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ABSTRACT 

 

The objective of this dissertation is to evaluate the current state of the art regarding 3-D printing and 

digital fabrication in the construction sector and how they can benefit current design processes of 

ultra-high performance concrete thin shell structures. This work intends to propose an innovative 

approach to structural design to evaluate the potential of the application of evolutionary algorithms 

applied to shell structures design. 

The research work conducted introduces a BIM-based platform to parametrically generate a shell 

structure and implement a genetic optimisation algorithm over it. This implementation allows 

calculating the weight reduction of these optimised models compared to the traditional shaped models. 

Taking full advantage of the structured information and interoperability provided by BIM technologies, 

connecting finite element analysis with an optimisation module to achieve a more aesthetic and 

efficient form, from the structural point of view. The heuristic evaluates the possible solutions and 

selects the more suitable solutions at each step.     

The innovative component of this project is to integrate of parametric optimisation and digital 

fabrication within a BIM platform. This framework is compared to commercial solutions to evaluate its 

potential for further commercial use as a plugin for existent modelling software.  

These BIM-based frameworks can help designers to better understand the impact of each design 

change in preliminary stages of the project and well as test different alternatives via a parametric 

modelling. 

 

Keywords: BIM, Topology Optimisation, 3-D Printing, Digital Fabrication, Structural Optimisation 
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RESUMO 

 

O objetivo desta dissertação é avaliar o estado de arte em termos de impressão 3-D e fabricação 

digital no sector da construção e como estas podem beneficiar os processos existentes ao nível do 

projeto de estruturas de casca fina com betões de ultraelevado desempenho. Este trabalho pretende 

propor uma abordagem inovadora á conceção estrutural de forma a avaliar o potencial da aplicação 

de algoritmos evolutivos no projeto de estruturas em casca. 

Este trabalho de investigação propõe uma plataforma baseada em BIM de forma a gerar 

parametricamente uma estrutura em casca e implementar um algoritmo de otimização genética sobre 

a mesma. Esta implementação permitirá calcular a redução de peso desses modelos otimizados em 

comparação com os modelos tradicionais. Tirando partido da informação estruturada e a 

interoperabilidade oferecida por tecnologias BIM, ligando a análise de elementos finitos com um 

módulo de otimização, de forma a obter uma forma mais estética e eficiente, do ponto de vista 

estrutural. A heurística avalia as soluções possíveis e escolhe, em cada etapa, aquela que é mais 

adequada. 

A componente inovadora deste projeto é integrar a otimização paramétrica e fabricação digital dentro 

de uma plataforma BIM. Esta interface é comparada com soluções comerciais de forma a avaliar o 

potencial de ser utilizada comercialmente como um plugin para os softwares de modelação 

existentes. 

Estas interfaces baseadas em BIM podem ajudar os projetistas a entender melhor o impacto de cada 

alteração de conceção em fases preliminares do projeto bem como testar diferentes alternativas 

através de uma modelação paramétrica. 

 

Palavras Chave: BIM, Otimização Topológica, Impressão 3-D, Fabricação Digital, Otimização 

Estrutural 
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1. INTRODUCTION 

1.1 Contextualization of the Problem 

Over the past centuries, the history of construction technology has been characterised by several 

trends. The first known tendency was to take advantage of natural building materials like stone and 

timber, understand their behaviour, and use them as structural materials (Chang and Swenson, 2014). 

Later, in the 18
th
 and 19

th
 century with the industrial revolution, machinery for construction industry 

have dramatically evolved, allowing for the creation of high-rise buildings with heavy-machinery (e.g., 

cranes) and, at the same time, reducing the time and cost in labour force. 

This consistent search for improvement took humanity from the first to the second industrial age in the 

19
th
 century with an intensive use of steel allowing for the design of new and lighter shapes. In the 20

th
 

century, there was an evident and constant effort to better understand the material properties and 

search for improvement of that characteristics by creating composite materials such as Fibber 

Reinforced Polymer (FRP’s) and improve existing ones (e.g., ultra-high-performance concrete). Ultra-

high-performance concrete allows developing ultra-thin shell structures with very complex, although 

natural, design shape.  

The evolution of machinery plays an enormous role in architectural and structural design by allowing 

to combine materials and achieve much more challenging design concepts with curved surfaces and 

non-prismatic shapes. In fact, architects have now much more freedom for design large open spaces 

and assign multiple layouts for the same area due to the higher level of resistance explored by the 

structural design engineers. These achievements were only possible by a continuous research effort 

in a side-by-side work between architects and structural engineers to provide more aesthetics, more 

resistant and more sustainable structures. Although there were consistent innovations regarding 

materials, construction technology, there always existed a gap regarding information aggregation in a 

unique data model and maintaining a steady, non-proprietary, workflow from design to project 

deliveries. With a demanding for extensive information, building digitalisation and big-data for 

construction, structured information becomes even more important nowadays to access the multiple 

relations between each element in our data models. These data models are nowadays referred as 

BIM models.  

Building information modelling (BIM) is a well-known trend in architecture, engineering, and 

construction (AEC) industries (Eastman et al., 2008). BIM technology disrupts the traditional methods 

with a collaborative environment between all stakeholders in a project. BIM itself is mostly represented 

by a virtualisation of the constructed environment supported on a 3-D model which gathers, or directly 

connects, to all the necessary information.  

BIM allows a full integration between the design and fabrication processes to ensure a better 

construction quality and a more sustainable design for industry. The ability to store and manipulate 

multiple layers of object-oriented information over a 3-D model with parametric properties provides the 

baseline for new developments in parametric design and topology optimisation to explore new 
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concepts of architectural and structural design. This technology not only leverages current 

methodologies but also enhances the ability to develop integrated frameworks to perform multiple 

types of performance analysis within the same BIM models itself. 

The next stage of design for architects and engineers is the parametric design in which the conceptual 

model is fully dependent on parametric inputs. Allowing professionals to manipulate these parameters, 

they can easily explore, iteratively, new forms of conception, more complex and more thrown 

solutions. Parametric design is also a motivation to topology optimisation since the topology is 

associated with input parameters, the choice of these parameters could be optimised to achieve better 

design solutions, and finally, support design professionals in their decision process.  

In the 21st century, we are facing a new age of technology, called the Augmented Age (Conti, 2016) 

and by many considered as the start of the fourth industrial revolution, where technology is extending 

human capabilities. A good example of that is the 3-D printing technology when applied to 

construction, which will make structural design no longer limited by the constructive process and 

conventional formwork designed by humans but follows natural forms like the ones already 

represented in living forms of nature. It is now possible to explore limitless innovative design forms, 

considered in the past as conceptual; they can be materialised with the already existent 3-D printing 

technology.  

The optimisation of 3-D printed structures, therefore, should substantially reduce the cost of 

construction and standardise the building’s fabrication process, in the hope that it can be compared to 

other industries, such as the automotive industry. 

Recently, 3-D printing technology has been used in the construction industry to create full-scale 

buildings (e.g., the canal house in the Netherlands (CanalHouse, 2016), single story houses in China 

(Goldin, 2014), and a five-story apartment building also in China (Starr, 2015)). 

Unlike traditional construction techniques, 3-D printed structures can embody any shape or topology, 

especially in the case of metal printing due to its higher resistance when compared to its self-weight. 

For instance, the proposed structure of a footbridge, which appears to be extremely organic, will be 3-

D printed in the Netherlands as illustrated in figure 1  
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Figure 1 - 3-D printed footbridge (MX3-D, 2015) 

It prints a fully functional steel bridge over water in the centre of Amsterdam using only two industrial 

multi-axis robots with 3-D tools. This technology allows to 3-D print strong, complex and gracious 

structures out of sustainable material – from large bridges to small parts. This technology allows 

developing ground-breaking, cost-effective robotic technology while it prints beautiful, fully functional 

objects in almost any form.  

As described above, the anamnesis of the construction shows that when a new materials or process 

are introduced, the design changes. As in the 20th-century, changes regarding heavy machinery 

allowed to raise high-rise buildings, in 21st century 3-D printers will allow architects and engineers 

design optimised and very complex geometry buildings to improve construction performance and 

overall quality and sustainability of construction work.  

It is also expected that 3-D printing changes the construction paradigm of well know forms like straight 

beams or columns for complete organic forms with high-performance materials as shown in figure 2. 

 

Figure 2 - 3-D-printed organic floor slab (Group, 2017) 

Unlike traditional columns or beams with pre-defined shapes, the shapes and topologies of 3-D-

printed structures can be optimised using evolutionary algorithms to reduce the weight of the structure 

without scarifying overall performance of these structural systems.  

The next step forward in this Augmented Era is to connect building information modelling (BIM) tools 

with optimisation algorithms to develop BIM-based frameworks. Allowing structural engineers and 

architects to easily explore new and well-optimised design alternatives, and ultimately establishing a 

steady workflow from design to digital fabrication - a well-known gap in the construction industry 

nowadays with the current gap between design and construction phases. 
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1.2 Objectives and Methodology 

The main goal of this research is to present a novel design approach for different structural systems 

by combining current BIM technology trends with genetic algorithms, to achieve a new level of 

topology optimisation of continuous structural systems.  

To pursue this goal, this study is organised into different sections. The first section presents a brief 

overview of what has been construction over the past centuries, the evolution of machinery, materials 

and construction technology in last decades and latest trends in structural design, to support the 

motivation for this work. This approach allows taking full advantage of current BIM modelling tools and 

parametric design potentialities to perform a material optimisation of a structural system. The result of 

this study is a framework which takes advantage of current BIM and digital fabrication technology, by 

implementing an optimisation algorithm, connecting both modelling and finite element analysis (FEA) 

tools to support professionals in the design phase. To prove the potential of this framework it will be 

presented a case study for the application of this framework into a full material thin shell structure and, 

then, results are compared with the original one. Existing approaches focus on optimisation as a 

mathematical problem of material or energy minimising, however, when applied to structural design 

this formulation has to be extended to a more widely concept of optimisation. Most topology 

optimisation approaches in literature are 2-D planes or 2-D/3-D truss structures, not full material 

optimisation routines, and do not take advantage of current BIM technology and visual programming 

for parametric design and neither connects it with digital fabrication and 3-D printing. These two 

aspects are fundamental to allow architects and engineers, often classified as non-programmers, to 

explore their design process with these optimisation frameworks in a very user-friendly way while at 

the same time the overall control of the framework to avoid falling into a black box problem.  

Another gap in current knowledge is versatility; every optimisation algorithm developed is restricted to 

specific optimisation problems. For example, a truss problem cannot be used for the same truss with 

different support condition or nodes configuration. Develop modularly, and powerful, frameworks with 

simple user interfaces enable users to adapt the optimisation module to their own desired inputs. This 

adaptability of the proposed work is a major step forward compared to existent optimisation 

frameworks.While substantial topology optimisation research has been developed, only a few studies 

implemented the parametric design with performance-driven feedback. Another innovative 

characteristic in this research is to perform a topology optimisation, using a genetic algorithm, aiming 

for multiple load cases. Most of the load combinations are very complex such as the ones that include 

wind load or seismic load. This is only available with a steady workflow using BIM technologies and a 

framework able to connect modelling and FEA software in the same user interface. This thesis also 

aims at enabling designers to develop an understanding of how to create the necessary inputs to be 

subjected to optimisation by creating an integration BIM-based framework, that designers will be 

willing to use in their daily design projects to investigate the actual potential of current performance-

driven generative design trends in the industry. 
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1.3 Organisation of the document 

This dissertation is divided into six chapters, being the first and the last referring to the introduction 

and the conclusion, respectively. To improve readability, the structure of this work follows a common 

case study procedure.  

The first chapter introduces the subject, main objectives and the adopted methodology and closes with 

the structure of the research work developed. 

The second chapter presents the literature review, which starts by referring to BIM and its applications 

to structural systems and the potential of parametric design and visual programming and how they are 

coupled with current design process in the construction industry.  

Then, additive manufacturing and 3-D printing are presented, being discussed how these technologies 

are disrupting the large-scale manufacturing industry. Afterwards, an overview of the concept of free-

form shell structures to assist the understanding of the further case study problem. Finally, 

optimisation algorithms and how to use them in structural systems such as shell structures focusing on 

genetic algorithm. 

The third chapter starts with an exploratory study of the existing technology, how this technology takes 

advantage of current BIM methodologies and which set of software solutions were adopted to develop 

the proposed optimisation tool. 

Then it presents the development of the BIM-based framework, detailing each one of the six different 

modules. This framework integrates both parametrical modelling tools and genetic optimisation 

module, coupled to finite element analysis module. This last module iterates along each topology to 

evaluate their structural performance regarding stress distribution and maximum displacement.  

The fourth chapter presents the application of the framework developed in a case study involving a 

thin shell structure. It starts by the definition of geometry and load parameters; then it presents some 

preliminary results using a direct approach and the full optimisation routine on preliminary stages of 

tool development phase.  

Next, it follows a sensibility analysis to the effect of each optimisation parameter in order to optimise 

the values chosen for these parameters. With this analysis, the last optimisation routine is performed, 

and results are compared with the preliminary results. Finally, it discusses the results and conclusions 

from framework implementation and compare the trade-off of pre-optimising the involved parameters  

Finally, the fifth chapter presents three alternative scenarios and then compares the results of the 

developed framework proposed with these solutions, some of them fully independent of the developed 

framework and other using commercial plugins to enhance specific modules of the framework.  

The organisation of this dissertation is summarised in following figure 3 in order to provide an overall 

view of its structure, enhancing its readability. 
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Figure 3 - Dissertation organisation chart  
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2. LITERATURE REVIEW 

This chapter provides a brief review of the most relevant literature related to optimisation of 3-D-

printed structures. It focuses six major topics: BIM, parametric design and visual programming, 

additive manufacturing and 3-D printing, structural topology optimisation, free-form shell structures 

and, finally, optimisation algorithms, emphasising the genetic algorithm heuristic. 

 

2.1 Building Information Modelling (BIM) 

BIM is, by definition, a model-based process that provides the methods and tools for creating building 

projects faster and more economically (Eastman et al., 2008). Current structural optimisation tools do 

not support comprehensive parametric relations, in other words, parametric intents that are embedded 

in parametric BIM are not embedded in optimisation tools. There is a need for an innovative design 

methodology, and integrated design methods (Rahmani Asl et al., 2014), integration of BIM and 

parametric modelling is, as should be, a new trend in the construction industry which can truly benefit 

structural design processes.  

BIM software is replacing Old Computer-Aided Design (CAD) programs, most BIM software is able to 

aggregate multiple types of information and display it in multiple types of views (e.g. 3-D views, 

datasets, schedules, detailed drawings)(Eastman et al., 2008). BIM models aggregate both 

geometrical data and object-oriented parametric data, used to autogenerate traditional buildings 

representations. These deliverables, such as drawings, are not groups of manually aligned lines, they 

are now different interactive and automated views of a dynamic fully parametric model (Krygiel and 

Nies, 2008). 

BIM can also be extended to connect with other sources of information and interactively update 

information within BIM model (Antunes et al., 2016). BIM data is much more consistent and 

nonredundant since all the information is the same and each view is a filter over the model, and every 

element has a very own identifier, known as their unique id, so there is no information duplication in 

BIM models, and these types of identifiers are mostly user proof. This scopes to a unique way of 

creating, using and sharing data between different industry professionals without losing any 

information or even misinformation. 

BIM methodologies are oriented for simultaneous work by multiple design disciplines. This continuous 

collaboration, in earlier stages of the project, such as design phase, allows an immersive environment 

for multiple professionals to collaborate in order to avoid changes in later phases of the project. 

