the

two case studies are settled within frameworks of two interdisciplinary projects.

Overall, these projects developed new, prototypical timber structures suitable for

robotic assembly processes and corresponding methods and techniques for design,

analysis, detailing and construction:

Project I: ”The Sequential Roof”1: is a 2308 m2 timber roof structure consisting of

48’624 geometrically unique, softwood elements, robotically fabricated

and assembled layer-wise into 168 truss-like beams with a simple face-

to-face nailed connection technique. Initiated as a research study and

realized as a full-scale construction project, the project gave an oppor-

tunity to combine academic and applied approach, to validate and verify

research concepts in a real-life scenario.

Project II: ”Robot-Assisted Assembly of Complex Timber Structures”2: was a re-

search project investigating spatial timber structures based on T-shaped

joints and new connection techniques suitable for sequential robot-based

fabrication and assembly. The project focussed on single- and double-

layer reciprocal frame structures, butt-jointed using fast-curing adhes-

ives.

1See Appendix A.1 for further details and credits.
2See Appendix A.2 for further details and credits.
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Both projects involved a collaboration with structural engineers, timber engineers

and robotic fabrication experts form academia and industry. This setting allowed

a comprehensive view on the subject, tight integration and cross-validation of the

findings between disciplines. Both being settled in the same context of robotically

assembled timber bar structures, the two projects are mutually complementary in

terms of geometric complexity, connection technique, scale, scope and stage. This

provided an opportunity to cover different facets of the problem within the same

context.

Within the framework of both projects, the scope of the corresponding case stud-

ies and of this thesis is clearly defined by questions concerning geometric and al-

gorithmic modelling for architectural purposes, integrative design processes, and

relations between design, structural performance and fabrication. The focus of the

investigations thus lies primarily in the virtual domain, however links to physical

experiments and selected aspects of robotic fabrication are established where appro-

priate for the coherence of argumentation. Theoretical frameworks, methods and

tools concerning structural engineering such as statics and mechanics, are imple-

mented in the computational tools and applied in the design experiments, however

their formulation, validation and verification lies outside the scope of this thesis.

1.3 Structure of the thesis

Apart from this Introduction and Conclusions (Chapter 5), the dissertation is struc-

tured in Fundamentals (Chapter 2) and Case studies (Chapter 3 and Chapter 4).

Chapter 2 “Fundamentals” places the thesis within the context of the three pre-

viously introduced areas of investigation and presents fundamental tools and tech-

niques for the research conducted in the case studies. First, §2.1 outlines the rela-

tion between joints in timber construction, geometric regularity of the design and

assembly processes. It also presents the key traits of investigated types of timber

bar structures and their joint types motivated by robot-based fabrication and as-

sembly. Next, §2.2 reflects on integration of different disciplines participating in an

architectural design process within digital data- and workflows, states the shortcom-

ings of existing solutions and presents principles and key components of the bespoke

computational tools developed in this thesis. Finally, §2.3 looks at design as a

problem-solving task and outlines key concepts for developing algorithmic methods

for solving complex design problems.
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Chapter 3 presents the first case study. It first describes the geometric setout de-

rived from a conventional truss principle appropriated to create layered truss-like

beams made of face-to-face joints, and analyses design principles dictated by the

nailed connection technique. Next, geometric modelling is integrated into an inter-

disciplinary data- and workflow of an iterative design development process, in which

the design model is gradually refined to meet all structural and fabrication-related

requirements. This process implements the developed custom algorithmic methods

to determine individual geometric parameters of each of the 48’624 unique timber

elements.

Chapter 4 presents the second case study addressing T-joint based structures. De-

parting from the joint’s geometry as a key design driver, necessary algorithmic

modelling methods are developed. Combined with a case-specific structural ana-

lysis pipeline, these methods are implemented as an integrated environment for

performance-aware design development. Next, these computational tools are em-

ployed to investigate the behaviour of the discussed structures according to the

chosen evaluation criteria in search for correlations between geometric parameters

and the resulting performance. Finally, similar as in case study I, topology-specific

algorithms are developed and tested to locally respond to structural requirements.

Chapter 5 summarizes the findings and provides an overall conclusion, as well as

points out further research opportunities. Finally, the Appendix provides back-

ground and credits information of the two interdisciplinary projects.
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2.1 Timber bar structures: systems, joints and as-

sembly

The point of departure for investigations in this thesis are load-bearing timber struc-

tures developed within systems that inherently allow formal freedom beyond stand-

ard and regular designs and enable precise allocation of material. This freedom

is supported through robot-based fabrication processes, provided that appropriate

types of connection techniques, joint geometry and element sizes are applied. This

section outlines the key design constraints motivated by robotic fabrication and

presents selected spatial systems feasible within these constraints. It furthermore

discusses the relation between joints, regularity of design and assembly processes in

timber construction.

2.1.1 Joints in the context of assembly of timber structures

The close relationship between the joint geometry and the assembly process, in the

view of standardization or customization, is by no means unique to the robotic

assembly process. Looking at historic and contemporary examples one can observe

different forms of this relationship and notice that parts logistics and assembly effort

do not necessarily correlate with apparent regularity of the structure.

In traditional carpentry, timber structures were composed primarily of timber-to-

timber connections based on the principle of form closure. Unlike in masonry, where

the mortar can accommodate tolerances between elements, timber joints had to be

tight-fit. With hand tools and the generally poor form stability of timber, naturally

prone to swelling, shrinking and warping, each connection was tediously refined to

achieve the required precision, e.g. by adjusting one of the elements to another on

a master-slave basis [69, p. 109]. In effect, even elements with the same nominal

dimensions and the same functions were not interchangeable, and all elements had

to be pre-fitted before final erection on site [69, p. 110]. The pre-assembly was

usually carried out horizontally, laid out on the ground – often the structures were

not stable until all parts were put together – and propped up when finished [36,

p. 25]. Initially, the workshop where the elements were carved was set up next to

the site but as urbanization progressed and space around building sites grew sparse,

fabrication had to move outside of city walls to a carpenter’s yard [69, p. 112]. The

parts were produced and pre-fitted there, then disassembled, transported to the site

and re-assembled again [36, p. 29]. To identify the parts and to reconstruct the
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order in which they where pre-fitted, the parts were marked with carpenter’s marks,

usually carved into the side of a timber element with a race knife [36, p. 25].

The industrial and scientific revolution challenged these construction principles in

multiple ways. First, the traditional jointing methods with their high processing

complexity could not stand the pressure of the economy-oriented industry and in-

creasing mechanization. Steam-powered sawmills could now produce large numbers

of timber elements, which both forced and allowed standardization of cross-section

sizes [69, pp. 158-161]. This in turn simplified assembly logistics, facilitated in-

terchangeability of parts and separation of fabrication and the assembly process

between different teams or companies [69, pp. 158-161]. Moreover, new methods to

calculate internal forces in structures1 turned the focus on material economy and

optimization of cross-sectional dimensions. Hence the traditional connection meth-

ods, which weaken the cross-section, were frowned upon [69, p. 163]. Industrial

production of steel nails, in combination with simple joint geometries, made them a

cheap and universal connection technique2 and facilitated new systems such as bal-

loon frame construction, fostering standardization and simplicity of the fabrication

and assembly processes [69, pp. 167-169].

In the course of the 20th century, timber construction started to diverge. On the

one hand, technological advancements allowed to transform wood into better per-

forming engineered materials3 suitable for large-scale frame, grid, truss and space

frame structures, typologies appropriated from steel construction by replacing steel

members with their timber counterparts while leaving steel only as a connection ma-

terial in the joints. In non-standard designs this allows to separate the complexity:

to reduce it in the bars (to e.g. varying length only) and concentrate it in the joints

which take most of the occurring geometric variance. Still, the potentially many

unique bars and joints inevitably lead to considerable workload in assembly logistics

(Figure 2.1 a,b).

On the other hand, CNC woodworking methods such as multi-axis milling facilitate

fabrication of the labour-intensive traditional notched timber-to-timber connections

1For example the methods of Culmann, Ritter and Cremona [69, p. 163].
2By the end of 19th centrury steel nails were the most commonly used timber connection technique
[46].

3For example, cross-laminated timber (CLT) and laminated veneer lumber (LVL), in which the
highly anisotropic properties of wood are homogenized through lamination of differently oriented
layers, thus resulting not only in overall higher strengths but also higher form-stability and higher
predictability allowing for tighter dimensioning.
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in reasonable time and cost frames by removing both bottlenecks of manual work-

load and imprecision. At the same time, this technology is not discriminate against

customization, and thus provides new rationale for differentiated or non-standard

designs, albeit again at the cost of assembly effort (Figure 2.1 c,d).

 a)  c)

 b)  d)

Figure 2.1: Assembly and parts logistics in geometrically differentiated
timber structures.
Left: Crossrail Place Canary Wharf, London (UK), Architect:
Foster+Parters – a) completed [92], b) steel joints before assembly [63,
p. 253] c©Nigel Young / Foster+Partners.
Right: Nine Bridges Golf Club, Yeoju (South Korea), Architect: Shigeru
Ban – c) assembled timber grid structure [60], d) CNC-milled timber
parts [14, p. 74] c©Blumer-Lehmann AG.

On the other side of the spectrum there are developments that specifically target

simplification of the assembly process. For example, simple and universal fasteners

such as a truss connector plate significantly simplified pre-fabrication and erection

of smaller-scale timber frame structures. In pre-fabrication of planar frames and

panels for modular construction, an increasing amount of carpentry tasks, includ-

ing assembly, is automated, using production plants combining the already well-

established CNC carpentry tools with feeding portals, storage systems and recently

also articulated robots [38] (Figure 2.2 b).
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 a)  b)

Figure 2.2: Assembly in timber frame construction.
a) Manual timber framing assembly [13, p. 9].
b) Automated framing station (Weinmann WEM 250) [39]
c©WEINMANN Holzbausystemtechnik GmbH.

2.1.2 Timber joints in the context of robotic assembly

Non-standard, non-repetitive designs often consist of large amounts of geometric-

ally unique, non-interchangeable parts. There, the separation of (pre-)fabrication of

parts from assembly into a larger component or structure leads to a logistic bottle-

neck. Although each part can be processed directly from a digital blueprint using

CNC machines, the entailed intelligence – object’s identity, sequence, its position in

the assembly – is lost once the part leaves the CNC machine. While objects can be

tagged to keep track of their identity and stored in the right sequence, in human-led

assembly correct positioning in space remains challenging.

Contrary to this, when assembly is integrated into the robotic fabrication process, all

information can be kept within one digital workflow [90]. A method to achieve this

integration, and which this thesis focusses on, is to process (produce and assemble)

each element one by one, sequentially. In this principle, each timber element is pro-

duced (e.g. cut to size from stock material) and then immediately added (placed and

fixed in its target position) to the already built part of a structure before the next

element is processed. At every step of the process the robot has full information on

the identity of the element, its geometry and its current and target position. To em-

phasize the fact that each element undergoes a complete fabrication sequence in one
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continuous process, this fabrication method is further referred to as the sequential

robotic fabrication and assembly4.

In the context of this thesis, the sequential robotic fabrication and assembly is

carried out using a robotic setup consisting of a single robot equipped with different

end-effectors and cooperating with CNC peripheries such as a circular saw. The

fact that only one robot is employed to perform or assist at different tasks imposes

a number of constraints on the design and the connection technique. To ensure

precision, the element must be held by the robot’s gripper or clamped otherwise at

all times. Further, each element must be stable the moment it is released by the

robot after installation in the target position, when the robot proceeds to process

the next element. By contrast, having multiple robots working cooperatively allows

to temporarily support the partially unstable assembly [53, p. 158] [54].

Another factor impacting the range of feasible designs within this fabrication process

is the manoeuvrability and payload of the robotic setup which constrains the size

and weight of the processable parts. Therefore the discussed structures are made

of relatively small and lightweight timber elements. Moreover, in the off-site pre-

fabrication scenario, the overall size of the robotically assembled building component

is limited by transportation (e.g. permissible width, height and length in road traffic)

or construction logistics (e.g. payload of a crane). In other words, assembling the

pre-fabricated building component into the whole of a structure is so far carried out

in a conventional way.

The employment of robotic machinery for performing joinery tasks in the context

of non-repetitive geometries imposes new requirements on the connection technique,

significantly different than in traditional or industrial methods. Previous research

by, for example, Gramazio Kohler Research points out the following prerequisites

[95][37][91].

First, the joining process should be automatable and fast. This advocates for timber-

to-timber connections without additional components – each additional element

would require additional handling effort: picking, gripping, positioning, fastening.

Fast processing of timber parts is critical for the efficiency of the sequential fabric-

ation process. Simple geometry of the parts at the joint is preferred, such that the

parts can be processed with minimum steps, for example with a single saw cut at

4Here the word assembly, which can be considered already comprised in the term fabrication, is
added solely as emphasis to distinguish the discussed processes from those where assembly is
carried out as a separate process.
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each end.

Second, to cater to potentially many joints unique in shape, the connection technique

should be geometrically flexible and generic to be able to accommodate a variety of

geometric situations. Admittedly, with the use of CNC-woodworking tools, notched

or lapped connections can be customized to satisfy this argument of geometric flex-

ibility. However, such connections bring about a number of traits that go against

the aims of this research. For example, a notch or a lap contains full or partial

geometric information about the connection: both parts have little or zero degrees

of freedom and act as two puzzle pieces. The relative position of the parts, and

thereby possibly the overall shape of the structure, is thus inscribed in the joints.

This is a helpful feature for a human-led assembly, but a potential impediment for a

robot. A robot can position each part individually in the prescribed spatial coordin-

ates and orientation, but if the parts are tight-fit, any slight imprecision becomes a

hindrance. Given the naturally limited and varying dimensional fidelity of timber it

is easier to take up (and possibly correct) the occurring imprecisions locally if joints

are not tight-fit.

2.1.3 Simple face-to-face timber joints and derived systems

The call for the radical simplicity with respect to the shape of the elements and of

the connections, motivated by the requirements of the sequential robotic fabrication

and assembly described above, forms a set of geometric constraints which delimit

the resulting possible spatial arrangements and topologies. Here, the common de-

nominator of the investigated structures is formulated by the following four rules:

1. Elements are linear (elongated and straight) and have rectangular cross-sections.

2. Elements are cut to size and angles with a single saw cut on each end.

3. Each connection is formed between exactly two timber elements only.

4. Connections are planar, notch-free and face-to-face.

These rules, specifically in the context of non-regular or non-planar designs, translate

into following design principles. The first rule implies that any curvature in the

overall form is approximated by linear elements. Also, as elements are not curved,

bent or warped, the orientation of the cross-section plane cannot follow the normal

vector of a (double-curved) guide surface. Further, typically in conventional bar

structures, such as trusses or space frames, joints consist of multiple bars with

centrelines intersecting in one point, which results in complicated solid intersections

or joint geometries. Such joints would violate the rules 2, 3 and 4, and can only be
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approximated through disengaging the multi-bar joints into clusters (further referred

to as knots) of two-bar joints. As it will be shown in the case studies, such joints are

likely to have axial eccentricity, i.e. non-zero distance between the bars’ centrelines.

side-grain faces

grain direction

end-grain face

directions
⟂ to grain

Figure 2.3: Differentiation of geometric components in representation
of a simple solid timber bar with respect to grain direction.

In consequence of the above constraints, the potential structures consist of elements

with a very simple geometry: each bar is a (truncated) cuboid with six faces. Four

of the faces are parallel to the centreline and grain direction and are called side-grain

faces, and the other two are created by a saw cut and called end-grain faces (Fig-

ure 2.3). This distinction is helpful to discuss geometric and structural implications

of different possible joint types below.

Three joint types. Solid constructive timber has strongly anisotropic properties

with respect to its strengths. Therefore, the grain direction is a decisive factor

determining the strength of connections in timber structures. In general, the face-to-

face connections, depending on the types of both connecting faces and their relation

to the grain direction, can be classified into three types:

– end-grain face to end-grain face (end-to-end),

– end-grain face to side-grain face (end-to-side, T-joint),

– side-grain face to side-grain face (side-to-side).

These three types differ in terms of their rotational and translational degrees of free-

dom as illustrated in Figure 2.4. For example, in a side-to-side joint, the adjoining

element can only rotate around an axis perpendicular to the connecting faces. The

centrelines of both elements are eccentric by half the sum of the corresponding cross-

sectional dimensions. In end-to-end and end-to-side joints, the adjoining element can

additionally rotate around its own centreline and round the other bar’s centreline,

however within different ranges. The axial eccentricity in these joint types depends



2.1 Timber bar structures: systems, joints and assembly 15

end-to-end joint end-to-side joint side-to-side joint

Figure 2.4: Possible topologies of a simple timber-to-timber connection
and their rotational and translational degrees of freedom: end-to-end,
end-to-side and side-to-side.

on the position of rotation axes and can be induced or reduced by translation in the

plane of the connecting faces.

a) b) c)

Figure 2.5: Examples of timber structures based on simple elements
and side-to-side connections, build with aid of robots at Gramazio Kohler
Research [32]: a) “The Stacked Pavilion” (2009), b) “Sequential Struc-
ture” (2010), c) “Shifted Frames” (2013) c©Gramazio Kohler Research,
ETH Zurich.

Derived structures. With each of these three joint types different structures can

be built depending on how these joints are arranged. A structure consisting solely

of end-to-end joints is a just linear concatenation of elements, and therefore not rel-

evant for further discussion. In contrast, structures consisting of either end-to-side

or side-to-side joints can have a wide range of spatial organizations and topologies.

For example, side-to-side joints can be found in layered systems, i.e. when all joints

are aligned in parallel planes. Depending on the angle between the bars, the res-

ulting assembly can vary from surface-like (e.g. Figure 2.5 a) to ones with spatial

depth (e.g. Figure 2.5b). Among historic examples of structures based on a layered
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principle the Stephan bow truss5 can be mentioned. Similar principle is also fol-

lowed in the design of the trusses in “The Sequential Roof” project in case study I

(Chapter 3), composed of multiple layers of chord and diagonal elements. Beyond

layered systems, side-to-side joints can be aligned in orthogonal planes (e.g. Fig-

ure 2.5 c), or in arbitrarily oriented planes [48].

The end-to-side joints can be found in butt-jointed reciprocal frames, such as the

Zollinger system described in more detail below, which are particularly interesting

in the context of this thesis as they directly address the aspect of geometry and as-

sembly of structures made of many short timber elements. This principle has been

further investigated in the case study II (Chapter 4).

Reciprocal Frames and the Zollinger system. The geometric and structural

principle of reciprocal structures6 is that a set of discrete elements is arranged in

such a way that each element is both supported by and supporting other elements.

This relation must be circular, i.e. the concatenation of supported–supporting rela-

tionships must form a closed graph [61]. Reciprocal frames are structures similar to

grillages, based on the above principle and consisting solely of end-to-side T-joint

connections. As such, reciprocal frames are not bound to a specific material or con-

nection technique and can be build with various types of elements (e.g. round rods

[55], planks [51], plates [9], rectangular bars [80] or even solid blocks [70]) and con-

nections (notch-free, lap-jointed [82], with or without additional connection elements

[65]).

The Zollinger system7 is a timber construction system based on a reciprocal frame

principle and which combines the use of relatively small8 solid timber elements,

notch-free connections and simplicity of assembly. As these traits are favourable

for the robotic assembly, this system has been investigated for fabricational robust-

5In German: Stephanbogen, invented in the end of the 18th century [24, p. 224], consist of diagonal
members aligned in one or two layers, clamped between several layers of (bent and) overlapping
chord elements creating continuous top and bottom ties.

6Reciprocal structures, in general, were known in the vernacular East Asian architecture and the
Occident for many centuries, as documented by works of Villard de Honnecourt (13th century),
Leonardo da Vinci (Codex Atlanticus, 1478-1518), Sebastiano Serlio (1537) and John Wallis (1699,
Opera Matematica) [47, p. 12]. However, the term reciprocal frame was coined in 1987 by Graham
Brown [17]. In the literature, reciprocal frames are also referred to as nexorades [8], mandala roof
in East Asian culture, leverworks (evoking the German term Hebelstabwerke) and MSE – mutually
supported elements [16].

7The Zollinger system was developed and patented in the early 1920s by Fritz (Friedrich) Zollinger
(1880-1945), German architect and building council official.

8With typical cross-sections dimensions of 20–50mm width and 200–300mm height, and elements’
lengths of 2.0–2.5m [24, p. 267].
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 a)  b)

Figure 2.6: Zollinger system: a) roof of a storage building in Coburg,
Germany (1924) [24], b) robot-assisted assembly of a structure based
on a double-curved guide surface – early experiment from phase I of
Project II [37, p. 31] c©Gramazio Kohler Research, ETH Zurich.

ness and geometric flexibility in the early phase of Project II9 (Figure 2.6 b). The

Zollinger system, according to the patent description, is a self-supporting, two-way

spanning “space-enclosing building component”, consisting of equal elements ar-

ranged in such a way that elements in one direction connect to the elements running

in the other direction near their mid-length, and joined with screws or bolts, to

form a flexurally rigid framework [96]. This description is interesting as it does not

explain the claim under what geometric conditions the elements are equal. However,

the enclosed drawings hint at modular arrangements forming a regular, either flat

or cylindric structure, with respectively straight or arc-like elements. In the latter

case, the use of curved elements is an obvious trick to avoid staggering and eccent-

ricities at the joints, which inevitably occur when using straight elements in curved

reciprocal frame10. In practice, the Zollinger systems was applied in construction

of curved gable and hipped roofs, barrel-shaped roofs and domes11 (Figure 2.6 a)

of quite a wide range of spans and lengths12. As postulated by the inventor, the

advantages of the system were its simplicity and economy of material and labour –

it was simple enough for an unskilled, almost do-it-yourself assembly, and required

9– albeit with a different connection technique, see [33].
10Interestingly, many examples of realized structures found in literature show a mixed solution with
a curved outer edge (keeping a smooth form for the roofing layers) and a straight edge on the
inside, disclosing this effect (see examples in [24, pp. 282,285,293]).

11Most of the built examples date from interwar Germany, where after the World War I the system
was popular for restoration and low-cost new construction of housing, farming barns, schools and
churches.

12from less then 10m to over 50m [52, p. 134]
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only around 50% of the material compared to a couple roof [24, p. 268]. Over time,

the bolted connections proved to be more pliable than initially assumed, the rigidity

of the structures gradually declined causing excessive deflections [24, p. 270], and

soon the system fell from grace [52].

In the recent years, with better performing materials and connection techniques, re-

ciprocal frame structures have been realized in a number of architectural projects13.

Also, their architectural potential has been investigated in the context of digital

design and fabrication tools in academic research and student projects, and demon-

strated by several small scale demonstrators14 using a variety of materials, design

and construction methods.

2.1.4 Foreword to the case studies

The case studies investigate two different types of timber structures arising from the

constraints stated in §2.1.3. The subject of case study I is a large-scale, free-form

roof structure composed of truss-like girders created by stacking multiple layers of

timber elements using only side-to-side connections and joined by nails. The sub-

ject of the case study II are spatial structures consisting solely of end-to-side butt

T-joints, derived from the reciprocal frame principle and applicable for e.g. an

adhesive-based connection technique.

Targeting designs not confined to the limits imposed by regularity and interchange-

ability of parts, the studies present computational geometric modelling methods of

such structures which allow differentiation of individual parts and observe detail-

level parameters of the joints’ geometry and connection technique.

13e.g. Warnow Hall at the Hanse Fair in Rostock (2002), Kassel Main Station platform canopy
(2008), thermal baths in Bad Sulza (1999).

14Mostly in form of pavilions and sculptural structures, e.g. Dermoid (2010) [81], Kreod pavilion
(2012) [26] [42], various student works of Prof. Annette Spiro, ETH Zurich (Piazza HIL, Pergola
Science City, Villa Hatt, 2009-2012) [82].
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2.2 Custom computational tools and techniques

The structures investigated in this thesis are complex (exposing tangled interrela-

tions between their features), non-standard (consisting of large amounts of unique

elements), and unexplored (lacking empirical design guides). These traits challenge

the capabilities of the standard off-the-shelf modelling and analysis tools and con-

ventional workflows. To overcome this bottleneck, custom computational solutions

are needed. First, algorithmic modelling tools are required to generate the designs,

based on methods reflecting their specific representation and semantic conditions.

Second, integration of different disciplines within one digital workflow is essential to

produce satisfactory designs within the novel combination of architectural, structural

and fabrication-related requirements, where no prior empirical design knowledge ex-

ists. Last, the confluence of data, differentiated in terms of source, content and

structure, calls for appropriate data management, storage and exchange schemes.

Such challenges are not unique. In practice, in the race to all-digital design and con-

trol, expectations and needs of ever more projects, increasingly complex in terms of

geometry, technology and planning processes, repeatedly outstrip the capabilities of

available software. The challenges discussed in this thesis are put into this context

in §2.2.1, pointing to the prevailing problem of limited interoperability impeding

the seamless interdisciplinary integration within one digital workflow, the resulting

need for bespoke data handling methods, and the shift towards generative modelling

methods with custom-made design tools. Then, §2.2.2 outlines fundamentals of the

proposed tools and techniques which have been developed in the course of both case

studies.

