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Abstract

In recent years, the application of space-frame structures on large-scale freeform designs has

significantly increased, due to their lightweight configuration and the freedom of design they offer.

However, this has introduced a level of complexity into their construction, as doubly-curved designs

require non-uniform configurations. This paper proposes a novel computational workflow that

reduces the construction complexity of freeform space-frame structures, by minimizing variability in

its joints. Space-frame joints are evaluated according to their geometry, and clustered for production

in compliance with the tolerance requirements of the selected fabrication process. This provides a

direct insight into the level of customization required and the associated construction complexity. A

subsequent geometry optimization of the space-frame’s depth then minimizes the number of different

joint groups required. The variables of the optimization are defined in relation to the structure’s

curvature, providing a direct link between the structure’s geometry and the optimization process.

Through the application of a control surface, the dimensionality of the design space is drastically

reduced, rendering this method applicable to large-scale projects. A case study of an existing

structure of complex geometry is presented, and this method achieves a significant reduction in

the construction complexity in a robust and computationally efficient way.
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Introduction

The increasing demand for freeform architecture has led to a subsequent increase of application of space-

frames on large-scale projects of complex geometry, such as the Heydar Aliyev Centre1, the New Mexico

Airport2 and the Singapore Arts Center3. Apart from their ability to approximate doubly-curved surfaces,

space-frames are materially efficient, lightweight structures and therefore particularly popular in this

context4. Nevertheless, the doubly-curved geometry of such projects has introduced a level of complexity

into their construction process, as changes in curvature generate non-uniform space-frame configurations.

As a result, a degree of customization is required, which increases the time, and hence the overall cost of

their construction.

Standardization and repeatability can significantly enhance the construction process, as they carry the

embedded benefits of mass-production, and allow structural members to respond to the geometrical

limitations of the manufacturing machinery5,6. Due to lack of literature on the benefits that

standardization brings in the construction of space-frame structures, further information was acquired

on this topic through personal communication with LANIK Engineers7. Identical items can be packed in

the same batch to facilitate assembly, as larger quantities of the same item enable the construction team to

replace any faulty items and deal with uncertainties that may arise on site. Moreover, when large groups

of identical items are required, producing a few spare elements provides an effective safety margin to deal

with contingencies. In projects of complex geometry this is not normally an option, and uncertainties have

a larger impact on the overall process. Considering that the cost of assembly constitutes approximately

30% of the overall project cost7, the benefits of repeatability become evident.

In the context of space-frame structures, standardization can be expressed either in the member lengths

or the angles of the joints. The focus of this study is placed on the latter, as joints typically represent

up to 20-30% of the material required for construction8. Existing research on the geometry optimization

of space-frame joints remains limited, due to the complexity associated with this approach9–11. Heavier

yet modular space-frame structures have been proven to be more cost-efficient compared to lighter and

non-modular configurations, if fabrication and erection costs are taken into account12. This is further

strengthened by the fact, that fabrication and construction costs do not scale linearly with mass13. Thus

it becomes evident that fabrication requirements should be a driver in any optimization of space-frame

structures for joint cost11,14–16.

Joints are fabricated in batches using a variety of methods, such as metal forging, rolling, 3D printing,

casting5, etc. The size of the batches and the process automation define the degree of variability

allowed between the elements produced. The process automation refers to the frequency at which

the manufacturing equipment needs to be configured during the production of one batch. When the

batch size is large and the machinery is configured once, standardized elements are produced. In

contrast, small batch sizes and a frequent reconfiguration of the machinery favours the production of

bespoke components. It hence becomes evident that a classification of fabrication processes in regards

to their automation and batch size can provide insightful information regarding the embedded degree of

customization.

This paper proposes a novel computational workflow for the geometry optimization of freeform space-

frame structures, to decrease the geometrical variability in their joints and thus reduce the cost and time of

their construction. The relationship between the surface curvature and the variability in a space-frame’s
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Koronaki et al. 3

members is firstly studied, followed by a classification of existing fabrication processes in regards to

the degree of customization that they allow for. A novel computational workflow is then developed

that clusters the structure’s joints into batches, in compliance with the requirements of the fabrication

process, and thus provides an overview of its construction complexity. The structure’s geometry is finally

optimized to reduce the number of joint batches required and enhance the overall construction process.