One of the major lacks in the construction industry is the inconsistency and inaccuracy. Since BIM is 

not only a powerful repository for building data but also an object-oriented modeller in 3-D, it gives a 

suitable response to this lack in AEC industry. 

In fabrication phase, since BIM model gathers very accurate geometrical and non-redundant 

parametric data, a steady workflow could be accomplished by using the same BIM model produced in 
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some previous phases. Ideally, the same BIM model, with distinct levels of detail would be employed 

in all project phases including contract and fabrication. 

The level of development in BIM models is the sum of both level of detail and the level of information. 

Levels of Detail (LOD) are a well-known concept in BIM environment. Although LOD is related to the 

level of (graphic) detail, the term LOD refers to both geometrical and parametric information in the 

element. The appropriate LOD depends on client request and purpose of the model, LOD 

classification is intended to serve different purposes, for example, fabrication requires a higher level of 

detail in terms of geometrical data. However, for energy analysis, the model requires much more 

information with regard to parametric data such as thermal properties of the materials or power 

consumption of an HVAC equipment. Figure 4 represents the differences between each LOD and the 

main feature of each one. 

 

Figure 4 - LOD's representation 

Besides LOD, in BIM industry there is also a well-known concept such as BIM Dimensions. These 

dimensions in BIM represent groups of functionalities from which one can take advantage of the BIM 

model. The base level of this dimension is the 3-D, which is associated with the three-dimensional 

visualisation of the geometry in a BIM model. Further dimensions such as 4D up to 7D respectively 

include key features as scheduling and visual validation, cost estimation and planning, sustainability 

and energy analysis and finally facility management respectively. These BIM dimensions are outlined 

in following figure 5.  

 

Figure 5 - BIM dimensions overview 
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BIM allows integrating as many information in the developed models as modeller desires in a 

structured and parametric form which was not possible in previous traditional CAD design. This 

enhancement opens the opportunity to develop parametric routines to automate model’s generation, 

focusing team’s efforts in exploring other design alternatives and not developing a specific design 

solution.  

Developing BIM models, when they refer to complex geometry or superior levels of parametrisation, 

could lead to a very labour extensive, and costly process. This challenge can be overcome by using 

visual programming tools which are nowadays easily integrated within current BIM modelling software. 

These tools take advantage of native BIM modelling inner functions and fully explore them through 

very intuitive, low-level, visual programming interfaces as explained in further. 

Current exponential evolution in technology supports the better implementation of BIM methodologies. 

In fact, it is important to enhance that, BIM itself is not a software solution or technology, most modern 

software solutions should be considered as tools to support the implementation of best current BIM 

methodologies. However, apart from all standardisation processes and open file formats, it still exists 

a lack regarding integration between different tools that sometimes compromise some more efficient 

workflows within AEC industry among various commercial solutions. 

In fact, this continuous demand of powerful, yet simple and intuitive forms of modelling, are essential 

nowadays. Since this transition to a digital era needs to be made mostly by industry professionals, the 

focus should be on people and the strategies to access people with tools that they can truly benefit 

from.  

In other words, the term Human-centred BIM, proposed by Randy Deutsch in his book (Deutsch, 

2011) takes place where BIM and integrated design methodologies, in all its forms (as generative 

design tools, visual programming and digital fabrication) can help to address these very demanding 

challenges through this fourth industrial revolution. Recent Boston Consulting Group report (Gerbert et 

al., 2016) enumerates many new technology trends that are emerging as digital opportunities of AEC 

industry along its entire value chain, from early conceptual phase to very end of an asset’s lifecycle. In 

this context, BIM should be considered as a pivot, both to assist current technology implementation 

and promote best practices to take advantage of newly developed technologies. BIM most challenging 

paradigm nowadays is interoperability. With such advance in software development and technology in 

general, there is a demand in AEC industry to establish standard file formats and standard workflows 

to minimise the loss or corruption of data when exchanging between platforms. This problem arises 

since most software developers always try to impose their proprietary file format which, mostly, is not 

interchangeable with other software with the desired quality. The far most key player to answer this 

demand was buildingSMART (BuildingSMART, 2016), by developing a variety of standards for AEC 

industry and a unified file format, Industry Foundation Class (IFC). IFC is an open format that 

describes both geometrical and parametrical data and has been consistently improved with the 

purpose to be an interoperability format for all AEC professionals.  
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2.2 Parametric design and visual programming 

The first time the term parametric appeared it was on a book on 1988 by Maurice Ruiter titled 

Advances in Computer Graphics III. In the same year, mathematician Samuel Geisberg founded PTC 

(Parametric Technology Corporation) (Eltaweel and Su, 2017). Since that time up to nowadays, the 

term parametric was assumed to come from the mathematics, strongly related with mathematical 

constraints in space. 

Traditional CAD-based modelling techniques are being overtaken by innovative parametric and 

associative design techniques, such as those potentiated by BIM, enabling to visualise changes in 

real-time and have immediate feedback from each user changes. These techniques allow modelling 

tools to generate desired shapes parametrically. This is a paradigm shift in design offices, it lies in 

considering a workstation as a collaborative individual, as a user extension, into the design process 

and not just an information processor anymore (Shea et al., 2005). These machines will be able to 

generate new models and solutions for design industry in a much easier way due to automation in 

modelling by proper parametric design inputs. This reduces time-consuming in remodelling objects 

and manually assign parameters to objects since the design is now mostly parametric. The parametric 

design consists in a three-dimensional visualisation in the space of a sum of mathematical constraints 

and objects relations, these mathematical limitations and relations between geometries are imposed 

as parameters by designers, and the model is reconfigured to adapt to the new parameters, in order to 

respect them. 

This concept of modelling allows a dynamic manipulation of the model; this dynamic interaction opens 

space for the introduction of optimisation routines. Parametric design, when associated with 

generative design, offers the possibility to operate over conceptual stages which allow operating over 

much more beneficial results instead of narrow boundaries of final stages of design (Krish, 2011). The 

parametric design enables a creative exploration of the existent design space by varying parameters 

and their relationships (Azhar and Brown, 2009). It also enables generative form making and newest 

form-finding heuristics on the basis of aesthetic and performance metrics of structures (Rahmani Asl 

et al., 2014). It should be seen as a way to explore multiple design solutions effortless (Barrios 

Hernandez, 2006). 

However, designers should be conscious about the limits of their parameters in order to control de 

output they expect from their models by anticipating the possible variations of the imposed 

transformations. In order to control how designers, interact with parametric design, often a 

parametrised modelling schema is created. A parametrised modelling schema represents which 

attributes of a geometrical model are parametrised and how a designer could manipulate its limits. 

These schemes have the purpose of enabling designers to change topology constraints without 

modifying the topology on itself. This concept of parametric design has a major benefit in the design 

process because it allows architects and engineers to compare design topologies over the same 

structural system by changing different topology generation input parameters. Engineers may 

introduce parametric modelling into their traditional processes of performance analysis such as 

structural analysis (Shea et al., 2005).  
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One of the challenges to overcome in generative design is that it is noticeable among of engineers 

that view generative design as something inefficient regarding constructive process (Krish, 2011). 

However, is clear nowadays that a more structured approach would compromise the true benefits of 

conceptual design in terms of freedom and finding for natural forms and can lead to very conservative 

solutions when compared to optimised ones from form-finding and topology optimisation techniques. 

As computer programming is often needed for designers to implement their complex design models in 

parametric design, visual programming may replace traditional coding with a more ease of use visual 

programming interfaces by connecting individual boxes of pre-programmed functions, creating a 

desired workflow (Antunes et al., 2016).  Based on a survey of 50 visual programming languages 

(Myers, 1990) it is clear that visual programming interfaces are much more easy to understand for 

non-programmers professionals. Although visual programming tools are an easy way to build graphs 

to develop very complex structures, the main concern about building graphs is them to be legible 

enough for other users. Readability of this graphs could be achieved by grouping or making it modular 

as possible. Since every module is connected to the workflow, every change in some module 

propagates through all the chain of dependencies of the modified parameters (Barrios Hernandez, 

2006). Visual programming tools, such as Dynamo (from Autodesk), Generative Components (from 

Bentley Systems) or Grasshopper for Rhinoceros, play a huge role regarding extending native BIM 

tools functionalities and create interoperability workflows to support collaboration between AEC 

industry collaborators.  The most common software used in this field is Grasshopper since it provides 

different plugins in many disciplines; such as architecture, urban planning, structural study, 

environmental analysis, mechanical engineering, sonic study, medicine, fashion, decoration and many 

other disciplines (Eltaweel and Su, 2017). Grasshopper also has a powerful set of plugins, as in the 

field of optimisation. A component is known as “Galapagos”, is used to obtain the optimum results 

from any mathematical problem based on the designer input parameters. These visual programming 

tools are the key to combine generative structural design systems with the performance-driven 

generative environment, offering synergies between different market software and solutions. Also, 

these tools allow complex ideas to be explored in a very straightforward way (Harding and Shepherd, 

2016). Parametric design is currently being used in many fields; most known are urban planning 

(figure 6), architecture (figure 7), fashion and decoration (figure 8), sonic, solar and environmental 

studies, and even structural applications (figure 9). 

 

Figure 6 - Parametric design for urban planning (Schumacher, 2012) 
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Figure 7 - Parametric design for modern architecture (Lopes, 2012) 

 

Figure 8 - Parametric design for fashion and decoration (bonooobong, 2013) 

 

Figure 9 - Parametric design for structural analysis 

Only a few engineers use parametric structural simulation because of difficulties in preparing a 

parametric structural model as well as the long time for running simulations. In order to solve these 

issues, there are two most common approaches: develop computational, user-friendly, algorithms that 

reduce the computation effort with the assist of meta-models (Nourbakhsh, 2016) or increase the 

computational power through cloud-based simulation (Bui et al., 2017).  

A further step in parametric design is to include artificial intelligence into the design process to aid 

designers in the decision process, related to the chosen design parameters and their limits. This will 

develop powerful computational structure pair with designer’s freedom to explore multiple suitable 

solutions.  
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2.3 Additive Manufacturing and 3-D printing 

The construction industry is facing a new era of digital construction, mostly supported by the evolution 

of the manufacturing sector. This industry is applying additive manufacturing (AM) in large-scale. 

Additive manufacturing consists of layer-based “additive” processes that have escalated Rapid 

Prototyping (RP) methods in the construction industry (Lim et al., 2009), AM automates prototyping 

models fabrication to an upper level of aesthetics and greatly reducing time-consuming manual 

methods (Evans and Ian Campbell, 2003).  

AM also exceeds traditional methods limitations concerned do moulds, dies and formwork restrictions 

(Lim et al., 2009), allowing for manufacturing a broad range of new topologies. 

Traditional manufacturing techniques using CNC devices are no more than automated manual tasks, 

these processes are limited and material cost. By another hand, additive manufacturing processes are 

“additive”, in that terms the required material is deposited, or selective solidified by layer and no 

material is wasted in the process with the advantage of no high initial investment is required, and 

production costs are constant. (Buswell et al., 2008). 

Additive Manufacturing current techniques include; Selective Laser Sintering (SLS), Stereolithography 

Apparatus (SLA), Fused Deposition Modelling (FDM) and 3-D Printing (Louvis et al., 2011, Yan et al., 

2009). These techniques share the same design principle; firstly a 3-D Model is developed in a typical 

CAD program, then it is exported as an STL (Stereolithography Language) file format.  

STL model is then deconstructed into a sequence of layers for a sequential additive modelling, these 

2D layers are interpreted by the machine, and a robotic head deposits the model material (3-D 

Printing, FDM) or selectively activate existing material (SLS, SLA). While overlapping 2D layers, the 

machine can reconstruct the original 3-D model. An example is shown in next figure 10 with selective 

laser melting (SLM) technique. 

 

Figure 10 - Selective laser melting (Louvis et al., 2011) 
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The most recent example of additive manufacturing is 3-D printing technology. 3-D printing technology 

is a particular type of AM process known as Freeform Construction (FC) processes. Many companies 

are applying the 3-D printing technology in their fabrication process, for example, a Dutch company is 

using metal sintering to print a 3-D footbridge on a canal in the Netherlands using a six-axis robotic 

arm (MX3-D, 2015) (figure 11).  

Unlike the other stationary 3-D printing techniques, these robots can move on the bridge to print and 

sequentially extend the structure. These welding robots continuously add drops of welds onto the draw 

rods of steel in any configuration (figure 12). 

 

Figure 11 - Conceptual model of a footbridge (MX3-D, 2015) 

 

Figure 12 - 3-D-printed object using robotic arms (MX3-D, 2015) 
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Except for its use in the recent effort devoted to printing the footbridge, metal printing has not been 

used to produce building parts because laser and electron beam based printers are prohibitively 

expensive. For this reason, researchers are attempting to introduce technologies that lower the cost of 

high-performance metal printers.  

For instance, researchers at the University of Texas, Arlington, developed a liquid metal jetting (LMJ) 

process in which individual molten droplets are ejected and then connected (Priest et al., 1997).  

In addition, a recent study at the University of Southern California explored the application of selective 

inhibition sintering (SIS) to a low-cost metal additive manufacturing machine (Priest et al., 1997).  

Regarding domestic use, 3-D printing has been widely promoted, despite the high entry cost. 

However, also in this domain, researchers and programmers are developing fully customizable, open-

source 3-D printers, disrupting the traditional market stakeholders. Nowadays costs could be up to 1 

euros per gram of material(Tomé et al., 2014).  

This technology extends to a variety of materials such as granular (Dini, 2014), concrete (Lim et al., 

2009) (figure 13), mortar (Khoshnevis, 2004), plastic (CanalHouse, 2016), or metal (MX3-D, 2015). 

Another project mainly focuses on sustainable design uses raw soil as 3-D printing material 

(Giannakopoulos, 2015) (figure 14). 

 

Figure 13 - Concrete 3-D printer house (Rudenko  2015) 
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There are some pointed disadvantages in rapid manufacturing (RM) techniques related to printing 

speed (e.g. in each concrete layer in concrete 3-D Printing the velocity is five meters per minute for a 

nozzle of 22mm), material, file format constraints, resolution and precision which is directly correlated 

with printing speed. 

RM techniques do not require specific tools for each customizable part, and the cost-per-part is 

constant unlike the high initial cost in conventional fabrication (Lim et al., 2009). 

Despite concrete printing does not have an impressive finishing quality, it is still under development, 

and the quality is consistently improving (Lim et al., 2009). However, this additive fabrication reduces 

the weight and optimize concrete structures beyond what conventional techniques would achieve. 

Printing buildings with these materials have initiated a new era for the construction industry. Walls, 

floors, façades, doors, windows and other structures, can be built within a brief period in customised 

dimensions with bespoke materials. Also, the amount of material in these building components could 

decrease by optimising the material distribution of the costliest elements in buildings.  

 

Figure 14 - Soil 3-D printer (Giannakopoulos, 2015) 

Unlike the traditional method of construction, in which pre-defined sections are used, 3-D-printed 

structures may be complex forms. Therefore, the optimisation of these structures becomes a 

continuous challenge.  

In addition, the cost of the material used in 3-D-printed structures has a more direct relationship with 

the necessary resistance for the structure than that used in the traditional method of construction. 

Since that 3-D-printers use materials to build a structure, focusing of deposition of material where it is 

needed, it focuses on achieving optimised overall desired resistance.  
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2.4 Structural Topology Optimisation 

The term topology, as a subfield of geometry, derives from Greek noun topos which means domain. In 

a mathematical domain, it means a deformable matter that suffers distortions in space that can be 

formulated as transformations or unique reversible mappings (Eschenauer and Olhoff, 2001). Shape 

changes in structural systems lead to a new structure with extra strength and aesthetics, and topology 

optimisation is an effective way to provide the necessary form and resistance improvement (Amir and 

Hasegawa, 1994). 