2.2.1 The need for computational tooling

Retrospect: disconnectedness of disciplines and tools. Since the Albertian

paradigm of separating design intent from making [15], the disciplines involved in an

architectural planning and construction process became increasingly disconnected.

The flow of information between project participants evolved to “a process of

discrete, sequential operations and transactions [where] authority and responsibility

are organised around the distribution and acceptance of documents” [71]. The

resulting disconnectedness of tools and representation methods largely perpetuates

in the realm of computer-aided design, despite the opportunities arising from the

common digital domain in which an increasing amount of planning and fabrication

tasks is performed.
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Interestingly, looking back at the origins of computer-aided tools, in the industries

where these technologies originated from more than half a century ago (i.a. aero-

nautical and automotive), computer-aided manufacturing and drafting co-evolved

in a tight relationship [86]. Along with the first numerically controlled machines

appropriate computer-based drafting techniques needed to be developed15. The

initial deficit of appropriate mathematical methods to formalize the hitherto manu-

ally drawn shapes and display them efficiently on the computer’s screen led to

development of new mathematical concepts and formulae such as NURBS16, mesh17

and solid geometric modelling18 methods used today. Then, already over the course

of the 1960s and 1970s, major military and aviation industry stakeholders developed

complete software platforms19 established explicitly to facilitate integration of com-

plex shape modelling, calculation, simulation and manufacturing [86].

Against this background, architecture and other disciplines involved in building

design and construction, as a comparably atomized sector consisting of many

smaller-scale stakeholders, were (and arguably still are to some extent) merely

adopters of the tools developed for and by other industries, and which gradually

evolved towards the specific needs of each discipline20.

Interoperability and integration. The differences in modelling paradigms, rep-

resentation schemes, data structures and formats may impede the flow of information

between the computer-based design, analysis and fabrication tools, and their integ-

ration within a common digital workflow. This problem is particularly amplified in

non-standard projects with higher complexity, where the informational bottleneck

becomes a substantial hindrance.

In this sense, interoperability, i.e. the ability to exchange information [41], can be

seen as a prerequisite for such integration. This research looks into two mechanisms

of exchanging the information: through a customized file-based data format and

15“Early computers were capable of generating numerical instructions which drove milling machines
used for the production of dies and stamps for sheet metal parts[, however a] problem remained:
all relevant information was stored in the form of blueprints” [27, p. 3].

16NURBS: Non-Uniform Rational B-Spline curves and surfaces, formulated in 1960s by engineers
de Casteljau from Citroën and Pierre Bézier from Renault [59].

17Mesh: “A mesh is a discretization of a geometric domain into small simple shapes, such as triangles
or quadrilaterals in two dimensions and tetrahedra or hexahedra in three” [10].

18Constructive Solids Geometry (CGS), Boundary Representation (B-Rep, or Brep) and Sweep
Representation [12].

19e.g. CADAM (Computer-graphics Augmented Design and Manufacturing) by Lockheed and
CATIA (Conception Assistée Tridimensionnelle Inter Active) by Dassault Aviation [86].

20e.g. AutoCAD originates in mechanical engineering, Maya in computer animation, Rhino is tar-
geting equally product design as it is architecture.
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though direct interfaces between software.

While a fair share of software uses their own proprietary file format to store the

specific information created with it, few of these formats can be read or written

by other software. The interoperability depends on the capacities of an exchange

format understood by both and if such exists it is often compromised by information

losses on one or both sides. Although the problem is well recognized and despite

numerous initiatives to establish neutral exchange formats with open standard doc-

umentation, e.g. IGES21, STEP22, IFC23 or BTL/BTLx24 , the flexibility of these

formats and their capability to store non-standard information is limited25. Then

again, even if the exchange format can store all intended data, fidelity of the recon-

structed information cannot be taken for granted26.

An even more complex interoperability problem occurs when two disciplines, meth-

ods or software implement different representation schemes or data structures. An

example of such prevailing discrepancy can be found in mechanical and structural

engineering between modelling and analysis: while modelling operates predomin-

antly on smooth geometries described by differentiable mathematical formulae, finite

elements analysis requires discrete geometry27. Similar discrepancy occurs in the in-

vestigated projects between the architectural model represented by solid geometry

and structural analysis methods based on abstracted point-and-line models.

Large software vendors approach the problem of interoperability through acquis-

ition, bundling applications from different disciplines within one platform28, and

thus gaining better control over import/export procedures or direct communication

21IGES: Initial Graphics Exchange Specification.
22STEP: STandard for the Exchange of Product model data (ISO 10303).
23IFC: Industry Foundation Classes – an open international standard for BIM data (ISO

16739:2013), currently developed by buildingSMART following an initiative of Autodesk.
24BTL: Building Transfer Language – data exchange format for woodworking industry, developed

by SEMA and CADWORK.
25“Standards reduce the infinite possibilities of the real world to the least common denominator

of all involved parties. In the case of the IFC, for example, a building cannot have any curved
free-form shapes. They simply cannot be described within an IFC model, because the definition
of such shapes is not (yet) part of the IFC standard.” [68]. Other limitations of IFC conversion
are also reported in [84, p. 63].

26For example, NURBS geometries, although having precise mathematical definitions, may be cor-
rupted due to inaccuracy, geometrical and topological model inconsistency, and loss of semantic
structures, caused by varying internal tolerance settings in the numerical implementations of the
mathematical definitions in different geometric kernels [29].

27cf. IsoGeometric Analysis (IGA): a new method to perform analysis on NURBS geometry directly.
28For example, Autodesk: AutoCAD, Maya, 3DSMax, Revit, Inventor [7]; Trimble: SketchUp,

Tekla, Gehry Technologies [85]; Dassault Systems: CATIA, SolidWorks [19].
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between software29.

However, in reality the problem persists when the palette of software within a plat-

form does not meet the needs or preferences of the users. For example, “design and

analysis software is generally not BIM integrated out-of-the-box and, even when it

is, assumptions about engineering or information sharing often do not align with

the design teams’ requirements” [30]. Instead, planners prefer to employ “multiple

software packages to handle and manipulate data in the best environment for the as-

sociated task”30 [30]. In response to this, some vendors, usually bound to a selected

scope of disciplines, diversify interoperability of their software by providing plug-ins

to interface with other software directly31, thus circumventing the constraints of data

exchange formats. Similar solutions also emerge from vendor-neutral initiatives like

GeometryGym32 or xBIM33 which provide tools facilitating project data exchange

between different software through IFC or direct interfaces. Still, however, applic-

ability of these ready-made tools for projects with non-standard shapes, connections

or material properties may be limited.

Custom solutions: designer as tool-builder. The growing numbers of plug-ins,

add-ons and other types of extensions, however, only point to the symptoms of the

real problem: that complexity of projects and expectations concerning the flexib-

ility of use outpace the software’s capabilities. The contrary trend acknowledges

that many architectural and engineering design problems are complex, unique and

diverse enough that trying to respond to them by providing ever more ready-made

tools is futile. Scheurer [68] puts it bluntly: “No matter how many new functional-

ities are added, a standard tool will always only work for standard designs”. This

29“By integrating all of these components, each part can make assumptions and guarantees about
how the rest operate, saving the designer the indignity of converting CAD files into different data
formats (if this is even possible) and from having to purchase many different standalone softwares.
This monolithic process is the holy grail of project lifecycle management (PLM) and, arguably,
its brethren building information modelling (BIM)”[21].

30Similarly, Llach [49, p. 126] gives account of a major, BIM-intended project, in which “models from
five different companies [were] developed using different software”, e.g. the architectural model
in Revit, structural model in Tekla, mechanical systems in AutoCAD 2D and Digital Project.

31For example, the structural analysis software SOFiSTiK provides now a plug-in to import guide
geometry from Rhino, and conversely display the calculation results in Rhino’s viewports. This
solves the problem of data transfer, but if a model is highly differentiated, the structural inform-
ation still needs to be added to the geometric model manually [75].

32GeometryGym: a collection of software tools targeting data exchange between Rhino and Revit,
Archicad, Digital Project and Tekla, based on IFC exchange format and/or direct API interaction
[28].

33xBIM: eXtensible Building Information Modelling – “a free, open-source, software development
toolkit that allows developers to create bespoke BIM middle ware for IFC-based applications”
[94].
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trend sees custom tool-building by end-users as a way forward. Proponents of “flex-

ible frameworks” point out that “conventional approaches to modelling and data

management begin to break down under the demands of a multidisciplinary design

team” and advocate for “new methods and technologies such as the development of

custom-scripted modules and databases” [30].

Although usually outsourced to external or in-house specialist consultancies, these

custom-scripted solutions are more and more often developed by the end-users them-

selves – by architects and engineers. This culture of developing custom software solu-

tions by architects for their own design purposes started to emerge around mid-2000s,

fuelled by the popularity of new parametric modelling34 and graph-based visual pro-

gramming tools35 such as Bentley’s Generative Components36 and Grasshopper37.

Although first scriptable interfaces for CAD software date back to mid-1980s38, soft-

ware development kits (SDK) of many of the today widespread applications have

not been available until recently. RhinoCommon, an SDK for Rhinoceros on which

Grasshopper and a considerable part of the custom modules presented in this thesis

are based, has only been released in 2010. Despite an abundance of open-source

and platform-independent (agnostic) libraries and frameworks, SDKs are helpful

not only to access application’s functionalities to automate the steps of a modelling

process, to create variations by changing the input parameters, or to manage access

and processing of the project’s data, but also to use the software’s underlying librar-

ies as geometric modelling kernels to create unique, project-specific functionalities

initially not intended in the software.

34Although first feature-based parametric modelling package, Pro/ENGINEER, was released in 1987
[86], it took time until these concepts gained ground in the domain of computer-aided architectural
design.

35Such plug-ins made algorithmic approach to design more accessible to users without computer
science background, which in turn gave rise to communities where these new skills and knowledge
could proliferate.

36Generative Components: early versions released in 2003.
37Grasshopper 3D for Rhino: first released in 2007 as Explicit History.
38For example, AutoCAD released in 1985 an interface based on LISP language, originally intended

for third-party developers to create extensions to AutoCAD [86].
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Flexibility and re-usability. The transition from mere automation (e.g. of data

processing, parametrisation of design modelling) towards design computation [89]

(e.g. employing advanced algorithmic procedures to generate, simulate or analyse

data) is fluent, especially in case of complex design problems. Instead of emphas-

izing the distinction between these two paradigms, in the context of this thesis it

is more important to differentiate between two implementation strategies in terms

of flexibility and re-usability: between custom-made solutions targeting a one-off

project, and those developed as generic tools or frameworks from which case-specific

solutions can be built.

The discussion and guidance on different programming techniques, best practices

and their applicability in building design processes seems to be long overdue. The

problem of insufficient flexibility of the custom-made tools can be exemplified by

common pitfalls of code-based design modelling. An often repeated argument for

using generative design methods is that once the model is set up and the design

intent formalized as an algorithmic procedure, it allows to reduce the cost of design

changes at a later stage. However, this cost is low only if the model is properly set

up from the outset, i.e. if the majority of information needed to set up the model

correctly and completely is available early39. Unfortunately, the development of

these modelling tools tends to be a dynamic process, evolving within the project’s

lifetime, often starting as “sketching with code” [88] and growing more and more

complex as the detailing level in the project increases. If, over the course of the

project, the model or code needs to be restructured to accommodate parameters

hitherto not designated or because the hierarchy of the setout changed, the cost of

that change may be even higher than starting from scratch.

One of the tactics to aid later-stage changes to the code’s structure is to reduce

its complexity by modularization, i.e. splitting the overall program into separate,

re-usable and interchangeable modules, bound in scope to their individual func-

tionalities. This technique motivates to differentiate the overall program into parts

which are potentially generic and re-usable, and those specific to the project or

design study. Such approach not only increases re-usability and flexibility of code

within the same design task, but also its transferability to other projects.

39Davis [20] seems to side with this observation and refers to it as “front-loading”.
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2.2.2 Implemented tools and techniques

In the light of limitations of conventional modelling tools and data handling methods

offered by the standard palette of the off-the-shelf software, the investigations of

novel timber structures urgently called for development of custom computational

solutions to allow to:

– create algorithmic procedures to generate, query, analyse, modify and output

complex designs consisting of large numbers of unique elements,

– define case-specific representation schemes which reflect the structure’s geometric

and semantic logic,

– establish direct communication between different software to overcome interoper-

ability problems and create seamless interdisciplinary dataflow, and

– customize data structures and formats for storage and exchange.

This section highlights tools and techniques identified and implemented in the course

of both case studies to facilitate that development. Along with technologies which

are prerequisite for the extensive customization, their limitations and technical

obstacles are discussed. The key ingredients of the developed solutions are: 1)

custom modules and libraries, 2) stand-alone software and 3) their SDK/API and

other external libraries, based on which 4) bespoke programs (scripts) are created

(Figure 2.7).

Scriptrun

Modules

self-made ready-made

other external Libraries
SDK / API

Software
RhinoPython

Python

Rstab Excel

Libraries

Figure 2.7: Organigram of the implemented software and program-
ming tools differentiating between self-made (custom) and ready-made
(standard) components.
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The code of the custom modules and scripts is written in the programming lan-

guage Python40. Bespoke functions and class definitions are usually structured into

modules41 bundled into a library, whereas the code performing a larger case-specific

task is typically referred to as a script or a program. Both modules and scripts

have a number of dependencies on other, external libraries, software development

kits (SDK) and application programming interfaces (API) of selected specialist soft-

ware.

The geometry modeller Rhinoceros42 and its add-on Grasshopper43 is used as a

runtime and development environment and for visualization, whereas RhinoCom-

mon44 allows to automate Rhino’s functionalities and serves as a geometric model-

ling kernel. Rstab45 is a finite element structural analysis software for frame and

truss structures, including structures made of anisotropic materials such as tim-

ber. Its programmable interface RS-COM46 allows to directly access its modelling

and calculation functionalities. As for external libraries, NumPy47 is used for solv-

ing mathematical equations and ghpythonlib48 for accessing additional geometric

modelling algorithms.

Geometric modelling. The previous section (§2.2.1) pointed out that manual

modelling of non-standard designs using the software’s standard tools available

through its standard palette of tools available in the graphical user interface (GUI)

can be insurmountably tedious, and that programmable interfaces allow to auto-

mate this process. However, the geometric complexity of the investigated structures

necessitates to go beyond this mere automation and to liberate the modelling pro-

cess from the software’s representation schemes and data structures, by defining

tailor-made object classes49 which allow to represent logical elements of a design or

a structure in accordance with project’s needs. An object (an instance) of a type

defined by a class can hold different kinds of data (attributes), for example: data

40Python: a high-level, general-purpose programming language, version 2.7. In parts which rely
on Rhinoceros as a runtime environment, IronPython – an implementation of Python for .NET
Framework – is used.

41In Python, a module is technically a *.py file.
42McNeel Rhinoceros 5, 64-bit for Windows. Commonly referred to by short name Rhino.
43Grasshopper 3D: a graphical algorithm editor for Rhino.
44RhinoCommon: cross-platform .NET plugin SDK for Rhino.
45Dlubal Rstab 8 for Windows.
46RS-COM: programmable COM interface for Rstab, version 6.
47While NumPy for IronPython is only available in a 32-bit version and incomplete, instead CPython

native version of NumPy was used and interfaced via subprocess.
48ghpythonlib: part of Grasshopper’s SDK
49In object-oriented programming (OOP), a class is a template to create objects.
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to create it (e.g. coordinates of a point, cross-sectional dimensions of a bar) and to

describe it (e.g. an identifier, analysis results). Attributes can also be references

to other instances of the same class (e.g. a neighbouring bar to express semantic

relationship between the two objects) or of a different class (e.g. to an object rep-

resenting a joint). A class can also provide functionalities (methods) to modify the

object or to build a geometric representation of the object (e.g. create solid geo-

metry representation to visualize a bar) or to query its properties (e.g. get centroid,

area, length). In other words, object classes allow to express logical elements of

a designed structure – and not only geometry representing physical objects – by

comprising their parameters, semantic information and geometry.

Simple geometric objects such as a point, vector, plane or a line can be easily and

efficiently defined50 and manipulated51 algebraically. For more complex geometries

such as NURBS curves, surfaces or Breps, it is arguably reasonable to resort to an

external library or a geometric modelling kernel instead. In this research, the role

of the geometric modelling library is played by Rhino’s SDK RhinoCommon and its

Rhino.Geometry namespace.

Integrating structural analysis with geometric design. The interoperabil-

ity between Rhinoceros and Rstab is impaired by a number of limitations on both

sides. For example, semantic information such as connectivity between elements or

feature-type objects containing different levels of geometric information and other

specification data, are not part of Rhino’s modelling philosophy. On the other hand,

Rstab has a limited capacity of representing and pre-processing data needed for the

FE calculations from geometrically complex models (e.g. subdividing surface load

on double-curved surfaces) with non-typical details (e.g. joint stiffnesses dependent

on joints’ irregular geometry). In result, transferring a design model from Rhino

to Rstab and conversely transferring calculation results back to the design envir-

onment for evaluation and visualization, may end up as an arduous manual task.

However, if the design model is generated algorithmically, much of this information

can be created within the modelling process, albeit it has to be stored in a suitable

exchange format, for example an Excel file with worksheets formatted according to

Rstab’s template.

Against this background, direct interaction with Rstab via a programmable inter-

50e.g. as a list of coordinates or an equation.
51e.g. by operations such as addition, translation, rotation, finding the closest point or an intersec-

tion



28 Chapter 2: Fundamentals

face RS-COM allows to build a structural model, setup and execute a calculation

and collect the results via an external script written e.g. in Python. The script gen-

erates an Rstab-native model (an instance of IrsStructure class) by defining all

its elements and settings (nodes, members, support types, load cases, cross-section

definitions etc.) using object classes provided by the RS-COM package. Equally,

communication with a running instance of the Rstab application, to start the calcu-

lation and collect the results, can also be controlled by a script52. The script itself

can be executed during the geometric modelling process which effectively enables

seamless integration of structural analysis in the design modelling process – the

Rstab-native model can be assembled directly from the same geometric information

that is used to create the architectural model.

The fact that the structural analysis is executed within the design environment and

architect’s domain, does not diminish the engineer’s involvement – on the contrary, it

incentivizes a closer collaboration between disciplines. Questions concerning trans-

lating an architectural model to an finite element model using discrete abstractions,

and proper setup of the analysis remain a structural engineer’s field of expertise and

responsibility. But in order to make both processes – the geometric modelling and

structural analysis – work together within one seamless workflow, the custom scripts

need to be developed collaboratively and in accordance to the mutually agreed data

structures.

Data storage and exchange. Although direct interfaces between Rhino and

Rstab allow to exchange information without saving it to an exchange file, the need

to persistently store and view the design and its data is inevitable (Figure 2.8).

Arguably, the very script generating the design can be to some extent viewed as

means to store the design, sometimes referred to as the live model53. In contrast,

the methods and formats listed below focus on storing and viewing a particular

instance of the design or data, also called frozen or dead. Depending on scope and

purpose, the methods differ in terms of advantages and limitations.

52These functionalities are partially available through a recently released open-source Grasshopper
plug-in, also based on RS-COM and written in C# [64]. It allows to transfer geometry between
Rhino and Rstab but it lacks calculation setup and results retrieval.

53Beside the author’s own account, such practices are reported by Hudson [40, p. 95] with reference
to internal model sharing within an office.
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Figure 2.8: Variety of methods and file formats to store and view
models representing the design object and its data. The read/write
properties indicate which procedures have been implemented in the case
studies as a part of the digital dataflow.

Rhino file. Although Rhino serves as a development and runtime environment, sav-

ing the outcomes of the code-generated design or data in Rhino’s native *.3dm

file has major limitations. Objects of the design model represented by tailor-made

classes cannot be saved in a default Rhino file – only their geometric54 elements.

To mitigate the loss of the parametric or semantic information, it can be encoded

as key-value pairs and stored with the geometric object. Such dictionary can be

easily saved under the UserDictionary55 feature, where value can be of any type,

including custom object classes. The dictionary can be further encoded into a text

(a string) using pre-defined delimiters and saved as an object’s name, which can

be viewed in Rhino’s GUI and is thus readable and editable without any further

tools. However, to store non-alphanumeric attributes e.g. other geometric objects,

they need to be converted – for example to a list of coordinates, or added to the

54i.e. Rhino.Geometry objects translated into Rhino.DocObjects namespace.
55see Rhino.DocObjects.Custom.UserDictionary in Rhinoceros 5 SDK.
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document as separate objects and queried via their GUID56 or another identifier.

In other words, the whole data structure of the code-based model is broken down

into a collection of geometric objects lacking their original parametric and semantic

intelligence.

Pickled file. If logical or hierarchical information is of key concern, and encoding

it as mentioned above too cumbersome, the Python code-generated model can be

serialized and persistently stored in a file using a Python module Pickle, which

allows to convert object hierarchy into a byte stream. The reverse operation restores

the original object hierarchy read from a file, however, it requires access to the

library with the original class definitions (where applicable). In other words, a

Pickle-generated file stores the data model as generated by the code, preserving

full accessibility of the objects’ bespoke methods and cross-references. Although

perfectly machine-readable, this format is much less tactile for a human user and

requires custom tools to interact with it. Another major disadvantage of this format

is that original class definitions are needed to de-serialize, in the exact same version

as used to serialize the objects. This becomes a hindrance if the class definitions are

still under development and change in-between write and read.

XML file. Object hierarchy can also be encoded into other generic text-based

formats such as XML57 where, for example, parent-child relations or object

attributes can be stored in an intuitive and human-readable way.

Excel file. For data with a known, static and regular structure, Excel *.xls/*.xlsx

file format might come in handy, especially for numerical data, if the data needs

further analysis or if a structured view of the data improves its legibility.

Text file. Last but not least, a text file is a very useful format of storing model data,

especially if only selected information needs to be stored – it is generic, lightweight

and both machine- and human-readable. Simple geometry can be stored by its

coordinates and connectivity information58, hierarchical information can be encoded

in a similar way as object attributes stored in object names in a Rhino file. This

reductionist approach proved particularly useful in case study I as a simple, versatile,

56GUID: Globally Unique Identifier, represented by a hexadecimal number usually in a 8–4–4–4–12
format, e.g. 0b866b93-2d0e-473c-baa8-368d529d9ef2.

57XML - Extensible Markup Language.
58In fact, popular file formats *.obj and *.off for storing mesh geometries, which is a combination

of vertex coordinates and their relational connectivity, are de facto text files.
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lean and both machine- and human-readable way of selective sharing very large

amounts of data between participating teams.

2.2.3 Foreword to the case studies

The two case studies exemplify two contrasting use-cases for computational tooling

in architectural design. In case study I, the tools are highly customized and adjusted

to the specific needs of the one-off, unique design task. This is reflected in the

structure of the custom-written programs: the design generating scripts (§3.4.3)

and methods for data exchange between planning teams (§3.4.2). Embedded in a

real-life scenario of a construction phase, the digital data flow is based on exchange of

bespoke protocols and files collaboratively established between all involved planners.

In contrast, case study II targets an early-stage design exploration for a wide range of

T-joint based designs, which motivates development of versatile, more generic and re-

usable tools (§4.2.3). The developed integrated data- and workflow allows a seamless

transfer of data between design and structural analysis environment (§4.4.3).
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2.3 Complex design problems

Architectural design, today as in the past, operates on the basis of design patterns

Alexander [2, p. 4], which ease the design process by narrowing the space of all ima-

ginable solutions to the boundaries of style, available tools or best-practice rules of

construction59. These mostly helpful tools are challenged when a disruptive techno-

logy enters the field and allows or forces to re-think the principles of the established

methods.

In the context of this thesis, robotic fabrication and assembly motivates fundamental

changes to both the design object and the design process, and thus replaces the ex-

isting design patterns with many unknowns. If additionally the object of the design

is inherently complex, the amount of design parameters high and their interrelations

untraceable, the search for an optimal or at least feasible or valid solution can easily

resemble blind guessing.

Such challenges are demonstrated in both case studies, which aim to establish ba-

sic design guides, and develop algorithmic methods to search for good and valid

solutions. While some of these strategies might seem conceptually foreign to archi-

tectural design practice, this introduction seeks to place them into an appropriate

context.

2.3.1 Types of problems

Alexander [2], who is often cited as the first to provide mathematical considerations

to the problem of complexity in industrial, architectural or urban design, suggested

to distinguish between a design task being a problem, and a task being a design prob-

lem. His argumentation is that the design task is a problem if “it has requirements

which have to be met; and there are interactions between the requirements, which

makes the requirements hard to meet” [2, p. 2]. If a problem is well understood,

all criteria can be expressed within the same symbolism and many possible solu-

tions can be created, the problem can be solved mechanically, by selection [2, p. 74].

Otherwise, a problem becomes a design problem, i.e. one that requires invention to

solve it [2, p. 74]. Following this argumentation, in order to apply an appropriate

approach to solve the problem, the nature of the problem needs to be identified.

