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Abstract

The challenge in designing efficient space-frame structures lies in optimising the configuration of their
members to reduce material volume, as well as in minimising geometrical variability in their members
to reduce construction complexity of joints. Advanced computational tools have been developed to
address these challenges; however, they address them either individually or sequentially. This paper
proposes a novel method for a multi-objective optimisation of space-frame structures to minimise
material volume and geometrical variability in the joints. A computational framework is developed that
performs a structural analysis of the starting geometry, while at the same time assesses the geometrical
variability between its members and clusters the joints into the number of fabrication batches required
for its construction. The optimisation process is then carried out and the impact that the relative
weighting of the two objectives has on the generated configurations is explored. The efficiency of the
proposed methodology is validated through its application on a series of realistic examples and the
design space of optimised structures is explored. Developed in a computationally efficient and user-
intuitive environment, it enables designers to comparatively evaluate a library of materially efficient
design solutions of low construction complexity and take informed design decisions that respond to the
specific requirements of each project.

Keywords: geometry optimisation, space-frame structures, fabrication, structural optimisation, conceptual
design.

1. Introduction

The lightweight configuration of space-frame structures and their ability to approximate doubly-curved
surfaces has led to their wide application in projects of complex geometry. Optimizing the design and
construction process of such structures is necessary to ensure their effective and sustainable design.
When applied in flat or singly curved designs, the standardisation of the structural elements makes
layout optimisation for material volume the main driver for efficiency. When applied to doubly-curved
designs, however, the geometrical variability introduced to the members and joints makes fabrication
the key consideration [1]. An exploration of the relationship between the geometry of space-frame
structures and its impact on the material volume and fabrication process can unlock the potential of
materially efficient and robust doubly-curved space-frame structure designs.

The challenge in designing efficient space-frame structures lies in the layout and geometry of their
members. Layout optimisation has been extensively studied as a method to minimise material volume
[2-4]. Research in this field has led to the development of highly advanced computational analysis tools
that can optimise structural configurations of large-scale space-frame structures [5]. Geometry
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optimisation, on the other hand, has been studied as a method of introducing fabrication requirements
to rationalize complex layouts. The techniques applied include the introduction of a penalty function for
joints, the merging of nodes, the deletion of bars and the updating of their spatial coordinates [6,7].
Research applying multi-objective optimization of space-frame structures, that links material volume
reduction to fabrication requirements, remains limited. Precedent studies are either restricted to small-
scale applications [8], or apply geometry optimisation as an alternating- or post-process to layout
optimisation [9-11].

This paper proposes a novel method for the design and construction of space-frame structures through
the multi-objective optimization of their material volume and fabrication requirements. A series of
illustrative case-studies are analysed, that explore the relationship between the geometry of space-frame
structures and their respective structural and fabrication requirements. This workflow lends itself well
to early stages of a project development, for the performance-based assessment of diverse and efficient
design solutions.

2. Geometry optimization of space-frame structures for fabrication

In the context of doubly curved space-frame structures, geometrical variability is expressed either in the
member lengths or the angles of the joints, or both. The focus of this study is placed on joint angles, due
to the high impact of joints on the overall fabrication and assembly process. In addition to representing
up to 20-30% of the material required for construction [12], reducing geometrical variability of the joints
can substantially accelerate the construction process, leading to savings in cost and time [1, 13]. Previous
research by the lead author has linked the geometry of a space-frame structure and its fabrication
complexity through the clustering of joints into fabrication batches, according to the angles of their
members [14]. When combined with an assessment of the tolerance of different fabrication processes,
this approach provides an insight into the construction complexity of a structure. A customised version
of the k-means clustering algorithm has been developed, that considers parameters specific to space-
frame joints and generates compact clusters. This approach has been applied to the assessment of
different fabrication methods and the rationalization of truss structures.

3. Methodology

The methodology developed performs a multi-objective optimization of space-frames structures to
minimize material volume and the construction complexity. The algorithm developed in [14] is applied
here to assess the geometrical variability in the joints, while a structural analysis is simultaneously
carried out to calculate the material volume required. The structural depth of the space-frame is
optimized to generate a set of diverse and efficient configurations. This workflow is applied to space-
frames of different surface curvatures to provide insightful information regarding the curvature of the
starting geometry and the associated material and fabrication requirements.

A parabolic surface is initially produced for the generation of a doubly curved space-frame structure, as
shown in Figure 1. A hexagonal pyramid is circumscribed about the bottom ellipse and its faces are
subdivided into self-similar shapes. These are then projected on the parabolic surface to create the
triangular top layer of the space-frame. Its hexagonal dual forms the bottom layer, which is offset normal
to the surface and connected to the top through a web layer.