Topology optimisation concept could be divided into two main approaches: (i) a Microstructure-

approach (related to the Material); and a (ii) Macrostructure-approach (related to the Geometry). The 

first approach consists in applying a Finite Element Analysis in a solid (divided into a finite number of 

subdomains) and determine whether each element in the continuum subdomain should contain 

material or not.  

The second approach consists in a variable mesh Finite Element Analysis; mesh is changed each 

iteration by growing or degenerating material or inserting holes. The first approach assumes that 

optimal shape in a subset of the original shape and second method assumes free for change the 

original shape and iteratively apply the optimisation procedure (figure 15). 

 

Figure 15 - Conceptual differences between micro and macrostructure approaches 

However if it is desired to achieve a global optimum topology, both methods need to be combined and 

their formulations extended in order to be compatible and take full advantage of their different benefits 

(Eschenauer and Olhoff, 2001). 

There are many techniques in topology optimisation domain. A popular technique is the solid isotropic 

material with penalisation (SIMP) (Bendsøe, 1989). This technique carries a discretised optimisation 

where material properties, in each pre-defined section, is the design variable to optimise. Its main 

handicaps are mesh dependency and numerical instability near the optimum solution.  
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Another very interesting technique is evolutionary structural optimisation (ESO) (Xie and Steven, 

1993). This method iteratively tests voids within the structure, by removing unnecessary material and 

reinforcing where it is necessary, towards the optimum solution for the formulated problem. 

Nowadays, designers deal with Multi-Objective Optimisation (MOO) problems to minimise material and 

execution costs while maintaining construction quality and resistance. Instead of following general 

rules of design, which may result in inefficient building designs.  

Designers and engineers need to work together to develop more complex but also optimised 

structures spending more efforts in the design phase and formulating their Multi-Objective Algorithms 

(MOA) to solve upcoming challenges. 

In Truss topology optimisation one of the most used methods is the Ground Structure approach which 

consists in generating a fixed grid of points and add a member to some members between nodes in 

the grid, the optimisation algorithm has cross sections area as design variable (supporting zero-area 

cross sections), and the node’s coordinates are fixed.  

In shell optimisation problems, three main groups could be distinguished: sizing, geometry, and 

topology. In sizing optimisation, the design variables are the shell cross-section. In geometry 

optimisation, nodal coordinates are the design variables. In topology optimisation, shell voids are the 

design variables (Khetan et al., 2015). ´ 

For continuous structures, in its most general setting shape, optimisation should consist in a 

deterministic heuristic of a choosing, for every point in space, if there is material or it is a void. 

Alternatively, for a FEM discretisation, every element is a potential void or structural member. In this 

setting, the topology of the structure is not fixed, a priori, but the general formulation should allow for 

an approximate prediction of the layout of a structure (Bendsøe, 1989). 

For continuum structures, there is the alternative to apply an interpolation scheme that works with a 

density of isotropic materials. Along with methods that steer the optimised designs to "classical" black 

and white designs or one can use a relaxation of the problem that introduces anisotropic composites 

such as periodic layered media, also leading to a description of shape by a density of the material. In 

both cases, the density can take on all values between zero and one, and one can also make physical 

sense of intermediate density values.  

Structural optimisation enforces, rather than removes, the creative aspect of designing. The final 

design must be a product of creativity, rather than availability or lack of analysis tools. A sophisticated 

topology design methodology is a valuable instrument in providing such optimisation routines. 

Arch Block developed an interesting and innovative work using RhinoVAULT (Rippmann and Block, 

2013) which is a commercial plugin developed in-house for Rhinoceros (McNeel, 2017) focusing on 

topology optimisation and form-finding techniques. 
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2.5 Free form shell structures 

The concept of freeform construction with no constraints due to formwork design motivates most of the 

developments in the implementation of structural topology optimisation routines. Combining both the 

presented concepts of additive manufacturing and topology optimisation is possible to achieve and 

manufacture more efficient and sustainable structural systems (Tomé et al., 2014). A fascinating 

domain for the application of these concepts is the domain of ultra-thin shell structural systems. 

Ultra-thin shell structures are characterised by having support capacity due to their shape. Nowadays, 

there is an emerging interest in the design of thin shell structures with a variety of forms and spans 

due to the evolution of high resistance materials, especially ultra-high performance concrete (Teixeira 

2016). Most concern is due to their stability and wind resistance to the adverse meteorological 

phenomenon.  

Since this type of free-form structures does not have standardised guidelines for wind action, there is 

a need to evaluate the pressure coefficients for the wind load (Teixeira 2016). Thin shell structures 

should be treated as bi-dimensional elements in which the thickness is minimal when compared to the 

other two directions of space. Although, they can be differentiated into a thin shell and thick shells.  

Thin shells are the scope of this thesis and are characterised by a very low flexural stiffness when 

compared to plane stiffness. In this case, shells can be analysed by the Membrane Theory, according 

to which the structure develops a mechanism to resist the external forces by compressional and 

extensional forces into its plane (Teixeira 2016).  

Although thick shell structures have lower values of thickness when compared with other two 

dimensions, their flexural stiffness and shear deformation cannot be ignored, in these cases, bending 

and shear deformation must be considered. 

According to Melaragno (1991), a thin shell structure is a three-dimensional shape, slightly thicker 

than a membrane, so it resists not only tensional but also compressional forces. On the other hand, it 

is thinner than a slab, which prevents it from resisting bending moments.  

A structure of fine bark is a particular type of vault whose geometry can take many forms. Its shape 

can be a spherical or elliptical vault, a parabolic structure, or a paraboloid, conoid, or even a 

hyperbolic paraboloid (Melaragno, 1991). Most well-known projects in this domain refer to the decades 

of 50 to 60 with the works of Heinz Isler (1926-2009), renowned worldwide for his thin concrete shell 

structures (Melaragno, 1991), one of the is the service station in Deitingen as illustrated in figure 16.  

There are other very remarkable works by Pier Luigi Nervi (1891-1979), Ove Arup (1895-1988), 

Eduardo Torroja (1899-1961) and Félix Candela (1910-1997)(Teixeira 2016). Besides the referred 

very remarkable, although recent, work in this domain, the origin of shell structures relates to the 

beginning of II B.C century. 
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Figure 16 - Service station in Deitingen, by Heinz Isler (Isler, 2014) 

With the outstanding construction of Pantheon of Rome, in lightweight concrete as a material, it is the 

large unreinforced concrete structure in history with a free span of almost forty-two meters length 

(Peerdeman, 2008).  

The second example rises much later, in VI century, with the construction of Basilica of Saint Sophia 

in Istanbul, Turkey. These two-remarkable pieces of art are represented in following figure 17. 

 

Figure 17 - Pantheon of Rome (left) and Basilica of Saint Sophia (right) 

Despite shell, structures have an enormous interest since they could carry a significant amount of 

weight with very low material, they have been falling in disuse since they require very complex, and 

expensive, formwork and labour to be assembled.  
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However, with current construction technology, especially regarding additive manufacturing and 3-D 

printing for construction, as referred previously, this obstacle can be overcome. Highlighting also for 

the work from architect Zaha-Hadid (1950-2016), for her remarkable and challenging work on the 

domain of thin shell structures (Teixeira 2016).  

Freeform shell structures are characterised such as no mathematical expression defines its shape. 

They are generated by a natural stress flow, to an optimised organic shape. This type of structures 

follows a special path regarding design since the designer does not directly define it. 

Indirectly, the designer chooses a set of design parameters (e.g. maximum height, type of support 

condition, implantation area). Then, they are combined with a defined load case, and a possible free-

form shell is generated with these constraints and stresses distribution following an assumed 

optimisation heuristic (Tomé et al., 2014). To achieve a very thin shell cross sections, it is fundamental 

to adopt an Ultra-High-Performance Concrete (UHPC). 

Ultra-resistant concrete, lead to a significant increase in the efficiency of this type of structures and 

consequently to an increasing interest from architects and engineers, allowing to draw even greater 

spans. These advances make it possible to introduce a new generation of extremely efficient shells 

with lower costs and wider gaps. Mostly in the Middle East and Asia, architects have shown an 

interest in free forms. As referred, the recent design by architect Zaha Hadid, the Dubai Opera as 

illustrated in figure 18 combines steel and concrete. 

 

Figure 18 - Opera house in Dubai, Zaha Hadid (Hadid, 2011) 

Recent advances in the design process of thin shell structures are motivated by the concept of free 

form-finding, largely explored and introduced firstly by Heinz Isler, based on the concept of inverted 

cloth. Nowadays, this idea of form finding is very related to the introduction of optimisation algorithms 

to explore architects free-form design process while maintaining an overall minimisation of material 

cost, maximising the utilisation of materials strength.   
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2.6 Optimisation Algorithms 

The visual impact of funicular structures suggests a link between generative algorithms and topology 

optimisation problems. This optimisation requires firstly to define the geometry representation.  

Geometry representation can be multiple forms of meshes; most efficient representations are the 

triangular mesh which is compatible with most finite element analysis modules. The type of geometry 

is, as should be, determined by the nature of optimisation (shape, size or topology), but also the 

numerical algorithms available.  

Optimisation algorithms could be divided into five major groups: Deterministic Algorithms (DA), 

Stochastic Algorithms (SA), Simulated Annealing (SA), Evolutionary Algorithms (EA) and Particle 

Swarm (PS). 

Deterministic Algorithms mostly require an initial configuration, and a gradient function which 

determines the transition between configurations until achieving an optimised one (Nourbakhsh, 

2016). This gradient can be obtained by the first derivative of the constraint and the objective function 

of the problem.  

Examples of deterministic algorithms are linear programming (Amir and Hasegawa, 1994), sequential 

linear programming (Pedersen and Nielsen, 2003) and Lagrange multiplier method (Imai, 1978). 

Scientists in the domain of topology optimisation developed a novel approach that uses clustering 

techniques to generate a reliable initial solution, followed by a local search for an optimal solution 

(Nourbakhsh, 2016).  

Stochastic Algorithms has the advantage of not requiring a gradient function using probabilistic 

transition rules instead. These methods are effective in finding solutions, nevertheless, more 

demanding in computational requirements.  

There is also the possibility of combining both gradient-based and free-based techniques to cover 

multiple problems and have better performance from problem-solving heuristics (Amir and Hasegawa, 

1994) since there are problems where the gradient is very irregular, or the sensitivities to different 

design variables are quite different. 

Simulated Annealing (SA) is a metaheuristic for combinatorial optimisation based on local probabilistic 

search, in analogy with melting at a certain point and slowly annealing of materials in solid mechanics. 

Since the lowest state of energy corresponds to the minimum temperature, during slow annealing 

process of materials, their atoms tend to achieve a higher level of order (Kirkpatrick et al., 1983). 

Small perturbations are inserted, in each loop iteration, within the algorithm to avoid local optimal 

solutions. 

That way, at each iteration, minimum energy solutions are selected some non-minimum solutions with 

a certain probability of choice (Rutenbar, 1989). Successive heating and cooling steps will allow this 

heuristic to achieve the desired solution. 

Evolutionary algorithms (EA) are techniques to solve real-world challenges based on the behaviour of 

species, and it comprises both particle swarm algorithms and genetic algorithms. These algorithms 
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are typically chosen by their ability to solve very complex problems with many parameters and multiple 

objectives to achieve.  

Evolutionary Algorithms are being adopted since a little, or no programming experience is required to 

use them. For example, Galapagos Evolutionary solver, for Grasshopper, is becoming trendy 

architectural design (Rutten, 2013). 

Particle swarm algorithm (PSA) resides on the movement of swarms (e.g. fish, sheep) and its 

behaviour is affected by the stronger individual, mostly the pack leader (E. Fieldsend and Singh, 

2002). In this heuristic, the initial population in the swarm is subject to evaluation of its position. In 

each generation, the swarm in induced by a turbulence to disrupt search for the local optimum. 

Genetic algorithms (GA’s) is, as referred previously, a particular type of evolutionary algorithms, they 

have also based in nature but focused on the theory of evolution of species proposed by Darwin 

(Darwin, 1859), including genetic operators like selection, mutation and crossover concepts. They do 

not follow any linearization or simplification while the search for a global optimum, given by the 

minimising or maximisation of a pre-defined composite fitness function.  

This fitness function considers every important design criteria with respective weight for the solution’s 

global score. In fact, defining the fitness function is referred as the most difficult step in the formulation 

of a genetic algorithm heuristic, since it is directly related to the optimisation problem itself and cannot 

generalise like the rest of the entire heuristic. 

They have been widely used in artistic expression, but recently they also have been used for structural 

and mechanical engineering optimisation. Since GA’s allow a higher level of abstraction (when 

compared to other linear and non-linear optimisation algorithms), allowing these algorithms to be 

generalised to multiple disciplines, which is essential for scalability of analysis of different structural 

systems (Khetan et al., 2015).  

EA’s applied to engineering optimisation are governed by parametric element’s variables to be iterated 

by a loop condition. EA’s already have been studied in truss optimisation (Deb and Gulati, 2001). 

One of the remarkable advantages of using generative algorithms for structural design is that 

generative algorithms are abstract enough to operate within a “rule space” and not directly in the 

“design space”. Since generative algorithms rules are a reduced-dimension representation of a design 

solution, it would be much less time consumable (Khetan et al., 2015). This advantage allows 

engineers to scale up the designing optimisation even to larger topology systems. 

Despite all these technological advances, still, lacks a fully integrated and customizable workflow to 

face multiple analyses and generative design earlier in the design process. The necessity of such 

workflow for design industry challenge existing tools and methods is due in part to the complexity of 

the design constraints, parameter sets, and often conflicting and complexly coupled objectives (Gerber 

and Pantazis, 2016). 
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2.7 Genetic Algorithm 

Based on the evolution theory proposed by Darwin in 1859, the genetic algorithm is a nonlinear 

heuristic technique which searches for the global optimum without any linearization or simplification. It 

assembles four main rules for evolution: 

 Heredity – where child assumes part of each parent characteristics 

 Adaptation – where the chance of survival is related to how better everyone adapts to 

surround environment 

 Variation – related to the chance of mutation in certain features from parents to child 

 Competition – the fact that a stronger and well-adapted individual will survive and the weaker 

ones will not 

The search space consists of character strings of fixed or variable length (genotypes) composed of the 

elements of a given alphabet (alleles). The genotype space is mapped onto another (phenotype) 

search space. The fitness function is defined as a function of a state in the phenotype space. Table 1 

lists the most common terms in GA’s (Shea et al., 2005). 

Table 1 - Common terms in Genetic Algorithm domain 

Term Definition 

Gene The smallest unit of a genotype. Alleles are alternative forms of genes. 

Genetic codes Numerals or alphabet letters used for coding in a genotype. 

Genetic 

description 

A description is employing genetic terms. The genetic operations employed in 

evolutionary systems can then be carried out on this genetic description. 

Genetic structure A set of genes with a certain order or relationship. 

Genotype The genetic constitution of design, rather than its physical appearance. 

Phenotype The observable properties of the design, its form. 