59This narrowing can also be critisized – Polónyi [57] argues that, for example, the calculation tech-
niques that first enabled truss designs codified solutions that arose from their initial computational
limits and has not been updated since.
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Complex vs. complicated. The differentiation between complex and complicated

problem resembles the distinction drawn by Alexander [2]. However, the terms

complex and complexity bear different meanings depending on the discipline in which

they are used. To clarify, in the context of this thesis complexity stands for systems

with many interdependent components60. The distinction between a complicated

and a complex problem is important insofar that it points to different approaches

needed to solve them [50, p. 15]. A complicated problem can be parallelized, i.e.

subdivided in smaller sub-problems that can be solved independently – solving a

complicated problems is a just question of effort, and the process can be improved

by increasing resources [50, p. 15]. By contrast, in a complex problem the elements

are highly interrelated and a small change of one parameter can potentially have

a large global effect – therefore a complex problem cannot be subdivided and any

simplification may lead to wrong results [50, p. 15].

Properties of the solution space. The nature of a problem can also be classified

according to the type of solution the solving method aims at finding:

– the solution (if only one solution exists), or

– a or any solution, or

– a solution better than others.

Arguably, in architectural design there is rarely only one solution or no solution.

The interesting distinction is therefore between finding any solution that is fit for

purpose, or finding a particular solution from all those fit for purpose that is in some

pre-defined sense better than others. The prerequisite for the latter is the existence

of a meaningful comparison criterion to score the results.

The solution space can be further described by two traits: continuity and coher-

ence. Coherence is a property when neighbouring instances are somewhat related

or similar and can hint at the direction which the search should follow to find a

(better) solution. Its opposite is when the expression “getting closer to a solution”

is meaningless [74, p. 249]. The term continuous is used here to describe problems

where input variables are real-valued and there is a fluent transition between two

neighbouring instances. In contrast, discrete refers to problems which operate on a

finite set of elements or values.

60Complexity: from Latin com (meaning: together) and plex (meaning: woven) [50, p. 17].
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Optimization is a search for a solution better than others, according to a pre-

defined scoring criteria. Optimization implies an expectation or a proof that no

better solution has been overseen. Thereby goals and means of an optimization

problem must be specified separately. For example, in structural design, optimiza-

tion can be classified according to means into [1, p. 4]:

– sizing optimization: finding optimal cross-sectional dimensions for a given global

geometry and topology,

– shape optimization: finding optimal global shape for a given topology, and

– topology optimization, in discrete structures where topology is not pre-defined

upfront.

For any of theses methods, the goals can be defined as, for example, minimal material

volume or weight, strength (load-bearing capacity), stiffness (minimal deflections)

or stability [62]. In this thesis, both case studies deal with a problem similar to a

sizing optimization with respect to load-bearing capacity.

2.3.2 Approaches to problem solving

The inventive part of the design problem, in the context of this thesis, is about

inventing a strategy – or an approach – to search for a good solution. The expli-

cit focus is in developing methods which are case-specific and take advantage of

the designer’s knowledge about the designed object. As a conceptual framework,

the investigated approaches make use, in different combinations, of the following

concepts.

Brute-force. Also known as exhaustive or direct search, brute-force is a naive

method that simply evaluates all possibilities. This simple principle works best for

discrete problems and small numbers of possible candidates [74, p. 273]. However,

for very complex problems with no known approach it might still be no less efficient

than other methods. Arguably, the brute-force method falls into the category of

“mechanical”, “by selection” methods.
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Greedy algorithms. Many optimization algorithms perform a sequence of steps

and need to make choices at each step [18, p. 370]. A greedy algorithm tries to

“do the best thing at every step” [78], never revisiting previously made decisions

and hoping that this will lead to a globally optimal solution [18, p. 393]. Although

finding a global optimum is not guaranteed, this approach is generally effective in

finding good solutions for a wide range of problems [18, p. 393].

Heuristics. Heuristic reasoning is the art of making plausible guesses as provisional

solutions [58, p. 113]. It is well suited for problems where absolute certainty or global

optimum is not a priority, or at least as an approximation of a solution which might

give a hint at an absolute solution. It is a powerful approach if some prior knowledge

or data is available to make intelligent guesses by means of, for example, analogy

or induction [58, p. 113]. In algorithm design, heuristic methods are considered well

suited for difficult combinatorial optimization problems, i.e. problems with instances

(i.e. number of variables) too large for an exhaustive search, because they aim to

reduce the search space by avoiding hopeless candidates [74, p. 230].

There is also a large group of general-purpose algorithms called (meta-)heuristic61,

for example: genetic algorithms, simulated annealing, random sampling or gradient-

descent search. Their applicability depends on the problem type. For example,

gradient-descent search works well for convex problems and may fail if there are many

local optima as it can get stuck in one. Genetic algorithms follow an evolutionary

principle and maintain a “population” of candidate solutions, which evolves and

improves by means of natural selection and random mutations. The size of the

population and the cost of fitness evaluation of each individual is often decisive for

the applicability of this method62.

61The term meta-heuristics is sometimes used to describe such multi-purpose, problem-independent
methods, as opposed to the original term referring to a problem-specific approach.

62“Genetic algorithms take a very long time on nontrivial problems. The crossover and mutation
operations typically make no use of problem-specific structure, so most transitions lead to inferior
solutions, and convergence is slow” [74, p. 267].
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2.3.3 Foreword to the case studies

In the view of the above definitions, the design problems encountered in this research

can be described both as complex and complicated. Their complexity originates in

the circular dependencies between geometry, structural behaviour and fabrication

detailing. The complicated part is due to the large amounts of data that are non-

uniform (the values of data describing the same properties vary largely). Together,

the uniqueness of the problem setting does not allow to deal with the circular de-

pendencies by reference to other, well-known methods, whilst the differentiation of

the data obscures the overview of the problem. In consequence, in order to be able

to effectively design the investigated structures, one needs to find or develop suitable

problem solving methods.

The problems investigated in the case studies can be divided in two types.

The first type of problems is to find such a combination of selected global design

parameter values for which the resulting model performs better than others (§4.5).

With a rather small number of parameters in question and likely a non-convex solu-

tion space, the generally continuous parameters can be discretized and evaluated

using the brute-force method.

The second type of problems combines the search for any solution with a search

for a fairly good solution. For a given overall shape and topology of a structure,

the minimum criterion is a requested load-bearing capacity and the geometric and

fabricational feasibility. The criterion which defines better solutions is the reduc-

tion of the material volume by means of changing cross-sectional dimensions of the

members. This task is thus a variant of a sizing optimization problem where a com-

bination of individual cross-section values for every timber element is sought. In

both case studies (§3.5, §4.6) the difficulty of this problem is two-fold. First, the

circular dependencies mentioned above enforce an iterative approximation process,

repeating modification and evaluation steps. Second, the evaluation is defined for

joints, as these are considered decisive for load-bearing capacity, but it depends on

a combination of cross-sectional dimensions of two or more timber elements. Here

again the variables are treated as discrete and the problem as combinatorial, and

the research question is how to design appropriate algorithms to solve it.
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Case study I: The Sequential Roof
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3.1 Introduction

This case study1 investigates the design of customizable truss-like timber compon-

ents with solely side-to-side joints. The research is settled in the context of a new,

prototypical, fully automated robotic fabrication and assembly process, and has

been implemented and validated on an architectural scale in a real-life scenario of a

realized construction project (Project I: The Sequential Roof2).

28.8
2 m

80.07 m

Figure 3.1: The 2308 m2 Sequential Roof in the context of the
Arch Tec Lab building.

About the Sequential Roof project. The design concept, developed at

Gramazio Kohler Research, arose on the premise of a fully automated, robotic,

sequential fabrication, where a short sequence of carpentry tasks (cut, place, join)

is performed by generic and reprogrammable tools so that – within this almost

invariant, standardized process – each element and connection can be processed

according to its individual digital blueprint [34].

To showcase this new rationale for customizable design and construction [91], the

design concept of the Sequential Roof focused on non-repetitive geometry capable to

adapt to local requirements. The seemingly continuous, undulating roof structure

1Parts of the work presented in Chapter 3 have also been disseminated in Apolinarska et al. [4],
Apolinarska et al. [5] and Willmann et al. [91].

2See Appendix A.1 for further details and credits.
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consists of 168 individual and structurally independent timber trusses, supported

from the primary steel structure of the building. With a span up to 14.70 m

and a width of 1.15 m, the trusses are composed of multiple layers of alternating

50 mm–thick solid timber slats [34]. Placed side by side the trusses cover a 2308 m2

open office space and serve both as a load-bearing structure of the roof, a support

structure for the subsystems integrated therein, as well as an exposed ceiling

(Figure 3.2).

15.00 m

1.16 m1.16 m

skylightsmechanical smoke 
exhaust

insulation &
weatherproofing
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sprinklertimber truss

steel box beam

lighting

 a)

 b)

Figure 3.2: a) The reflected ceiling plan of the Sequential Roof show-
ing adaptation of the structure’s fabric around smoke exhaust shafts.
b) Schematic of the subsystems integrated within the timber structure.
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Objectives. The case study was carried out within the construction planning phase

of the project and departing from the tender submission design. At the point of

the tender issue, neither the connection technique was definitely set, nor were the

resulting geometric, structural and fabrication-related requirements and their inter-

relations fully known and understood. This study investigates these aspects from

the perspective of architectural design in order to develop corresponding design

strategies. In particular, the research question is: How can a geometrically complex

design of this novel system be appropriately informed and modified in response to

structural data and fabrication-driven requirements?

The chapter first outlines the geometric setout (§3.2) and key design parameters

imposed by the multi-layer nailed connection method (§3.3). Next, §3.4 presents an

iterative, interdisciplinary development process which was established in response to

the system’s complexity, and following that, custom workflow and data formats to ef-

ficiently manage, store and exchange the roof’s model and data. Finally, algorithmic

methods needed to process the collected, highly differentiated data in order to im-

prove the initial design model according to local needs of individual elements are

discussed in §3.5.

3.2 Geometry of a layered truss

The discussed truss-like components are derived from a conventional flat warren

truss principle and appropriated for the requirement that all connections are two-

bar side-to-side joints. Therefore, instead of multiple bars meeting in a truss joint,

the bars lie in multiple parallel layers, i.e. forming a multi-layer cluster of pair-

wise connections (a knot). In order to understand the resulting joint geometry and

topology, first it is explained how the geometry of each truss is constructed layer by

layer based on a layer stencil and a layering pattern.

3.2.1 Layer stencil

For each layer in a truss, for every truss in the overall roof, geometry of each timber

element (here called a slat) is defined by a layer stencil. It is a geometric template

constructed from a pair of planar cubic Bézier curves discretized into polylines by

setout points P between which outlines of the slats can be drawn according to the

given cross-section heights h as shown in Figure 3.3. The layer stencil contains
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virtual geometry of every possible timber element in a layer, from which later every

other element is selected according to a layering pattern. The idea of layer stencils

simplifies the modelling complexity of the roof as it allows to perceive each layer

in isolation. Given the free-form overall shape of the roof, every layer stencil is in

general unique and not aligned with neighbouring stencils.
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Figure 3.3: Layer stencil: a) a pair of Bézier curves, fix setout points
P and slats’ outlines. Change of cross-section height h of a diagonal (b)
and a chord (c) slat has impact on the centreline � and node points n.

The generally uniform distribution of the setout points3 is locally adjusted to ac-

commodate interfaces with building components and subsystems4 (see the reflected

ceiling plan in Figure 3.2). The centrelines of the slats (their position and orient-

ation) are subordinate to the above setout – a change of a cross-section height h

induces a rotation of a centreline in a diagonal slat, and a parallel translation in a

chord slat (Figure 3.3b,c). The slats are cut to length and angle by a saw following

3The relation between the distribution of the setout points and the resulting triangulation on the
force flow in the truss has not been investigated, due to the late stage of Project I at the time of
this case study and due to the lack of the appropriate tools at that time to quickly analyse many
design variants. This deficit incentivized development of such tools in case study II.

4e.g. skylights, exhaust shafts, sprinkler pipes or primary structure.
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an end-cut line defined as in Figure 3.3b,c – in a chord slat, this line depends on

cross-section height of the corresponding virtual diagonal element in the stencil. In

a truss where slats have different, individually determined cross-section sizes (for

reasons discussed in following sections) this can lead to an inefficient, structurally

inconvenient and visually displeasing design as shown in Figure 3.4 a. To mitigate

this effect, the default sizes of the virtual (non-existing) elements in a stencil are

overridden and linearly interpolated between their existing neighbours (Figure 3.4 b).

Chord slats are also, as an exception to the one-cut-per-end rule, occasionally shaved

off with an additional saw cut to avoid protrusions jutting out of the roof’s shape

(see situation around setout point Pi in Figure 3.3).

a) b)

Figure 3.4: A knot (a cluster of two-bar joints) with end-cuts of the
chord elements with: a) default and b) interpolated sizes of virtual di-
agonal elements in their stencil.

To derive an abstracted point-and-line model for FE calculations from this geometric

setout, the node points n are defined by intersections of centrelines in the stencil

(Figure 3.3b,c), i.e. from the virtual setout geometry. A member is a linear segment

connecting two node points. The diagonal slats are represented by one, and chord

slats by three, not necessarily co-linear, members. A member representing a joint –

here called a connector – connects corresponding nodes in two neighbouring layers,

and may not be perpendicular to the layer plane. A chord-chord connection is

represented by two connectors.
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3.2.2 Layering patterns

The layering pattern defines which elements are selected from each layer’s stencil to

compose the alternating fabric of the truss. The structural logic imposes continuity

of the top and bottom chord, which is achieved here by concatenating the individual

elements into a symmetrically layered ties. The resulting pattern consists of a re-

peated sequence of three layers of chord slats followed by a layer of diagonal slats

(Figure 3.5), which here sums up to 23 layers per truss.

a)

b)

A

B

A

B

diagonal slats

chord slats

Figure 3.5: a) Composition of a truss from layers of alternating chord
and diagonal elements. b) Application of a layer pattern to a stencil to
define chord and diagonal slats.

There is a large but finite number of permutations of layering patterns based on

the above principle. When looking at the chord slats’ arrangements, one can notice

that the top chord consists of an odd number of segments and is therefore left-right

symmetric (in terms of topology, not necessarily geometry) while the bottom chord
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is not – if it starts with a slat, it ends with a gap. Similarly, the three concatenated

layers forming a chord tie can either start with a slat-gap-slat configuration in the

first, left-most segment (let us denote this configuration with A) or with a gap-slat-

gap configuration (B). Here, a regular truss has six triple-layer ties in top and bottom

chord, and one can choose A or B configuration for each tie independently5. If all six

ties have the same configuration there are obviously only two schemes: AAAAAA

and BBBBBB. Taking the A-only scheme as a basis, if one of the ties is replaced by

the opposite (B), there are already three different schemes: AAAAAB, AAAABA,

AAABAA (its symmetric counterparts are omitted). With two B’s and four A’s

one can construct nine permutations: AAAABB, AAABAB, AAABBA, AABAAB,

AABABA, AABBAA, ABAAAB, ABAABA, BAAAAB. And lastly, with three A’s

and three B’s there are ten different schemes: AAABBB, AABABB, AABBAB,

AABBBA, ABAABB, ABABAB, ABABBA, ABBAAB, BAAABB, BAABAB.

BBBBBB ABABAB AABBAA

Figure 3.6: Soffit view of the roof structure showing examples of dif-
ferent layering patterns.

The choice of the layering pattern can be motivated by functional or aesthetic cri-

teria. Figure 3.6 demonstrates visual effects of different lower chord arrangements.

In the realized project, the AABBAA scheme was chosen for both upper and lower

chord as it allowed to optimally integrate rooflights and revision access, while giving

vibrant aesthetic effects in the soffit.

5Certain restriction applies to bottom chords which form a continuous pattern with neighbouring
trusses to the left and right, i.e. if one tie starts with A, the next starts with B, the following with
A again etc.
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3.3 Joints

Addressing the specific requirements of the non-repetitive design and of the robotic

assembly process, the timber contractor and the structural engineer proposed a con-

nection technique using grooved 90 mm–long nails with d = 3.4 mm shaft diameter.

A nailed connection is generic and differentiable – the number and distribution of

nails in a joint can be adjusted to the geometry of the joint and its individual

structural requirements. Although the strengths of a single nail are relatively low,

multiple nails together can outperform other types of fasteners [4]. The downside

of this connection technique is the exceptional complexity that emerges from over-

laying multiple layers of pair-wise connected elements. Integrated digital workflows

developed in this project allow to deal with this complexity, by combining custom

algorithms to generate and a CNC nailing gun, integrated in the robotic setup, to

execute the resulting highly irregular nailing patterns. This section explains the geo-

metric specification of this particular connection and key design parameters derived

from it.

3.3.1 Multi-layer nailed connection

Building code requirements. The considered geometric rules for nailed connec-

tions are are drawn from the Swiss timber code SIA 265 [72] and defined by minimum

distances between two nails, and between a nail and an edge of a timber element.

These values depend i.a. on the grain direction of wood and the nail’s shaft diameter

d, as illustrated in Figure 3.7 a.
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Figure 3.7: Nail-nail and nail-edge spacing.
a) Example of nail spacing rules (without pre-drilling) given by
SIA 265:2003 [72, p. 61],
b) Feasibility region Rij resulting from the non-uniform edge offsets Ri

and Rj of two connected elements.
c) Interpretation of the the nail-nail distances as elliptic exclusion zones.
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In conventional two- or three-layer connections the distribution of nails can easily

be drafted on a grid. Unfortunately, in this project a grid-based layout was not

applicable due to a higher number of layers, grain directions changing with every

layer, different number of nails required in each connection and additional constraints

imposed by fabrication (e.g. fix-nails, explained below). Therefore both the nail-

edge and nail-nail spacing rules had to be generalized.

Interpretation of nail–nail spacing rules. With the aim to be able to distribute

the nails within a region without a grid reference, the structural engineer proposed

an interpretation of the nail-nail spacing rules as an elliptical exclusion zone with

a semi-major axis parallel to the grain, major radius = 10d and minor radius = 5d

(Figure 3.7 c). As each nail passes through two slats, the exclusion zone is considered

for each layer and grain direction accordingly. In other words, for nails passing

through the same two layers, the exclusion zone equals the union of both ellipses.

For nails sharing only one of the layers, the required nail-nail distance is determined

only by the ellipse referring to shared slat’s grain direction.

Fix-nails. Additional requirements concerning the positions of nails in the con-

nection arise from the integration of the automated nailing in the robotic assembly

process. As the trusses are assembled by a robot, the first nail in a connection has to

be placed when the slat is still clamped in the gripper to fix it in its precise position

(Figure 3.19 d). Every slat needs at least one such fix-nail at each end. However,

due to the specific construction of the gripper employed in the project, a fix-nail can

only be set along the slat’s centreline.

Feasibility region. For every pair of connected slats, each slat’s outline can be

offset non-uniformly according to the nail-edge distances given above to create the

regions Ri and Rj , as illustrated in Figure 3.7 b. The intersection of these offset

regions defines the connection’s feasibility region Rij = Ri ∩ Rj within which the

nails can be placed.

The shape and size of the feasibility region depends not only on cross-section heights

of both elements but also on their mutual position and orientation. In the layered

roof trusses and regardless of the chosen layering scheme, three characteristic joint

situations can be distinguished (Figure 3.8):

– cc: chord-chord connection,

– dci: chord-diagonal connection, at the inner side, and

– dco: chord-diagonal connection, at the outer (end-cut) side.



3.3 Joints 47

cc cc cc
cdi

cdo

cdo

cdi

cdi

cdicdo

cdo

Figure 3.8: Three characteristic joint situations: a joint between
two chord elements (cc), and between a chord and a diagonal element
(dci, dco)

cc cdi cdo

Figure 3.9: Feasibility regions resulting in chord-chord (cc) and chord-
diagonal (dci, dco) connections, for different relative positions between
layer stencils.

Another factor is the alignment of the layer stencils (Figure 3.9). In general, chord-

diagonal connections, especially in situation dco, tend to render significantly smaller

feasibility regions than chord-chord connections.
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The nail-fitting problem. In a knot, every joint differs potentially not only in

terms of geometry, but also with regard to the number of nails (in this project

between four and twenty) according to the structural calculations. The challenge is

to place the required number of nails, including fix-nails, within each joint’s feas-

ibility region while observing the nail-nail spacing rules between the nails not only

within a joint, but also to the nails from joints in the previous and/or following

layer (Figure 3.10 d). For this, a nail-fitting algorithm [4] was developed by the

project partner responsible for the digital interface between design and fabrication.

Below, in order to better understand the nail-fitting problem and its implications to

the design process, a brief summary highlights key aspects of this algorithm and its

outcomes.

fixfix
fix

Legend: 
connection between layers:

a) b) c)

d)

1 2 3

1 & 2 2 & 3

Figure 3.10: a-c) The nail-fitting process for a three-layer (slats 1,2,3)
sub-problem. d) A complete nail pattern for all connections in a knot.

First, the knot is split into smaller semi-disjoint problems consisting of only three

consecutive layers. Then, the algorithm tries to place the fix-nails (Figure 3.10 a).

After each placement of a nail, its elliptic exclusion zones, plus the non-uniform

grain-dependant offset, are subtracted from the corresponding feasibility regions.
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Next, the remaining nails are added one by one, each selected from a set of randomly

sampled points at the boundary of a feasibility region, until all regions are empty

(Figure 3.10 b,c). If the number of nails placed is higher than requested, a portion of

the surplus nails is removed6. The procedure is repeated several times to produces

different solutions from which the best one is chosen.

Unfortunately, the procedure may fail to find a valid solution, i.e. a number of nails

or a fix-nail may be missing. Then, the geometry of the individual slats needs to be

modified to provide adequate (usually larger) feasibility regions in the connections.

Such a situation poses a challenging task for the architect who is in charge of ad-

justing the geometric model accordingly. The algorithmic methods to address this

problem are presented in §3.5.

3.3.2 Modifying joint geometry

The feasibility region is decisive for fulfilling the two critical requirements of a con-

nection: it must intersect with the centreline of the slat in the layer above to place

a fix-nail and its area must be large enough to fit at least the required number of

nails. Should the feasibility region be too small to meet these requirements, it can be

modified by adjusting the geometry of one or both of the connected slats as shown

in Figure 3.11, by means of:

– increasing their cross-section heights, and/or

– extending the slat’s end-cut.

These modifications vary in effectiveness and may bear following implications. A

change of one slat’s height impacts feasibility regions in all its connections, except

for some cases in a chord-chord connections as illustrated in Figure 3.11 c. Also, this

modification changes the position of the slat’s centreline and its structural nodes,

as it has already been shown in Figure 3.3. The obvious advantage of an end-cut

extension is that it compensates for the large nail-edge offset in the grain direction

at the end of the slat, with little extra material volume. It also makes a feasibility

region lie more concentric with respect to the other slat’s centreline. However,

it is proposed to restrict the extension to chord slats only: in diagonal slats an

extension would require to move the setout points, it would create protrusions and

6Although a surplus of nails is beneficial from the view of structural security, as a compromise with
fabrication costs, a maximum of 50% surplus nails were accepted.
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a) b) c)

extend end-cut increase cross-section size

original feasibility region
new feasibility region

Figure 3.11: Possible ways of increasing the area of an initial feasibility
region by a) extending the end-cut or b) increasing the cross-section
height. c) In chord-chord connections between slats of a similar sizes,
the size change of one slat only may yield no effect on the feasibility
region.

it would move the nodes of neighbouring diagonal slats even further apart, which is

structurally undesirable. A chord slat’s extension impacts only joint situations cc

and dco and does not alter the structural model in the discussed representation.

3.4 Customized data- and workflows

3.4.1 Iterative and interdisciplinary planning process

The difficulty of delivering a valid design of the roof – such that is structurally

sound, feasible to fabricate and architecturally correct – comes from the circular

dependencies between geometry, structural analysis and fabrication detailing, and

from the fact that these relationships are complex and hardly traceable.

First, the roof trusses are statically undetermined systems and expose a complex

structural behaviour. Combined with irregular geometry, it results in very differen-

tiated (varying in magnitude and unevenly distributed) requirements concerning the

individual slats sizes and joint strengths. At the same time, the complexity of the

nail-fitting problem in multiple-layer connections does not allow to pre-determine the

geometry of the connection’s feasibility region that would guarantee an acceptable

and satisfying solution. On the other hand, modifications of the slats’ cross-section

sizes, applied in reaction to problems with slat or joint strengths, have impact on

the resultant forces in the beams and the joints, at which point the problem becomes

circular. In effect, it is not possible to define a valid model explicitly. A common ap-



3.4 Customized data- and workflows 51

proach to this kind of problems is an iterative approximation, i.e. refining the model

step-by-step, until a defined goal is achieved, e.g. when all structural and fabrication

requirements are satisfied. Starting with a uniformly and mostly under-dimensioned

model, the initial default geometric settings are modified based on structural and

nail-fitting analysis.

In this process, each iteration consists of four main steps (Figure 3.12):

I Geometric modelling: The model is generated by the architect based on current

(or, at the first iteration, from the initial) input parameters. Along with the

architectural design model, an abstracted point-and-line model is generated as

input for structural analysis.

