
steel and glass gridshell, a designer may favour a�ordable planar panels over
compression-only equilibrium, although wishing to be close to such an equi-
librium. For a stone vault, a design may on the contrary favour compression-
only equilibrium over voussoir planarity, although wishing to have almost
planar faces. Based on the constraint hierarchy, exploration can be con-
strained to the designs in the primary subspaces. Among these designs,
exploration should favour the ones close to the secondary subspaces. In Fig-
ure 1.2c, not all designs of the primary subspace have the same relevance �
the closer to the secondary subspace, the more relevant, as visualised with
a white-to-red gradient.

(a) Unique
subspace

(b) Intersecting
subspaces

(c) Disjoint
subspaces

Figure 1.2 � Constraining exploration of the general design space based on
one or several subspaces that correspond to primary or secondary constraints
to meet. The most relevant design space areas are highlighted in red.

1.1.2.2 Informed design

Even constrained to a subspace, �nding an optimal or heuristic design is
challenging. Performance can be assessed during the search through the
design space using mechanical and environmental analysis, for instance.
Searching for e�cient designs can be performed in an enumerative manner.
Alternatively, the performance of tested designs can inform the generation
of more e�cient ones, following the judgement of the designer or using op-
timisation algorithms.

These computational approaches can apply to the design of patterns,
which �nd many applications in the realm of structural design, including
the design of shell-like structures.
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1.2 Patterns in structural design

A pattern can represent di�erent structural elements, like beams, walls or
slabs. The focus of this thesis lies on the design of large-span discrete or
continuous shell-like structures � or surface structures � like shells, vaults or
gridshells. Shell-like structures can span large areas thanks to their double
curvature, which provides geometrical sti�ness. For their design, these large-
scale structures become discrete patterns of smaller elements. The nature
of these patterns can be of di�erent types with di�erent purposes.

1.2.1 Materialising elements

Patterns can be used to materialise the elements of the load-bearing and
cladding system to fabricate and assemble. The elements of the pattern
can represent nodes, beams or ribs, panels or voussoirs. Figure 1.3 features
some of these patterns: a set of GFRP composite beams to form an elastic
gridshell from a �at grid layout (Figure 1.3a); a tessellation of limestone
voussoirs to form a compression-only stone vault (Figure 1.3b); a steel cable
net to serve as �exible formwork for a concrete shell (Figure 1.3c); an as-
sembly of timber beams to form a nexorade-like gridshell braced with panels
(Figure 1.3d). The design of these material patterns relates to structural
performance, fabrication, assembly and construction requirements, which
relate to ecological and economic costs. The material pattern can represent
the structure or the envelope alone if the two are decoupled [Mesnil, 2018].

1.2.2 Modelling equilibria

Patterns can be used to model the equilibrium between a set of forces in
the structure, such as thrust networks [Block and Ochsendorf, 2007], load
paths [Liew et al., 2018] or struts-and-ties [Schlaich and Schafer, 1991].
These force patterns can be used to �nd structures in pure compression or
pure tension, for instance. They can also be used to con�rm or in�rm the
structural safety of a design following simpli�ed hypotheses, thanks to the
lower-bound theorem in yield design [Heyman, 1997, Schlaich and Schafer,
1991]. A force pattern can become a material pattern like cable-net elements,
which directly carry the forces. Alternatively, the force pattern can inform
the design of a material pattern like masonry-vault voussoirs, whose normals
should be as orthogonal as possible to the compressive forces to prevent
sliding failure vaults [Rippmann and Block, 2018].

26




	I Introduction
	Context
	Computational structural design
	Design exploration
	Design interactivity

	Patterns in structural design
	Materialising elements
	Modelling equilibria
	Parameterising surfaces

	Design aspects of patterns
	Geometrical aspects
	Topological aspects

	Structural design of quad-mesh patterns
	Quad-mesh patterns
	Geometrical design
	Topological design

	Summary

	Literature review
	Design of patterns for structures
	Trimming grids
	Sculpting meshes
	Optimising layouts
	Integrating fields
	Concentrating distributions

	Exploration of topological spaces
	Non-parametric spaces
	Rule-based design
	Design grammars

	Topology and graph theory
	Origin
	Data structure
	Applications
	From graphs to meshes

	Topology of quad meshes
	Shape topology
	Pattern topology
	Pattern and shape topology
	Pattern topology and geometry

	Summary

	Thesis scope
	Research objectives
	Design approach
	Intellectual contributions


	II Geometry-coded topology finding
	Feature-based exploration
	Motivations
	Surface decomposition
	Surface skeletonisation
	Skeleton decomposition
	Decomposition modification
	Examples
	Non-null-genus shapes
	Computation time

	Additional features
	Point features
	Curve features

	Feature-based topology finding
	Design problem
	Pattern design
	Numerical results

	Summary of contributions


	III Graph-coded topology finding
	Rule-based exploration
	Motivations
	Quad mesh structure
	Quad mesh strips
	Counting strips
	Strip graph

	Quad-mesh grammar
	Strip addition
	Strip deletion
	Strip data update
	Strip graph relation
	High-genus example

	Rule-based topology finding
	Design problem
	Pattern design
	Numerical results

	Summary of contributions

	Similarity-informed exploration
	Motivations
	Quad-mesh equality
	Graph isomorphism
	Mesh isomorphism
	Quad-mesh isomorphism
	Pseudo-quad-mesh isomorphism

	Quad-mesh similarity
	Definition
	Computation
	Validation
	Limitation

	Quad-mesh combination
	Approach
	Hybrid mesh generation
	Data management
	Result prediction

	Similarity-informed topology finding
	Similarity from one design
	Similarity from multiple designs

	Summary of contributions

	Two-colouring exploration
	Motivations
	Two-colouring characterisation
	Types of two-colouring
	Two-colouring requirements
	Index-based characterisation
	Graph-based characterisation

	Two-colouring search
	Third-colour deletion
	Two-colour projection
	Search algorithm
	Examples

	Two-coloured topology finding
	Design problem
	Pattern design
	Numerical results

	Summary of contributions
	Appendix
	Algorithm validation results
	Structural application results



	IV String-coded topology finding
	Alphabet-based exploration
	Motivations
	String encoding
	Background
	Movement operations
	Editing operations
	Operation alphabet
	Examples
	Lack of string-to-mesh isomorphism

	String modification
	Definition
	Combination

	String distance
	Definition
	Examples

	Towards evolution-driven topology finding
	Summary of contributions


	V Implementation
	compas_pattern
	Source
	Data structures
	Algorithms
	Speed

	Applications


	VI Conclusion
	Conclusion
	Contributions
	Perspectives
	Richer architectural applications
	Novel approach to topology optimisation
	Mapping and clustering for aided exploration
	Data-driven exploration
	From the discrete to the continuum
	Advanced construction systems
	Triangle-based patterns
	Spatial patterns
	Patterns in additive manufacturing
	Meshing applications in other fields

	Conclusions