Due to the high computational cost associated with analysing large-scale space-frame structures of

complex geometry, focus is placed on developing a robust and computationally-efficient method, which

is directly applicable in practice.

Context

Surface curvature

A constant or zero curvature of the design surface allows for uniform joint angles throughout the space-

frame layers (Fig. 1). The focus of this study is therefore placed on surfaces of changing curvature, in

which the geometry of the joints varies. Such surfaces can be analytically described surfaces, freeform

NURBS surfaces or surfaces generated with non-geometric methods via the application of a force. For a

detailed classification of surfaces according to their degree of curvature and generation method, readers

are directed to17, 18 and19.

(a) Zero curvature: κ = 0 (b) Constant curvature: κ = 1/r (c) Varying curvature: κ = f(x)

Figure 1. Zero or constant curvature of the design surface allows for uniform joint angles throughout the

space-frame layers, while joints in freeform configurations have varying angles.

Angle calculation

The first step towards the comparison of a structure’s joints according to their geometry, is the calculation

of the angles between their members. Existing methods for the calculation of joint angles are restricted

to two-dimensional grid structures19. Personal communication of the authors with fabricators of space-

frame structures provided insight into a different approach, used in practice7. In this method, an external

reference point is defined, from which the polar angles of the joints are calculated. Nevertheless, this

method is highly dependent on the selection of the external reference point, as joints of identical angles
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will yield different polar coordinates, if their position relative to the reference point is different. It

becomes evident, therefore, that there is the need to establish a generalized method for the evaluation

of joints according to their local geometrical characteristics and irrespective of their relationship to any

external reference. This renders the methods previously presented impractical.

Joint tolerance

The design and manufacturing of a joint has a significant impact on a structure’s ability to accommodate

geometrical variation. Every joint has an embedded capacity to accommodate tolerance, t, in the angles of

its members, which is dependent on three factors: a) the precision of the manufacturing equipment, b) the

joint design and c) the tolerance induced during construction. The continuous advances in the efficiency

of manufacturing equipment has significantly reduced the tolerance linked to manufacturing20. The joint

shown in Fig. 2(a), for example, allows for geometrical variation of only 0.01◦, as defined by the tolerance

of the robotic equipment drilling the holes into the metal sphere7,21,22. The design of a joint, on the other

hand, can accommodate significantly higher levels of tolerance. The joint design presented in Fig. 2(b)

allows members to move on a plane with a tolerance of up to 180◦ 23–25. Even in joints of Fig. 2(a),

where the design does not permit any variation, a small number of tolerance is still allowed in practice,

to respond to uncertainties that may arise during the construction process8,26–28. The precise value of this

tolerance is project-specific and depends on the member’s properties, as bending the member to fit in

position induces additional stresses to it. There is, hence, a final tolerance that a joint can accommodate,

which is an combination of its fabrication, its design and assembly process. Even a few degrees of such

tolerance can generate considerable geometrical variation in the final structure29. For the scope of this

study, it is considered to be radially distributed around its members’ centroid axis and the magnitude is

defined by the requirements of each project (Fig. 2(c)).

(a)
(b) (c)

Figure 2. a) A spherical ball joint with a minimal tolerance of 0.01◦ 7. b) This joint design allows members

different tolerances, depending on the plane of movement. The design represents the joint design of ’hubs’ 24.

c) The tolerance t of a joint, as considered in this study.

Fabrication process

For the scope of this study, fabrication processes are classified according to the size of the batches

in which joints are manufactured and the process automation. Batch sizes can vary from large
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Figure 3. The different processes that can be used for the fabrication of space-frame joints and their

respective degrees of automation and batch size.

quantities (continuous process) used in mass-production to a few (semi-continuous process) or a single

joint (discrete process)5. Regarding automation, a fabrication process has either hard/fixed-position

automation, when the equipment is configured once, a programmable automation, when configured a few

times during production or flexible/soft automation, when configuration takes place at frequent intervals5.