II Structural analysis: Based on FE calculations, the structural engineer determ-

ines the required number of nails per connection and minimial cross-section

height of each slat to withstand normal stresses, shear stresses and buckling.

III Nail-fitting: Using the algorithm described in §3.3.1, a nail pattern is generated

for each connection.

IV Model evaluation and modification: The results of both structural analysis (II)

and fabrication detailing (III) are collected by the architect and analysed. If

any of the requirements is not met, modification measures are computed to

establish a new set of input parameters for the geometric model (this process

will be discussed in detail in §3.5).

These four steps are repeated until the requirements are satisfied. In that case, the

design is ready for fabrication without need of further detailing, calculation, post-

processing or creation of shop plans, because all the requirements have already been

formulated, evaluated and proved satisfied, and the digital data generated along the

process contains all information for the robotic fabrication and assembly.

3.4.2 Data management

This iterative process has been established gradually as a collaborative endeavour

between the architect, structural engineer, robotic fabrication consultant and tim-

ber contractor, and required multi-directional exchange of data between planners

and between their software. Although in general each of the involved teams de-

veloped their own tools to gather, generate, process and output the data or models,

their formats and structures needed to be collaboratively defined and agreed upon.

Thereby one of the challenges was the large size of the model and of the corres-

ponding data. The architectural model consisted of 48’624 unique timber elements
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Data saved as:
Rhino, Excel, Text

Data generated using:
Python, Rhino, Rstab, Excel

Legend:

I 
Geometry

II 
Structural
Analysis

III 
Nail-fitting

IV 
Modify

Fabricate

Y

N
archit.

setout

for FE

generate
model

slat sizes +
extensions

determine
new
dimen-
sions

generate 
nail 
pattern

fab. 
data

nails
set

ok?

calculate

evaluate

build 
Rstab 
model

nails
required

min.
sizes

calc. 
results

VB

Figure 3.12: Iterative interdisciplinary data- and workflow: steps I–IV.

assembled to 168 trusses with 94’380 physical connections. The resulting struc-

tural model was made of 135’840 nodes and 221’126 members, of which 129’840 are

connector-type members. Because of the data size alone, it became a prime concern

to establish an easy, intuitive, both machine- and human-readable strategy to query

the model, identify elements, look up their parameters, be able to associate data

from various sources and preserve the model’s semantic information. Moreover, this

strategy had to be applicable in different data formats, software and other means of

communication which are inevitably used in the planning process.

Fortunately, the topology of the Sequential Roof is relatively regular and static,

i.e. constant throughout the design process. Every element (e.g. a slat, a node, a

connection) can be assigned a unique, static and meaningful identifier which hints

at its location in the overall structure and is derived from the structure’s hierarchy.

The roof is divided into seven sectors7 (numbered 0–6), each comprising twenty-four

7Each sector spans between two steel box beams of the primary structure.
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timber trusses (numbered 0–23). Each truss is composed of twenty-three layers8

(numbered 0–22). Further, in each layer, joints can be addressed according to their

setout point number9, and one of the two structural node points a or b (Figure 3.3).

With this hierarchy, an identifier 5/16/7/3-4 refers to a timber element located in

truss 16 of sector 5, in layer 7 between setout points 3 and 4, whereas 5/16/7-8/4a

denotes one of its connectors. This identifier method also allows to deduce semantic

information such as local neighbourhood relationships between elements. For ex-

ample, two elements 5/16/7/3-4 and 5/16/8/4-6 can be identified as a diagonal

slat and a bottom chord slat which are joined by a connector 5/16/7-8/4a.

Identifiers proved to be a reliable approach to manage data acquired from different

sources and saved in different formats. For example, the solid geometry design model

and the abstract model containing geometry for structural analysis can be saved as

geometric objects in a Rhino’s *.3dm file. As explained in §2.2.2, to preserve each

object’s identity and key data such as a cross-section height and an address in such a

frozen model, this information can be encoded as a string and saved as the object’s

name. Additionally, due to the regular and “rectangular” topology of the trusses,

slat heights and end-cut extensions can be easily stored in a table form (e.g. an Excel

file). Arguably, with relatively simple geometry of all elements of the structure10, all

project data could be represented in an alphanumeric format, encoding the inform-

ation as a string consisting of concatenated key-value entries separated by agreed

delimiters (e.g. a colon and an underscore), for example ID:5/16/7/3-4 size:115.

Data in such format is both human-readable and easy to decode by a script, and

can be saved as an ordinary text file. In practice, with large amounts of data, us-

ing identifiers allowed to decentralize the data and to share only selected pieces of

information and thus to reduce the size of the exchanged files.

8The first and the last truss in a sector are reduced to nineteen layers, i.e. lacking three chord and
one diagonal layer, due to width of the façade build-up.

9The full-length trusses in sections 1–5 have twenty-five setout points, and the short trusses in
sections 0 and 6 have six setout points.

10Points, lines and the polygonal outline of each slat can easily be expressed by point coordinates.
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3.4.3 Dataflow in geometric modelling

Data storage is vital not only to exchange with other participants of the planning

process but also internally, to temporarily save or archive different states or versions

of the design, or to split the generation of the entire structure into sub-processes, e.g.

into separate, independent scripts. Such separation of the overall modelling task into

sub-processes allows to freeze and reuse parts of the model that do not change for a

longer period or scope of a task. This approach was also applied in Project I, where

the modelling steps follow the “recipe” described in §3.2.1, starting with pairs of

curves defining the overall shape of the roof (step Ia, Figure 3.13). As this geometry

hardly ever changed at this stage of the project, it was separated from the next

step (Ib), in which the position of the setout points needs to be negotiated with

subsystems. Finally, the setout points remain fix during the overall iterative solving

process, therefore their generation can be separated from the algorithm generating

the trusses (Ic).

I
Geometry

II
Structural
Analysis

III
Nail-Fitting

IV

III, IVII
Modification

ok?

N

FabricateY

Ia generate setout curves

Ib generate setout points

Ic generate trusses

slat sizes + extensions

roof model 
(architectural)

roof model 
(point-and-line for FE)

Figure 3.13: Segmentation of the geometry generation process into
discrete processes which allow to freeze the design at different steps.

This separation of tasks into independent scripts comes at a price – the information

or geometry generated by one script needs to be saved persistently to a file and
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then re-created by the consecutive script. Here, the output of each of the scripts

is saved in a Rhino file as geometry with the additional information stored in the

objects’ names. Similar process takes place in step IV, where the design model

created in step Ic is read from a Rhino file and consolidated with the structural (II)

and fabrication (III) data, in order to create a new set of input parameters for the

next iteration.

3.5 The sizing problem

As outlined in §3.4.1, development of an appropriately dimensioned model where

all structural and fabrication-driven requirements are satisfied, requires an iterative

process. Beside circular relationships between geometry, nail-fitting and structural

calculations, finding a suitable combination of individual slat parameters while ob-

serving material economy is not trivial also due to complex geometric interrelations

in the connections (recall §3.3.1), and to the fact that these problems are not disjoint

and cannot be solved by treating each element in isolation. In result, to solve this

sizing problem, a suitable approach had to be found to algorithmically estimate the

modification measures in step IV of the overall iterative refinement process.

Although a wealth of different strategies for sizing optimization in trusses can be

found in literature, none of them seems to address the specific context of the in-

vestigated structures. A comprehensive overview can be found in [77], including

comparisons of deterministic versus stochastic approaches, as well as methods that

are proven to deliver an optimum versus heuristics. Unfortunately, they usually

refer to statically determined structures and are also computationally very expens-

ive (most of the reported examples consist of ca. 50 elements only) [77]. Therefore

this research focuses on finding simple and fast strategies, if at the cost of certainty

about the optimum, but taking advantage of the knowledge about the structure’s to-

pology. The methods developed and implemented in Project I rely in many parts on

heuristics with respect to both the algorithm’s structure and its parameter settings,

based on observations made in the development process. However, a tight delivery

schedule and dependency on inputs from both structural analysis and nail-fitting

algorithm, which were developed concurrently, provided no solid testing ground at

that time. Therefore this case study is supplemented by a retrospective analysis of

selected settings in the developed methods.
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3.5.1 Problem statement

The goal is to find, for each truss, such a set of individual slat parameters, so that

all of the following three requirements are satisfied:

1. structural requirements concerning bars: minimial cross-section (height) of each

slat to withstand normal stresses, shear stresses and buckling,

2. fabrication requirements concerning joints: every timber element needs one fix-

nail at each end for fabrication (see §3.3), and

3. structural requirements concerning joints: every connection must contain no less

than the number of nails required by structural calculations.

A model satisfying these requirements is referred to as valid. As there are potentially

very many such models, a further objective is that the solution should be reasonable,

aiming at:

– minimal use of material,

– minimum surplus nails (which to some degree correlates with the above), and

– robustness: two models with similar input data (geometry, nails required) yield a

similar solution, i.e. minimal differences in initial settings have negligible impact

on the result.

To recall from §3.2.1, geometry of each slat is constrained by the fix setout points11

and the layer thickness but its cross-section height can be set individually and the

position of its end-cut lines can be slightly adjusted. Unfortunately, not all of the

above requirements, if not met, can be fixed by modifying each slat in isolation.

In fact, it turns out that nearly all occurring problems pertain to the nail-fitting

problem, and these problems are in general not disjoint. Additionally, all of the

problems prove to be very differentiated, especially the numbers of the required

nails varies greatly within a truss and between trusses. At the same time, the

number of nails fitting in a contact region cannot be precisely estimated based

on the connection’s geometry alone (§3.3.1). While dimensioning all slats equally

according to the worst case is unacceptable from the standpoint of material economy

it becomes clear that different slat sizes and joint geometries are needed instead. The

question is how to find a good combination of the individual slat parameters within

this complex system of geometric interrelations.

11Interfaces with primary structure and subsystems that might be affected in result of these modi-
fications, as well as any further architectural detailing aspects, are taken care of at the level of
the geometric setout. While the geometric setout of each truss is part of an overall, global design
setout, at the local level each truss can be separated and considered individually.
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The problem is unique in its nature and there are no best-practice schemes to ap-

proach it. Considering general-purpose problem solving methods, brute-force might

be given a thought. A brute-force approach is to construct all possible combin-

ations of individual slat settings, evaluate them, discard the models that do not

satisfy the requirements and choose the best one from the ones that do12. Unfortu-

nately, this approach is simply infeasible. With n timber elements in a truss, and

k possible sizes, one can build kn different trusses. For 370 elements and 3 sizes,

3370 ≈ 3.426607 · 10176 is practically an infinite number13.

Therefore methods are needed that can find a good solution quicker, trying to make

use of the case-specific knowledge about the topology of the trusses and the nature

of the problems14. Here, the biggest challenge is the fact that many of the problems

are not disjoint, i.e. cannot be solved in isolation without influencing the state of

other problems. This raises the question of how to best traverse the problems and

how the order of applying the modifications impacts the result.

3.5.2 The solving algorithm

The first key concept is to split the overall solving task into four sub-procedures

according to the problem type (referring to one of the three requirements) and

modification method (slat size or extension), and to apply individual strategies,

including the traversal orders, to each of them.

sub-procedure by item impact of solving order

1. Minimum slat size by slat none

2. Fix-nails by connector none

3a. Missing-nails by extensions by connector weak

3b. Missing-nails by slat sizes by slat strong

Table 3.1: Overview of the sub-procedures and their characteristics.

12Arguably, the brute force method could also be applied on the level of geometry generation (step I)
which would remove the need for an iterative refinement process.

13For comparison, the estimated age of the universe is only 4.32 ·1017 seconds (assuming 13.7 billion
years since the Big Bang).

14In that sense, the interest does not lie in application of existing general-purpose algorithms, nor
in comparison of their applicability for this problem setting.



58 Chapter 3: Case study I: The Sequential Roof

Each procedure operates on the subset of all elements (connections or slats in a

truss), selecting only those which do not fulfil the particular requirement. The order

of traversal depends on whether the problems are disjoint or not (see overview in

Table 3.1). If yes, the problems can be visited one by one in an arbitrary order.

What is common for all four sub-procedures is that every modification is applied

immediately, i.e. it is already taken into account when the next element (problem)

is inspected. To do so, all elements and feasibility regions that are affected by a

modification are updated and evaluated. For each changed feasibility region, the

number n∗ of new nails that are expected to additionally fit in a region is estimated

and added to the number of nails set in the nail-fitting procedure (step III).

1.

2.

3.a

3.b

Min. slat size

Fix-nails

Missing-nails 
(by extensions)

Missing-nails 
(by slat sizes)

IV
Modification

for all requested slats:
     apply new size
     estimate new nails

for all concerned connections:
     determine modification
     apply modification
     estimate new nails

for all concerned connections:
     determine extension
     apply modification
     estimate new nails

i=0
while nails still missing:
     sort slats
     pick ith worst slat
     try increase size
     if successful:
          apply modification
          estimate new nails
          remove solved slats
          i=0
     else:
          i++     

I
Geometry

II
Structural
Analysis

III
Nail-Fitting

ok?

N

FabricateY

Figure 3.14: The solving process in the context of the overall iterative,
interdisciplinary planning process (steps I–IV) Overview of the solving
sub-procedures (1, 2, 3a, 3b) and their pseudocode.



3.5 The sizing problem 59

1: Applying requested slat sizes. The truss-solving process starts with the

simplest and most unambiguous task. The problem of type 1 is explicit: both the

slat that needs modification and the modification measure are clearly defined and

non-negotiable – the required height of the cross-section is calculated by the engineer

based on the internal forces and the material strengths. The order in which the

elements are modified is thus irrelevant.

2: Solving fix-nail problems. In the next step, the fix-nail problems are ad-

dressed. Based on early observation, it can be assumed that these problems are also

disjoint, i.e. there are no two neighbouring fix-nail problems sharing a common slat.

Therefore these problems can again be addressed individually in an arbitrary order.

The nail-fitting algorithm always tries to set fix-nails first, i.e. before other nails

are set, so if it fails, this can only have two reasons: 1) the centreline is too short

to set both fix-nails or 2) the centreline lies outside (has no intersections with) the

feasibility area of the slat below. The first case occurs in very short elements and is

solved by extending one end of that element. The other case occurs when the two

chord slats are strongly eccentric, e.g. when the slat above has a larger size than

the slat below (slat edges are aligned to one side, not centred) and/or there is an

large shift between the layers. The solution here is to increase the size of the slat in

the layer below.

3: Solving missing-nails problems. These are by far the most frequent problems,

and at the same time the most difficult to solve. A missing-nails problem means

that the number of nails set by the nail-fitting algorithm is smaller then required by

structural analysis. The number of nails that fit in a feasibility region depends on

its area, shape and the nails from neighbouring layers. The general approach is to

provide a larger feasibility region, however, it is not trivial to tell how, for following

reasons:

– the number of nails actually fitting into the new candidate feasibility region cannot

be calculated analytically due to the complexity of the nail-fitting problem and

because of the randomization component within the nail-fitting algorithm,

– each connection is shared by two elements and it is not obvious which element

should be modified, if not both, so that the area of the feasibility region in question

actually increases, but at the same time that the chosen modification is reasonable,

– the problems are usually not disjoint: each modification potentially impacts geo-

metry of other connectors in the slat, it is also possible that a problem will be

solved without having been addressed directly.
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As explained in §3.3.2, the area of the feasibility region can be enlarged, in general, by

increasing the end-cut extension and/or increasing the slat’s size, and it is proposed

to do so in two separate rounds.

3a: By end-cut extensions. The extension method is potentially more econom-

ical in terms of material volume and more explicit, and can alternatively be intro-

duced as a preliminary measure. The method is applicable only to joint situations

cc and dco (recall Figure 3.8). With the restriction that only chord slats can be

extended, the problem of choosing between the two slats sharing a connector is re-

solved, as there is only exactly one slat’s end that can be extended at all. The

limited applicability of this method makes the problems nearly disjoint, therefore

the solving order can be neglected.

3b: By cross-section size. In the second round the remaining missing-nails prob-

lems are solved by incrementally increasing the slats’ sizes. In this context incre-

mentally means taking the next larger size from the predefined set, and that only

one such increment is allowed per step. If a missing-nail problem is severe, it is

well expected that the slats sharing that connector will be re-visited at a later step

and modified by a yet another size increment. The proposed implementation is an

iterative procedure which at each iteration picks the worst slat15 and tries to im-

prove it with one modification measure at a time. In other words, although the

problems pertain to connections, the method operates on a sorted subset of slats.

This method has similarities with greedy algorithms in the sense that at each step it

takes the best immediate solution and never revisits its decisions. The key question

in this procedure is the solving order, dependent on the choice of scoring criteria

according to which the problems are sorted in order to determine which one is the

worst. Another aspect requiring clarification is when a modification is considered

successful. This and selected examples of the scoring criteria are discussed in §3.5.3.

Although the modifications are in general expected to be successful, there are two

common exceptions when: 1) the slat already has the maximum possible size, and

2) in a chord-chord situation (cc), especially when the critical slats are the same size

(recall Figure 3.11). In the first case, the slat is removed from the sorting list as

there is nothing that can be done with it any more, in anticipation that the prob-

lems in its connectors will be solved by its neighbours. In the latter case, the size

is incremented nevertheless, so that the actual area gain can be achieved at a later

15The choice of this approach was a heuristic decision and may be questioned – see for example
competing approaches presented in §4.6.
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step. After a successful modification, the affected elements and nail numbers are

updated, the fully resolved slats removed from the list and the remaining slats sorted

to determine the new worst item. The procedure iterates until the list is empty, at

which point the truss is believed to be solved completely and can be submitted to

the new round of structural and nail-fitting analysis.

3.5.3 Algorithm’s settings

Within the iterative interdisciplinary workflow (steps I–IV in §3.4.1), two processes

were particularly time-consuming: the structural analysis and the nail-fitting pro-

cedure, which took many hours each to compute an entire roof model, on top of the

time and effort of data exchange. This created a strong incentive to limit the number

of the overall iterations. Therefore, instead of small incremental improvements, the

algorithm in step IV aims at delivering a solution which produces (an approximation

of) a completely resolved model. While the circular dependency between geometry

and structural behaviour is inevitable, the accuracy of the modifications with respect

to resolving fix-nail and missing-nail problems is subject to uncertainties concerning

the behaviour of the nail-fitting process and depends heavily on the settings which

influence its yes-no decisions, such as the sorting criteria and improvement estim-

ations. In the following, these criteria are discussed in more detail and alternative

settings are compared. Again, these definitions are heuristic, case-specific guesses

and are discussed here to exemplify the difficulty of making reasonable judgements

in such complex design problems.

Qualifiers. To formulate success and sorting criteria one needs to define qualifiers

that describe a condition of a slat, a connector or a node. The qualifiers can be

based on the number of missing nails nm (in the whole slat, in a connector, in a

node), nails required nr or surplus nails ne, and their ratios, e.g. nm/nr, ne/nr.

Examples of qualifiers used in the original version of the algorithm are:

– worst connector : the connector with the highest number of nails required,

– worst node: the node with highest number of nails required in (both of) its

connector(s),

– q1: slat’s difficulty – a sum of three values: sum of all nails missing in all its

connectors, nails missing in slat’s worst connector, and nails missing in slat’s

worst node,

– q2: sum of all nails required in all connectors attached to a slat,

– q3: slat’s current size,
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– q4: nails overload – a ratio of the sum of missing nails in the slat to the nails

required,

– q5: sum of all missing nails in a slat,

– q6: sum of all required nails in a slat.

Estimating new nails. In general it is considered impossible to determine how

many nails (n+ n∗) fit into the new feasibility region. Instead a guess must suffice,

based on the area difference ∆A between the region before and after modification

and the assumed area needed per nail λ: n∗ = ∆A/λ. Depending on the angle

between two slats, the cumulative area λ of the two ellipses representing the nail’s

exclusion zone ranges from 453 mm2 for 0◦ to 639 mm2 for 90◦. To simplify, the

base assumption is λ1 = 500mm2 for chord-chord connections and λ2 = 650mm2 for

chord-diagonal connections. These assumptions are error-prone, because:

– nails set at the region’s boundary require much less area,

– amount of already spare area is unknown,

– the region cannot be filled gap-free with ellipses, and

– new area can be “seized” by nails from neighbouring regions.

Hence two questions arise. First, is it better to over- or to underestimate the area as-

sumed needed for a new nail to fit in? On the one hand, the smaller the λ, the faster

the algorithm feels satisfied. In other words, by overestimating the effectiveness of

the changes the algorithm terminates with fewer changes made. In return this leads

to more I–IV-loop iterations (including structural analysis and nail-fitting), with the

benefit of potentially finding a closer match (less wasteful solution). Second question

is whether n∗ should be a float or an integer number, or rounded up or down to,

say, one decimal precision. Restricting n∗ to whole numbers significantly overrides

previous considerations on λ fine-tuning. On the other hand, a real-numbered n∗

would skew the results (e.g. no nail if n∗ = 0.99) disproportionally to the uncer-

tainties. Experiments with different combinations of λ values and rounding options

gave inconclusive results, but with a slight preference for the above λ1 and λ2 and

n∗ rounded to 1/2 nail.
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Sorting criteria. The sorting criteria play a critical role in the procedure 3b to

determine, after each modification, the currently worst slat. To illustrate the impact

of the sorting process on the results, three methods are analysed: two heuristic ones

and one purely randomized, by comparing the results with respect to the total

number of nails set and the total increase of volume, based on one sample truss

(5/16 )16. The first two methods use qualifiers to sort (in descending order) the

given set of slats: {q1, q2, q3, q4} for method A and {q5, q6} for method B, whereas

method C, instead of sorting, randomizes the order. Observing the results shown

in Figure 3.15, one can conclude that both heuristic sorting methods (A and B)

produce similar results and much better than a randomized method C. All three are

similarly effective in reducing the number of missing nails, but C produces a much

higher nails overload. Also, in all cases resolving the first 90% of the missing nails

accounts for only ca. 2/3 of volume increase.

Success criteria. Observation showed that success criteria needed in the procedure

3b must be selective in order for the algorithm to perform well. By selective it means

that it has to differentiate the improvements in relation to the original problem

between all connectors in a slat. Hence, the success check is evaluated as True if at

least one of the following conditions is met. First condition is that n∗ > 0 for all

(i.e. one or both) connectors, in the worst node, in which nails were missing before

the modification. Second condition aims to reflect the fact the the definition of worst

slat (that caused this slat to be processed in the first place) also depends on other

nodes in the slat: this condition is satisfied if the modification reduces the overall

number of missing nails in the slat at least by a half. Again, this is a heuristic guess

based on observation of different settings.

Choice of slat sizes. The number of different cross-sections is a compromise

between economy of material and economy of fabrication. The more sizes (and

the smaller the size increments), the more precisely the dimensioning reflects the

actual requirements. On the other hand, the more elements of the same size in the

truss, the faster the fabrication because of simpler handling of stock material.

In the realized project, the optimum between the number of sizes and their in-

crements was found with three cross-section sizes: 50×115 mm, 50×140 mm and

16To focus on the performance of the sub-procedure 3b against the nail-fitting, the analysis makes
the following simplifications: it takes only missing-nail problems into account, keeps the requested
number of nails constant throughout the large-loop iterations, and excludes the cut-end extension
method.
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Figure 3.15: Comparison of different sorting criteria (A,B,C) and their
impact on material volume increase and number of nails missing, nails
set and surplus nails over the course of iterations, based on a sample
truss 5/16 and three slat sizes (set Ib from Table 3.2), and the resulting
models after the last iteration.

50×180 mm. The largest size was determined by the worst element or connection in

the overall structure. The smallest and medium size were set so that both material

volume and eccentricities are possibly low.
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Figure 3.16: The state of a sample truss (5/16) throughout iterations
where sizes of individual slats are gradually increased in order to fit all
required nails in the connections (using sorting method A). The graphs
plot the number of missing, set and surplus nails in every of the 1012
connectors in the truss.

To investigate the impact of the number and the choice of different cross-sections on

the total material volume in a resolved model five models of a sample truss (5/16 )

are generated with different sets of sizes as presented in Table 3.2. The results17 can

be quantified according to criteria such as: number of surplus nails, total material

17Following simplifications are made in order to isolate the influence of the cross-section changes on
the results: step II is omitted and the number of nails required per connector is constant through
all iterations, fix-nail problems are ignored, and no extensions are used as a modification method.
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Figure 3.17: Increase of material volume over iterations – from an
initial, uniformly dimensioned model to a resolved model of a sample
truss 5/16 – for three size combinations (Ib, II, III).

set sizes [mm] volume nails

Ia (115,130,180) 137% 147%

Ib (115,140,180) 136% 144%

Ic (115,150,180) 137% 147%

II (115,125,140,160,180) 133% 139%

III (100,110,120,130,140,150,160,170,180) 129% 127%

Table 3.2: Material volume (relative to an uniformly dimensioned
benchmark model with 100 mm size) and total number of nails set (re-
lative to the number of nails required) resulting from different sets of
sizes, in a resolved sample truss 5/16.

volume, number of iterations needed to solve the model. For volume comparisons,

a uniformly dimensioned model with all bars of size 100 mm serves as a benchmark

(volume = 100%). Not surprisingly, the results show that the finer the resolution,

the smaller the total material volume and the number of surplus nails. In this respect

the set III (9 sizes) scores better than the set II (5 sizes), which in turn has a better

score than sets in series I (3 sizes). That said, the influence of intermediate sizes

within the set is relatively small. For example, between sets Ia, Ib and Ic (3 sizes,

the same smallest and largest size) the choice of the medium size has only a minor

impact on the results.
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3.5.4 Results

The presented methods allowed to successfully find a valid roof model using three

slat sizes (50×115 mm, 50×140 mm and 50×180 mm) and with only +13% increase

of the material volume (385 m3 in total) compared to the initial model consisting of

solely the default 50×115 mm slats (339 m3). This is a major saving compared to an

entire roof built with one size only and dimensioned to the worst case (50×180 mm),

which would result in an estimated +59% increase (539 m3) of material volume.