 

These algorithms are iterative processes where in each generation are selected the better individual 

for mutation and crossover as inspired in Darwin principles as displayed in figure 19.  This GA acts like 

an abstract layer where is possible to generate design solutions with a fixed or variable dimension of 

optimisation space enabling to implement the same layer to different structural systems. This level of 

abstraction is one of the main advantages of implementing evolutionary algorithms as solvers for 

multidisciplinary optimisation problems. 
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Figure 19 - Genetic Algorithm conceptual model 

In GA’s formulation, there are multiple components, such as genetic operators, penalty function, and 

design variables encoding type. The genetic operators are selection operator, crossover operator and 

mutation operator, which are responsible for replicating a genuine behaviour of nature.  

Encoding type for input variables can be binary encoding, permutation encoding or true value 

encoding (Dede et al., 2011). In the binary formulation, each design variable has a group of genes 

composed by 0’s and 1’s, by another hand, in true value encoding, each chromosome directly assign 

a design variable. The main advantages of value encoding is that requires less memory since it is 

shorter than binary encoding (Dede et al., 2011). 

The selection process of the individual in each generation can develop by one of three ways: 

proportional to fitness value, ranking or tournament. The only difference between fitness value and 

ranking is that in ranking is not sensible to fitness difference between individual just their pole in 

ranking. The most used selection process is a tournament which consists of a random assignment of 

pairs in each generation, followed by a fight between each other and then the winner is selected 

(Thakur et al., 2017).  

The intermediary population separates into two portions of individuals, one portion is submitted to 

crossover and other to mutation, then they are combined again to generate the new population. The 

algorithm iterates by assigning the new population as initial population. After reaching the established 

stop criteria, the heuristics select the best individual of the population. 
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The crossover process involves the exchange of characteristics between each selected pair of 

individuals to produce two new individuals. This is very similar the exchange that occurs in traits 

during reproduction of species. Crossover is the main genetic operator. It operates on two 

chromosomes at a time and generates offspring by combining both chromosomes’ features.  

A straightforward way to represent crossover would be to choose a random cut-point and generate the 

offspring by combing the segment of one parent to the left of the cut-point with the segment of the 

other parent to the right of the cut-point. This method of genetic algorithms depends, on the 

performance of the crossover operator used. 

The mutation process allows having a better individual with characteristics there weren’t initially in the 

population. The mutation has a particular interest in this algorithm since it permits the introduction of 

new features which were not related to previous generations, this allows not falling in local solutions of 

the optimisation problem. Mutation is a background operator, which plays a decidedly secondary role 

in the operation of genetic algorithm by producing inevitable random changes in various 

chromosomes. 

Mutation is needed because, even though reproduction and crossover effectively search and 

recombine extant notions, occasionally they may become overzealous and lose some potentially 

useful genetic material (1’s or 0’s at locations). In the artificial genetic system, the mutation operator 

protects against such an irrecoverable loss. An effortless way to achieve mutation would alter one or 

more genes. 

For the implementation of this algorithm, it is necessary to define a few parameters which are the 

population size, mutation rate and the crossover rate. In large-scale problems, where the range is 

increasing between in lower bound, and upper bound significantly reduce GA performance, there is a 

technique called restricted range approach (RRA)(Dede et al., 2011). This technique consists in 

setting a more limited range around optimal solution considering previous run results. 

This type of algorithmic design has been widely used in architecture design, regarding passive energy 

performance optimisation (Caldas, 2008). This optimisation technique does not guarantee that exact 

mathematically optimal solutions are generated, since it is a nature-based algorithm, but rather 

supports optimally directed design exploration with the desired precision.  

Although, this enables incorporating a broad range of complex structural systems and constraints. GA 

also has a very interesting advantage, for designers, that can lead to multiple solutions, very different, 

but with almost the same performance according to the desired performance criteria, allowing users to 

choose between very different solutions with the same performance index 
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3. FRAMEWORK DEVELOPMENT 

3.1 Exploratory Study 

This chapter resumes the exploratory study conducted to support the development of the design 

optimisation framework. The study includes the analysis of the software available on the market to 

evaluate the most suitable solution considering a variety of parameters. This work explores a 

systematic integration of BIM, parametric modelling, and topology optimisation analysis to provide a 

new workflow that makes parametric structural elements study more accessible for innovative 

structural designs to designers and engineers. This framework requires having Rhinoceros as 

modelling software and having Grasshopper plugin installed. 

 

3.1.1 Software Evaluation 

This assessment needs to take into account several factors such as the interoperability of each 

software, their learning curve and potentialities to fit the needs for the framework development, 

regarding customisation but also to meet the proposed objective within the time constraints. Table 2 

summarises this study to choose most suitable software for this work. 

Table 2 - Current commercial software comparison 

 

Scale 1 - 5 
    

Interoperability Ease of Learning Computational Requirements (Minimum) Price €/ year IFC Support Web Site 

B
IM

 M
o

d
e

ll
in

g
 S

o
ft

w
a
re

 

Autodesk 
Revit 

4 5 
4Gb RAM; i-series processor; DirectX 11 

Video Card; 5Gb Free Space 
2 638 Yes 

http://www.autodesk
.pt 

Graphisoft 
Archicad 

5 4 
4Gb RAM; 64-bit processor; OpenGl 2.0 

Video Card; 5Gb Free Space 
3 480 Yes 

http://www.graphisof
t.com 

Rhinoceros 4 3 
4Gb RAM; OpenGl 2.0 Video Card; 

600mb Free Space 
935 Yes 

https://www.rhino3-
D.com 

Bentley 
Microstation 

4 4 
2Gb RAM; 2GHz processor; DirectX 9 

Video Card; 900mb Free Space 
4916 Yes 

https://www.bentley.
com 

Tekla 
Structures 

4 3 
4Gb RAM; Intel Core 2 Duo processor; 

OpenGL 3.0 Video Card; 5Gb Free 
Space 

- Yes 
https://www.tekla.co

m 
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SAP2000 3 3 
4Gb RAM; i-series processor; DirectX 9 

Video Card; 6Gb Free Space 
1 879 Yes 

http://www.csiportug
al.com 

Robot 
Structural 
Analysis 

4 4 
8Gb RAM; DirectX 9 Video Card; 5Gb 

Free Space 
3 551 Yes 

http://www.autodesk
.pt 
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Dynamo 4 5 
4Gb RAM; i-series processor; DirectX 10 

Video Card; 1Gb Free Space 
282 Yes 

http://dynamobim.or
g 

Grasshopper 4 4 
4Gb RAM; OpenGL 2.0 Video Card; 1Gb 

Free Space 
135 Yes 

http://www.grasshop
per3-D.com 
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Autodesk 
Nastran 

4 4 
2Gb RAM; DirectX 9 Video Card; 3Gb 

Free Space 
8080 Yes 

http://www.autodesk
.pt 

Ansys 4 3 
16Gb RAM; i-series processor; DirectX 9 

Video Card; 5Gb Free Space 
26788 No 

http://www.ansys.co
m 

Abaqus 3 3 
512mb RAM; DirectX 9 Video Card; 

570mb Free Space 
20667 No 

https://www.3-
Ds.com 

  
Based on User’s Experience Based on Manufacturer's Website 

 

For this specific work, in order to implement the desired framework while maintaining a sustainable 

workflow and steady connection with all the software involved and, based on the required minimum 

specifications as presented.  
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Considering that recommended specifications are practically two or up to three times the minimum 

requirements, it was used a workstation with the specifications listed in following table 3. 

Table 3 - Specifications of workstation 

Processor Intel® Core™ i7 6700HQ 

Operating System Windows 10 Home 

Memory 16Gb DDR4 2133 MHz 

Screen 15.6" 16:9 IPS UHD (3840 x 2160) 

Graphics Card NVIDIA® GeForce® GTX 960M 4GB GDDR5 

Storage 512Gb SSD via PCIe 

 

Presented specifications of this workstation should fulfil all the requirements for most BIM software 

and, thus, not compromise future work regarding computational time. Computational time is the major 

concern since genetic algorithms are known to be time-consuming in terms of optimisation 

convergence.  

In the other hand, this framework needs to perform several finite element analysis of the shell 

structure for each individual (each individual corresponds to a specific shape) and for each iteration. It 

will correspond to hundreds or even thousands of simulations which can easily correspond to hours 

and even days of computation if the workstation does not meet recommended specifications for this 

work. 

 

3.1.2 Interoperability Analysis 

Since there is enough computational power, the following choice for software relied on interoperability, 

the existence of support groups, previous developments in the similar area, the existence of trial or 

student licenses and software stability itself. Software stability is also a huge concern since most 

software does not take full advantage of workstation’s specifications and are performance limited, 

leading most of the times to sudden “crashes” or forcing workstations to a non-respond state.  

According to these main criteria, for parametric design software, there are two possible options, 

Grasshopper (Davidson, 2017)  or Dynamo (Autodesk, 2016). The most suitable option is 

Grasshopper
 
since it has much more background and plugins than Dynamo.  

In fact, from the previous personal user experience, Grasshopper also has a much more stability than 

Dynamo when dealing with complex and computational expensive operations, and this was also an 

important reason for this choice that should be mentioned.  

Since Grasshopper does not have standalone version, it runs as a plugin for using Rhinoceros which 

implies using this software instead of another modelling tool. Although, using Rhinoceros should not 

be considered as a mere consequence of using Grasshopper. There are considerable advantages of 

using Rhinoceros due to its modelling capabilities.  

Rhinoceros (McNeel, 2017), from McNeel Company, is also a compelling graphical modelling 

software, following the Non-Uniform Rational Basis Spline (NURBS) geometry allowing to perform 
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very complex three-dimensional or even organic shapes, which is very important for the development 

of the proposed framework. 

For structural analysis, there are two suitable options, Robot Structural Analysis or Karamba. Robot 

Structural Analysis
 
(Autodesk, 2017) is a well-known commercial structural analysis software from 

Autodesk. Robot Structural Analysis could be connected to Grasshopper, to perform the required 

analysis, through API or even already existent plugins for grasshopper.  

However, since this framework implements a genetic algorithm which will need to iterate multiple 

times, the export/import mechanism downgrades the computational speed of the solution which is a 

huge disadvantage for using this alternative. 

Another option is to use Karamba (Preisinger, 2017), which is a plugin for Grasshopper. It performs 

structural analysis itself, although it could be less robust than commercial software. There is an 

enormous advantage of running structural analysis over the same tool that performs geometry 

generation, with a significant increase in computational performance.  

However, a comparison between different FEA software is made to verify the output results and the 

trade-off for each solution. In this case, with a specific finite element analysis software such as Abaqus
 

to evaluate the quality of structural analysis of Karamba, as demonstrated forward in the next chapter 

of the framework implementation. 

Next, is presented the selected software from the previously shown table. The following software and 

packages will be used for framework development presented in next chapter but also for other 

applications, such as small variations of the original framework presented further in chapter 5: 

 Rhinoceros 5 for Windows (McNeel, 2017). 

Used for the design of the full structure. 

 Grasshopper – Algorithmic design for Rhinoceros (Davidson, 2017). 

Free open-source tool for the computational design and optimisation of the structure. 

 Karamba (Preisinger, 2017). 

A parametric structural tool which provides an accurate analysis of spatial trusses, frames and shells. 

 Kangaroo (Piker, 2017). 

Live Physics engine for interactive simulation, optimisation and form-finding directly within 

Grasshopper. 

 Chameleon (Jacobs, 2016). 

Plugin for both Grasshopper and Revit with a focus on interoperability, simulation, and workflows.  

 GhPython (Giulio, 2017). 

Open-source component for python script in grasshopper canvas. 

 Human UI (Heumann, 2017). 

http://www.grasshopper3d.com/
http://www.revit.com/
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Generate user interface windows for Grasshopper.  

 Anemone (Zwierzycki, 2013). 

Enables to create loops in Grasshopper. 

Extra plugins for chapter 5 only: 

 Galapagos (Rutten, 2017). 

Provide a platform for the application of Evolutionary Algorithms to be used by non-programmers. 

 Millipede (Michalatos, 2017) 

Millipede is a structural analysis and optimisation component for grasshopper. 

 Octopus (Vierlinger, 2014). 

A plug-in for applying evolutionary principles to parametric design and problem-solving. 

The main modelling software will be Rhinoceros to serve as the base of all modelling capabilities, 

geometry generation and model export/import mechanism. Next, Grasshopper handles all the visual 

programming and parametric design capabilities, the development of the user interface (through 

Human UI) and the integration of optimisation algorithm using python as a programming language 

(through GhPython). Then, other listed components will be included in grasshopper canvas to facilitate 

the development of the proposed framework.  

The last three listed components will not be included in the main framework development; they have 

the purpose to be included in the development of alternative scenarios since they are similar solutions 

to the developed modules or an entire group of functions. These scenarios serve as comparison 

method to evaluate the performance of the custom developed framework. 

Grasshopper has a perfect interoperability with Rhinoceros, it extends its parametric design 

capabilities, but most importantly, it adds new functions regarding including optimisation routines. 

Grasshopper environment allows parametric design; a user interfaces design and the ability for 

programming in a variety of code languages such as python, vb.net and C# through programming 

modules. 

Grasshopper features many “components”, which are visualised in the two-dimensional Grasshopper 

workspace as small rectangles, each with unique pre-programmed geometric or programmatic 

functions. The user inserts the desired components and links the function’s inputs and outputs 

together via graphical “wires”.  

If no Grasshopper component contains the exact functionality desired by the user, custom scripting 

components, available in a variety of programming languages, capable of accessing Rhino’s core 

functionality, can be created.  

Another alternative to creating your nodes is to load a node or package of nodes, previously created 

by other user and available online. Groups of functions can also be packaged into “clusters” which 

then appear as a single component in the Grasshopper workspace.  
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3.2 Conceptual Model 

The prototype is created exclusively in Grasshopper environment. Grasshopper environment, like 

other visual programming tools, is mainly composed by a toolbar with all the available nodes sorted by 

packages and a canvas to assign and display the nodes workflow as illustrated in figure 20. Each 

node develops specific functions and has at least one input or output to be connected to another node 

and so on. Grasshopper native capabilities could be extended, as referred previously, with packages, 

a referenced source for grasshopper packages is food4rhino website (available in 

http://www.food4rhino.com). 

 

Figure 20 - Grasshopper environment 

For this framework, the chosen programming language, due mainly to more ease of learning, was 

Python using GhPython module for grasshopper. Using Python will allow implementing a full solution 

for the genetic algorithm heuristic, without using any already developed solution, in order to fully 

understand and evaluate its behaviour for this specific structural application. Grasshopper routine will 

contain essential nodes to implement an optimisation algorithm, which would be a Non-sorting genetic 

algorithm (NSGA), and link a structural model with FEA software, in this case, the plugin Karamba for 

the grasshopper, to perform structural analysis in parallel with algorithm module. Figure 21 shows the 

conceptual model of the proposed framework. The proposed conceptual model enables Grasshopper 

framework to receive an objective function and an initial population of random individuals as input. 

Then, the model iterates along different topologies with the output from Karamba FEA. The output 

from FEA is evaluated by a penalty function and after a fitness score is attributed to each individual 

within the given population.  

Individuals and corresponding fitness scores are paired as an input for the genetic algorithm; it 

performs all the genetic operators such as elitism, tournament, crossover, reproduction and finally the 

mutation to create the next generation, always superior to the previous generation and ready to be re-

evaluated by the FEA component.  
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Figure 21 - Conceptual model of framework  

This enables to produce, at each iteration, a set of suitable solutions which corresponds a set of 

alternative topologies to be evaluated in next FEA. After a pre-defined number of iterations, an 

optimised topology is produced and finally is possible to export both a Pareto front and reports (e.g. an 

excel report sheet which gathers all the optimisation steps). A Pareto front can be described as a 

curve (2 objective functions) or a surface (more than two objective functions) which represents the 

optimal trade-off possibilities between the objective functions involved (E. Fieldsend and Singh, 2002). 