The parameters of the starting parabolic surface are then modified to generate a series of diverse space-
frame configurations for this study. More precisely, the proportions of the base ellipse (x/y) and the
angle (in degrees) of the vertical axis a of the parabolic surface are modified, as shown in Figure 2. The
geometry of each of these space-frame configurations is optimized to minimize the material volume and
the geometrical variability in the joints.
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Figure 1: a) A doubly curved surface is generated to guide the design of the space-frame structures. P represents
the focus of the parabola b) A hexagonal pyramid is circumscribed in the basis of the surface and its faces are
subdivided and projected on the surface to create the top layer c) The top layer of the space-frame structure.
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Figure 2: The set of space-frame geometries studied.
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control surface space-frame structure

Figure 3: Configuration and application of the control surface to define the structural depth of the space-frame
structure.

3.1. Optimization process

The multi-objective optimisation integrates a structural analysis with an analysis on fabrication
requirements and is carried out in the parametric modelling environment of Grasshopper/Rhino3D [15].
The structural analysis assumes that the structure is fully restrained at the bottom and that a combined
load consisting of the structure’s self-weight and a combination of dead and live loads of 1kN/m?, is
applied. It is performed in Karamba3D [16] assuming timber circular solid sections with a constant
cross-section for all members (Young’s modulus= 9,600,000kN/m?, density=4.9kN/m?, Modulus of
rupture= 53,000kN/m?). A maximum utilisation of 1 and a maximum displacement of 0.1m (Imax /200)
are allowed.

The algorithm developed in Koronaki [20] is applied to cluster the joints into fabrication batches. The
formulation of the algorithm requires the number of clusters as an input to generates compact clusters.
The intracluster variance of each cluster forms a measure of the geometrical variability in the structure.
As a result, the identification of the minimum number of clusters required to meet the tolerance of a
specific fabrication process, requires the iterative application of the algorithm for different numbers of
clusters, until the minimum value is identified. For the scope of this study, the number of clusters is set
to k=3 and it is considered fixed to accelerate the optimization process. The intracluster variance of each
cluster is extracted and set as an objective to be minimized. If required, the generated configurations can
then be further analysed to identify the minimum number of clusters required for a specific fabrication
process.

The depth of the space-frame structure is defined as the variable of the optimisation process, with the
top layer vertices remaining fixed in position and the bottom layer vertices moving along the surface
normal. Considering every vertex of the bottom layer as an independent variable allows for an extensive
exploration of the design space; however, this approach may render the method inappropriate for large-
scale applications. A control surface is therefore defined to reduce the number of variables, following
the method developed in [1] (Figure 4). The vertical displacement of the points on the surface (0-1m) is
remapped for the offset of the bottom layer vertices (0.2-6.0m). The number and distribution of the
control points, as well as the range of depth values can be defined by the designer, according to the scale
and complexity of each project, as well as the time and computational resources available.

4. Results

Table 1 presents the results for the experiments carried out. An initial observation highlights the
diversity in the performance of the optimized configurations. As far as the starting grid geometries are
concerned, when both the angle of inclination and the x/y ratio are high, the pareto front solutions show
a high diversity in their performance and are scattered (b, c, e, f). On the other hand, when the base of
the starting geometry is longitudinal, the results tend to cluster in a very small are of the graph (g,h.,i).
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Table 1: Resulting pareto front solutions of the different grid configurations evaluated.
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Once the overall impact of the starting geometry has been evaluated, the results of two grid
configurations are analysed in more depth. More precisely, the individuals a) x/y = 1, a = 0° and e) x/y
= 0.67, a = 20° are studied and individuals of the grid configurations generated are studied, as shown
in Figures 2 and 4. As far as the former is concerned, the constant depth of the generated configurations
reflects the symmetry of the starting surface geometry, providing uniform structural properties
throughout the surface. The optimum solutions of this study have a minimal depth, as shown in cross
sections 1-3 in Figure 2. Even in less optimum configurations, the depth remains constant throughout
the structure, with a uniform increase in its offset. As far as the analysis of the second grid configuration
is concerned (x/y = 0.67, a = 20°), the results demonstrate that the analysis and optimization process
followed depict the changes in the curvature of the starting geometry and generate grid configurations
that can respond to them effectively. More precisely, the cross sections presented show a change in the
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Figure 4: Performance of the x/y = 1, a =0° and the x/y = 0.67, a =20° starting geometry and geometrical
configuration of selected configurations.
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Figure 5: Results of all the analyses carried out.

structural depth either in areas of higher curvature (1, 2, 4, 5-yy) or a gradual change in the structural
depth, as the curvature changes (5-xx). These observations validate the efficiency of the analysis method
deployed and its ability to generate design solutions that respond to the curvature of the input geometry
in an efficient manner.

Figure 7 summarizes the results of all the studies carried out. A comparative evaluation of the outcomes
highlights the significant impact that the curvature of the starting geometry can have on the structural
performance and fabrication requirements of a space-frame structure. This is highlighted by the fact that
the results of each starting surface are clustered in a different area of the graph.

5. Conclusion

This paper developed a novel method for the design and construction of efficient space-frame structures.
A multi-objective optimization enabled the simultaneous consideration of both material and fabrication
considerations. The experiments carried out demonstrated the direct impact of the surface curvature on
the performance of the generated designs and highlighted diverse and efficient designs. This workflow
lends itself well to early stages of a project development, for the performance-based assessment of
diverse and efficient design solutions.
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