In total, 815’984 nails were placed, ranging between at least four and twenty per

connection according to the structural calculations.

Figure 3.18: Final model of with slats colour-coded according to the
three sizes: 50×115mm (light blue), 50×140mm (blue) and 50×180mm
(dark blue).

Although a thorough assessment of the implemented solving methods is difficult,

the results fulfil the expectations of robustness and efficiency. Despite the fact

that each truss was processed individually and problems were considered on a local

level, the algorithms yielded consistent solutions throughout the trusses, producing

similar patterns in similar trusses (see Figure 3.18), thus proving to be sufficiently

robust to minor differences in input parameters, such as rounding errors. In terms

of efficiency, the number of problems reduced by over 95% between iterations, so

that a vast majority of trusses required only three iterations to be solved. The

dimensioning task also highlights that, as it is often the case in timber structures,

also here the connections are the driving factor in dimensioning of the slats.
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3.6 Excursus: Robotic fabrication and assembly

Project I targeted from the outset a fully automated fabrication and assembly pro-

cess. This concept was first validated in a research lab environment [34] and success-

fully transferred to an industrial setting. The trusses were finally produced using a

robotic setup, developed by the contractor, spanning 48×5.6×1.4 m and consisting

of a six-axis gantry robot with a mechanical wrist and exchangeable end effectors, a

CNC table saw, a tool changing rack and a repository of 10 m long timber slats in the

three different sizes [45]. The overall fabrication process is illustrated in Figure 3.19

and consists of the following steps:

a) pick the stock material in the correct size,

b) trim both ends with the circular table saw,

c) place the part at its destination position,

d) fix with a fix-nail on both ends, then shoot remaining nails with an automated

nail gun,

e) perform additional trimming with a robot-held circular saw (in chord slats only

in convex knots),

f) take a snapshot of each connection automatically with a photographic camera

mounted on the robot (for documentation and error-checking).

After a completed assembly, subsystems (sprinkler and electrical) and partially

weatherproofing layers were pre-fitted in the shop to reduce the on-site workload

(Figure 3.20).
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a) b)

c)

e)

d)

f)

Figure 3.19: Robotic fabrication process of the Sequential Roof
trusses. c©diglas.com (a,b,c,d)
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a) b)

c)

Figure 3.20: The completion of the Sequential Roof project.
a) Installation of a pair of partially pre-fitted trusses on site.
b) Sprinkler system interwoven with the truss structure c©diglas.com.
c) Completed project c©A.Diglas/ITA/Arch-Tec-Lab AG.
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3.7 Discussion

This case study presented methods for a fully algorithmic development of a large-

scale complex structure of a novel type which were successfully implemented in a

realized architectural construction project.

Apart from very project-specific contributions concerning geometric modelling,

setout and topology-specific settings of the sizing algorithm, in a wider perspective

this case study showcases challenges and advantages of establishing highly custom-

ized data exchange schemes, user-made design tools and integrative interdisciplinary

workflows.

As exemplified by the “sizing problem”, the collected data alone is useless unless

there are methods to use it in a meaningful way to improve the design.

The need to encode all aspects of the architectural intent into geometric and al-

gorithmic formulae, i.e. to translate design knowledge into instrumental knowledge

[93], implies that other participants (consultants, contractors) engage in this form

of expression to communicate their demands or constraints. In practice, this in-

formation, including the building code, is often deeply pre-processed and addressing

typical problem settings. In effect the original intent needs to be reverse-engineered

before it can be incorporated into the algorithm.

The development of the model-generating algorithms and scripts is a continuous,

long-term process. The design of a script reflects the dynamics of the design process,

where new details and parameters are added at different stages.

Deficient interoperability between software can be overcome through customization

of the format and content of the exchanged data. Methods that are both man- and

machine-readable are key – legibility and ease of “manual” query of the data is as

important as suitability for automated data processing.

The presented integrated interdisciplinary workflow challenges the conventional se-

quence of “concept design – building design – construction design” phases, as well

as established procedures of documentation and separation of responsibility.
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4.1 Introduction

This case study1 investigates bar structures consisting solely of end-to-side (butt

T-joint, Figure 2.4) connections, for example reciprocal frames and their double-

layer variants (Figure 4.1). Made of many short elements and with a geometrically

simple and generic joint type, these structures are potentially well suited for robot-

based assembly processes [37]. However, the modelling methods and design criteria

for these structures, their structural behaviour and interrelations between geometry

and performance – in this particular new context – have been so far unexplored and

are not fully understood.

Figure 4.1: An example of a non-regular double-layer reciprocal frame
structure, consisting solely of butt T-joint connections.

About Project II. The wider context of this case study is an interdisciplinary

research project investigating prospective new timber construction systems enabled

by robot-assisted fabrication and assembly (Project II: Robot-Assisted Assembly

of Complex Timber Structures2). The applicability of these types of structures for

robotic assembly and non-standard construction depends strongly on the connection

technique. Addressing the specific requirements outlined in §2.1.2, an adhesive-based

timber-to-timber connection using a fast-curing glue3 has been proposed, developed

1Parts of the work presented in Chapter 4 have also been disseminated in Kohlhammer et al. [44].
2See Appendix A.2 for further details and credits.
3The glue (an ultra-fast-curing two-components polyurea adhesive) is injected into a nominal gap
of ca. 3mm between two connecting bars, sealed off with an elastic, ca. 5mm-wide gasket which
can compensate tolerances of up to ±1.5mm.
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and characterised by research partners in collaboration with industry [95][73]. With

the knowingly rather poor strengths of this connection technique4, this proposition

is based on a conjecture that nevertheless – with appropriate design – sufficiently

load-bearing structures can be built.

Objectives. In order to verify this thesis, first, necessary tools to model and ana-

lyse these specific types of structures, including appropriate modelling algorithms

and representation schemes (§4.3) have been developed. Targeting an early-stage

design exploration, structural analysis needs to be seamlessly integrated with the

architectural modelling environment to provide on-the-fly feedback (§4.4). Next,

using the developed tools, relevant geometric parameters and their impact on struc-

tural behaviour are sought through series of design experiments (§4.5). Finally,

the performance-related information is actively employed to improve the design by

locally modifying individual elements (§4.6).

4.2 Geometry and representation

In contrast to layered side-to-side connections, T-joints offer a much higher degree of

geometric freedom, allowing for spatially more complex and versatile arrangements.

In the following, the key geometric concepts are explained: parameters of a butt

T-joint, the expanded knot as a cluster of T-joints, reciprocal frame structures made

of expanded knots, and finally a double-layer structure formed by two reciprocal

frames connected by diagonal elements.

4.2.1 Notch-free T-joints

Bars and joints. The investigated bar structures are made of elements with rect-

angular cross-sections and which are interconnected solely by butt T-joints. In a

T-joint, a main-bar is the element connecting with the end-grain face to the side-

grain face of the other element, called a cross-bar. Geometry of each bar is defined

by a centreline `, two cutting planes, one at each end of a bar, parameters b and h

describing the cross-section dimensions and a vector ~z specifying the orientation of

4In order to improve the directionally dependent and predictably low strength values of the joints,
originating i.a. from the naturally very low tensile strength of timber perpendicular to grain, one
or both of the connecting faces are previously treated with a micro-perforation or conic indents
[95][73].
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a plane perpendicular to the centreline in which the cross-section is defined. The

position of the cross-bar relative to the main-bar can be described by angles α, β

and γ, the distance between both centrelines εL, and the length parameter t cor-

responding to the position of the point G on the cross-bar’s centreline (Figure 4.2).

Key geometric attributes of each T-joint are its contact region and eccentricities.

Contact region. The contact region R is a convex polygon resulting from the inter-

section of regions Rc and Rm of both connecting faces: R = Rc ∩Rm (Figure 4.2 b).

This simplified definition can be further extended to reflect the physical reality of

the exemplary adhesive-based connection, adding the thickness of the glue infill dg

and the thickness of the gasket ds. In that case, the effective contact region R̃ is

defined as follows: Rc and the cutting plane which creates the Rm is offset by dg

along the plane’s normal vector (�n), then the intersection polygon is offset inwards

by ds (Figure 4.2 d).
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Figure 4.2: T-joint geometry: a) angles α, β and γ, b) simple contact
region R as the intersection of regions of connecting faces, c) effective
contact region R̃ij with glue thickness dg and gasket width ds, d) geomet-
ric definitions of εL = |EF |, εC = |AB| and εS = |AH| with: EF ⊥ �c,
EF ⊥ �m, AG ⊥ �c, CD ⊥ �c, AB ⊥ �n, BC ‖ �n, AH ⊥ �n, GH ‖ �n,
where �n is the normal vector of the plane of the contact region.



4.2 Geometry and representation 77

� = 45°, � = 30°, � =  0° � =  0°, � =  0°, � =  0°� =  0°, � = 45°, � =  0°

0 �L
0 �L

0 �L

area
�S�C

Figure 4.3: Area of a contact region R, εC and εS as functions of εL –
example for elements with a rectangular cross-section (width-to-height
ratio of 7 : 10) and three exemplary configurations of incidence angles α
and β, with no around-axis rotation γ.

Eccentricities. An eccentricity generally means a property of being off-center of

something – the definition is conventional and depends on the context. Here, it is

proposed to distinguish three definitions: εL, εC and εS (see Figure 4.2 d). The main

reason for this differentiation is their different suitability to formulate goals in the

modelling process.

In structural design, eccentricity usually denotes the shortest distance between the

centrelines (here `m and `c) of two connecting elements, as denoted by εL = |EF |.
However, it has been identified that for the discussed connection technique additional

definitions are needed: εC = |AB| denotes the distance between the main-bar’s end

point A and the centroid B of the contact region, and εS = |AH| gives some measure

of the position of end point A on the side of the cross-bar.

Using this notation, following observations can be made. In general, εL 6= εC , with

exception to special cases like, for example, when εL = 0 ∧ β = 0. Further,

the graphs in Figure 4.3 hint at a strong positive correlation between εC and εS ,

specifically εC = εS = 0 for the same εL. Moreover, the area of the contact region

correlates negatively with εS and εC , and reaches a maximum when these are zero.

This observation will be important for experiments that follow, which investigate the

impact of the area of the contact regions in the joints on their structural performance.
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4.2.2 Expanded knots

Reciprocal frames naturally consist solely of T-joint connections involving only two

members at a time – in contrast to grid structures or space frames, which gener-

ally consist of joints with multiple members meeting in one point. Some types of

reciprocal frames are topologically related to single-layer grids and gridshells. Such

reciprocal frames can be derived from a grid by transforming every multi-member,

single-point joint, or knot, into a cluster of T-joints, here called an expanded knot5,

by moving the end-node (represented by point A as in Figure 4.3) of one element

along the side of the neighbouring element which becomes the cross-bar of a T-joint

(Figure 4.4). The number n of the involved bars, both in the single-point and the

expanded knot, is referred to as valency6 of the knot.

The magnitude of this transformation – the joint expansion ξ7 – is defined here for

each T-joint individually as a relative position of the main-bar to the cross-bar as

ξ = 1
2 t / k (Figure 4.4). If all joints in a knot have the same joint expansion, the

property is also interchangeably referred to as the knot expansion.

ξ = ½ t / k 

k 

t 
G A2A1

a) b)

c) d)

e)

Figure 4.4: Knot expansion: a) a knot with multiple bars meeting in
one point with or b) without an additional joint element, c) an expanded
knot with a minimum and d) a larger ξ. e) Illustration of joint expansion
ξ definition.

5Reciprocal frame knots, including but not restricted to those achieved by expanding single-point
knots, are referred to in literature also as expanded node [37], RF-unit [76], fan or nexor [8].

6The term valency is borrowed from nomenclature describing a property of a vertex in a graph,
also called a vertex degree: “The degree of a vertex v of a graph G is the number of edges which
touch v” [87].

7The name joint expansion is evoked after [43], however defined differently. Other authors refer to
this property as engagement length ratio [8].
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In regular and planar systems the angles between neighbouring bars in the knot,

and thus the geometry of the joints, are invariant to knot expansion. In non-planar

structures, especially those with a positive Gaussian curvature, eccentricities εL are

inevitable and increase with ξ. As the knots expand and the bars slide along their

neighbours, their lengths change (see examples for regular systems in Figure 4.7).

Also, the transformation from a single-point to an expanded knot and the magnitude

of the knot expansion have a significant impact on the structural behaviour of the

structure, so that the same load-bearing capacity can be achieved with different knot

expansion values and different cross-section sizes. Investigations on this topic are

presented in §4.5.

4.2.3 Implementation

In reciprocal frames elements are geometrically interdependent, i.e. position of one

element depends on the element it connects to, and these dependencies form a

circular graph.

This poses two challenges for the modelling process: how to represent the semantic

information (connectivities between elements) and how to organize the process of

generating the geometry of each element to work around these circular relationships.

The proposed approach is to define object classes, representing different logical parts

of the structure, in such a way that each piece of information, even if shared by two

or more objects, is defined or stored only once. This requires a clearly hierarchical

construction pipeline where many properties of the objects are derived on-demand,

using references to objects or properties higher in the hierarchy. There is therefore a

clear distinction between a relatively small amount of explicitly set parameters and

all other properties derived from them.

The overall design is stored as an unstructured list of Bar objects. Each Bar ob-

ject stores the explicitly set cross-section size parameters (b and h) and a vector

~z (§4.2.1), as well as references to two EndNode objects and two cutting planes.

Moreover, it stores a list of four Face objects representing its side-grain faces, which

provide methods to generate an outline region and a plane of each face.

The EndNode represents an abstract end of a bar and is defined by a point P . The

centreline of a bar is also implicit and derived from the points P of the two EndNode

objects. If two bars form a T-joint, the corresponding EndNode of the main-bar

object stores a reference to the Face of the cross-bar object it connects to. Thus

the cutting plane at this EndNode is acquired from the face’s plane. If the end does
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Model
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support type

→Connector
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point K
rotation direction

→{Knot}
→{Bar}
→{EndNode}

Figure 4.5: Attributes and methods of selected object classes in a
simplified class diagram.

not connect to any other bar, the default cutting plane is perpendicular to the bar’s

centreline with origin in point P . For each connecting EndNode, a Connector object

is created which stores the parameters dg and ds and provides methods to generate

detail geometry of the T-joint, i.e. the points A to H (Figure 4.2), and to calculate

the contact region’s geometry and its properties (area, centroid, Iy and Iz). In gen-

eral, the point A is not equal to point P , but derived from the intersection of the

centreline with the cutting plane. That said, the point P is just an approximation of

the centreline’s end point position. When a bar’s position is moved, e.g. to expand a

knot, it is done so by moving the points P of the EndNode objects. It may be needed

to update the vector ~z afterwards, to enforce its perpendicularity to the centreline,

but the remaining geometry of the bar is up-to-date when called.

These object classes can further be extended to facilitate association with a struc-

tural model. For example, a type of support or a load vector can be stored as an

attribute of an EndNode. Conversely, results of the structural analysis, i.e. joint

forces, stresses and utilizations, which will be discussed in detail in §4.4, can be

stored in a Connector.

The abstract object Knot stores an ordered list of EndNode objects to represents the

cluster of T-joints, and is helpful not only to organize the neighbourhood relation-

ships in an expanded knot but also in the modelling process described in the next

section (§4.3). Finally, on the top of the hierarchy, the Model represents the overall
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design as a lists of Bar objects and can optionally store Knot objects, a guide surface

or other global settings.

Bar Bar Bar

F F F F

E
C

E

F F F F

E
C

E

F F F F

E
C

E

Knot

Figure 4.6: Circular references in a model of a single reciprocal knot
consisting of three bars (E: bar’s end, F: faces, C: connector)

Overall, this data structure proved very simple and intuitive to work with. However,

its disadvantage is that it creates circular references,, reflecting the circular nature of

a reciprocal frame. In result, in order to create a copy of the entire model, a custom

copy function needs to be defined which first removes all references and stores them

in a look-up table, copies all objects individually, and then restores the links.

4.3 Modelling T-joint based systems

4.3.1 Modelling single-layer reciprocal frames

The difficulty of modelling a larger structure consisting of many expanded knots

depends on the regularity, or rather irregularity, of the system. In a regular struc-

ture, all elements and joints have the same geometry and are interchangeable. The

spectrum of such regular structures is limited: the classic example are structures

derived from the three planar tilings (consisting of equilateral triangles, hexagons

or squares) or regular polyhedra. Other regular structures can be achieved based

on a cylindric shape, such as a diamond-shaped pattern in the Zollinger system.

Planar regular reciprocal frames can be easily modelled directly, or from a regular

grid using geometric transformations, e.g. by rotating each bar individually by the

same angle ϕ as illustrated in Figure 4.7, or by parallel translation [8]. At ξ = 200%

the initial grid-like configuration transforms into its dual8 which corresponds to a

rotation of 90◦. However, the angle corresponding to ξ = 100%, where the main-

8Geometric dual graph: ”The dual graph G∗ of a polyhedral graph G has vertices each of which
corresponds to a face of G and each of whose faces corresponds to a vertex of G. Two nodes in G∗

are connected by an edge if the corresponding faces in G have a boundary edge in common.” [87]
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bars connect at the mid-length of the cross-bars, depends on the system’s topology.

In all other cases, one must assume a more or less irregular system, with e.g. dif-

ferent incidence angles (α and β, out-of-plane connections), lengths, orientation of

the cross-section’s and/or knot valencies. Geometric modelling of such structures

becomes a complex problem with many interdependent variables.
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Figure 4.7: Knot expansion by rotation about each bar’s midpoint in
regular planar grids and the resulting change of bar lengths with respect
to the initial length at 0◦.

Related work. Recent research into reciprocal frame structures by architects, ar-

chitectural and computer graphics researchers presented a number of methods to

deal with their modelling complexity. The various approaches found in the literat-

ure usually address a specific type of reciprocal frames, e.g. certain cross-sectional

shapes of the bars and connection geometry, and differ in terms of flexibility of the

modelling process. Many methods focus on establishing valid reciprocal frames made

of round-profile rods, touching each other notch-free, where all axial eccentricities

must be equal the sum of radii of each pair of touching bars. In such structures the

overall shape, knot expansion and bar radius are strictly interrelated. Optimization

methods to solve such systems include optimization using weighted objective func-

tions [76], dynamic relaxation [22], genetic algorithms [8] and hybrid methods [56].

Thereby some of these methods start with a usually regular and explicitly predefined

reciprocal pattern and aim to fit it onto a given free-form shape, while other methods

start with a grid-like system (a line network or a mesh) and create a reciprocal sys-
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tem through the knot expansion principle. In the latter case, and in designs where

the axial eccentricity can be negotiated, also simpler methods can be found. Kohl-

hammer [43, pp. 51–55] uses a circle or a sphere centred at the knot along which the

end point of the bars are rotated. In systems with strongly irregular geometry this

quickly leads to degenerate results where the actual position of the T-joint is distant

from the guide point on the circle or sphere. Yet another approach uses a mesh

as input geometry, where mesh vertices denote the knot points, bar ends are fixed

on opposing mesh edges and mesh face outlines (triangular or quad) are scaled to

induce and control the knot expansion [3][67]. In both methods the expanded knot

remains close to the initial knot point, i.e. the quality of the initial input geometry

(of a mesh or the line network) is decisive. In contrast, methods such as that of

Song et al. [76] allow the knots to move away from their original position if it helps

the overall distribution of the bars.

Proposed approach. As none of the above methods was found fully applicable, a

new method is proposed that addresses the specific traits of the discussed structures.

It allows to model reciprocal frames from an irregular line network (also called

an unstructured grid) with n-valent knots, set different eccentricity and expansion

measures as design parameters for each joint individually. Also, the clockwise or

anti-clockwise expansion direction can be set individually for each expanded knot

(Figure 4.8).

a) b) c) d)

Figure 4.8: Direction of knot expansion: a) base grid without ex-
pansion, b) uniform, c) interchanging, d) random. The interchanging
scheme, i.e. where in each bar both ends have an opposite direction,
is restricted to patterns consisting solely of cells with even numbers of
sides/vertices, but regardless of the knot valency.
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The main steps of the proposed method are:

Ia From the input geometry (e.g. a mesh, a set of line segments or pairs of end

points), instantiate EndNode and Bar objects.

Ib Set connectivity relationships between bars (create joints by assigning cross-bars

to main-bars).

Ic Add cross-section data (b, h, ~z) and joint data (ds, dg) to each individual object.

Id Transform the system into a reciprocal frame.

Ie Generate the solid geometry model, including connection details (connector

points, contact regions), and a point-and-line model for FE calculations if

needed.

Defining algorithm objectives. In the step Id, the transformation process is

subject to a number of different objectives (or rather constraints), often mutually

competing. These objectives are defined in form of vectors and are satisfied when

their lengths are zero.

Joint expansion constraint :

This constraint attempts, for all T-joints, to move the point A of the main-bar

to the requested position on the cross-bar. Bar end-nodes which do not connect

to any other bar, e.g. at the boundary of the structure, are fixed. The given joint

expansion ξ (or length parameter t) defines the point Pt on the cross-bar centreline `

(Figure 4.9 b). In simple terms, the constraint vector ~vt can be formulated as ~vt =

Pt − A. Obviously it is not a very precise definition, because A can never reach

Pt as it can never lie on ` unless the cross-bar has zero dimension (at least in this

direction). Nevertheless, this formula can be used to simultaneously minimize εL. A

more accurate definition can be achieved by projecting Pt onto the cutting plane of

the main-bar, in which also A lies. The new target point P̃t corresponds to point H

in a T-joint, so the new constraint vector ~vt = P̃t −A automatically minimizes εS .

Surface proximity constraint :

The joint expansion constraint tend to naturally drive the structure towards planar-

ity. If the guide surface is not planar, surface proximity constraint ~vs is introduced

to counteract this and to keep the structure on the guide surface: ~vs = Ps − A,

where Ps is a point on the surface closest to A . While Ps needs to be evaluated

anew at each iteration and an evaluation of a point on a surface can be expensive,

one can use an approximation by applying the same vector ~vs for all end-nodes in

the same knot, instead of for each end-node individually. Then, Ps is a point on a

surface closest to a reference point Pk, which is an average of all m end points Ai in

the knot: Pk = 1
m

∑m
i=1Ai, and ~vs = Ps − Pk (Figure 4.9 c).
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Eccentricity constraint :

As mentioned earlier, in non-planar designs, especially in synclastic knots, eccent-

ricities grow inevitably as knot expansion increases. Excessive eccentricity (εS and

εC) is undesired as it decreases the contact region area and can eventually make

a main- and cross-bar entirely miss each other (not contact at all). There are two

ways of counteracting this. First is to flatten the knots, which is already incidentally

done by ~vt and counteracted by ~vs. The other option is to introduce an additional

constraint ~ve which compromises the joint expansion constraint ~vt, and which can

be activated only if a certain threshold value d has been exceeded. The constraint

is constructed based on an assumption that a new position of bar’s end point Pe

for which εS = d lies between its current position A and point Q (Figure 4.9 d).

Therefore the constraint vector ~ve = Pe −A.

Form fidelity constraint :

Not only can the individual end-nodes move away from the guide surface but also

entire knots can drift away from their original positions. This effect is most pro-

nounced when the knot’s bars have different lengths or when the incidence angle

α between two members is very acute. Then, a minimal shift of the cross-bar can

result in a large shift of the end-node of the main-bar. If this effect is undesirable,

shape fidelity constraint can be introduced: ~vf = K − Pk, where Pk is as defined

above and K is the original position of the knot point in the input line network

(Figure 4.9 e).
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Figure 4.9: a) Transformation from the initial grid-like structure to
reciprocal frame – trace of the bars’ end-nodes marked as a dotted red
curve.
Constraints schematic:
b) joint expansion constraint �vt,
c) surface proximity constraint �vs,
d) eccentricity εS constraint �ve,
e) form fidelity constraint �vf .
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Iterative approximation process. As there is no closed-form solution for a such

transformation from a grid-like structure into a reciprocal frame structure, the pro-

cess is an iterative approximation using sums of the weighted objective vectors.