An example of a Pareto front is presented in following figure 22. 

 

Figure 22 - Pareto front example (Vivie-Riedle, 2009) 

In this case, the self-weight and the displacement are the design variables, while maintaining stress 

distribution within a suitable pre-defined interval. This system enables designers to explore different 

and complex design alternatives and at the same time achieve a higher performance solution with 

significant cost reduction.   
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3.3 Framework Structure 

This chapter initially presents the overall organisation of the developed framework and all its modules. 

Then, focus on each part of the framework from user interfaces modules up to fitness score module, it 

is enhanced each operation of the respective module and how they are paired together to generate 

the desired workflow. The modularity of this framework is also shown during this chapter, with 

examples of how some modules could be substituted with other alternative modules. This framework 

is embedded in Rhinoceros/Grasshopper environment, taking potential from both modelling and 

parametric design capabilities. It requires that users have this software installed in order to interact 

with this framework.  

 

3.3.1 Framework Architecture 

The presented conceptual model is structured in a set of six modules in Grasshopper canvas as 

shown in figure 23. This modularity is the main advantage of these visual programming interfaces. 

Each module is independent and generic enough to be easily adapted to other structural systems (e.g. 

changing just the group of topology generation, is possible to optimise different continuous structural 

systems while other groups remain the same). The adopted modularisation follows a logical partition 

of the overall workflow, separating which components are related to user interfaces; which 

components perform the geometry generation; which component performs the mass subtraction; 

which components perform the finite element analysis routine and finally the components related with 

assign of fitness score to each evaluated individual. 

 

Figure 23 - Main framework groups 

 

3.3.2 User Interfaces 

The first group display two primary interfaces to the user. Through two guided user interfaces (GUI) 

menus, with dropdown lists and sliders, allowing the user to switch between different parameters for 

the simulation easily (figure 24 and figure 26). The first GUI is basically for the user input of the 

genetic algorithm inputs, load parameters and desired load combination. The developed layout of this 
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user interface is presented in following figure 24. This layout can be personalised, at every level, to 

adapt to different user’s preferences. 

 

Figure 24 - Framework user's interface for genetic algorithm 

This first GUI consists of three major steps. The first phase corresponds to the genetic algorithm 

initialisation parameters such as individual size (directly related to the finite element mesh size) and 

population size (number of different evaluated topologies per iteration). Then, it follows the definition of 

GA’s specific operators such as crossover, mutation and elitism factors and the desired number of 

runs to perform (higher number of runs is better).  

Second, refers to load parameters such as both combination (ψ0 to ψ2) and safety factors (ϒG and ϒQ) 

for load case analysis to be used in the shell’s structural analysis. These components could be left like 

0 or 1 accordingly to disable the effect of load case combinations and material’s safety factors in order 

to perform more simpler analysis (e.g. using material’s characteristic properties and considering only 

self-weight of the structure). 

The last step is to select which load combination (Fundamental, Almost Permanent or Permanent 

combination) user intend to take into consideration in the optimisation routine; this selector will use the 

current guidelines present in Eurocodes (which were pre-programmed within the framework) and 

consider the chosen combination factors. Then, after all the inputs are verified, a push button allows 

the user to start running the algorithm and lock user interface until the finish of the optimisation 

routine.  
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This lock of the user interface is a safety measure for the framework in order to use always the same 

parameters in every algorithm’s iteration and should not be misunderstood with a “non-responding” 

state of the machine. 

These interfaces are exclusively developed within grasshopper canvas using mainly Human UI 

package and could be easily adapted for other input variables (e.g. geometry input parameters like 

height and support positions), even for a non-programmer user as previously referred.  

User’s input in the GUI framework is gathered and sorted for further processing as shown in figure 25, 

which allows maintaining an organised and steady connection between the user’s inputs and the 

framework input parameters. 

 

Figure 25 - Gathered data from user's input 

Although this type of arrangement in canvas workspace could be merged into a smaller number of 

nodes, using clustering techniques that Grasshopper natively allows or even taking full advantage of 
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traditional programming languages potentialities by programming most of the node’s functions into 

compact python or C# script.   

 

In fact, it decreases the purpose of using visual programming languages and limits the degree of 

frameworks’ customisation by non-programming professionals. In that way, maintain a complete 

overview of every node (function) while developing ease-to-use guided user interfaces seems to 

present a suitable solution for the proposed objective of this framework. 

As presented in figure 26, this representation allows users to replicate existing nodes to adapt to new 

input parameters, which is, as explained, one of the main advantages of this type of visual interfaces. 

Second GUI is similar to the previous user interface, but this one refers to the geometry generation for 

the shell structure as shown in figure 26. Since the shell is fully parametric, it could be easily adapted 

to different geometries through integer sliders, without the need for the explicit model it into the 

modelling software. 

 

Figure 26 - Framework user's interface for geometry input 

In this second interface, users can manipulate shell top and base radius and the maximum height of 

the structure. Other parameters can be easily added to this interface to serve as geometrical inputs for 

the parametrical shell if the user desires to (e.g. thickness, number and location of supports, and 

support conditions), again, enhancing the customisation potential of these solutions.  
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3.3.3 Parametric Generation Module 

The second group is responsible for the parametric generation of the shell structure. Since it is 

parametric, the given topology depends on user inputs for height as shown previously, as well as on 

supports location and thickness as shown in figure 27.  

 

Figure 27 - Geometry generation group 

Although this shell can be assumed as parametric, its parametrisation level constrained to a previously 

chosen shape of a shell structure topology. However, as explained, the flexibility of this module allows 

to personalise each component and add new functionalities to enable a more complex type of 

parametrisation, depending on user preferences.  

In this case, as observed in figure 27, both support locations and shell thickness, for simplicity, are 

constrained to some fixed values defined with integer sliders both inside grasshopper canvas.  

This module allows users to set the initial topology for further optimisation by a set of few parameters 

which will be computed as design constraints. Is also possible for users to import a given topology by 

connecting it directly to the input geometry and deactivating the geometry generation group. The 

alternative of import a previous developed BIM model of a shell structure is also an interesting and 

innovative point of this developed BIM framework.  

For this study, and to serve as an example of the previous statement, an initial BIM model for the shell 

structure was also modelled within Autodesk Revit, although other BIM modelling software could be 

used as shown in earlier software comparison chart. Figure 28 shows the created model in Revit 

environment, containing both geometry parameters but also other multidisciplinary parameters.  

These multidisciplinary parameters allow to perform further analysis with the BIM model and can be 

compared with correspondent results from the analysis of the optimised shell topology. Further 

developments could include results from other multidisciplinary analysis back into optimisation routine 

to perform a superior level of optimisation taking into account, for example, the solar exposure, energy 

performance, life-cycle cost and another type of performance indicators. 
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Figure 28 - BIM parametric model of shell structure 

An external topology, from a BIM model generated in a BIM modelling software (e.g. Autodesk Revit 

for the case of this framework), can be easily imported to Rhinoceros using IFC format and then 

selected into Grasshopper canvas by the corresponding geometry node as shown in following figure 

29.  

 

Figure 29 - Select imported geometry into Grasshopper canvas 

Using IFC common file format is possible to maintain a steady workflow between BIM platforms and 

gather the desired parametric information from the generated model. Further developments would let 

the user to graphically interact with the shell structure allowing reaching a more ambitious and natural 

initial shape for the shell shape.  
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3.3.4 Optimisation Algorithm Module 

The third group is one of the most influential groups which is mainly composed of only two different 

nodes: initial population generation and the genetic algorithm implementation modules as shown in 

figure 30. Both nodes were custom developed for this project using python coding, taking advantage 

of the GhPython package for Grasshopper.  

All the programming steps were supported by the knowledge gathered from the literature review and 

both python’s basic and advanced programming tutorials. These nodes could be used for a variety of 

structural systems, and another type of optimisation problems, since they are generic enough to be 

extended to other domains. In fact, mostly none of the literature reviews that supported the 

development of this modules was related with structural analysis or material optimisation, they were 

focused mainly on general genetic algorithm heuristic, and then the individual’s format was adapted to 

fit the desired problem context. 

The initial population node is responsible for providing the initial set of random individuals, with the 

desired length (which, in this case, corresponds to the finite element mesh size), to the genetic 

algorithm node. For this work, for each individual within the population, a binary set (e.g. 101101) is 

assigned, as considered in Cartesian Genetic Programming (CGP) formulation, with length equal to 

the number of panels in the mesh defined for the specific topology.  

This formulation allows setting 0’s numbers as voids (panels with 0 thickness) and 1’s numbers as 

material points (panels with full thickness, as previously defined by the user or leave defaulted). Initial 

population node receives as inputs both the population and individual sizes and a switch which 

receives a boolean to activate or deactivate the corresponding node. Note that population size 

corresponds to the desired number of individuals in the population for each generation in the routine. 

 

Figure 30 - Genetic algorithm unit 
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As referred to previously, follows the main heuristic node, designated as Genetic Algorithm in this 

work, which starts with a set of initial solutions (individuals inside the original population) that was 

randomly generated within certain limits by the previous initial population node.  

This node has the following inputs: Population List, both population and individual size, genetic 

algorithm parameters such as Elitism, Crossover and Mutation factor, and finally the fitness score 

gathered from a previous finite element analysis evaluation.  

Again, a boolean switch turn activates or deactivates this node. In figure 31 is represented how is 

possible to program in python inside the grasshopper canvas using the specific python script editor 

with GhPython. This module is the basis for the implementation of this heuristic in a parametric design 

modelling tool. 

 

Figure 31 - Optimisation Algorithm Module and partial Python code within Grasshopper 

For each population, the objective functions defining which problem is evaluated, and which fitness 

value is assigned to each individual inside the population. Based on this output, first, a defined number 

of best individuals are taken directly to the next generation without any change procedure, this number 

of individuals is defined as a percentage of the total number of individuals by an elitism factor.  

Then, it evaluates which are the better individuals, by a tournament heuristic (as shown in figure 32), 

and put them in a parent pool to initialise subsequent crossover and reproduction processes of the 

GA.  



BIM-Based Parametric  
Optimisation of Structural Systems 

 

41 
 

 

Figure 32 - Tournament in genetic algorithm coding into GhPython 

Tournament heuristic, as mentioned before, is the second and one of the best selection process for 

GA implementation, since it has a straightforward application and directly represent the essential 

fundamentals of natural selection which evolutionary algorithms stand for. For each population, there 

are successively selected two individuals that compete with each other for their fitness score, the best 

is kept, and the other is rejected and so on until all the population is covered. 

The reproduced individuals (defined as the remainder of the crossover factor) are directly transported 

to the next temporary pool while the crossover individuals (this time identified by the crossover factor) 

will be the parents of a newly generated group of individuals that will assemble with the reproduced 

ones. As the reader may notice, the reproduced are the ones that are “copied”, and crossover are the 

ones which are proposed for “reproduction”.  

The crossover parameter consists in randomly select two parents from a temporary pool of individuals, 

random assign an index to split and then create two new individuals, one of the newly created 

individuals with the first part of one parent and the second part of the other parent and the other 

individual with the different remaining parts. The process continues until reach the same size into the 

new temporary pool of children as the previous parent’s pool. This process is very similar to the 

crossover that occurs in chromosomes in living organisms. 
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Then a mutation process covers all the new generated individuals. The amount of “mutation” that 

these individuals suffer is defined by the mutation factor (e.g. 100 percent of mutation means a fully 

mutated individual). This process allows introducing new characteristics that did not exist in previous 

populations.  

As part of the evolution of species, the introduction of small mutations that can originate better 

individual if the mutations are beneficial or generate the worst individual if the mutation downgrades 

the fitness score. Regarding optimisation, this feature allows avoiding local minimum/maximum during 

the optimisation heuristic. 

Considering that all GA’s parameters range from zero to a hundred percent and population size are 

integer values, there may occur some incongruences during genetic algorithm processing. First, most 

of the problems are solved to round to the nearest integer since all individuals should be considered 

as full entities, and the population size needs to be the same in all generations.  

In the case of crossover operator, if the parent's pool has an odd size, one of these individuals are 

randomly selected and directly transferred to children’s pool. In practical terms, this means that the 

random selected odd individual is reproduced and do not pass through the crossover operator. 

After all these genetic algorithm’s processes, a new generation is created and so on until the stop 

criterion is achieved. For this study, no stop criteria are defined. Instead, a maximum number of 

iterations was defined to evaluate the performance of the developed framework and perform the 

desired sensitivity analysis.  

As a summary of the presented steps, a generalised workflow for GA implementation is provided in 

figure 33.  

 

Figure 33 - Genetic Algorithm implementation workflow 

The Genetic Algorithm was implemented the main goal of the optimisation routine is to minimise the 

material for the given topology while maintaining structural resistance and a pre-established maximum 

vertical displacement of the element. Decision variables in this context will be the self-weight, stress 

range and maximum displacement for the structure. 

Next, the fourth group is responsible for taking initial topology and perform a mass subtraction 

according to the given individual configuration, by taking material at 0’s location points and leave 1’s 

location intact with the previously defined thickness.  

This group is inserted in a loop function which allows it to evaluate every single individual within the 

given population as shown in figure 34. The output of this group will be an n-dimension list will all 

different topology configurations generated according to given population’s individuals. 



BIM-Based Parametric  
Optimisation of Structural Systems 

 

43 
 

This mass subtraction group is, along with further finite element analysis, the most time-consuming 

group regarding processing, since it performs boolean subtractions of solids, which is a well-known 

handicap regarding performance for the Grasshopper/Rhinoceros processor engine since it is a single 

core processing operation.  

In fact, this operation could be enhanced by splitting it into multiple tasks using parallels computation, 

available for python, which can reduce up to 16 times the processing time, taking advantage of current 

multi-core processors.  

However, due to the complexity of including parallels computation into grasshopper GhPython 

component, it should be considered as further developments to enhance the potentialities of 

implement this framework to more complex structural systems. 

 

Figure 34 - Mass subtraction group 

Following figure 35 shows an example of five initial topologies to be evaluated in terms of structural 

performance. Although they represent a very coarse mesh, they are representative of several 

alternatives, randomly generated, from the same original shell structure topology. In fact, this 

representation should be considered as a validation of the randomly generated topologies. This 

behaviour is further extended to much more refined mesh topologies for the implementation of this 

framework. 

 

Figure 35 - Five initial generated topologies with a very coarse mesh size 
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3.3.5 Finite Element Module 

This fifth group is also a fundamental group; it gathers all the FEA components of the framework. 

Karamba package provides each component. Most relevant nodes are the Assemble node, which 

gathers the FE mesh, loads and material; Analyse II which performs the second order analysis of the 

shell structure; and finally, Shell Results which allows extracting displacements and stresses from the 

given analysis output. Other nodes, like material, load and supports definition nodes, could be 

considered as accessory nodes for the definition of the shell structural system.  

This group analyses each different individual, represented by a specific topology. It starts by creating a 

finite element mesh for the given solid and then it assembles both support conditions and desired load 

cases as shown in figure 36.  

 

Figure 36 - Finite Element Analysis group 

After assembling and process FEA, this group sorts out the desired measurements for the given load's 

cases. Each measurement could be evaluated numerically or by maps into topology surface. Although 

there are multiple types of output variables and ways to represent it in the shell structure. For the 

purpose of this work, the important outputs are the maximum displacement which is taken numerically, 

the total topology weight and stresses distribution all over the topology.  