A classification of fabrication processes according to these criteria provides an insight into the level of

customization allowed for, in combination with the production rate of a specific process, as described in

Fig. 3.

Continuous fabrication Continuous fabrication produces large quantities of standardized elements in an

automated process and in a short period of time5. It includes methods such as metal-rolling or casting

with permanent molds. Due to the high cost and time associated with the setting up of the equipment,

continuous processes are not considered customizable5, allowing only for an initial set up of the joint

configuration before the production begins. This favours standardized products and high production rates.

The resulting tolerance that joints produced with continuous processes can accommodate is specific to

each joint’s design and is commonly restricted to a small value30.

Fabrication in groups Rapid tooling refers to the use of rapid prototyping for the production of the

equipment, rather than the end product. Both subtractive and additive rapid prototyping can be applied to

the production of molds in which the joint is cast31,32. The life-cycle of each mould is shorter than that of

large-scale equipment used in continuous fabrication processes. It is therefore used for a number of casts,

until it deteriorates and is then ideally recycled33. The production of smaller groups of identical elements

has a significant benefit on the overall process. First of all, it introduces a programmable automation5,

since the time-expensive method of additive manufacturing is set up and applied only for the printing

of the molds at specific intervals. Moreover, given that casting is an established fabrication process, no

certification of the final products’ properties is required. Finally, a level of customization is introduced,

since different groups of joints can accommodate any difference between their members’ geometry.

Discrete fabrication In discrete fabrication processes, joints are produced individually, forming single-

element batches. They are therefore fully flexible in terms of variance, allowing for the production of

bespoke elements and ensuring a high degree of customization. The methods range from traditional

metal casting with expendable molds and metal forging, to contemporary methods of rapid prototyping.

In particular, rapid prototyping can be both subtractive (CNC) and additive (3D printing)5 and allows

for computer-based information to be translated to equipment-readable format. It therefore reduces the

production time from design to manufacturing significantly and allows for high accuracy and complexity

to be incorporated into the joint design. This freedom enables the consideration of multiple optimization
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criteria within the design of individual joints, further improving their performance23. Nevertheless,

continuously optimizing the design of a joint and increasing the complexity of its design also increases

the time and computational resources required for its production. In effect, this process can become

inefficient when the production of a large number of joints is required. Furthermore, this process is

subject to significant size limitations of the final product, due to constraints of the 3D printing hardware.

More importantly, the end products require bespoke certification of their material properties, as their

long-term performance in terms of fatigue and wear is suspect. The overall production time and cost is

therefore further increased. However, despite these challenges, research on the practical application of

rapid prototyping in the construction industry is continuously evolving to address these challenges34.

Taking into account the fabrication methods described above, it is evident that the quantity of joints

and the level of customization required is a key driver in identifying the optimum fabrication process

for a given design. Since these factors are project-specific, a single definitive evaluation is not possible.

Nevertheless, the flexibility of the fabrication in groups process, which allows for some combination

of standardization and customization, makes it worthy of further investigation. Standardized and

repeating joints reduce the fabrication time and facilitate erection time, hence providing a safer working

environment and reducing cost35. At the same time, the degree of customization incorporated between

different joint groups allows the final space-frame structure to approximate complex freeform surfaces.

Achieving complete repeatability of components in complex structures is not feasible36. Nevertheless,

maintaining standardization above a specific threshold allows cost savings from batch production to

compensate for the increased cost of bespoke elements.

Methodology

Problem specification

The methodology developed in this paper optimizes the geometry of doubly-curved space-frame

structures to reduce the number of different joint groups required for their construction. It consists of

four steps that are cyclically repeated until convergence is reached:

1. The angles of a space-frame’s joints are calculated in relation to a local coordinate system (Angle

calculation).

2. The joints are clustered into the minimum number of groups, that satisfy a given tolerance, t

(Clustering analysis).

3. The variables of the optimization process are defined according to the curvature of the design

surface (Control surface).

4. The space-frame depth is optimized to reduce the number of joint clusters (Geometry optimization).

This workflow has been implemented in Grasshopper, the parametric modelling environment of Rhino

3D37, with custom components coded in C#. The popularity of this software in the industry, and the

intuitive user interface, enhances the applicability of this tool in practice.