Similar to numerical forward integration methods, the prediction is scaled by a

small step value δ, which is usually 6 1.0 or even one or two orders of magnitude

smaller. Each iteration consists of four separate loops, summarized in the pseudo-

code in Figure 4.10. First, the constraint vectors are calculated for each end-node

and stored. Next, each end-node position is updated with the scaled weighted sum

of its constraint vectors. Finally, other geometry features of the model are up-

dated: first the orientation vector ~z of the cross-section (must be perpendicular to

the centreline again, and optionally re-aligned to the current surface normals), then

re-trim centrelines to obtain the actual, effective positions of the end-nodes. All

four loops must be separated – otherwise the update sequence of the first two loops

would influence the result, and in case of the other two loops the final model would

not be correct geometrically.

Ia Instantiate Bar objects from input grid lines
Ib

Set b, h, �⃗, ds, dgIc
Set connectivity

Id Transform

Ie Create 
model

I
Geometry

II
Structural
Analysis

III
Modification

for each Connector:
    calculate �⃗t, �e⃗, �f⃗, �s⃗

for each Connector:
    �⃗j  = � · (�t �⃗t + �e �⃗e + �f �⃗f + �s �⃗s)   
    move EndNode.pt by �⃗j 

for each Bar:
    update �⃗

for each Connector:
    update EndNode.pt (re-trim)

for each Connector:
    add ContactRegion

for each Bar:
    create Brep

for i ≤ imax:

Figure 4.10: Pseudocode of the transformation of a grid (a line net-
work) into a single-layer reciprocal frame model.
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Evaluation of the algorithm. To evaluate the modelling algorithm, an irregular

structure consisting of 400 bars and knots with different valencies (varying from 4

to 7) serves as a test model, in which each joint should reach ξ = 2/3 (T-joints at

1/3 of cross-bar’s length). The same pattern is spanned over three different guide

surfaces: a planar (with no Gaussian curvature), a spherical (synclastic, with a

constant positive Gaussian curvature) and a ruled surface (anticlastic, with negative

Gaussian curvature) to observe the influence of the curvature on the behaviour

of the algorithm and the quality of the results (Figure 4.11). The arguments of

the algorithm are set as follows: step δ = 0.1, weights: ωξ = 1.0, ωε = 0.1 (for

εSmax = 1/2 of bar height, otherwise 0), ωf = 0.1, ωs = 1.0.

planar synclastic anticlastic

Figure 4.11: Three test models for evaluation of the reciprocal frame
modelling algorithm.

Convergence is measured with respect to two criteria: expansion ξ and eccentricity

εS . The graphs in Figure 4.12 show the average residuals over m joints of these

two values: r(εS) = 1
m

∑m
j=1 εSj and r(ξ) = 1

m

∑m
j=1 ξ − ξj , with the target values

ξ = 2/3 and εS = 0, for the first 100 iterations. Based on these graphs it can

be concluded that all three models converge quickly with respect to both criteria.

The histograms in Figure 4.13 give an insight into the distribution of the expansion

residuals in the joints after 1st, 10th and 100th iteration – the synclastic model

is taken here as an example but the histograms of the other two model are very

similar. Concerning the eccentricity measure, the residuals depend on the curvature

type of the guide surface. As postulated earlier, εS = 0 is (obviously) achievable in

planar models, nearly achievable in models with negative Gaussian curvature and

not achievable in models with positive Gaussian curvature.
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Figure 4.12: Convergence for the three sample models with respect
to average residuals of eccentricity εS (left, expressed relative to cross-
section height) and expansion ξ (right).
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Figure 4.13: Histograms showing numbers of joints with given joint
expansion residuals dξ = ξ − ξj in the synclastic test model.

The main advantage of this modelling method is that it is intuitive and fast. The

test model with 400 bars runs 100 iterations in ca. 5 seconds9. However, it works

best if bars are similar lengths and similar angles between the bars in the knots.

The method fails if, in the process of knot expansion, the resulting angle α between

two bars becomes α 6 0◦ or α > 180◦, when a cutting plane becomes invalid. Also,

contradicting objectives may lead to a situation where the effective end-node of a

main-bar lies beyond the domain of its cross-bar (i.e. ξ < 0 or ξ > 200%). This

has been observed, for example, when ~vf conflicts with ~vt and can be alleviated by

reducing the weight ωf . In general, the method is more stable for smaller steps, e.g.

δ < 0.5. Last but not least, the methods is initialization-sensitive, i.e. inputs with

the same topology but different metric properties will deliver different results.

9Tested on a laptop computer with 2.80GHz i7 processor, using Grasshopper within Rhinoceros 5 64-
bit as runtime environment – cf. the method in [76], which takes 99 sec. to solve for 413 elements.
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4.3.2 Modelling double-layer systems

Reciprocal Frames can also be transformed it into more spatial structures similar

to a space truss or a truss grid Douthe and Baverel [23]. In the first phase of the

Project II, Knauss and Kohlhammer investigated a system composed of two recip-

rocal frame layers forming the top and bottom chord and connected by diagonal

members (Figure 4.14 a) [37]. In their prototype, both frames share the same irreg-

ular topology but with different knot expansions (clockwise and maximal in upper

chord, anti-clockwise and minimal in lower chord), spanned over a planar surface in

top chord and a double-curved in bottom chord. In that special configuration the

system bears resemblance to a shifted space frame. As such, the connection between

a diagonal and a chord member is also a T-joint but with no reciprocal character in

the geometric and structural sense. In the following, possible generalizations of this

double-layer principle for arbitrary knot configurations are proposed.

 a)  b)

Figure 4.14:
a) A prototypical double-layer structure by Knauss and Kohlhammer
[37].
b) A double-layer knot with some diagonals (red) spanning between dif-
ferent pairs of chord bars.

An intuitive objective in the task of creating diagonal connections between the top

and the bottom frame is to achieve a possibly triangulated scheme. The aforesaid

prototype is a good example of such a solution, however it capitalizes on a special

case where the maximum knot expansion in the top layer combined with almost no

expansion in the bottom layer creates quasi-tetrahedral arrangements between the

knots.

In the following, to simplify, only topologies where diagonal members are construc-

ted between each two topologically corresponding top and bottom chord bars are

discussed (for contrast, Figure 4.14b illustrates a structure where this is not the

case). Here, two approaches are considered:
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– Truss frame principle: each pair of chord elements and their diagonal members

form a truss, irrespective of connections with other chord elements (Figure 4.15 a).

– Topology-sensitive principle: takes positions of the adjoining bars into account

(Figure 4.15 b).

To generalize the second approach, different combinations of end-node positions on

the bars need to be considered. In general, every chord element has exactly two

other chord elements connecting to its side-grain faces, at positions further called

inner nodes of a bar. Then a bar has four nodes (two end-nodes and two inner

nodes). If any of these nodes are very close to each other, they can optionally be

considered as one node instead of two. To summarize, a chord bar can have 2, 3

or 4 nodes, which gives for a pair of chord bars six combinations: {4, 4}, {4, 3},
{4, 2}, {3, 3}, {3, 2} and {2, 2}. From these node combinations one can construct 15

different topologies, as shown in a schematic in Figure 4.16.

 a)  b)

Figure 4.15: Design of diagonal members between a pair of chord bars:
a) based on truss frame principle (explicit), b) topology-sensitive.

Should the triangulation avoid acute angles, Delaunay triangulation10 can be applied

to determine connectivity between the nodes11. However, as it is a purely geometric

method, it takes no structurally motivated preferences into account. For example,

in case of an ambiguous solution (two or more equally correct solutions), it does

not discriminate for or against tension or compression diagonals. The rationality of

this diagonalization method and the comparison with the explicit method from the

structural perspective is investigated in §4.5.2.

10Delunay triangulation: “triangulation of the convex hull of the points in the diagram in which
every circumcircle of a triangle is an empty circle” [87].

11If the chord axes are not co-planar, the solution can be approximated by a projection to a plane
fit between the node points.
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Figure 4.16: Diagonalization examples depending on the number of
nodes. Schemes in continuous lines denote configurations that would
result from a Delaunay triangulation (for these specific node point pos-
itions).

Irrespective of the chosen diagonalization approach, the modelling of the diagonal

bars requires two further considerations: the alignment of the end-nodes on the

cross-bar with respect to εL and εS parameters, and potential post-rationalization

of the model to take the actual solid geometry of the bars into account to avoid

complicated solid intersections to preserve the requirements stated in §2.1.3.

Such complicated intersections are likely to occur where the diagonal members clash

at their ends with neighbouring diagonal elements and neighbouring chord elements

(Figure 4.17 a). The clashes are resolved by finding a “watershed” plane between

each clashing pair of bars and nudging the bar ends away from it. Another reason

for post-rationalization is when two bars are very close to each other so that the

gap between them is too small for the robot’s gripper. Then, the two elements are

replaced by one and the two corresponding nodes at each end replaced with one.
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 a)  b)

Figure 4.17: Collision detection: a) initial model with diagonal bars
clashing with each other and with chord layer bars, b) improved model
with resolved collisions.

4.4 Integrated structural analysis

Design of reciprocal frame structures and their double-layer derivatives is challenging

not only due to the modelling complexity but also because of intricate relationships

between the geometry and the structural behaviour. Structural performance of

such structures and addressing the specific connection type has been so far largely

unknown. In this specific context, almost no knowledge is available to guide the

designer towards sensible solutions. For example, if asked to design a load-bearing

structure of a given span and load-bearing capacity, the designer is unlikely to hit a

good match intuitively in terms of the choice of pattern, knot expansion, resolution

(relative length of elements to the overall span) or cross-section dimensions. Nor is it

trivial to derive clear and simple instructions for the design based on the information

gained from structural analysis. Preliminary assessments, based on a physical load

test and a finite element analysis of a 5 m × 5 m double-layer prototype built in the

first phase of Project II, hinted at a complex behaviour with highly differentiated

joint utilizations and hardly traceable interrelations [37].

This advocates for development of bespoke computational tools enabling seamless

integration of modelling and analysis processes, combining the three key steps: I

modelling, II analysis and III modification, to facilitate an explorative design ap-

proach.

As a prerequisite for such integrative design approach, the structural analysis must

not only reflect the specific build-up, but also provide meaningful methods to eval-

uate the results and visualize them. This section first presents the analysis pipeline

introducing key aspects of the analysis method and setup, pointing to relevant in-

terrelations and to how the complexity gradually builds up at every step (§4.4.1).
The core of this analysis pipeline, including its theoretical framework and methods
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for evaluation of the glued T-joint connections were developed by and implemented

in collaboration with the structural engineer as described in detail in Kohlhammer

et al. [44]. Next, the proposed criteria to evaluate the results (§4.4.2) and visual-

ize them are presented, followed by their implementation within the computational

design environment (§4.4.3).

IIa Structural model
IIb Joint forces
IIc Joint stresses
IId Joint utilizations
IIe Evaluation

I
Geometry

II
Structural
Analysis

III
Modification

Figure 4.18: Main steps of the analysis pipeline in the context of the
overall integrated design and analysis workflow.

4.4.1 Analysis process step-by-step

The analysis pipeline is based on the assumption that in the investigated structures

the joints are the weak points with highly directionally dependent strengths. There-

fore, the structural analysis process focuses on utilizations12 of the joints, and does

not take account of the utilizations of beams’ cross-sections, which tend to be sig-

nificantly lower than those of the joints. The analysis process consists of five main

steps: a) setup of the structural finite element model, b) calculation of the internal

forces, c) internal stresses and d) utilizations in the joints, based on which e) the

overall structure’s performance is assessed (Figure 4.18).

12The evaluation focuses on the ultimate limit state (ULS) criterion, and other criteria such as
serviceability with respect to deformations are not considered. The overall approach is based on
the Theory of Linear Elasticity.
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IIa: Setup of a structural model. The structural model is a finite element

abstraction of the design model and represented by point-like nodes connected by

line-like members, and attributes concerning the material, cross-section, joint stiff-

ness etc. The physical T-joint connection is thus abstracted as a set of nodes and

members (defined by points A, B, C and D in Figure 4.2) to differentiate between

material properties of C24 softwood with respect to the grain direction and proper-

ties of the glue infill (its shape, thickness and E-modulus determining its rotational

stiffness) [44].

In the following experiments, the models are evaluated with respect to a load case

with two loads: a self-weight of the structure g and an additional load q. The

discussed designs are two-way spanning structures, so for the load q the investig-

ated load types are evenly distributed area loads, such as the weight of a roof or a

floor build-up, snow or wind load. When such load is transferred to the individual

elements of the structure as a point- or linear load, the overall area needs to be sub-

divided correspondingly. To determine the magnitudes of the linear load or point

load vectors, in case these are unevenly distributed (e.g. as in an irregular design),

this subdivision can be calculated using a Voronoi diagram13. If the surface load

refers to, for example, a vertically acting snow load, the Voronoi diagram can be

constructed in a two-dimensional projection to a horizontal plane, i.e. perpendicular

to the load direction. The advantage of the developed tools is that these geometric

pre-processing operations can easily be carried out in the design environment.

IIb: Joint forces are internal forces acquired from a finite element analysis cal-

culation at the point B of the joint (i.e. at the centroid of the contact region), and

expressed in the joint’s local coordinate system with the origin at the point B and

the basis { ~ex, ~ey, ~ez}, where ~ex is perpendicular to the contact region, ~ey is parallel

to the centreline of the cross-bar and ~ez = ~ex × ~ey [44]. In these coordinates, the

force vector ~F is expressed by three component values N , Vy, Vz, and the moment

vector ~M by Mt, My, Mz.

13Voronoi diagram, also known as Dirichlet tesselation, is “the partitioning of a plane with n points
into n convex polygons such that each polygon contains exactly one point and every point in a
given polygon is closer to its central point than to any other” [87]. Voronoi diagrams can also be
constructed for linear segments instead of points and can also be defined for higher dimensions [6].
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IIc: Joint stresses. From these six joint force values (N , Vy, Vz, Mt, My, Mz),

internal stresses σx, τy and τz can be calculated14 for any query point P(px, py, pz)

within the contact region:

normal stress:

σx = σN + σMy + σMz (4.1)

shear stresses:

τy = τVy + τMt and τz = τVz + τMt (4.2)

with:

σN = N · 1

A
(4.3)

σMy(P ) = My ·
pz
Iy

and σMz(P ) = −Mz ·
py
Iz

(4.4)

τVy(P ) = Vy ·
Sz(py)

Iz · b(py)
and τVz(P ) = Vz ·

Sy(pz)

Iy · b(pz)
(4.5)

while τMt is assumed 0, and where:

A area of the entire contact region [m2],

R(py), R(pz) partial regions of the contact region R,

Sz(py), Sy(pz) first moment of area of the partial region R(py) and R(pz) [m3],

Iy, Iz second moment of area of the contact region R with respect to

axis Y and Z [m4], and

b(py), b(pz) width of the region R at py and pz [m] (Figure 4.19).

IId: Utilizations. As proposed by Kohlhammer in [44], to determine the utiliza-

tion ψ(P ) of the material at any point P within the contact region, first the joint

stresses are interpreted geometrically as a three-dimensional stress vector ~σ:

~σ =


σx

τy

τz

 =


σN + σMy + σMz

τVy

τVz

 (4.6)

14Here, stress distributions are expressed based on assumption of a linear-elastic material beha-
viour [35].
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Figure 4.19: Joint’s coordinate system (left) and partial regions R(py)
and R(pz)resulting from slicing of a polygonal contact region R by lines
perpendicular to the axes Y and Z and going through the point P (right).

Then, a combination of corresponding stress vectors ~σg(P ) and ~σq(P ), resulting

from both loads g and q, is compared geometrically with a resistance graph –

a three-dimensional solid representing the strengths of the connection (compress-

ive and tensile strengths in direction perpendicular to grain: fc⊥ and ft⊥, and shear

strengths in directions parallel and perpendicular to grain: fv‖ and fv⊥) and their

interaction characteristics, as depicted in Figure 4.20.

�q

�g*

�g
�q*

+fv∥

−fv∥

+fv⟂

−fv⟂

+ft⟂

−fc⟂

Figure 4.20: An exemplary resistance graph for joint strengths and
their characteristic interactions - linear interactions between shear and
tensile stresses, convex parabolic interactions between shear and com-
pression stresses (cf. [44]).
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Finally, the utilization ψ is defined as the ratio of the length of ~σ to its maximum

possible length within the resistance graph:

ψ =
‖~σ‖
‖~σ∗‖

(4.7)

In other words, any value of ψ > 1.0 means a failure under the current load case, i.e.

for ~σg under self-weight and for ~σq under a combination of self-weight and applied

load. With ψg = max{ψg(P )} and ψq = max{ψq(P )}, from all points P within a

contact region, the joint utilization ψjoint is defined as:

ψjoint =

−ψg if ψg > 1.0

ψq if ψg < 1.0
(4.8)

Although a negative value of a joint utilization makes no sense, this notation allows

to describe the three possible joint utilization cases:

– a failure under self-weight when ψjoint 6 −1.0, or

– a failure under applied load when ψjoint > 1.0, or

– a joint utilization within limits when 0.0 6 ψjoint 6 1.0.

Visualization of stresses and utilizations in the joint. To gain better un-

derstanding of the decisive factors determining the joint’s load-bearing capacity,

the distribution of stresses and utilizations in a joint can be visualized as three-

dimensional plots (Figure 4.21).

For the given joint forces, the normal, shear and bending stresses depend solely

on the geometric parameters (the contact region and the query point P, see equa-

tions 4.3–4.5). Therefore the question arises: Can the joint’s geometry inform a

performance-aware design process?

For a rectangular and axis-aligned shape of a contact region the distributions of

stresses are commonly known15. For irregular shapes they may be less obvious, and

are often much more complex. In particular, positions of their maxima are less

trivial to predict upfront.

It is even more difficult to predict the maxima for utilizations, which depend on

the position, orientation and length of the ~σ(P ) vectors within the resistance graph

15Corresponding diagrams can be found in course books on mechanics, see for example [35,
pp. 106,138].
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Figure 4.21: Joint stresses and utilizations and their maxima within a
rectangular axis-aligned contact region (left) and in an irregular contact
region (right). The magnitude of stresses σx, τy and τz, and of the
resulting utilizations ψ (subject to an exemplary combination of joint
strengths as in Figure 4.20), for each point within a contact region are
visualized by a distance perpendicular to the contact region’s plane.

(Figure 4.20). The shape of the utilization plot is non-trivial even for a rectangular

axis-aligned contact region in case of multiple stress interactions – and conversely,
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for an irregular contact region for even simple stresses.

To conclude, it is very difficult to draw a meaningful – and most importantly bi-

directional – relationship between the joint utilization and the joint’s geometry,

except for very simple cases. Despite joints and their geometries being key to the

structure’s overall performance, the complexity of the described phenomena un-

dermines the feasibility of developing design strategies based on joints’ geometric

properties. Therefore, in further course of the investigations (§4.5 and §4.6), the

joint utilizations inform the development of the design on a feedback basis, as a

single ψjoint value. To illustrate the distribution of high and low utilized joints in

a structure, in the experiments joint utilizations are visualized as balls with radii

scaled proportionally to ψjoint.

4.4.2 Evaluation criteria

Based on joint utilizations, two evaluation criteria to describe structural performance

of the discussed structures (step IIe) are proposed:

– load-bearing capacity, expressed by the ultimate load q̃, and

– efficiency µ of the structure.

Ultimate load q̃ is yielded by the joint with highest utilization ψmax in the entire

structure, and is equal to an applied load under which this utilization is exactly

ψmax = 1.0. For a given applied load q, the ultimate load q̃ can be calculated with

the inverse of ψmax
16[44]:

q̃ = ψ−1max · q (4.9)

Ultimate load can only be evaluated if the structure can withstand its self-weight,

i.e. all considered joint utilizations are non-negative.

Efficiency. To provide a more insight into the structural behaviour of a structure,

efficiency is introduced as an additional evaluation criterion. Efficiency is defined

here as the mean value µ of all n joint utilizations ψj within a model, calculated in

the state of ultimate load17:

µ =
1

n

n∑
j=1

ψj (4.10)

16Assuming that inner forces and inner stresses are determined based on the Theory of Linear
Elasticity.

17i.e. when q = q̃. This implies that again all joint utilizations are non-negative.
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Figure 4.22: Examples of efficiency plots of a structure with:
a) a high efficiency µ > 50%,
b) the same load-bearing capacity as (a) but a much lower efficiency due
to a small number of joints much more utilized than others,
c) same utilizations in most joints as (b) but higher load-bearing capacity
due to lower ψmax, and in result with a higher efficiency than (b).

The higher the mean, the more efficient is the structure, with µ = 1.0 in the best

possible case, i.e. when all joints are equally utilized. The efficiency measure µ can

be generalized and interpreted graphically as a ratio of the area below the curve

plotted by joint utilizations (Aψ =
∑n

j=1 ψj) to the area of its bounding rectangle

(Amax = n · ψmax): µ = Aψ/Amax (see Figure 4.22). In the efficiency graph, the

utilizations of all joints in a structure under given load conditions (not necessarily

in the state of the ultimate load) are sorted in an ascending order, while ψmax refers

to the most utilized joint and determines the load-bearing capacity of the whole

structure.

4.4.3 Implementation

This analysis pipeline has been implemented as a computational tool integrated

in the design environment. Aiming at performance-aware design exploration, the

structural calculations are seamlessly embedded within the modelling process. The

structural model is constructed directly from the same data model as the main ar-

chitectural design model, calculated in the background, and the results are evaluated

and visualized in overlay with the design model.

The implementation uses the 3D-modelling software Rhinoceros as a runtime envir-

onment, from which the structural analysis software Rstab is accessed via its API

RS-COM. The technical details of this interface have been introduced in §2.2.2. In

this process, illustrated in Figure 4.23, in the first step (IIa) an Rstab-native model
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IIa Structural model

Rhinoceros 
RhinoCommon SDK

Rstab
RS-COM

IIb Joint forces

IIc Joint stresses

IId Joint utilizations

IIe Evaluation

I Geometry

III Modification

Figure 4.23: The implementation of the analysis pipeline within Rhino
and Rstab environments interfacing both software directly.

(an instance of IrsStructure class and all its elements and settings using object

classes provided by the RS-COM package) is built from the main design model.

Multiple settings such as joint stiffnesses, orientation of the bar’s cross-sections,

load vectors and support types and positions can easily be set for each element in-

dividually, regardless of the model’s irregularity or uniqueness. Within the same

running Python script, the calculation within Rstab is executed and the results (in-

ternal forces) are collected and associated back with the design model (IIb). The

remaining steps of the analysis pipeline (IIc, IId and IIe) take place entirely in the

design environment, and can be visualized using the same methods as the design

model. The advantage of the direct interface between both environments is that the

data created and exchanged is volatile (in-memory) and thus not compromised by

limitations of available file formats. Still, to keep the model or the results after the

script terminates, it has to be saved persistently, for example using the methods de-

scribed in §2.2.2. In the following, these tools were employed in two series of design

experiments (§4.5 and §4.6).
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4.5 Exploring structural behaviour

In this section, the structural performance (load-bearing capacity and efficiency) is

investigated as a function of system’s geometry: magnitude of the knot expansion,

shape of the guide surface (flat or curved), number of layers (single- or double-layer)

and diagonalization schemes (explicit or topology-sensitive, in double-layer struc-

tures).

Concerning the knot expansion, the interest in its influence on the structural beha-

viour arises from the fact that the transition from a knot with ξ = 0 to an expanded

knot induces flexural rigidity in the system [43]. The question is therefore, how the

magnitude of the expansion impacts the joint utilizations in the specific context of

the investigated types of connections.

Similar investigations can be found in literature but with focus on different ma-

terial and/or connection techniques and are therefore of limited relevance for this

research. For example, Douthe and Baverel [22] studied influence of knot expansion

on displacement in dome-shaped reciprocal frames made of GRFP tubes, whereas

Kohlhammer [43, pp. 43, 104–111] investigated material volume as a function of

knot expansion for single-layer reciprocal frames made of overlapping steel round

tubes.

The following investigations are designed with the aim to control the impact of local

geometry on the results. They depart from flat and regular models, where the shape

of the contact region is not only equal in all joints but also remains constant when

knot expansion changes. This property is generally not preserved in non-planar

models, nor in planar but irregular ones. In models spanning over a curved guide

surface, the knot expansion induces unavoidable eccentricities in the joints which,

especially in areas with positive Gaussian curvature, decrease the contact region’s

area (recall Figure 4.3).

The experiments aim primarily at qualitative assessment, i.e. comparisons between

models under different geometric settings, rather than on quantification in terms of

absolute values of the load-bearing capacity18. Therefore, throughout this section,

the ultimate load is expressed relative to an arbitrary benchmark load Q and denoted

as q∗ = q̃/Q.

18For consistency with the overall interdisciplinary research Project II, the joint strengths applied
in these experiments refer to the accompanying adhesive-based connection technique described in
[95][73]. However, they serve solely as exemplary parameters.
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4.5.1 Single-layer systems

Setup. The first series studies models that are two-way spanning 5 m × 7 m struc-

tures, made of elements with 70 × 140 mm cross-sections, pin-supported at the peri-

meter and under uniform vertical area load. The shorter span of 5 m corresponds to

the typical maximal span for a simple uni-directional timber beam structure. The

larger span in the other direction results from the idea to enable bi-directional load

transfer.