Since it is a shell structure, the most important actions considered are the self-weight and the wind 

load. Initially, the self-weight will be considered in order to evaluate the framework’s performance. 

Only in later steps, it will include the effect of the wind load in the optimisation routine, and, as further 

developments, the introduction of the influence of load combinations in the framework’s interface as it 

was initially designed. 
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3.3.6 Fitness Function Module 

The sixth and last group is the implementation of the penalty function and assembly of fitness score. 

Although it is referred, somehow, a triple objective; weight, stress and displacement. In fact, these 

objectives are combined with a weight function in the framework; this leads to one single objective 

optimisation for finding the maximum score. Along to the scoring system and to take into account 

structural design criteria for concrete structures, a penalty system was applied relating elements 

stresses and displacements. Since the material is always less in all the generated individuals when 

compared to the original topology, penalty function does not consider this component of the shell 

structure, and it forwarded directly to fitness score. Fitness score is achieved by a mathematical 

fitness function as represented by the following equation: 

 Fitness =
𝑀 −𝑚

𝑀
+ if(𝑑 < 𝐷, 1, −1000) + if(𝑠𝑚𝑖𝑛 < ∀𝑠 < 𝑠𝑚𝑎𝑥, 1, −1000) (1) 

Where,  

𝑀 – initial topology material 

𝑚 – current topology 

material 

𝐷 – maximum displacement 

𝑠𝑚𝑖𝑛 – minimum stress 

𝑠𝑚𝑎𝑥 – maximum stress 

𝑑 – current displacement 

𝑠 – current stress

Considering a concrete grade and a material safety factor ϒm, a penalty factor will be applied to areas 

that are under minimum and above maximum allowable stress ratio to give preference to elements 

within this interval for stress ratio and strongly penalise the others that do not respect this constraint. 

For displacements, the same principle applies, it will be given preference to solutions that are under 

the maximum allowed displacement and strongly penalise solutions that exceed the maximum allowed 

displacement since it is, mostly a design criterion to prevent significant cracking in the structure. The 

penalty system will be included in Grasshopper routine by a python script, the same way that was 

referred previously. Penalty function in grasshopper canvas represented above in figure 37. 

 

Figure 37 - Penalty function in Python script 
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Through a loop cycle, it is possible to use the fitness score calculations performed in the sixth group 

back into the genetic algorithm in group 3 since genetic algorithm heuristic based on a fitness 

evaluation of each of their individuals in each generation. After performing the user’s desired number 

of iterations or meet a certain threshold, each corresponds to the number of different evaluated 

generations in the algorithm; the framework chooses the best fitness individual from the last 

population which will correspond to a specific topology.  

This solution should not be considered, as referred, the optimal solution for the proposed problem. Is 

should, indeed, be regarded as the most suitable solution, from all the simulated solutions, that best fit 

the user’s objectives defined by the fitness function. This is a well-known characteristic of evolutionary 

algorithms that could be considered as a limitation when compared to operate based deterministic 

optimisation models. After a pre-defined amount of iterations, it is also possible to obtain the Pareto 

front for this topology optimisation problem and other graphical representations from the iteration 

procedure which is valuable to evaluate the performance of the implementation of the genetic 

algorithm in this type of optimisation frameworks, when applied to structural topology optimisation. 

Pareto front generation is accomplished by simple generating, at each iteration, the output of the 

desired variables, in this case, both weight and displacement should be compared, since they are 

likely to have an inverse proportionality and a trade-off between then should be evaluated. Figure 38 

shows the generation of the output directly to an open excel file using excel active write node for 

grasshopper. 

 

Figure 38 - Generation of Pareto front input data 

This interface also allows exporting multiple types of outputs from the framework, as the user desires 

to. This kind of connections between parametric modelling software and databases or excel sheets 

enhances the potential to use this type of tools about other platforms. Theoretical, all the generated 

geometry, each stress distribution, displacement or topology weight could be extracted, and a different 

kind of operations could be performed outside the framework. 
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3.3.7 Export Module 

As referred initially, the most commonly used file format for 3-D printers is the STL file format. In order 

to automate this process, it was included an exportation module within the developed framework. This 

module is responsible for taking the optimum generated topology, as a mesh, as export it to a custom 

directory path as a *.STL object, ready for being submitted for a 3-D printing operation. The module 

implementation inside grasshopper canvas is represented in figure 39, like the other main six 

modules. 

 

Figure 39 - Export module insertion in Grasshopper canvas 

This module contains a GhPython node already mentioned, and the python script is, again, custom 

user programmed as shown in next figure 40.  

 

Figure 40 - Model export to *.STL using GhPython node 

Besides having the complete 3-D geometry ready to be interpreted by a 3-D printer, it is also possible 

to export it to a suitable BIM modelling software, such as Autodesk Revit. Ideally, the file format should 

be the *.IFC format. As previously explained, this format intends to be the non-proprietary, common 
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file format suitable for all nowadays transactions between BIM software. So, as previously shown, the 

optimised topology can be imported back into Revit through IFC file format using the built-in IFC 

export mechanism from Rhinoceros
TM

 or using a specific module for Grasshopper which enables to be 

directly included in the optimisation platform. Figure 41 shows the IFC export mechanism in 

Grasshopper/Rhinoceros environment, these nodes were gathered from geometry gym nodes library. 

This package has a full list of IFC-related nodes which allow to define and modify a large number of 

IFC parameters to take complete control over the IFC file. This feature may seem of less importance 

but, in fact, is a major concern in AEC industry. Although it has been a consistent improvement in 

assuring steady workflows between BIM software, AEC industry professionals deal with permanent 

losses of information when exporting/importing their models between platforms. In order to overcome 

this challenge, BIM software users need to be able to customise their project’s IFC files when 

exporting and importing into their software. 

 

Figure 41 - Grasshopper IFC export module 

Once imported into Revit, the generated topology can be characterised as a family instance and all the 

desired parameters such as material, thermal, acoustic properties in pair with the initial geometric 

parameters which defined the original topology. Following figure 42 shows a sample BIM model 

developed with an exported topology given by Grasshopper
TM

. 

 

Figure 42 - BIM model of exported shell topology  
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4. FRAMEWORK IMPLEMENTATION 

Once the framework has reached a state of sufficient maturity, and most of the bugs have been 

corrected it is possible to proceed to the next phase which is to test the same in different scenarios. 

This chapter demonstrates testing and validation of the proposed framework using various inputs and 

parameters. It starts by the geometry and loads definition for the adopted case study.  

Then, there are shown some preliminary tests using both a direct approach and a full optimisation 

routine with default parameters. After these results, it is performed and sensibility analysis to all main 

parameters involved in this optimisation tool to show the achieved results using a new set of optimised 

(non-defaulted) parameters. The overall structure adopted for this chapter is represented in following 

figure 43. 

 

Figure 43 - Framework implementation methodology 
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4.1 Geometry Definition 

Following previous work conducted by Tomé et al., (2014), this experiment tests a similar shell 

structure with eight meters of maximum height for the inclusion of a two-storey building and twenty 

meters diameter in the base with one-meter width supports. In the same context, the defined material 

was UHPC concrete in a shell with 0.10 meters thickness. UHPC has the mechanical properties 

(Graybeal, 2006) summarised in table 4. 

Table 4 - UHPC mechanical properties 

Young’s modulus (E) ~50 GPa 

Shear modulus (G) ~21 GPa 

Poisson’s ratio (ν) 0.2 

Compressive strength ~100 MPa 

Tensile strength ~10 MPa 

Mass density 2500 kg /m
3
 

 

With this given geometry, it is possible to create a modular multiple shell structure where each module 

covers an approximate area is 203.00 m2. Nevertheless, in the context of this case study, only one 

module is considered. These parameters were introduced using the user interface shown in figure 26. 

The result for the initial topology generated in Rhinoceros environment is provided in figure 44. 

 

Figure 44 - Generated initial topology in Grasshopper canvas 
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4.2 Loads Definition 

Main loads for this type of structure were defined as self-weight and wind load. The original weight of 

the structure is around 50.75 tons. To define wind load, since the free-form shells are not comparable 

or directly related to any of the configurations described in Eurocodes. For this reason, the 

experimental and numerical way, on a case-by-case basis, becomes the most suitable tool for the 

study of the distribution of pressure coefficients on the surface of this typology of structures. Following 

the extensive work of Ana Margarida (Teixeira 2016) for wind load effect in thin shell structures, was 

defined a pressure coefficient ranging from -1 to 1. Wind dynamic pressure should be defined by: 

 P =
1

2
∗ 𝑐 ∗ 𝜌 ∗ 𝜈2 (2) 

Where,  

P – dynamic pressure in kN/m
2
 

𝑐 – pressure coefficient 

𝜌 – specific mass of the fluid (equals to 12,5 N/m
3
) 

𝜈 – average velocity (e.g. equals to 27m/s from EC1 zone A) 

From the given values and using equation (2) the average wind load value used from this point 

forward is 4,56 kN/m2. Note that this a very simplistic approach, yet valid to analyse the performance 

of the optimisation routine. A more sophisticated analysis should define different pressure coefficients 

for each direction.  

For this optimisation, it was only considered the fundamental stress state with considers specific 

safety coefficients for permanent loads and variable loads. A maximum allowed displacement of 0.05 

meters was found to be suitable for the given shell span and consistent with current practices. For 

genetic algorithm parameters, there were initially defined the following values for each parameter as 

shown in table 5. These parameters were defined using user interface shown previously in figure 24. 

Table 5 - Default Genetic algorithm parameters 

Individual Size (grid blocks) 250 

Population Size 6 

Crossover Factor 50 

Mutation Factor 20 

Elitism Factor 40 

Number of runs 50 

 

In order to create a simple workflow of this work, at first, it only is considered the dead load to 

understand and interpret the optimisation results fully. Then it is explored the optimisation also for 

wind load only, and for further development, both dead load and wind load can be combined using a 

sample combination scenario using the correspondent user interface.  
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4.3 Preliminary Analysis 

With the given shell geometry and loads definition, it was created a case study which is the reference 

for further sensibility analysis. For this case study, a different number of runs was computed and 

performed the corresponding comparison for topology weight, maximum displacement, stress state, 

computational time and fitness score.  

Before going into the optimisation results, there is a need to validate stress distribution and 

displacements for the given initial topology.  To perform this task, the original topology generated in 

Grasshopper was exported to STL file format via Rhinoceros user interface to Abaqus. The imported 

geometry is shown in figure 45. 

 

Figure 45 - Imported shell structure into Abaqus
TM 

As observed from figure 45, the importation process is very consistent, with no geometry 

incongruences. After assigning the self-weight and all the necessary parameters, a structural analysis 

was performed to evaluate the stress distribution and displacements as shown in figures 46 and 47 

respectively. 

 

Figure 46 - Principal stress distribution for the shell in Abaqus
TM 

(values in kPa) 
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Figure 46 demonstrates that exists a central part of the structure with minimum stress and other six 

parts (3 near the base and other three near central part) that also show minimum stress states. This 

validates the future results obtained by the implementation of the developed optimisation routine.  

 

Figure 47 - Displacement distribution for the shell in Abaqus
 
(values in meters) 

Figure 47 shows that maximum displacement occurs and middle of each support brace and at the 

midst of each arc between supports with the highest displacement of up to 27.5 mm. At this stage, it is 

possible to compare the results both from Karamba and Abaqus.  

In following table 6 is possible to evaluate the results from both finite element analysis from the same 

thin shell structure for the given dead load. 

Table 6 - Validation of results for base case scenario 

 First order analysis Second order analysis Average 

Relative Error  Karamba Abaqus Karamba Abaqus 

Displacement range [mm] 0.00 – 28.1 0.00 – 27.5 0.00 – 31.3 0.00 – 30.5 3% 

Normal stress range [MPa] 0.37 – 3.22 0.57 – 3.00 0.50 – 5.27 0.62 - 5.21 4 % 

 

As observed in the previous table, both first and second order analysis produces equivalent results 

with a very acceptable relative error between both software. Since the maximum displacements are 

reduced and due to the anti-funicular form of the shell structure, the second order effects are reduced 

in this analysis.  

Therefore, for this algorithm, both analyses are suitable to be used. In a second-order analysis, the 

optimisation routine converges to a new topology, with an expected consequent increase in maximum 

displacement, where the second order effects are more important. 
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After analysing stress distribution, it is also interesting to compare the modal behaviour of the shell 

structure. First six vibration model is schematically represented in figure 48. 

 

Figure 48 - First six vibration models for shell structure 

As observed, the first four modes of vibration represent single direction deformations, and further 

modes represent more complex deformations, which is the natural behaviour of structures since less 

complex modes require less energy to occur and are likely the most common modes of vibration. In 

figure 49 is represented the mass contribution of each vibration mode for the first six modes of 

vibration. 

 

Figure 49 - Mass contribution of each vibration mode 
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From this point forward, it is possible to proceed with the implementation of the developed tool. The 

implementation of the framework was performed at two distinct levels. First, it will be used a direct 

approach, which comprises an iteratively routine to remove material where stresses are lower than a 

pre-defined threshold without no optimisation routine given by evolutionary algorithms. Then, a full 

routine using the previously developed optimisation algorithm is implemented. This entire routine is 

divided into two parts, one before sensibility analysis and the other one after. Every optimisation runs 

with this whole routine consider only the self-weight and only at the end of the results demonstration is 

included a small chapter with the effect of the wind load into the analysis. 

 

4.3.1 First Scenario: Direct Approach 

This first scenario serves as a straightforward, yet speedy, optimisation process where the genetic 

optimisation module is replaced by a simpler direct approach, which could be compared to the 

sophisticated one that uses the genetic algorithm module.  

As referred to, starting with a direct approach, a threshold of 7% was defined to maximise material use 

while maintaining the shell structure stability as shown in figure 50. 

 

Figure 50 - Material filter by utilisation threshold 

Since the material is UHPC, this shell would mostly have low material utilisation, and another concern 

should be the creation of mechanisms within the structure. Figure 51 represents the entire 

grasshopper canvas with this very simplified approach for material optimisation. 

 

Figure 51 - Entire direct approach algorithm implementation in Grasshopper 
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The result after five iterations is shown in figure 52; these five iterations are more than enough to 

remove all the material under the given stress threshold. Although this is a coarse representation, it 

demonstrates where material could be taken to maximise material use and minimise the overall weight 

of the shell structure. In the following figure is not represented the top thin concrete layer for 

visualisation of the areas of low stress. 

 

Figure 52 - Result of direct approach after three iterations 

After two iterations there is likely no material to remove for the given threshold. After each iteration the 

utilisation of the remaining material is increased, as expected since there is less material for almost 

the same amount of weight in the structure, so stresses are distributed to surrounding material from 

where the previous material was removed. The results for this type of optimisation are summarised in 

table 7. 

Table 7 - Optimisation results of direct approach for each mesh refinement 

Number of finite 

elements 

Number of 

iterations 

Elapsed time 

[min] 
Final weight [ton] 

Maximum displacement 

[mm] 

349 3 0.75 37.38 29.4 

1334 3 4.5 37.38 30.7 

1906 3 6.0 37.38 32.4 

2564 3 9.0 37.37 31.1 

 

These results show that there is no advantage of refinement of the finite element mesh since the 

results are practically the same for all the tested mesh sizes. In fact, mesh refinement, in this case, is 

only needed for enhancing the visual appearance of the generated topology. 
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Figure 53 shows the positive correlation between the mesh refinement and the computation time of 

the direct approach regarding the optimisation routine. 