An architectural design surface, S, is given as a user input, with an initial discretization mesh, representing

the top layer of the space-frame structure (Fig. 4(a)). There are no restrictions regarding the topology or

uniformity of the discretization mesh. Methods for generating meshes on free-form surfaces are described

in18 and38. The space-frame structure is generated from the mesh according to the method described in
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(a) (b)

Figure 4. a) The target design surface and the generated space-frame structure. b) Definition of the

optimization constraints. The top layer vertices Vt are considered fixed to approximate the design surface,

while the bottom layer vertices Vb are free to move.

Koronaki et al39. The top layer vertices, Vt, are considered fixed in position, in order to represent the

architectural design surface, while the bottom layer vertices, Vb, are free to move (Fig. 4(b)). Restricting

their movement to the normal to the design surface reduces the translation variables of each joint to one,

thus enhancing the optimization process. The doubly-curved surface presented in Fig. 4 will be used as

an example to present the developed methodology, which is then applied to a more complex case study

in the next section.

Angle calculation

The first step is to establish a method for the evaluation of joints according to their geometrical

characteristics, irrespective of their spatial orientation, the curvature of the design surface or their

relationship to any external reference. For this step, a local coordinate system is required for each joint

along with an order to evaluate the members.

Figure 5. A best-fit plane is defined for every joint, serving as a base for the angle calculation.
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(a) (b)

Figure 6. a) Definition of the starting member and the order for the angle calculation, according to the vertical

angle θ between the members and the best-fit plane. b) Calculation of angles φ and ω between the starting

member and member i of the joint.

Figure 7. The matrix A[v,k ], where the different angle values of the space-frame structure are stored.

The member vectors Vi of each joint ji are unitised and a principal component analysis carried out,

identifies the a best-fit plane, Pi, as shown in Fig. 5. This plane is specific to the local geometry of each

joint and irrespective of its spatial orientation or the topology and curvature of the reference surface it

belongs to. Every joint’s best-fit plane serves as a reference for the calculation of the angles between its

members.

The vertical angle θ between the joint members and the best-fit plane is calculated and the member

forming the largest angle is set as the starting member for the angle calculation, as shown in Fig. 6(a).

Should multiple members form the same maximum angle, they are all considered as potential starting

members and multiple sets of angles are calculated for this joint. The members are then evaluated

following a clockwise order, when looking down onto the best-fit plane from the end of the starting

member (Fig. 6(b)). Two values are stored for each member, the angle φ with the starting member and

the angle ω between their projections onto the best-fit plane, when projected along the plane normal

(Fig. 6(b)). This information is stored in a matrix A[v,k], where v is the maximum valence of any joint

in the space-frame and k is the total number of starting members defined for the different joints in the
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structure (Fig. 7). Should a joint have a smaller valence, the remaining rows of the matrix remain empty.

Two joints are considered to be identical, if they share the same list of angles, in the same order, for at

least one of the starting members. In practice, this implies that the two joints could be interchanged in

the structure and all members would still ’fit’. The proposed method forms a robust and computationally

efficient method to describe a space-frame’s joints, according to their geometry.

Clustering analysis

This step identifies the number of different joint clusters that are required for the construction of the

space-frame structure in compliance with a given tolerance t. Joints of the same cluster will belong to

the same batch during the fabrication process, and the similarity measures for the clustering analysis are

the angles previously calculated. The maximum angle difference between joints of the same cluster is

described as intercluster variance. To ensure compatibility with the prescribed tolerance t, the maximum

intercluster variance should be smaller or equal to the tolerance t. This forms the driver for the clustering

process. Focus is placed on a single-pass clustering algorithm, in which the tolerance t is applied as a

hard constraint. As opposed to other popular clustering algorithms, such as k-means, in this context the

intercluster variance is an input, driving the clustering process, while the number of clusters, required to

achieve it, is the output. This allows for a complete control over the intercluster variance.

The angle difference is calculated for all k(k-1)/2 possible combinations of joints. Two joints ji and jj
belong to the same joint group, if the angle difference between all their members is smaller than or equal

to the tolerance t. The output of this clustering process is the number of clusters g required to keep all the

joints in groups of maximum tolerance t.