Two regular grid patterns are examined: a square grid (series A, Figure 4.24) and

a triangulated grid (series B, Figure 4.26).

Further, different overall model shapes are investigated. In the models A, a min-

imal curvature (vault height H) across the shorter span is introduced. This forms

a cylinder-shaped structure with a load-bearing behaviour which partially enables

membrane forces [44]. Geometrically the vaulting results in skewed-shaped expan-

ded knots with eccentricities at the joints and reduced contact regions, depending on

the magnitude of knot expansion. The models B (Figure 4.26) are projected (after

performing knot expansion) onto different guide shapes: a plane, a synclastic and

an anticlastic surface. The orientation of each bar (the ~z vector) is derived from

the surface’s normal vector at the bar’s midpoint. Both curved models are per se

irregular, i.e. their elements are not interchangeable19.

Results. The models are compared with respect to the relative ultimate load q∗,

efficiency µ and distribution of high and low joint utilizations within the structure.

The joint utilizations in Figure 4.24 and Figure 4.26 are visualized as red balls scaled

with respect to each model’s state of ultimate load (i.e. where ψmax = 1.0). Based

on these criteria, the results lead to several observations.

First, the load-bearing capacities of the different models vary dramatically. On

the one hand, the knot expansion can have an n-fold impact on the load-bearing

capacity. On the other hand, the overall shape has also a significant influence.

For example, both flat models perform much worse than vaulted and dome-shaped

models. Together, the knot expansion and the guide surface result in similar trends,

overriding the impact of the grid pattern – compare the load-bearing capacity of

the planar models in series A and B (A1–A5 and B1–B4), or the vaulted models

with the synclastic models (A6–A10 and B5–B8). Also, the plots of the ultimate

19Or, to be precise, each element has only one duplicate in the structure due to the one rotational
symmetry (rotation 180◦ around center).
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Figure 4.24: Series A: flat (H=0.0 m, left) and vaulted (H=1.0 m,
right). Joint utilizations, visualized as red dots and scaled to each
model’s state of ultimate load for different knot expansions ξ (see also
Figure 4.25).
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Figure 4.25: Series A: Structural performance as a function of the knot
expansion ξ and vault height H – the relative ultimate load q∗ (left) and
efficiency µ (right). Models A1–A10 are depicted in Figure 4.24.

loads are highly non-linear and discontinuous (have cusp local maxima or minima),

especially in curved-shaped models. This might be due to an additional influence of

joint geometry in these models.

Second, joint utilization values in every joint change considerably both depending

on the knot expansion and the guide shape. In the flat models, for a small knot

expansion, the joints in the middle of the structure are utilized most. As the knot

expansion increases, the positions of the critical joints move towards the corners.

Kohlhammer et al. [44] compares this phenomenon to distribution of bending stresses

in a slab depending on its torsional stiffness.

Observing the occurrences of high and low joint utilizations helps understand the

resulting efficiency measure µ of a structure, which is lowest when many joints are

much less utilized than few others, like in model A5. Correlation between efficiency

and load-bearing capacity graphs is not obvious. Nevertheless, weak similarities in

their shape, e.g. positions of local extrema, can be observed.

The vast majority of the tested models have efficiency below 50%. There is, however,

large potential to improve the efficiency and the overall load-bearing capacity of a

structure by local reinforcement of the very few outlier joints, as exemplified in

Figure 4.27 for the model A6 (µ = 0.36) and A10 (µ = 0.70). In both models,

the ultimate load is compromised by a small number of most utilized joints. In the

model A6, replacing 10% or 20% of them with a better performing connection can
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Figure 4.26: Series B: Joint utilizations (visualized as red dots, scaled
to each model’s state of ultimate load), ultimate load q∗ and efficiency
µ depending on knot expansion ξ.

increase the load-bearing capacity by 72% or 156%, respectively. Similarly, replacing

only 2% of worst joints in model A10 will yield a 19% improvement.

Overall it can be concluded that the structural behaviour of these structures can be

considerably improved by appropriate geometric configuration but finding the best
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Figure 4.27: The load-bearing capacity and efficiency of some struc-
tures can be significantly improved by reinforcing only a small number
of most utilised joints with a better perfoming connection.

performing model is non-trivial and cannot be deduced by analogy to other systems

with a well-known behaviour. Further observation is that the overall load-bearing

capacity is often compromised by a small number of most utilized joints. Thus,

minimal local reinforcement of the structure with better performing connections

can significantly improve its load-bearing capacity.

4.5.2 Double-layer systems

To scale-up in terms of complexity, the following series investigate double-layer struc-

tures. Similar as in a single-layer structure, the interesting design parameters are

the knot expansion (ξU in the upper and ξL in the lower layer) and the overall

shape. Further parameters concern diagonalization, i.e. the layout of the diagonal

members and their alignment (recall §4.3.2). While double-layer systems are much

more complex to design and fabricate than single-layer systems, the question is also

whether their performance justifies this additional cost and effort.

As introduced in §4.3.2, constructing a double-layer system from two reciprocal

frames raises two questions concerning the distribution and detailing of the diagonal

members: the diagonalization (explicit vs. topology-sensitive) and alignment of the

end-nodes of thediagonal bars, aiming at either εL = 0 or εS = 0. To start with,

these two features are inspected in search for structurally motivated preferences.
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Alignment of diagonal members. In contrast to joints between chord bars, each

end of a diagonal element can be positioned independently, so that it can have a given

eccentricity. Thereby, in general, either of the eccentricities (εL or εS) is non-zero.

The question arises, which option results in lower joint utilizations.
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Figure 4.28: Impact of diagonal members alignment on joint utiliz-
ations for a) εL = 0 and b) εS = 0, for an exemplary chord-diagonal
(middle) and a chord-chord (right) connection in a double-layer struc-
ture.

The answer is ambiguous, as the following example illustrates. Figure 4.28 shows a

situation in a lower chord of a flat double-layer structure (model C3 in Figure 4.30).

In the one option, the diagonals are aligned so that their centrelines intersect with

the chord bar’s centreline (εL = 0). In the other option, the contact region is

centred on the cross-bar’s side (εS = 0), which considerably increases its area, and

which in this example compensates for the resulting increase of the bending moment

My. In result, the joint utilization is 25% lower than in the first case. However,

this diagonal alignment can result in larger joint utilizations in the neighbouring

chord-chord joints although their contact regions did not change. In the following

experiments, the second option with εS = 0 is applied to all diagonal elements.
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Diagonalization schemes. The impact of the topology of the diagonal members

on the structural performance is exemplarily tested on a flat double-layer model

with ξU = 10% and ξL = 66.7%, modelled with three different diagonalization

schemes: one using the Delaunay triangulation method, and two explicit ones where

the diagonal members are modelled at fix positions – one with two and the other

with four “inverted-V” diagonals (Figure 4.29).

j

 �j 

j

 �j 

j

 �U = %

 �j 

upper chord
lower chord
diagonals

delaunay

explicit I

explicit II

Figure 4.29: Diagonal members layout: comparison of joint utilizations
between three layouts: with topology-sensitive diagonals (“delaunay”)
and two explicitly defined diagonal positions.
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The comparison of the three results is not straight-forward. Based on the ultimate

load q̃ and efficiency µ criteria, the “delaunay” model is significantly worse than the

two “explicit” ones. However, this result is strongly influenced by a small number of

joints which are considerably more utilized than the rest. Beside these outliers, joint

utilization graphs are for the most part similar in all three structures, even though

the joint utilizations depend not only on the structural topology and the resulting

force flow but also local factors. For example, in the “explicit I” model, due to the

more oblique angle between a diagonal and a chord bar, the resulting contact regions

are larger than in the other two schemes. Overall, the following experiments employ

the “explicit I” scheme, as it is invariant to knot expansion and also requires less

elements than the other two schemes.

Knot expansion in a flat double-layer system

Setup. In series C (Figure 4.30), the model is a double-layer structure created by

combining two planar single-layer structures from series A, i.e. based on a 5 × 7 m

square grid, and connected pair-wise by two “inverted-V” diagonals as in the “ex-

plicit I” example in Figure 4.29. Unlike in the topology-sensitive diagonalization

method, the number of elements and the resulting topology are invariant to knot

expansion which makes it easier to compare the results. The knot expansion ξ is

varied in both layers independently. For some combinations of upper and lower

chord knot expansions, the system resembles well-known space frame types. For

example, the same maximal or minimal knot expansion in both chords results in a

configuration similar to a truss grid (model C1 in Figure 4.30), whereas a maximal

expansion in one chord and a minimal one in the other results in a system similar

to square-on-square-diagonal-offset space frame (model C3 in Figure 4.30). All bars

have the same cross-section of 70 × 70 mm. All models are pin-supported by peri-

meter bar ends in lower chord, and the load is a uniform vertical area load applied

to upper chord end-nodes only.

Results. Again, utilizations in the joints vary greatly between models with differ-

ent values of ξU and ξL. Interestingly, this time the load-bearing capacity q and

efficiency µ disclose a visible correlation.

Overall, compared with the single-layer flat models, these flat double-layer struc-

tures have higher load-bearing capacities. The ultimate load in the best double-

layer model is nearly four times higher than that of the best single-layer model with

the same 70 × 70 mm cross-sections, however with almost double the amount of

material, four times as many bars and more than four times as many connections.
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Figure 4.30: Series C: Joint utilizations (visualized as red dots, scaled
to each model’s state of ultimate load), relative ultimate load q∗ and
efficiency µ as a function of knot expansion in the upper (ξU ) and the
lower (ξL) layer.

However, the single-layer model with higher cross-sections, e.g. 70 × 210 mm, could

reach the best double-layer model’s load-bearing capacity with less material and

fewer bars and connections (cf. [44]).
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Knot expansion in a curved double-layer system

Setup. The series D models are a free-standing saddle-like canopy of ca. 10 × 5.5 m

span and 3.0 m maximum height (Figure 4.31). The model is derived from a quad

grid spanned over two input surfaces with negative Gaussian curvature, with a vary-

ing distance to each other creating larger structural height near to the bottom. Each

grid is transformed into a reciprocal frame using the algorithm in Figure 4.10, and

then connected pair-wise by “inverted-V” diagonals as in the previous flat double-

layer experiment. The overall model consists of 628 elements with a cross-section

of 70 × 70 mm. The structure is pin-supported point-wise by the bar ends on the

ground and presents a combination of a vaulted structure with cantilevers.
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Figure 4.31: Series D: Load-bearing capacity q∗ and efficiency µ as a
function of knot expansion in the upper (ξU ) and the lower (ξL) layer.
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Results. Yet again, the ultimate load and efficiency resulting from different knot

expansions ξU and ξL reveal a complex behaviour, however different than in the flat

model. This strengthens the argument that the developed integrated analysis tools

are indispensable in the design process to allow the designer to negotiate between

visual and structural preferences, and to explore the wide range of possible designs

(Figure 4.31).

4.6 The sizing problem

The previous experiments showed that regardless of the design parameters on the

system level the joints’ utilizations are very differentiated – as judged by the effi-

ciency measure µ which is much less then 1.0 in all tested models. While utilizations

depend on both the joint forces and the joints’ geometry, the following investigations

look at methods to locally improve the most utilized joints, and thus increase the

overall structure’s load-bearing capacity, by modifying the dimensions of the main-

and/or cross-bar in the joint in order to change the contact region’s size and/or

shape. It is a similar problem setting as in the case study I in §3.5: for a given over-

all system’s geometry the task is to achieve a pre-defined load-bearing capacity with

possibly minimal material volume, by changing sizes of the individual elements20.

The difficulty of solving such a problem has again multiple reasons:

– Variables are defined for a different set of elements (bars) then the evaluation

criteria (joints).

– A joint belongs to two bars. Which bar (if not both) and which dimension (if not

both) should be changed to improve the utilization through its contact region?

– Each bar is involved in multiple joints (as a main-bar or a cross-bar). In result,

competing modifications may occur.

– Every change of a cross-section impacts the force flow and thus the input data

based on which the changes are made.

20Here the problem is simplified, as it only considers ultimate limit state criterion and a single load
case with a uniformly distributed vertical load. In the Sequential Roof project, the engineers had
to consider many more requirements, e.g. wind loads, serviceability etc.
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4.6.1 Iterative approximation approach

Being unconstrained in the choice and number of different sizes (unlike in §3.5), one

can now think of two distinctive concepts of how to set up the search for a good

solution. Given a joint and its main- and/or cross-bar, one can:

– try to estimate what size would solve the joint’s problem, or

– iteratively increase the size by a predefined increment until the problem is solved.

In structurally determined systems it is possible to calculate the sizes exactly fol-

lowing the first approach, because the stiffness properties of elements such as cross-

sections and the resulting joint geometry do not influence internal forces. Unfortu-

nately, this does not apply to the structures discussed here and which are subject

to a circular problem: every modification of an element’s cross-section or joint’s

contact region impacts the force flow in the structure. Therefore, applying large

cross-section modifications at once based on a preliminary calculations of internal

forces is a rather ill-conditioned approach. In contrast, the second approach of small

incremental changes allows to reduce the risk that the forces in the joints, which are

the basis for the modification estimates, will differ significantly before and after a

modification.

III
Modification

q≥q~ stop
Y

N

I
Geometry

II
Structural
Analysis

start

Figure 4.32: Overall iterative process (“large-loop”) – the model is
modified until the requested load-bearing capacity q is achieved.

Incremental, small-step improvements go along with an assumption that some ele-

ments or joints will be addressed a number of times before being resolved, i.e. before

their utilization is in range 0 < ψ 6 1.0. Thanks to the fully automated flow of data

between design and structural analysis software, unlike in case study I, the effort

of performing one full analysis loop is relatively low, however not negligible either

due to the time needed for the overall computation. The aim is therefore to find
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a good balance between precision of modifications and economy of calculations –

between the number of the “large-loop” iterations (steps I-II-III) and accuracy of

the modifications. The approach is thus to apply a batch of modifications in step III,

however less then would aim to solve all the problems (i.e. reach the target load-

bearing capacity).

The process starts with an initial model, which – as a matter of choice – is generally

under-dimensioned, and iterates through steps I-II-III until the model has reached

its designated load-bearing capacity (Figure 4.32). In each iteration, new sizes for

the main- and/or cross-bars are elaborated based on the situation in the joints that

are failing21. This process of determining new sizes for (all) bars is non-trivial which

motivates the search for appropriate methods.

4.6.2 Finding the best new size

In each joint there are three cross-section variables: main-bar’s width bm and height

hm, and cross-bar’s width bc or height hc (one of the two is irrelevant here). Follow-

ing combinations of modifications can be applied using these three variables, and

two scenarios can be distinguished:

1. Scenario: if width and height can be incremented independently, then there are

three variables: bm, hm and dc (where dc stands for the relevant cross-bar’s di-

mension), and seven combinations thereof: {bm}, {hm}, {dc}, {bm, hm}, {bm, dc},
{hm, dc} and {bm, hm, dc}.

2. Scenario: if only one increment option is available – three options are available:

to increase only width (2a) or only height (2b) or both at the same time (2c,

e.g. next size from a pre-defined set of cross-sections sorted in ascending order),

then there are have two variables: dm and dc and three combinations: {dm}, {dc}
and {dm, dc}.

Looking at a single joint, finding the best combination of new sizes for the main-

and the cross-bar has two critical aspects:

– choice of increment size and combination scenario (1, 2a, 2b or 2c), and

– evaluation (scoring) of the candidate modification combinations to select the best

one.

21A joint is considered unresolved (it fails) if its utilization ψj is less then -1.0 or more then 1.0, see
p.98
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Figure 4.33: Examples of effectiveness of size changes depending on
relative sizes and positions of the main-bar and the cross-bar. Increasing
the main-bar’s size alone may have no (a) or limited (b) effect, unless
the cross-bar’s size is increased as well (c). Depending on the increment,
changing height (c, f) or width (e) may result in equal increase of contact
region’s area. Increasing main-bar’s size in both directions may gain even
more area, however not necessarily reasonable (d). Also, increasing both
bars may render the same result as changing the main-bar only (cf. e
with g, and f with h).

Scoring of candidate modifications. Some combinations may be ineffective or

less effective then others and it also may not be obvious which one is best. The

first prerequisite is that the contact region changed at all. This depends on the

geometric situation, as selectively illustrated in Figure 4.33. If yes, this change is

quantified based on the estimated resulting new utilization. The best way to check

the new contact region and the resulting utilization is to temporarily construct and

calculate each combination. Given the relatively small number of possible modifica-

tion combinations, this brute-force approach is affordable and avoids a possible bias

that could emerge from erroneous assumptions. This amounts to carrying out the

steps IIc and IId, based on the new geometry and joint forces from step IIb – i.e.

without starting a new calculation (steps IIa-e) on the temporarily modified model.

The calculated utilization is thus only an estimation, because the force flow in the

new model is likely to change.

Then, the next step is to score all tested combinations to determine the best one.

The calculated predicted utilization is a required criterion, but might prove insuf-
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ficient. For example, it is possible that two or more combinations render the same

value – most likely when their resultant contact regions are equal (in Figure 4.33,

compare example f and h, e and g). An additional criterion can be the increase

of material volume, which will penalise options where both elements are modified

where only one would suffice (case g and h). Another situation where the utilization

criterion alone is insufficient is when the utilization may be economically subop-

timal, as for example in Figure 4.33g, where for b < h, (b+ a) · h > b · (h+ a) for an

equal increment a. For some joint stress combinations the much larger area increase

for (b + a) will yield a slightly better utilization, although (h + a) would be more

efficient. To avoid this, the decrease of utilization can be expressed relative to the

increase of the contact region area or volume.

Choice of modification measures. In simple models, it is possible to derive

a good guess about the size and set of modifications (scenarios 1, 2a, 2b, 2c) by

observing the dominating type of stresses in the joints. For example, in a flat single-

layer model the joints’ utilizations are driven mainly by the bending stress σMy and

shear stress τVz , which can be effectively reduced by increasing the contact region’s

size in the Z-direction. In less uniform models an attempt to determine an appro-

priate strategy, in the view of a wide range of different situations, is rather futile.

Moreover, if both dimensions are allowed to change (either individually or coupled),

the choice of the increment size becomes critical, as in the example mentioned above.

4.6.3 Order of solving and updating

Similar as in the dimensioning problem in step IV of case study I (§3.5), also here

the sizing problems are unlikely to be disjoint. This means that the order in which

the elements are visited and updated is expected to have an impact on the outcome.

In the following, selected methods are presented and compared. This selection is

exemplary and by no means exhaustive – the methods are heuristic guesses on how

to structure the solving algorithm so that it delivers a good solution.

Method 0 (Benchmark). This is a trivial method which reformulates the prob-

lem by reducing the number of parameters so that it has only one optimum. In

every “large-loop” iteration, all elements are modified in an identical way, regard-

less of their individual situation. The process iterates until the required load-bearing

capacity is achieved (q̃ > q). To refine the result, if the final q̃ surpasses q signific-

antly, it can take a step back and half the increment size. The stopping rule is then
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defined by q̃ − q 6 ε, for a chosen precision ε. This method is solely introduced as

a benchmark to compare other methods to it.

III
Modification

method 0
(benchmark)

method 1

for each bar:
    increase size

for each unresolved joint:
    find new size (bm*, hm*, dc*)
for each bar:
    apply (new) size

method 2 sort joints
for each unresolved joint:
    find new size (bm*, hm*, dc*)
    apply (new) size to main- and cross-bar

method 3 sort bars
for each bar:
    for each unresolved joint:
        find new size (bm*, hm*, dc*)
    apply (new) size to this bar

method 4 sort bars
for each bar:
    for each unresolved joint:
        find new size (bm*, hm*, dc*)
        apply (new) size to main- and cross-bar

I
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II
Structural
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N

Y stopq≥q~

Figure 4.34: Pseudocodes of the methods 0 – 4.

Method 1. This is a very simple and naive method, constructed in such a way that

the order of solving has certainly no influence on the result. The algorithm inspects

every joint one by one, checks all permitted combinations and and chooses the best

set of new sizes for its main- and cross-bar (b∗m, h∗m, d∗c). Joints with utilizations

0.0 < ψj 6 1.0 are ignored, as they required no modifications. For all other joints,

the proposed new sizes are stored22 in each corresponding bar but no element is

updated at this stage. The bars are updated in a separate loop: for each bar and

dimension, the largest of all proposed by its associated joints is applied. Choosing

the largest one is again an arbitrary and rather trivial decision. Alternatively, the

new proposed sizes could be weighted depending on how many joints opt for them

and/or their efficiency score.

22For example, in a single-layer reciprocal frame, for each bar and dimension, up to five proposed
values will be stored: the current size, two sizes from joint in which the bar is a main-bar, and
two from joints in which the bar is a cross-bar.
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In the following methods, the order of determining and updating the modifications

potentially influences the results. Similar to procedure 3b in step IV of case study I

(p. 60), these methods try to solve worst elements first based on a conjecture that this

will improve the overall outcome and arrive at a solution with fewer modifications.

Method 2. Here, the order in which the joints are visited to propose new sizes is

established by sorting the list of joints according to the joint utilizations23. For this

order to take any effect, the new sizes of the joint’s main- and/or cross-bar must be

updated immediately, before the next joint is visited. This order is established at

the beginning of step III and, unlike in case study I, remains unchanged after every

modification, so that each joint is visited no more than once during step III.

Method 3. In contrast to method 2, this method proceeds according to a sorted

list of bars, instead of joints. To sort the bars according to the severity of the

problems in the joints, each bar is scored using the sum of utilizations in all its

joints24, whereby negative values are cubed and positive values are inverted:

s =
∑

ψj60.0 ψ
3
j +

∑
ψj>0.0 ψ

−1
j . Using this scoring system, the bars can be sorted

in a ascending order (worst bar is first). Then, for each bar, best new combination

of sizes is sought for all its unresolved joints. After all joints in the bar have been

queried, the bar (and only this bar) is updated with the new sizes (the largest from

the proposed ones). The consequence of this method is that each joint will be visited

twice: once through its main-bar and once through its cross-bar.

Method 4. For contrast, this method modifies the method 3 slightly to show if or

how small change to the procedure can alter the results. Here, at each joint query

its main- and cross-bar are updated immediately. This idea is hard to justify, and

as the examples below show, tends to disrupt the results.

23Thereby negative utilizations are sorted in an ascending and positive in a descending order, i.e.
{−1.7,−1.2, 3.9, 1.4, 0.8}

24A bar’s joints are all joints for which the bar is either a main-bar or a cross-bar.
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4.6.4 Examples and evaluation

Evaluation criteria. How can one assess if the delivered solution is reasonable

and not biased by some erroneous assumptions, if one cannot say in advance how

the result should, more or less, look like? To give the consideration some support,

the methods can be assessed according to the total material volume (the lower

the better), efficiency measure µ (the higher the better) or speed (the number of

iterations or function calls). As it is difficult to compare the outcomes to other

timber structures, the methods are assessed on a qualitative basis and compared to

the benchmark method 0. Still, these measures do not give a hint on correctness of

the result. Two sanity checks are therefore proposed:

– Preservation of symmetry. Is the solution symmetry-preserving? It is reasonable

to expect that if the geometric model has a certain symmetry (e.g. rotational

or reflective) and the structural model has the same symmetry (symmetry is not

broken by distribution of loads or supports) and so are the structural calcula-

tion results (internal forces) – then the dimensioning algorithm should deliver an

equally symmetric model. The symmetry should be preserved not only in the

final model but also at the end of every iteration.

– Avoiding isolation. In planar single-layer structure it is expected that no bar

should be isolated in its size, i.e. its height should not be larger than the largest

of its neighbouring bars.

In the following, the five methods are applied to arbitrary models with different

geometric regularity, pattern and shape. The structures are pin-supported at the

boundary and loaded with a vertically acting uniform area load. The resulting

models are colour-coded according to the bar sizes. In the graphs, the material

volume is expressed relative to the result of the benchmark method 0. Also, the

ultimate load is relative to the goal load-bearing capacity q. Within each example,

all methods are run with the same settings: initial cross-section sizes, increment

sizes and their combination schemes. The results of each example show the final

model, with bars colour-coded according to their cross-section sizes as shown in a

chart next to it, and plots of ultimate load, efficiency and material volume changes

though the “large-loop” iterations.
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Example 1: Regular, rotationally symmetric and flat model. The advantage

of a simple and regular model is that is well-suited to detect any irregularity in the

results. Here, the main goal is to provide both sanity checks. The model, similar as in

the experiment discussed earlier in §4.5.1, consists of 5× 7× 4 = 140 geometrically

identical joints. Although the reciprocal knots themselves have translational and

rotational symmetry, on the structural level the overall model has only a 2-fold

rotational symmetry. Because the joint utilizations are predominantly driven by

bending stresses, in this example only the cross-section height is varied (scenario 2b).

All methods (1 – 4) perform better in terms of efficiency µ and material volume than

the benchmark method 0. Concerning the sanity checks, in this particular example,

method 4 fails to produce a solution maintaining the symmetry, and method 3

delivers a solution where two elements are larger than all their neighbours. However,

repeating the experiment using different settings (initial cross-section and increment

sizes) occasionally leads to results where the method 1 fails at the symmetry check

due to numerical imprecision in FE calculations, or where the method 4 does preserve

symmetry.