 

Figure 53 - Correlation between computation time and mesh refinement 

This excellent correlation, adjusted with a linear model, allows extrapolating with high confidence the 

expected time of computation for the larger number of finite elements. Nevertheless, as it will be 

presented next, there is a certain point that there is no relative advantage to go forward on the 

refinement of the model. 

The results from figure 52 could be refined to have a more aesthetic form, without mesh refinement, 

which compromises computational time. This could be accomplished using the node wbLaplace from 

Weaverbird package.  

This package includes some useful nodes for topology smoothing, the implementation of this nodes 

into the developed framework is represented in figure 54. The result for a smoother shell structure can 

be found in figure 55. 

 

Figure 54 - Weaverbird nodes for structural smoothing technique 
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Figure 55 - Result of direct approach after three iterations smoothed 

 

4.3.2 Second Scenario: Full Optimisation Routine 

In the second method, which comprises the purpose of this work by implementing an optimisation 

framework using the genetic algorithm. This approach should explore more the available design 

options than the previous one and, with that feature, enhance the desired material optimisation. 

Assuming as default the parameters shown previously in table 5, after a defined number of 250 

iterations the result of the optimisation using the framework described in the previous chapter gave the 

following topology as shown in figure 56. This simulation took around seventy minutes to achieve a 

maximum fitness score of 2.278, which corresponds to a final weight of 36.61 tonnes, a maximum 

displacement of 0.047 meters and a maximum material utilisation of 49 percent. This topology is yet a 

very coarse representation and with a high content of randomness when compared to further analysis.  

 

Figure 56 - Exoskeleton of the optimised topology 
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Using the interface shown in figure 38, in the previous chapter about framework development, is 

possible to generate the corresponding Pareto front as shown in following figure 57. 

 

Figure 57 - Pareto front for default GA's parameters 

Analysing figure 57 is possible to note that last runs have lower variance than the ones generated 

before. This leads to a much denser scatter of points in later solutions that converge to a theoretical 

line which contains the best trade-off individuals for this optimisation problem, this line is known as the 

Pareto front.  

Also, even with a reduced number of points into the scatter plot, is possible to note that most of the 

individuals are concentrated in the left portion of the graph, with a constrained range of low 

displacement values, for a larger range of possible weight values. This enhances the fact that exist 

multiple solutions with a very different material distribution that can conduct to almost the same overall 

stiffness of the structure. 

Until this point, every iteration over the optimisation framework used a set of geometrical parameters 

for the shell structure; these are chosen based on previous work from Ana Tomé as explained. 

Besides that, a group of other parameters, designated as genetic algorithm parameters were assumed 

as defaulted values. Although these default parameters were chosen within some tolerable range of 

values recommended by literature review, there is no warranty that they are the most suitable for this 

optimisation problem.  

In fact, the assumed default parameters for literature review are related to different disciplines of the 

optimisation problem and should not be assumed as generally recommended values for every 

optimisation problem. Each different optimisation problem requires a careful evaluation of the most 

suitable fitness function and for the most optimised set of genetic parameters.  
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4.4 Sensibility Analysis 

The goal of sensibility analysis is to assess the influence of uncertainties in input data have on a given 

model output. Sensibility analysis techniques can be categorised into two different sets: global and 

local sensitivity methods. Global sensibility methods aim at capturing the influence of a given set of 

input parameters over the whole parameter’s space. Local sensibility analysis consists of altering one 

parameter value at a time to compute the sensitivity around a given point of interest. Since there is a 

considerable randomness in the algorithm, there were performed five simulations for every single 

change in the parameters to have an average value of the results, since randomness cancels each 

other, and that way do not fall in misleading results. There were performed several, in fact, thousands 

of simulations to develop this necessary analysis, this phase was the more time expensive step in the 

developing of this framework. The first analysis is regarding computational performance. Since this 

type of optimisation routines perform several successive finite element analysis and usually genetic 

algorithms are slow to reach the desired solution, or at least, one that is acceptable within pre-defined 

criteria is important to evaluate this parameter. Figure 58 represents the evolution of processing time 

against the mesh size of the shell structure. 

 

Figure 58 - Effect of mesh size for framework's performance 

As observed, there is an initial high increase rate of fitness score (given by the slope of fitness score) 

up to mesh sizes of 500 individuals. After this magnitude, the performance starts to stabilise and 

decrease in some sizes. This can be explained by the number of iterations used, which was 50. Few 

iterations, when compared to the individual's size, are known to conduct to low-performance solutions 

in genetic algorithms routines, and the referred threshold corresponds to up ten times more size than 

the defined number of iterations, which explains the performance decrease. Regarding time 

consumed, above the same threshold, the time consumed starts to increase almost exponentially. In 

next analysis is evaluated the effect of the number of the population size, by other words, the number 

of individuals in each population. It is expected that, for the same amount of iterations, a larger 

population would give better results since it explores more alternatives in every iteration of the 

algorithm. The results of this analysis can be found in figure 59. 
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Figure 59 - Effect of population size on fitness score 

As observed in previous figure 59, there is an initial higher increase of performance with the growth of 

population size which is significantly reduced since a population size of 50 individuals. Regarding 

computation time, note that it increases exponentially with the population size and have a significant 

impact on the population of more than 50 individuals. Note that the range of values of fitness score is 

very reduced. With an overall increase of 0.03 fitness score points from a population of 6 to 100 

individuals. It allows concluding that population size has a very reduced impact on the performance of 

the GA, of course, for this specific application and should not be intended as a general conclusion. 

The purpose of next analysis is to evaluate first the effect of the number of iterations since it is directly 

correlated to the maximum fitness score achieved and then the effect of the population size paired 

with the number of iterations. Starting with the analysis of the effect of the number of iterations, the 

results of this analysis can be found in figure 60. 

 

Figure 60 - Effect of the number of iterations to fitness score 
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As observed in figure 60, as iterations go forward it is possible to achieve higher levels of 

performance. However, above a certain level of iterations, around two hundred, there is no 

significative increase of return which is also taken into account.  

As observed, after 200 iterations and 15 min it reaches a fitness score of 2.31, and after 1000 

iterations, which consumes plus 45 min, the maximum fitness score is just 2.33. This corresponds to 

an increase of less than 1% in the fitness score and over 300% in the time spent.  

Since computation time follows an almost linear proportion after a few iterations, which is expected 

since the time is directly related to the number of iterations, and there is no apparent reason for having 

different time elapsed in various iterations.  

In order to better explain the effect of the number of iterations has in various population sizes, figure 

61 shows that comparison of the fitness evolution along algorithms iterations for different population 

sizes. 

 

Figure 61 - Evolution of fitness score for various population sizes 

As observed, larger populations conduct to higher fitness score since they explore a greater number of 

suitable solutions at each iteration step. For all populations sizes there is an abrupt growth of fitness 

score for the first two hundred iterations, and then the growth follows a linear behaviour with the 

number of iterations, very similar for all population sizes. 
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To explore the effect that individual size has on the fitness score for a different number of iterations, 

figure 62 shows this comparison of the fitness evolution along algorithms iterations for various 

individual sizes. 

 

Figure 62 - Comparison of fitness evolution along iterations for different individual sizes 

As observed, smaller populations give better results for fewer iterations, but for a larger number of 

iterations, larger populations provide higher fitness scores. It also confirms that, for the given default 

parameters, and considering the computational time, the most suitable solution is to choose the 

solution with nearly 500 individual length. Not exactly 500, in fact, it is 492, which corresponds to a 

square u.v. discretization of 30 by 30 trimmed by projection into the given triangular topology. 

In order to explore the sensibility of topology optimisation for different GA’s parameters, several tests 

were performed, changing different genetic operators. It will be carried out a sensibility analysis for 

each specific GA’s parameters (mutation factor, crossover factor and elitism factor) individually while 

the remaining stay defaulted as previously shown in table 5.  

Next evaluation couples, from figure 63 to figure 65, the evaluation of the three most important genetic 

algorithm parameters, mutation, crossover and elitism factor accordingly. By changing this parameter 

from 0 to 100 percent is possible to evaluate what is the best option for each parameter.  

Considering they are completely independent, which is not especially true of every optimisation 

process but is an acceptable assumption for this work. Figure 63 shows the effect of the mutation 

factor to the fitness score. 
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Figure 63 - Effect of mutation factor to fitness score 

As observed in figure 63, there is an initial high increase rate of the fitness score with the mutation 

factor until it reaches a maximum for mutation factor equals to 30 percent. After 30 percent, there is an 

overall decrease of performance with the increase of mutation factor up to 100 percent. Note that if 

mutation factor is set to 0, after around five to six iterations (for the defaulted values with a population 

of six individuals), the algorithm falls into a local minimum and all the individuals are the same of the 

population and always have the corresponding fitness value of 2.09. A larger population take more 

iterations to reach a local minimum since there is greater variability in the sample space. Also, note 

that every analysis uses default values for the remaining parameters that can affect the analysis since 

it was done individually. Next evaluation, as mentioned previously is related with the effect of the 

crossover factor in the fitness score as shown in following figure 64. 

 

Figure 64 - Effect of crossover factor to fitness score 
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Figure 65 - Effect of elitism factor to fitness score 

As shown in figure 65, elitism factor does not have the same tendency as the crossover. However, it 

produces shallow fitness values if set to 0 or 100 percent. Setting elitism factor equals to 100 means 

that since the first generation, all the individuals are considered into next iteration, and no perturbance 

occurs into population along iterations except the mutation operator. If elitism is set to 0, it means that 

in each iteration, any individual is selected in this operation.  

The only best individuals that could be selected are the ones from tournament selection operation. 

Although, since there is no elitism factor, there is any guarantee that the best individuals from the 

tournament are preserved in next iterations. The best fitness values achieved for this analysis occurs 

for elitism factor of 20 and 50 percent. After performing the required sensitivity analysis is possible to 

enhance the performance of the proposed tool by choosing the best values to assign to each genetic 

parameter. These values are represented in table 8. 

Table 8 – Optimised Genetic algorithm parameters 

Individual Size (grid blocks) 250 

Population Size 50 

Crossover Factor 30 

Mutation Factor 30 

Elitism Factor 20 

Number of runs 200 

 

Mutation factor was raised from the default of 20 to 30, the crossover and elitism factor was reduced 

from 50 to 30 and from 40 to 20 percent, respectively. The population size was changed from 6 to 50 

since it has a significant impact on the design alternatives exploration, which will correspond to better 

fitness scores. It is not interesting to rise above this value since the performance benefit is much more 

reduced and the time consumed is significantly larger. The number of runs was also raised from 50 to 

200 since it exists a significant increase in performance until 200 iterations. Although, not so 

significant after this number of iterations.   
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4.5 Results 

After choosing the most suitable values for each parameter, a new simulation could be performed to 

evaluate the benefit of a brief pre-optimising GA’s parameters before going into a full topology 

optimisation. This routine took around seven hours and twenty minutes to reach a maximum fitness 

score of 2.486 with a final weight of 26.05 tonnes, a maximum displacement of 0.045 meters and a 

maximum material utilisation of 69 percent. The referred newly topology optimisation routine is 

represented in figure 66. Note that the following illustration also includes the top thin material layer. 

 

Figure 66 - Optimisation using pre-optimised GA's parameters (left: non-smooth; right: smooth) 

Using the again the interface shown previously in figure 38 is possible to generate the corresponding 

Pareto front as shown in following figure 67. 

 

Figure 67 - Pareto front for optimised GA's parameters 
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As expected the results gathered from this new simulation were better since the GA’s parameters 

were optimised for their maximum performance by the sensitivity analysis. Nevertheless, note that the 

most performance increase is not related to GA’s parameters such as mutation, crossover or elitism 

but with population size and individual size. Finally, also note that the number of iterations performed 

was increased from 50 to 200 which have the most impact in the algorithm. This parameter is directly 

related to the evolution of the optimisation procedure. 

Following table 9 synthesises the results comparison from non-pre-optimising GA’s parameters with 

the pre-optimising GA’s parameters solution for the given parameters from tables 5 and 8 respectively. 

Table 9 - Comparison of non- and pre-optimised GA's parameters 

Definition Initial parameters Newly parameters 

Final weight [ton] 36.61 26.05 

Maximum displacement [mm] 47 45 

Computational time [min] 70 440 

 

As mentioned in framework development, this optimised shape can be exported as a BIM model to a 

proper modelling software, in this case, Autodesk Revit is a suitable solution for this mechanism. 

Figure 68 represents the output geometry into BIM model and figure 69 the corresponding 

parameters. 

 

 

Figure 68 - BIM model from optimised solution (with and without top membrane) 
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Figure 69 - BIM model main parameters 

4.5.1 Structural Performance Comparison 

After performing several runs in the optimisation framework, generating a new set of optimised shell 

forms, is possible to establish a preliminary comparison with the initially given topology. Considering 

the initial topology of the given shell structure and the result of the optimisation routine is possible to 

compare its structural performance when submitted to static loads. Following table 10 shows this 

comparison in terms of material utilisation, maximum displacement, and stress range. 

Table 10 - Topologies comparison 

 Initial Topology Optimised Topology Benefit 

Weight [ton] 50.75 26.05 352 % 

Maximum Displacement [mm] 0.00 – 31.3 0.00 – 45.1 - 

Normal stress range [MPa] 0.50 – 5.27  4.00 – 73.8 577 % 

 

As observed in the previous table, there is a significant reduction regarding material along with a minor 

increase of maximum displacement due to a more flexible topology, although it still respects the 

allowed maximum displacement of 50 mm. Regarding stress range, there is an increase in material 

utilisation of 577 %, which it was of the main motivations for the development of this optimisation 

framework, to enhance material utilisation of structural systems. Figure 70 illustrates both stress and 

displacement distributions over the optimised topology. 
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Figure 70 - Structural performance of optimised topology using developed framework 

 

4.5.2 Wind Load 

This chapter intends to demonstrate some preliminary results of the introduction of the wind load into 

the developed BIM-based optimisation framework to prove its potentialities when dealing with multiple 

load schemes. Until this point, only self-weight was considered in the optimisation procedure. As 

previously referred, there is also another important type of load to take into consideration in shell 

structures analysis, which is the wind load. Wind load can be included in the analysis by changing the 

load module in the grasshopper canvas as shown in figure 71.  

 

Figure 71 - Load case definition in Grasshopper canvas 

Load component is given by Karamba plugin and features some customisation options. It is possible 

to replicate the existent gravity load definition node and change the load type to Mesh Load and define 

a global vector for wind. Next, wind load orientation is set to its global direction and an average wind 

pressure equals for all directions is assumed. Although it is not suitable in real situations, for the 

purpose of this work, these assumptions are fairly reasonable. Due to the shell symmetry and the 

assumed global orientation within rhinoceros environment, the principal directions to consider are the 

wind load from global direction both X and -X, -Y and both Z and -Z as represented further in figure 72.  
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Figure 72 - Considered wind directions 

These directions should cover the main conditioning wind load situations for the shell structure, being 

representative of wind load and its effect to the optimisation routine. Nevertheless, these results 

should be considered as a preliminary approach to topology optimisation considering multiple load 

types. For each load condition, it will be presented the maximum displacement and minimum weight 

and also the corresponding highest fitness score obtained. Proceeding with further simulations for 

different wind directions, table 11 gathers results for the application of optimisation framework 

including wind load. 