Geometry optimization

The geometry optimization of the space-frame minimizes the number of clusters c required for its

construction. As previously mentioned, the tolerance t of the clusters forms a hard constraint in the

clustering process. A penalty function p(x) is defined to convert the problem into an unconstrained

optimization and enhance a smooth, continuous convergence40. When evaluating the angle matrix of

each angle type, a penalty is applied to the values exceeding the tolerance limit t. A pilot study on the

form of the penalty function determined that a quadratic loss function gave good convergence, such that

p(x) = max(0, x-t)2, where x is the angle difference between the members evaluated and t the tolerance

allowed for. The tangential configuration of the parabolic formulation guarantees a rapid convergence

rate (Fig. 8). The output of the clustering process therefore includes a total penalty p for the structure and

the objective function of the optimization is defined as:

min c x

n∑

i=0

pi(x) ,

where p(x) = max(0, x-t)2, x is the angle difference between the members evaluated, t is the tolerance

allowed for, c is the number of clusters, as defined by the clustering analysis and n is the number of joints

in the structure.
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Figure 8. The graphical representation and formulation of the penalty function p(x). The tangential

configuration and the steep curvature ensure a quick convergence rate.

Control surface

During the geometrical optimization process, the top layer vertices are fixed in position, while the bottom

layer vertices are free to move along the surface normal. Considering every vertex of the bottom layer

as a variable allows for an extensive evaluation of the design space. Nevertheless, it could lead to an

impractical and computationally expensive optimization process, when applied to large-scale structures.

A control surface is therefore generated to reduce the number of variables in the optimization process.

It is generated as a parametric NURBS surface representing the bottom layer of the space-frame.

Every bottom layer vertex (Vi) is mapped on the control surface (V ′
i ). Any change in the geometrical

configuration of the control surface can be traced by the updated position of V ′
i and thus reflected back

on the geometry of the bottom layer vertex Vi (Fig. 9). This, in effect, alters the structural depth of the

space-frame structure and the number of different joint clusters required.

A crucial factor in this method is the definition of the number and position of the control surface’s control

points. As previously described, areas of constant or zero curvature permit the use of a single joint type

per layer, when the depth is constant, whereas areas of changing curvature require multiple joint groups.

The position of the NURBS surface’s control points is thus chosen in relation to the curvature change

of the design surface. Controlling the structural depth in areas of changing curvature can significantly

affect the overall number of joint clusters required. The bottom layer vertices are evaluated according to

the Gaussian curvature of the design surface, as shown in Fig. 9(a). This evaluation is projected on the

control surface (Fig. 9(b)) and the ones located in the areas of the highest degree of changing curvature

are defined as the control surface control points(Fig. 9(c)). The exact number of selected control points

is dependent on the scale of the structure and the degree of accuracy desired by the designer. Control

points can also be defined in areas of the control surface that do not correspond to positions of bottom

layer vertices. In the case of small-scale structures, it might be feasible to allocate every vertex of the

bottom layer as a control point for the control surface, leading to a thorough search of the design space

and helping identify the optimum solution.
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(a) Design surface curvature

analysis

(b) Remapping of weighted

vertices on control surface
(c) Control points definition

Figure 9. a) Gaussian curvature analysis of the design surface and the respective weighting of the bottom

layer vertices. b) Mapping of the bottom layer vertices with their respective weights on the control surface. c)

Indicative selection of control points on the control surface in areas that correspond to a high degree of

changing curvature of the design surface.

Structural depth optimization

Once the control points have been defined, the translation depth for the bottom layer vertices needs to

be determined for the optimization process. A large domain for the depth provides sufficient flexibility

to the joints, increasing the design space of possible solutions and thus the possibility of finding more

efficient configurations. Nevertheless, increasing the depth above a certain threshold, can pose the risk

of intersecting members, depending on the geometry of the starting space-frame structure. Therefore, the

final domain for the depth values should be determined after both these parameters have been considered

and weighted, according to the requirements of the specific project.