Example 2: Rotationally symmetric and synclastic. The second test model

is a dome-shaped structure with an 8-fold rotational symmetry, consisting of 128

bars with a variety of joint geometries. The joint utilizations depend now on a

multi-directional stress interactions, therefore both cross-sections should be able to

vary. Here, to start with, both increments are coupled (scenario 2c).

Again, all four methods prove better than the benchmark. The graphs of method

1 and 3, in this very example, disclose a “stability” problem towards the end of

the solving process, which traces back to a small number of joints with utilizations

close to 1.0. Although the applied modification – based on utilization estimates

according to the joint force values from the previous iteration – was expected to

deliver improvement, the changes cause the joint forces to increase and in result

render these joint utilizations above 1.0 again and the joints remain unresolved.

Similar phenomenon can be observed in the penultimate iteration in method 4 where

the number of unresolved joints increased.
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Example 3: Irregular and anticlastic. This example scales up in terms of num-

ber of elements (432 bars) and the resulting complexity. It is a saddle-form structure

with a circular footprint and an irregular distribution of bars, varying knot valen-

cies and wide range of bar lengths. As it is hard to make an initial guess on the

cross-section sizes and the width-to-height ratios of the cross-sections, the model

starts with very small sizes and it is allowed to apply increments in both directions

independently (scenario 1).

The initial model is significantly under-dimensioned and fails under self-weight for

the first couple of iterations where the ultimate load and efficiency cannot be evalu-

ated. Comparing the final results with the previous two examples, here the advant-

age of the individual sizing over a uniform one is much more pronounced with over

50% saving in all four methods. Also, the increase of efficiency measure µ is greater

(although nominal achieved efficiencies are lower than in previous examples).

Figure 4.35: A fragment of the final model from Example 3 with dif-
ferentiated cross-section sizes, resolved with method 1.
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Figure 4.36: Results of Example 1: the final model colour-coded ac-
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Figure 4.37: Results of Example 2: the final model colour-coded ac-
cording to the cross-section sizes, and plots of ultimate load, efficiency
and material volume change through the iterations.
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Conclusions. Based on experiments with different models, including the three ex-

amples presented above, it appears that methods 1 – 4 perform differently depending

on the model. In other words, model-based experiments are insufficient to provide

a conclusive assessment of the methods. Overall, following observations concerning

the outcomes of the five methods can be noted.

Settings:

The results are very sensitive to settings: the state of the initial model, the choice of

the allowed modifications (scenarios 1, 2a, 2b, 2c) and choice of sizes or increments.

Depending on these settings, the same method can produce strikingly different res-

ults. For example, if the cross-section is allowed to change in a wrong direction

only, the solution degenerates as it keeps increasing the size without making much

progress. In that sense, these tools allow to explore the different settings and thus

support the user in making these decisions by gradually building up understanding

of the problem.

Correctness:

The outcomes of the algorithms depend on many yes–no decisions based on float val-

ues which may be corrupted by numerical imprecision. For example, minimal error

observed already at the level of joint forces in FE calculation occasionally translates

into a non-negligible deviation in the calculated utilizations. In such a case, for

two symmetric joints with utilizations very close to 1.0 (one above, one below), the

one with ψ > 1.0 is treated again, breaking the symmetry. In consequence, even

method 1 sometimes fails to deliver a symmetric result.

Speed:

As explained earlier, the methods seek balance between the number of FE calcula-

tions and the number of modification queries – between the overall speed and the

accuracy of modifications – so that the solving process is fast enough to be used in an

early, exploratory design phase. In the tested setup, the most time-consuming pro-

cess within a “large-loop” iteration is the FE calculation in the structural analysis

software (step II)25. Compared to this, a complete modification procedure (step III)

takes at most the same time in an early iteration with many unresolved joints and

accelerates as the number of unresolved joints decreases. The differences between

methods are marginal, even though methods 3 and 4 visit each joint twice (in the

25ca. 5s in Example 1 and 30s in Example 3. Tested on a laptop computer with 2.80GHz i7
processor, using Rhinoceroc 5 64-bit as runtime environment.
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worst case). At the same time, methods 2 and 4 tend to reach the goal in fewer

“large-loop” iterations than methods 1 and 3 as they allow more than one size change

per bar.

The presented methods follow an approach that changes are made where the prob-

lems are. However, in structurally undetermined structures it is sometimes possible

to improve a structure by applying modifications exactly not there where the prob-

lem occurs. Unfortunately, the investigated structures are so complex, and so little

can be known about their behaviour beforehand, that it is indeed very difficult to

guess where else the modifications should be made.

4.7 Discussion

This case study established first fundamentals for modelling, structural assessment

and integrated design of the novel type of timber bar structures with butt T-joints

arising from the context of robotic assembly.

Addressing the difficulty of modelling non-planar irregular reciprocal frames, the

proposed tools define a custom representation of the structure’s geometry and se-

mantic information, and an algorithmic method to transform a grid-based structure

into a reciprocal one. The seamlessly integrated structural analysis pipeline within

the design environment enables extensive experimentation and exploration of these

systems. The conducted experiments reveal a highly complex behaviour of these

structures, with hardly traceable relationships between geometry, statics and the

resultant load-bearing capacity. In order to better characterize this behaviour, dif-

ferent evaluation criteria and their visualizations have been proposed. To summarize

the results, the performance of the discussed structures can vary dramatically within

the range of the given design parameters. Unfortunately, finding a best performing

condition is impossible to guess upfront and can only be found through computation.

The highly varied utilization of the critical elements (joints) motivates local differ-

entiation. However, similar as in case study I, deducing a reasonable improvement

strategy based on the analysis data is non-trivial. Therefore, different heuristic,

case-specific algorithmic methods are proposed and tested.

Overall, the results concerning structural performance of these structure depend

strongly on the input parameters representing the connection. The adhesive-based

connection, used in this case study as a reference, proves very challenging and further

improvement of its resistance values would be needed to place them closer to an
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architectural, load-bearing context. Nevertheless, the established computational

tools and algorithmic methods demonstrate their ability to extend the designer’s

insight into complex behaviours (both geometric and structural) beyond intuitive

understanding.





5

Conclusions
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5.1 Summary

In this dissertation it has been argued that in order to exploit the potential of novel

non-standard timber structures arising from the robot-based assembly paradigm

there is an urgent need for appropriate computational design strategies. Based on

two complementary case studies embedded in this specific context, it has been shown

that such structures are highly complex systems where finding a feasible, let alone

an optimal, solution is not trivial. These challenges motivated to identify three

key areas of investigation: geometric modelling, integration of multiple disciplines

within one digital workflow, and approaches to solving complex design problems. Ad-

dressing each of these aspects, the thesis proposed solutions for a successful design

development, including modelling, analysis and optimization. This chapter summar-

izes the key contributions and findings arising from both case studies and provides

cross-topic conclusions.

5.1.1 Case studies

Being settled in the same context, the investigations of the two case studies can be

classified according to their similarities and differences, as listed in an overview in

Table 5.1. To start with, the two case studies are briefly summarised pointing to

their key challenges, findings and contributions.

Case study I. This case study presents methods for a fully algorithmic devel-

opment of a novel type of complex structures. Exemplified by a large-scale re-

search demonstrator, consisting of nearly 50’000 unique timber elements forming

168 layered trusses, the methods specifically address a construction system suitable

for a prototypical robotic fabrication and assembly process using automated nailing

as a connection technique. In the face of the complexity arising from an interplay

of geometric and structural phenomena and fabricational constraints, this research

identified key design parameters, co-developed a digital workflow to efficiently store,

query and exchange large amounts of heterogeneous data and established methods

to efficiently produce valid design models based on the data gathered from structural

and fabrication analysis. The successful realization of the resultant design on an ar-

chitectural scale contributes to advancement of robot-based construction in industry

through new approaches to customized, integrative digital workflows.
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Case study II. Another candidate system for a robotised timber construction are

structures based on notch-free, adhesively bonded T-joint connections, in partic-

ular reciprocal frames and their double-layer derivatives. For such structures are

geometrically and structurally complex, custom tools for algorithmic modelling and

structural analysis have been developed and integrated to form a framework enabling

a seamless digital workflow. Implemented in various series of parameter studies, re-

lations between the geometric design and structural performance have been sought.

The results reveal a highly complex and differentiated behaviour and show that fine-

tuning the geometric settings can significantly increase the system’s performance,

however, such optimum can only be found with aid of computation.

Case study I Case study II

Similarities:

non-standard, non-regular designs

short softwood elements, cut to size from stock material

small, rectangular cross-sections

connections between two bars only

joints as structural weak points

joint’s load-bearing capacity related to its shape and area

structurally complex and differentiated behaviour

complexity of finding a valid design model

suitable for and motivated by robotic sequential fabrication and assembly

Differences:

one specific design various designs and topologies

construction project early design and prototyping

side-to-side joints (layered) end-to-side joints (butt T-joints)

truss-like girders reciprocal frames, T-joint based systems

nailed connection adhesive-based connection

file-based data exchange direct data exchange via software interfaces

Table 5.1: Summary of similarities and differences between case study I
and case study II.
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5.1.2 Contributions – synthesis and comparison

Departing from two well known systems (a truss and a reciprocal frame), the thesis

exemplifies how these systems can be appropriated for two exemplary connection

techniques (a nailed and an adhesive-based) in combination with geometrically gen-

eric and simple parts and joints motivated by the robotic assembly process. In

order to take advantage of customization enabled by this process, the presented

derived systems intrinsically permit geometric variance on local and global levels.

This property has been exploited to expand the range of possible designs to those

not constrained by need for regularity or repetition, and to differentiate the indi-

vidual geometry of the elements to satisfy local or individual (e.g. structural, or

fabrication-driven) requirements.

However, to facilitate successful development of such structures, i.e. delivering a

valid and sensible design, new design methods and tools are required. This thesis

therefore identifies key shortcomings of existing techniques and presents possible

solutions to alleviate them.

The complex interrelations between geometry, structural performance and fabrica-

tion of these new types of structures require a tight integration of these disciplines

within one digital design workflow. Standard functionalities of the off-the-self soft-

ware proved insufficient to establish such a workflow. In response, two main problems

– the modelling complexity and poor interoperability – have been overcome through

development of custom algorithmic methods and data exchange solutions.

Concerning geometric modelling of the architectural design, these custom tools go

beyond mere automation of the software’s standard functionalities. Instead, tailor-

made object classes are defined which allow to logically combine geometry and data

of the architectural and structural model and to create project-specific representa-

tion schemes and data structures.

Addressing the problem of poor interoperability impeding storing and sharing of in-

formation between software and project participants, two contrasting approaches are

presented. In case study I, data exchange relies on information stored persistently

(as files). In order to merge and preserve different types of information (geometric,

semantic, parameters and calculation results), an indexing system using meaningful,

human-readable identifiers has been implemented. This system reflects the fact that

different parts of this information are de facto created and managed by separate

participants of the planning process. Case study II, in contrast, focusses on volat-

ile (in-memory) data exchange between geometric modelling and structural analysis

software through direct interfaces between both applications.
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The two contrasting deployment scenarios (a one-off construction project in case

study I versus an early-stage design exploration in case study II) impose different

requirements on the computational tools, which is reflected in their structure and

implementation. In case study I, the modelling tools are strictly project-specific,

self-contained scripts allowing to separate and freeze design at different steps. Con-

trary to this, tools developed in case study II form a framework which allows to

build, analyse and optimize any butt T-jointed structures. The main difference

between the case studies is thus the question of re-usability of the developed tools.

One of the commonalities found between both case studies is that the investigated

structures are highly differentiated systems with complex structural behaviours.

Even in geometrically regular designs, where at least some of the parameters are

equal to all elements, tracing back the impact of different phenomena is very diffi-

cult, if possible at all, let alone in irregular designs where the results quickly become

dramatically erratic. Efficient design of such structures can thus only be enabled by

computation. While technical obstacles concerning the integration and handling of

the data have been addressed and overcome through the custom solutions described

above, the remaining question was how to make meaningful use of these data in

order to steer the design towards valid and/or better solutions.

With knowingly relatively low-performing connection techniques, the joints play a

key role in the assessment of the structures’ performance. In both case studies, it

is shown that the shape and area of a joint’s contact region is in a proximate but

complex relation to its load-bearing capacity. To meet each joint’s individual struc-

tural requirements, its geometry can be adjusted by manipulating the dimensions of

the involved timber elements, according to their degrees of freedom specific to the

geometric joint type and the system’s properties. In other words, joints’ geometry

is a decisive factor in determining appropriate dimensions of the timber members in

a given structure. However, the characteristic trait of both investigated topologies

and joint types is that finding a right combination of dimensioning parameters of all

bars is a complex problem – due to circular relation between structure and geometry,

and because no element can be solved in isolation.

The resulting sizing problem has been addressed in both case studies by proposing

case-specific problem solving approaches and using heuristic reasoning to construct

algorithms which find fairly optimal solutions efficiently and fast. The key aspects

of these algorithms are how the traversal order (the order in which elements are

inspected and updated) and how appropriate modification measures (changes to

their geometry) are determined. Based on different examples of such algorithms and
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their settings, it has been shown that even very simple methods but constructed with

the designer’s minimum knowledge of the structure’s topology can yield satisfactory

results. As such, this approach is in stark contrast to employing general-purpose

algorithms (e.g. genetic algorithms) which potentially require less information on

the particular features of the problem. At the same time, experiments show that

the results of each algorithm can vary greatly depending on the settings (e.g. size

increment). This creates room for knowledge build-up for the user whose perception

of the problem is augmented through the engagement with the tools in an explorative

design process.

Another finding concerning both discussed structures is an intricate influence of their

overall geometry on their structural behaviour. In case study I, geometric variation

between trusses allows to observe considerable differences in resulting structural re-

quirements. Unfortunately, due to the advanced stage of the Sequential Roof project

and to the lack of fully integrated analysis tools for larger series of quick parameter

studies, further investigations of such relationships i.e. the influence of the overall

shape of the trusses, their topology (different layering schemes) or distribution of

the setout points (truss triangulation) could not be conducted. In case study II,

in absence of sufficient empirical knowledge on the structural performance of butt-

jointed reciprocal frames, a range of experiments has been carried out with the aim

to find geometry-based indicators for structurally optimal design states that would

guide designers upfront towards good solutions. This search included correlations

between different geometric parameters of the system (e.g. knot expansion, pat-

tern or guide shape) and the resulting load-bearing capacity of the structure and its

efficiency. The investigations remained inconclusive, showing that different design

configurations reach optimum for completely different parameter values, pointing to

a complex interplay of different phenomena which variably influence the outcomes.

However, at the same time, it has been observed that fine-tuning the system’s para-

meters can improve its performance n-fold. This strengthens the position that, first,

it pays off to explore different parametric configurations of the design and, second,

that finding an optimal state is close to impossible without appropriate tools such

as the proposed ones. In other words, these computational tools provide insight into

domains of complex behaviours that lie beyond intuitive understanding.
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5.2 Outlook

Located at an intersection of many disciplines, this research opens perspectives for

further development, signposting various possible research avenues and future trans-

fer scenarios to practice and industry.

Today’s limitations of robotic fabrication imposed the requirement of a notch-free

connection technique and excluded joints based on form closure. This limitation

might become irrelevant soon when advanced sensing, force feedback, visual control

and artificial intelligence will empower robots to handle tight-fit, notched connec-

tions on their own despite minor imprecisions. First experiments already point in

this direction [66]. Moreover, extending the fabrication process to multi-robotic will

relieve some of the current constraints in the assembly process and allow to consider

systems which require a cooperation of multiple end-effectors. An ongoing follow-up

project already employs two robotic arms to spatially assemble non-standard timber

frame modules [83].

Potential new connection techniques with improved strengths would allow to greatly

increase the relevance of the developed integrated design environment by providing

perspectives to employ them in a wider range of architectural scenarios. To extend

the presented design and analysis tools to accommodate alternative joining methods,

their mechanical properties need to be parametrized with respect to the joint’s geo-

metry (incidence angles and positions) and force directions, in lieu of the currently

implemented evaluation based on the joint strengths and the shape of the contact

region.

The computational framework can be further enhanced to integrate fabrication sim-

ulation, algorithmic assembly sequencing and path-planning to allow integral veri-

fication of assembly feasibility. This integration can extend beyond the design into

fabrication, to enable correction for material and assembly tolerances based on feed-

back from sensors and scanners monitoring the fabrication process, and for docu-

mentation of the as-built state.

The rise of all-digital workflows in design and construction, allowing to gather and

collate increasing amounts of data, incentivises further research into the process of

drawing meaningful information from the data to inform the design. The presented

case studies illustrate potential challenges and possible approaches in this respect.

The proposed simple, heuristic, project-specific solutions to complex design problems

based on interdisciplinary data could in the next step be contextualized within the
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established general-purpose optimization methods. Further, it would be interesting

to examine potential applicability of meta-heuristic methods and machine learning

to solve the discussed problems and to compare different methods to see if better

solutions can be found equally fast.

The comparison with general-purpose algorithms aligns with the question of trans-

ferability of the developed tools and methods to other use-cases, e.g. different topo-

logies, materials or software.

In the presented integrated design tools, dependency on proprietary software imposes

several limitations. Replacing RhinoCommon with algebraic geometry descriptions

or with a software-independent geometry kernel will allow to liberate the tools from

Rhino as runtime environment and possibly allow to diversify output to include

other software, as for example in the recently released computational framework

developed by Block Research Group [11]. Also, the interface to a structural analysis

software could be generalized so that Rstab can easily be replaced by a different FE

analysis engine, for example Karamba.

In terms of possible designs, the modelling library for T-jointed structures, developed

in case study II, allows to experiment with various topologies beyond reciprocal

frames and made of other materials than timber. A possible release of these tools

in form of a plug-in or Grasshopper components would make them accessible to a

wider group of prospective users and thus foster further investigations in this topic.

Finally, this thesis provides a basis to re-think and re-organize the established design

and construction processes in (timber) architecture and industry. Replacing the con-

ventional, incremental development by an integrative process with multi-directional

flow of information, spanning across statutory design phases, opens up perspectives

for novel designs which capitalize on their complexity. The Sequential Roof is a

success story example which already showcases the feasibility of such an approach

and its potential to advance digitalization of (timber) architecture and construction.
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mittels reziproker Analyse”. DISS. ETH Nr. 21565. PhD thesis. ETH Zürich,
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vom Bogentragwerk zum Stabnetzwerk”. PhD thesis. Rheinisch-Westfällische

Technische Hochschule Aachen, 1989 (cit. on pp. 17–18).

[53] A. Mirjan. “Aerial Construction: Robotic Fabrication of Tensile Structures

with Flying Machines”. PhD thesis. ETH Zürich, 2016 (cit. on p. 12).
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A Projects: Background and Credits

A.1 Project I: The Sequential Roof

The Sequential Roof is part of the new Arch Tec Lab building of the Institute of

Technology in Architecture (ITA) of ETH Zurich, which opened in 2016 at the

ETH Hönggerberg Campus in Zurich, Switzerland (Figure A.1 a). The building

itself was planned and realised as an interdisciplinary research project conducted by

architects and researchers from ITA in collaboration with partners from industry,

with the aim to develop and implement innovative digital planning and construction

methods and explore their potential to foster resource-efficient, emission-free and

compact construction [25]. The building houses a state-of-the-art robotic fabrication

laboratory in the ground floor hall, and largely open office space for research and

study in the upper floor, covered by the undulating Sequential Roof (Figure A.1b).

 a)  b)

Figure A.1: Arch Tec Lab building: a) exterior view – ETH Zurich
campus Hönggerberg, b) interior view – The Sequential Roof and the
office and study space c©A.Diglas/ITA/Arch-Tec-Lab AG.

The Sequential Roof was developed by the Gramazio Kohler Research group, part

of the ITA at ETH Zurich. The concept behind the roof’s design was to investigate

possibilities and constraints of computational design and robotic assembly on a

full architectural scale [34][91]. Following previous, smaller scale experiments of

the group, the design concept focussed on using ordinary, low-engineered softwood

elements with a simple, linear geometry and notch-free joints, to create complex,

versatile and highly articulated structures [4][5].
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Project Credits:

Research project (2010-2015)

Gramazio Kohler Research (ITA, ETH Zurich) team:

– Prof. Fabio Gramazio

– Prof. Matthias Kohler

– Aleksandra Anna Apolinarska: architectural and specialist design, final design of

the roof, structural- and fabrication-aware detailing algorithms and data manage-

ment (2013-2015)

– Michael Knauss: design development, overall design of the roof’s form for the

tender design issue, early version of the design generating scripts (2011-2012)

– Jaime de Miguel: concept design (2010-2011)

– with support of Selen Ercan, Olga Linardou

In collaboration with:

– Prof. Dr. Josef Schwartz (Chair of Structural Design, ETH Zurich): structural

design consultancy

– Prof. Dr. Andrea Frangi (Institute of Structural Engineering, ETH Zurich): tim-

ber structures engineering consultancy

– Estia SA (EPF Lausanne): daylight studies consultancy

Construction project (2014-2016)

Selected project partners, contractors and consultants:

– Arch-Tec-Lab AG Zürich, Guido Züger: overall planning

– Dr. Lüchinger + Meyer Bauingenieure AG, Zürich, Daniel Meyer, Dr. Andrea

Bassetti, Reto Furrer: structural engineering

– ROB Technologies AG, Dr. Ralph Bärtchi, Dr. Tobias Bonwetsch: robotic fabric-

ation planning, nail-fitting algorithm

– ERNE AG Holzbau, Thomas Wehrle: timber construction, robotic fabrication of

the trusses

– SJB Kempter Fitze AG, Franz Tschümperlin: inspection engineer and timber

construction consultancy
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A.2 Project II: Robot-Assisted Assembly of Complex Timber

Structures

This interdisciplinary research project focussed on developing novel construction

strategies in combination with suitable joining methods for computational design

and robot-assisted assembly of complex timber structures [33][91]. Specifically, the

project investigated T-jointed structures, such as reciprocal frames, made of small

and simple elements made of solid construction timber and geometrically generic

butt joints [37]. Correspondingly, a novel connection technique based on fast-curing

adhesives and mechanical treatment of connecting faces was developed [73][95]. To

explore the range of possible designs based on these constructive settings, appro-

priate design and analysis tools were developed [44]. The assembly process consists

of just-in-time robotic fabrication and placement of parts, enhanced with scanning

and correction procedures to ensure high precision, and a manual injection of glue.

The overall approach was demonstrated and tested through a number of physical

prototypes (Figure A.2).

 a)  b)

Figure A.2: a) Robot-assisted assembly of a single-layer reciprocal
frame (prototype, phase I) [33] c©Gramazio Kohler Research, ETH
Zurich. b) A structural load test of a part of a double-layer structure
(prototype, phase II).

The project was enabled by a research grant from the Swiss National Science Found-

ation (SNSF) within the framework of the National Research Programme “Resource

Wood” (NRP66) [79] (project number: 406640-139444), and was conducted in two

phases: phase I (2012-2014) and phase II (2015-2016).
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Project Credits:

The project was carried out in collaboration between ETH Zürich: Department of

Architecture (D-ARCH), Institute of Technology in Architecture (ITA), Gramazio

Kohler Research (principal investigator), and Bern University of Applied Sciences in

Biel (BUAS): Department of Architecture, Wood and Civil Engineering. Positioned

at the intersection of architectural and structural design, timber engineering and

robotic fabrication, the project was structured into three work packages (WP) and

developed by following research teams.

WP1: “Constructive design systems” investigated implications of the sequen-

tial robotic fabrication on the design process, searched for suitable structural systems

and developed computational tools for design and analysis thereof.

Gramazio Kohler Research (ITA, ETH Zurich):

– Prof. Matthias Kohler

– Prof. Fabio Gramazio

– Aleksandra Anna Apolinarska: project lead phase II, computational design of

T-jointed structures, integration of structural analysis, design studies, prototype

design

– Michael Knauss: project lead phase I, design and robotic fabrication of early stage

prototypes with mechanical and glued connections

– Dr. Thomas Kohlhammer: structural design, structural model and analysis

– Dr. Volker Helm: interim project lead

WP2: “Timber Connection Technology” investigated timber connection tech-

niques suitable for automation in robotic assembly and developed a fast-curing

adhesive-based connection for butt T-joint connections.

Bern University of Applied Sciences in Biel:

– Prof. Christophe Sigrist

– Ursin Huwiler: development and testing of glued connections

– Peter Zock: early development of glued connections

– Dr. Martin Lehmann: FE analysis of mechanical properties of glued connections

In collaboration with Nolax AG, Sempach Station (CH): development of ultra-fast-

curing adhesives.
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WP3: “Automation and Tooling” developed the required robot-based automa-

tion setup and performed the later-stage fabrication.

Bern University of Applied Sciences in Biel:

– Prof. Eduard Bachmann

– Stefan Sitzmann: robotic fabrication setup, tolerance corrections, fabrication of

prototypes
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