Table 11 - Optimisation results for the inclusion of wind load 

Wind Direction Weight [Kg] Displacement [mm] Fitness Score 

- Z 38843.97 48 ( - Z ) 2.234 

Z 38742.33 40 ( - Z ) 2.236 

- X 42799.24 
4 ( - Z ) 

98 ( - X ) 
2.156 

X 42799.79 
4 ( - Z ) 

99 ( - X ) 
2.156 

- Y 40162,21 
5 ( - Z ) 

100 ( - Y ) 
2.208 

 

From the observation of the previous table, it is possible to note that, for vertical wind load direction, 

the optimisation routine gives similar, although worst, results when compared with the ones obtained 

from self-weight only. For horizontal wind load direction, the optimisation routine was not able to 

optimise so further, and the results show higher values for shell weight which corresponds to lower 

fitness score values.  

As a further development of this framework, it could be possible to extend the existent framework to 

perform a form finding technique after the performed material optimisation routine.   
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5. DISCUSSION AND COMPARISON WITH OTHER APPROACHES 

This chapter intends to demonstrate other alternatives using the developed framework but performing 

small changes in certain parts to introduce commercially developed plugins. First, it is included a 

commercial evolutionary algorithm plugin. The second scenario is about test an evolutionary algorithm 

framework for optimisation for grasshopper known as Octopus. Third and last scenario tests Abaqus 

topology and material optimisation module with the given initial shell structure topology. Figure 73 

presents the following chapter organisation. 

 

Figure 73 - Discussion and comparison chapter organisation 

 

5.1 Scenario 1 – Introduce Galapagos in developed framework 

For the first scenario, it is tested a plugin known as Galapagos developed by David Rutten  (Rutten, 

2017) as an alternative to the developed genetic algorithm module.  Implementing this plugin within 

the developed framework is possible to compare the changes in the framework’s performance and 

compare the changes regarding the topology and overall fitness score. Galapagos is an evolutionary 

solver than came as a built-in extension for Grasshopper than enable non-programmers to implement 

their evolutionary optimisation routines. Since Galapagos is built-in for Grasshopper, the performance 

should be higher than a non-embedded plugin as the case of the developed framework. The 

disadvantage of using Galapagos instead of the developed Genetic Algorithm is that is not possible to 

modify all the desired GA’s, falling slightly into the “black box” syndrome. For Galapagos, evolutionary 

solver implementation is possible to define five different parameters: Maximum Stagnant, Population, 

Initial Boost, Maintain and Gene blending. Maximum Stagnant stands for the highest number of similar 

populations that cause algorithm to abort. Population is the number of individuals within the 

population. Initial Boost means the multiplication factor for the initial population. Maintain means the 

percentage of best individuals that are copied directly between generations (equals to elitism factor) 

and finally Gene blending is related to the inbreeding factor ( -100% stands for fully zoophilic, and 

+100% means fully incestuous). The selected approach to implement Galapagos within the existent 

framework was to generate an initial population of 1000 individuals and then connect the individual 
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selector, as a slider, to Galapagos and the existent fitness function also to Galapagos. Figure 74 

shows the Galapagos user interface with the defined parameters for the evolutionary solver. 

 

Figure 74 - Evolutionary solver parameters 

 

5.1.1 GA’s parameters optimisation 

This approach also allows performing a kind double optimisation routine if we also set initial the GA’ 

parameters as design variables and then perform the real optimisation routine with the newly 

optimised genetic parameters, similar to what was done manually in the sensibility analysis of the 

previous chapter. The results for parameters optimisation is shown in following figure 75. 

 

Figure 75 - Galapagos simulation for GA's parameters optimisation 
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The optimisation routine, with this approach, reaches the optimum values for GA’s parameters, which 

were compared to the already assumed values for previous simulations, as shown in following table 

12. 

Table 12 - Optimised GA's parameters using Galapagos routine 

Parameter 
Galapagos 

Optimisation 
Manual 

Optimised 
Base 

Scenario 

Individual Size (grid blocks) 250 250 250 

Population Size 50 50 6 

Crossover Factor 20 30 30 

Mutation Factor 50 30 20 

Elitism Factor 10 20 40 

Number of runs 200 200 50 

 

5.1.2 Galapagos Evolutionary Solver 

Using Galapagos evolutionary solver with optimised parameters is possible to compare the obtained 

results with the developed framework. The result of the material optimisation routine is shown in figure 

76 with a maximum fitness score of 2.470, a material reduction from 50.75 to 26.90 tonnes with a final 

maximum displacement of 49 mm, which corresponds to the solution illustrated in figure 77. 

 

Figure 76 - Galapagos simulation using evolutionary solver 

The results given by the implementation of Galapagos in the developed framework gives equivalent 

results, although considering the random characteristics of the algorithm, but with far better 

performance regarding computation time, as expected.  
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Figure 77 - Optimal shell structure for Galapagos Genetic Algorithm implementation 

Next, following figure 78 demonstrates the structural behaviour for this optimised topology. 

 

Figure 78 - Structural performance of optimised topology using Galapagos plugin 

 

5.1.3 Galapagos Annealing Solver 

Galapagos extension also enables to perform another type of optimisation routine, also referred in the 

literature review, which is Simulated Annealing. This routine is given by Galapagos annealing solver.  

For annealing solver, three main parameters can be customised in Galapagos which are Temperature, 

Cooling and Drift rate.  Temperature means the initial energy of the system, in logarithmic percentage, 

Cooling means the decay factor of energy on each jump and Drift rate stands for the chance that a 

lattice jump includes an additional dimension. These features are present in previous figure 74. Using 

the Galapagos default values and performing this type of optimisation routine it gives the output as 

shown in figure 79. 
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Figure 79 - Galapagos simulation using annealing solver 

This approach, for the assumed parameters, it gives a maximum fitness score of 2.448 for the fitness 

function, which is pretty good and similar to the one achieved by the genetic solver. Corresponding to 

a material reduction from 50.75 to 26.90 tonnes with a final maximum displacement of 49 mm. The 

consumed time was around forty-four minutes which is relatively worse than the genetic algorithm. 

The result of this optimisation produces the topology shown in figure 80. 

 

Figure 80 - Optimal shell structure for Galapagos Simulated Annealing implementation 

 

5.2 Scenario 2 – Introduce Octopus in developed framework 

Octopus is a plug-in for applying evolutionary principles to parametric design and problem-solving. It 

allows the search for many goals at once, producing a range of optimised trade-off solutions between 

the extremes of each goal. It is part of a range of tools developed by Robert Vierlinger at the 

University of Applied Arts Vienna and his team. It introduces multiple fitness values to the optimisation. 

The best trade-offs between those objectives are searched, producing a set of possible optimum 

solutions that ideally reach from one extreme trade-off to the other. Based on David Rutten's 
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Galapagos User Interface. Octopus module could be included in the developed tool as did previously 

with Galapagos. It receives, as Galapagos, the objective functions and the design variables. One of 

the first new aspects of Octopus about Galapagos is that allows to show in the workspace, the 

phenotypes, which correspond to the different topologies. Figure 81 demonstrates how Octopus is 

connected to the existent nodes. 

 

Figure 81 - Integration of Octopus in the existent framework 

Octopus also presents a very well-developed user interface that gathers 3-D view, manipulate multiple 

parameters for the optimisation procedure and the possibility to easily export the results. Like the 

developed framework, it is possible to define the desired GA’s parameters. For this case, the same 

GA’s parameters referred previous, as the optimised ones, were used and the rest parameters specific 

from Octopus interface remain to the default state. After reach a maximum of a hundred generations, 

the following result is shown in figure 82 by the plotted Pareto front.  

 

Figure 82 - Octopus optimisation result 
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Note that in horizontal axis there is the weight which increases from left to right and in the vertical axis, 

there is the displacement which increases bottom to top. By that way, the reader can note that the 

produced results are very similar. 

 

5.3 Scenario 3 – Abaqus Topology/Material Optimisation routine 

Abaqus has a built-in optimisation module know as Abaqus Topology Optimisation Module (ATOM) 

which delivers powerful solutions for performing topology and shape optimisation for single parts and 

assemblies while leveraging advanced simulation capabilities such as contact, material nonlinearity, 

and significant deformation. The complete workflow of this module is shown in following figure 83. 

Given an initial material distribution (top), topology optimisation produces a new landscape (bottom) by 

scaling the relative densities of the elements in the design domain.   

Elements with large relative densities are retained (shown in blue) while those elements whose 

relative densities have become sufficiently small are assumed to be void. Thus, a new “landscape” is 

obtained. The output for the first submitted optimisation corresponds to a strain energy reducing of 

30%. 

 

Figure 83 - Abaqus optimisation module workflow 
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5.4 Results comparison and discussion 

This work has shown results for the developed framework and alternative scenarios using other 

alternative tools. These results should not be considered as a final product from the implementation of 

the developed framework, but as preliminary results that motivate further developments in this type of 

BIM-based optimisation frameworks. Further developments should cover other fitness functions 

definitions as well as other parametrisation sets. 

The complete comparison table of tested scenarios is presented in following table 13. These results 

refer only to optimisations considering self-weight into order to compare each scenario in the same 

conditions. 

Table 13 - Comparison of different tested scenarios 

Definition 

Developed Framework Galapagos 

Octopus Abaqus 
Direct 

Approach Initial 
parameters 

Newly 
parameters 

Genetic 
Algorithm 

Simulated 
Annealing 

Final weight [Kg] 36 613 26 051 26 898 28 015 37 099 46 589 37 372 

Maximum 
displacement [m] 

0.047 0.045 0.039 0.045 0.048 0.033 0.031 

Computational 
time [min] 

70 440 (38*) 38 44 92 53 9 

Fitness Score 2.278 2.486 2.470 2.448 2.269 2.082** 2.264** 

* Using parallel computation in the fourth group 

** Equivalent fitness score  

 

As observed in previous table 13, for the developed framework, there is a significant improvement by 

using optimised parameters instead defaulted. Comparing to Galapagos alternative scenario, this last 

one presents benefits in terms of computational speed (around 16x faster, due to parallel computation) 

while achieves practically the same fitness score.  

Octopus tool is shown worst results than the developed framework and Galapagos, for the assumed 

Octopus default parameters. Abaqus optimisation module showed the worst results so far. However, it 

should be taken into account that was the less tested alternative scenario, and a full exploration of this 

tool should give far better results than the ones obtained.  

Direct approach as the main advantage of its computational speed since it does not need to perform 

any optimisation routine. However, it does not have a significant improvement regarding material 

reduction and, as explained, it does not explore other design alternatives, it simply removes material 

where it not needed. 
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6. CONCLUSIONS 

This work has demonstrated the potential of combining parametric design gathered from novel BIM 

technology with evolutionary optimisation algorithms, particularly genetic algorithm, in order to achieve 

topology optimisation of structural systems. 

It was developed a framework which integrates the ability to parametrically generate a shell structure, 

the optimisation module which contains the genetic algorithm heuristic and the finite element analysis 

module which performs the structural analysis at each optimisation step. At each step, the output of 

the FEA was evaluated by a penalty and fitness function to produce an overall fitness score for the 

evaluated topology. This methodology enables GA to produce more suitable topology solutions for the 

shell structure consistently. 

There was first tested a direct approach to select only areas with low material utilisation to remove 

material and do not take advantage of any optimisation routine. The main methodology materialises in 

six different modules. An user interface module (to introduced shell parametrization and GA’s 

parameters); the geometry module (it gathered the user inputs to define the initial shell geometry); the 

genetic algorithm module (to perform the optimisation heuristic), the solid subtract module (it 

generates the boolean subtraction into the original geometry), the finite element analysis module 

(which performs all the structural analysis for the shell) and finally the last module was the fitness 

module (to evaluate the output from FEA and assigned a unique fitness value for the evaluated 

topology). 

This main methodology was further compared to other alternative scenarios. The first scenario 

introduced a commercial plugin, Galapagos, into the developed framework, by replacing only the 

genetic algorithm module in the framework. It was used both with genetic algorithm and simulated 

annealing. The second scenario introduces a full new alternative using the commercial plugin 

Octopus
TM

 to perform the same purpose of the main methodology. Last alternative scenario was to 

use the optimisation module from Abaqus
TM

.  

A direct approach conducts to a maximum displacement of 31.1 mm and final weight of 37.37 tons 

with less than 10 minutes to run. The main approach produced noticeable results in terms of material 

optimisation. The initial properties of the shell structure shown a total weight of 50.75 tons, a maximum 

displacement of 28.1 mm and stresses ranging from 0.37 – 3.22 MPa. This most extensive routine 

took around seven hours and twenty minutes to reach a maximum fitness score of 2.486 with a final 

weight of 26.05 tons, a maximum displacement of 45 mm and a maximum material utilisation of 4.00 - 

73.80 MPa. Other scenarios also shown fascinating results, Galapagos gives a maximum fitness 

score of 2.470 for the fitness function, which is not bad, corresponding to a material reduction from 

50.75 to 26.90 tonnes with a final maximum displacement of 46 mm. The consumed time was around 

twenty-four minutes which is relatively faster than the developed framework. The results from both 

Octopus and optimisation module for Abaqus
TM

 produced less attractive results with visual low 

material optimisation when compared to previous scenarios and main methodology.  
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Although, it should be taken into account that maybe these last scenarios were not fully explored and 

more outcome could be achieved with these tools. 

These results are satisfactory enough for the proposed objectives, and the developed framework 

achieved a proficient level regarding stability and modularity to adapt to another optimisation problem. 

The given results demonstrate an expected exoskeleton shape, similar to the ones that exist in nature 

(e. g. a leaf’s exoskeleton). The user interface is quite simple to interact with very user-friendly menus. 

The adopted methodology was also suitable for the proposed objective. 

The gathered results also suggest a deeper set of testing routines should be performed to explore 

minor handicaps and enhance its potentialities and finally, to take full advantage of the developed 

framework. However, when compared with traditional shell design methodologies, it allows exploring 

unknown shapes, achieving a superior level of aesthetics while reducing overall material use. This 

innovative methodology should be considered as a design assistance tool for thin shell design. 

The main recommendation is to implement this framework in a wide variety of structural topologies to 

fully explore the potential of evolutionary optimisation algorithms for material optimisation of structural 

systems and enhance the performance of the developed frame. This framework has the main 

advantage of its powerful modularity and parametric design along with straightforward user interaction. 

Since it is BIM-based, it also allows a steady workflow with other BIM software to allow further 

multidisciplinary analysis and parametrisation levels, characteristics of BIM models. Its main limitations 

are; the computational performance, which can be overcome with more knowledge of parallel 

computation and standalone versions of the developed framework; and the need for having both 

Rhinoceros and Grasshopper installed on user’s machine 

As further developments, this type of topology optimisation should consider the constructive process 

into the optimisation process as a design variable. Although the motivation for this sort of free-form 

structures is the 3-D printing applied to construction, there will be a need for intermediate supports or, 

by another hand, develop a shell structure that is self-supported during the entire manufacture 

process. Also, as further developments, other optimisation parameters should be included in the 

optimisation process, such as solar and energy analysis outputs to perform a more widely and 

complex optimisation routine. 

This work shows that the use of BIM as a database to generate all the parametric design inputs is a 

viable workflow for designers who seek for to understand the trade-off between standardised solutions 

of optimum solution for their projects. Designer’s with less programming skills may experience visual 

programming tools as an advantageous alternative to develop their workflows and adapt software’s 

standards to their office's specifications. The information embedded in BIM model can easily be 

leveraged to obtain quantifiable sensibility of implications to a broad set of design decisions.  

These BIM-based frameworks can help designers to better understand the impact of each design 

change in preliminary stages of the project and well as test different alternatives via a parametric 

modelling. The developed framework has the potential to be assembled as a BIM-based optimisation 

plugin for commercial use within grasshopper/rhinoceros, like many other existent plugins.  
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