The computational workflow presented optimizes freeform space-frame structures to reduce the

geometrical variability in their joints and decrease the complexity associated with their construction

(Fig. 10). A case study analysis follows, which is based on the structure of a real-scale building of

complex geometry. The goal of this study is to validate the applicability of the proposed workflow on

large-scale structures and evaluate the degree to which it can improve the complexity of their construction

process.

Case study

The proposed methodology was applied and evaluated on a case study, based on the geometry of the

Heydar Aliyev Centre, designed by Zaha Hadid Architects in Baku, Azerbaijan1, was used, due to its

complex geometry and large scale. It comprises of two buildings, a Library-Auditorium and a Museum.

Its structure is a space-frame of a complex, freeform geometry, that covers an area of approximately

28,000m2 1. It is formed by a quadrilateral top layer grid, while the bottom layer is its dual offset.

Diagonal members provide inter-layer connection. The focus of this study is the Museum structure. Its

geometry was digitally recreated, as shown in Fig. 11, according to the information provided in1 and41,

with a continuous structural depth of 1m and a grid spacing of approximately 2.3x2.3m. The generated

Prepared using sagej.cls



12 Journal Title XX(X)

Figure 10. A flowchart representing the workflow of the proposed method.

Figure 11. A three-dimensional view of the Heydar Aliyev Museum grid structure.

geometry forms a credible approximation of a real-scale, complex structure and was used as a starting

space-frame configuration, which was then analysed and optimized.

The generated starting grid of the Museum comprises of 3018 joints, 1541 in the top layer and 1477 in

the bottom. The number of clusters that these joints can be grouped into is dependent on the prescribed
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Figure 12. The relationship between the joint tolerance and the number of different joint groups for the

museum space-frame structure.

tolerance t, as demonstrated in Fig. 12. The steep gradient of the curve for tolerances t ≤ 10◦ outlines

the high impact that the tolerance plays in defining the number of different joint groups, especially when

its value is low. For tolerances t > 10◦, this impact is less pronounced, with the number of different

joint groups gradually decreasing, until they reach the value of 1 for tolerances t ≥ 86◦. For this study a

tolerance of t = 3◦ was considered, which corresponds to 1067 different joint groups. Its low value ensures

its high impact on the clustering process, while at the same time renders it realistic, when considered as

a factor of the manufacturing process, the joint design and the tolerance induced during the assembly

process, as previously described.

A control surface was generated to define the variables of the optimization process. The bottom layer

vertices were projected on it and evaluated according to the curvature analysis of the Museum’s top

layer surface (Fig. 13). It should be highlighted at this point that, when the control surface approach is

applied on space-frames of double curvature, such as the Museum structure, there is a distortion when

mapping the vertices from a doubly-curved domain onto a flat surface. Nevertheless, these limitations

are not significant and are a price worth paying, considering the dimension reduction of the optimization

complexity.

Nine vertices of the bottom layer were selected as control points for the control surface, as shown

coloured black in Fig. 13. Their position in areas of high changes of curvature provides a direct link

between the structure’s geometry and the optimization process. The fact that they are distributed across

the whole area of the control surface ensures a directed and informed change in the depth of the whole

structure. Controlling the position of the 1477 vertices of the bottom layer by only 9 control points,

renders the optimization highly effective in terms of computational resources required.

An optimization was carried out to minimize the number of different joint groups. The NURBS surface’s

control points were defined as variables with a domain of [0.5, 10]m for structural depth. The limits of

this domain were defined to avoid any intersection between structural members, while at the same time to

ensure sufficient translation freedom. The workflow previously described provides a framework for the

optimization, which can be carried out with different optimization algorithms. Considering the size and

variability of the design space, a pilot study was run to compare the efficiencies of a Simulated Annealing
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Figure 13. The control points are defined on the structure according to the curvature analysis of the design

surface. They are afterwards mapped on the control surface for the optimization process.

solver and Genetic Algorithm42, 43, with the latter achieving improved results for a population size of 200

and a mutation rate of 10%.

Results

The optimization process achieved an overall reduction of 15% in the number of joint clusters from 1067

to 904. An interesting observation is that even though the variables’ domain was [0.5,10]m, the output

values of the structural depth remained within the range of 0.5 to 0.8 m, which are similar to, or slightly

smaller than the values in the starting grid configuration. This highlights the fact that minor changes in

the geometry can lead to significant savings in the construction process of a structure.

Even though the optimization process focuses on the geometry of the space-frame structure, changes in

its configuration have a direct impact on the structural performance as well. To evaluate the validity

of the results, a structural analysis was carried out on the starting space-frame and the optimized

structure. Circular solid sections were considered for the space-frame members with a constant cross-

section per layer (top, bottom and inter-layer connections). The load case applied in the analysis was the

structure’s self-weight and a combination of additional dead and live loads of 2.2 kN/m2. Both values

were factored for the ultimate and service limit state analyses, in compliance with the EN1991 standards.

The material applied was steel S355 (Young’s modulus= 2.1x107kN/m2, density=79kN/m3, modulus of

rupture=3.6x105kN/m2). The mass of the structure was calculated for a maximum utilization of 0.8 and

resulted in a structural weight of 240t for the starting structure and 184t when optimized. Apart from

reducing the number of different joint groups, the optimization process hence also led to a significant

reduction of 23% in mass. It should be highlighted, of course, that since the optimization was carried

out on a geometrical basis and focused on the joint variability, the reduction in the mass should not

be considered as an effect that takes place whenever the proposed method is applied. The important
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observation of the structural analysis conducted is the fact that, the proposed method led to a significant

reduction of the construction complexity, without compromising the structural performance.

Conclusions

The proposed workflow provides an effective framework to facilitate the construction process of freeform

space-frame structures by reducing the variability in its members. The case study presented highlights

the potential of its application on real-scale complex structures, achieving a 15% reduction in the number

of joint clusters, with minor changes in the overall geometry and without compromising the structural

performance.

A novel method was developed for the calculation of the angles of space-frame joints. The effectiveness

of the method lies in the fact that the comparison is solely based on a local coordinate system that is

specific to each joint, according to its geometrical characteristics. This fact renders this method applicable

to any freeform structure, irrespective of the geometry of the design surface.

Once the joint angles have been calculated, a clustering analysis is carried out, using the tolerance t of the

fabrication process as a hard constraint. Running in a single-pass, this process provides accurate and time-

efficient clustering. Nevertheless, it is dependent on the data’s input order. Future work of the authors will

focus on alternative methods of formulating the algorithm for the grouping of joints, which will combine

dynamic clustering with control over the final variance of the clusters. An iterative clustering analysis

allows the exploration of a larger extent of the design space and can hence yield improved results in

terms of intercluster variance.

The use of a control surface to define the optimization variables forms one of the integral parts of the

workflow developed. The essential benefit of this process lies in the fact that it allows a reduced number

of parameters, independent of the scale of the structure. It therefore lends itself well to the optimization

of complex, large-scale structures, where reducing the construction complexity can lead to significant

savings. In the case study presented, for example, using all 1477 vertices of the bottom layer as variables

would have resulted in a design space of 3.3x1028 solutions. Through the application of the control

surface, however, only 9 control points were used, leading to a huge reduction of the size of the design

space to 1.1x1018 solutions. Overall, designers are given the freedom to select the number of control

points according to the degree of detail they desire and the computational resources available. In small-

scale problems, defining every vertex as a variable allows for an in-depth exploration of the design space

and can yield optimum solutions. Irrespective of their number, however, linking the control points to

the curvature change of the design surface improves the response of the optimization process to project-

specific requirements and hence enhances its performance. Additionally, this forces a smooth transition

of structural depth between neighbouring joints, which is aligned with architectural design criteria for

visual continuity.

The proposed computational workflow achieves an increasing joint uniformity in 3D space-frames in a

practical and efficient manner. Through an automated and computationally efficient workflow, it provides

direct insight into the fabrication complexity of a given structure in the early design stages. This process

can substantially reduce the complexity of the fabrication and construction of space-frame structures and

the associated cost, time and labour. These findings therefore suggest an overall shift of the complexity
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from the construction to the design process, where it can be dealt with by the application of the advanced

computational workflow proposed. This enables designers to propose more complex geometries, making

use of new advances in fabrication processes and generating better engineered solutions.
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