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Abstract 

Although robotic fabrication has been successfully applied to non-standard geometry structure forms 

using various materials, there has not been enough research on detailed design guidance for design under 

the use of robotic arm for construction based on the impact of the technique on design with a higher 

level of rationality and reliability. And freeform structures are one-of-a-kind, which means that specific 

working space, tools, and tool paths can only be used for the required design. These are the primary 

impediments to robotic automation in mass production. As a result, the purpose of this study is to 

describe the benefits and limitations of robotic timber automation techniques in order to create a 

comprehensive design system that includes geometry form generation, mesh generation, material, 

structural performance, modularisation, fabrication, and assessment. Six hypotheses are proposed in this 

study and will be tested in the following sections. 

This study transformed a complex system into a multi-objective optimisation system. The impact factors 

of robotic automation in fabrication and construction are identified through a review of the literature 

and the use of the self-organizing maps (SOM) text clustering method to provide reference for the 

indicators. Fuzzy-Analytic Hierarchy Process (F-AHP) and Fuzzy Comprehensive Evaluation (FCE) 

methods are chosen based on these factors to determine the weights of these impact factors and to 

evaluate the impact level of robotic technology on design, fabrication, construction, and management 

aspects using a Multi-input and Multi-output (MIMO) assessment framework. 

Taking the impact factors into consideration, this thesis chooses complex geometry & particle method, 

biometrics & reverse engineering method, and machine learning method to generate rational and 

complex geometry forms. Non-Uniform Rational B-Spline (NURBS) are used to extract variables to 

optimise the strain energy and mass of the structure describe by numerical finite element analysis 

method. The mesh of the optimal surfaces is generated and optimised in triangular, quadrilateral or 

hexagon forms to achieve planar and homogeneous grids. After the whole building information model 

is complete, the working space for the robotic automation construction system would be set, and the 

initial trajectories for the fabrication tasks would be generated and optimised in operating time and travel 

distance.  

Indicators are selected to build the assessment framework for geometry rationality, structure robustness, 

automation automaticity, and modular standardisation, information management criteria. 12 plans are 

put forward by combing different form-finding and mesh modularisation methods. The assessment 

framework applies the kernel principal component analysis (KPCA) method to determine the weights 

and grey relation analysis (GRA) together with grey clustering (GC) assess the relations of different 

indicators on different design plans. In the end, fuzzy c-means clustering (FCM) predicts the level of 

different plans to support decision making. 
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The results show the initial geometry forms generated by three design methods are more rational in 

material aspect. The NURBS geometry models provided detailed geometry information on control 

points, weight factors to optimise the strain energy and robustness by adjusting the morphology. The 

structural performance of the structure is remarkably improved while giving more substantial rationality 

to the freeform surfaces. The optimisation results for robotic trajectory planning show that the travel 

distance and operating time are shortened significantly to enhance motion control stability and to 

improve the automaticity of fabrication. The assessment framework for the impact level of robotic 

automation technique provides quantitative results and the assessment framework for design system 

performance gives qualitative and quantitative evaluation for the plan decision-making. 

The final conclusion section discusses the six hypotheses and summarise the accomplishments and 

limitations. Following that, further research topics are discussed briefly.   
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Chapter 1  

Introduction  

This thesis begins with the assertion that future design is digitalisation, and the automation techniques 

are applied to construction industry to improve the working efficiency, reducing the energy and material 

waste and management. More and more complex forms appeared in the current construction industry, 

followed by new design and construction concepts, for example, digital design, parametric design, 

algorithm and script design, generative design, and computer numerical control (CNC). For the new 

digital design, new manufacturing methods are needed to control the fabrication and construction 

process better to ensure its accuracy and constructability to reduce the deviation between the design and 

the fabricated (or constructed) products. 

Automation construction is one technique that could meet the demands of digital construction, widely 

used since the 1960s, and in recent years, automation construction has been redeveloped based on CAD, 

CAM, and BIM techniques. The robotic construction technique is one of these applied in architecture 

fields. The robotic technique could combine design, fabrication, and construction to make the 

construction process visible. Thus, robotic has better potential in non-linear structure compared with 

CNC. Furthermore, the demands for the variety of architecture design have grown, and robotic could 

fully satisfy the freeform shape fabrication and construction to fulfil it.  

As the design and fabrication techniques are combined in this research, the technique could bring 

different demands for the design, from material, shape form, to joint design. So, this research tries to 

figure out what form of the shape and joints would fit? Moreover, how to assess structure from design, 

structure behaviour, fabrication efficiency, three perspectives quantitively? 

This chapter sets out the research background and motivation for this thesis. Secondly, the research 

questions are introduced. Thirdly, the aims and objectives are put forward. Finally, the research methods 

are described, and the structure of the thesis is presented. 

1.1 Research background 

1.1.1 Digital architecture design 

The current standard form of architecture could not meet the variety of demands of human aesthetic 

needs. Non-standard and freeform architecture becomes more and more acceptable. Under the 

advancement of computer science and technology, the development of construction technology and the 

improvement of architectural aesthetics, especially since the beginning of the 21st century, freeform 

surface structures have increasingly appeared in people's vision with their creative shapes.  Different 

form-finding measures are taken to achieve the geometry space forms different from the traditional 

Euclid ones like the digital design. Digital design means developing computer-aided design (CAD) 

techniques based on digital theory, taking the dataset, computer graphics, visual reality as main 

techniques, dealing with two or three-dimensional image processing to build geometry models. Digital 
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architecture design is the application of digital design, including parametric design, algorithm design, 

building information models. Digital architecture design is a valuable design tool, including the 

geometry information needed in later fabrication and construction processes. Also, the geometry model 

is easy to adjust the form by controlling geometry parameters to meet the demands of users. With the 

help of the designing tools like Rhino or Revit, the space form becomes more complex and extensive.  

Compared with the spatial structure of traditional architecture, the freeform surface grid structure has 

smoother lines, more various shape, which can better express the meaning of the building and is favoured 

by many architects. However, it is easy to build the model in software. To achieve this kind of spatial 

form would confront some main challenges: logical rationality, material, structure form and construction 

methods. One of the main challenges is that current digital design cares more about form or morphology 

if more precise than the restrictions of material, structure form optimisation, and standardization of 

components, so the information of these factors is neglected from the beginning of the design. The other 

problem is the gap between the geometry model and the technique used in construction, which means 

that in some cases, traditional approaches are used to build complex non-linear structures and may cause 

imperfection or deviation from the initial design.  

If following the life cycle stages of construction product, including construction process, operation and 

end-of-life stages, (Buyle, Braet, & Audenaert, 2013) to achieve the constructability and extend the life 

span of digital design, the following requirements needs to be meet. 

(a) constructability: This means that the design can be achieved by current existed manufacturing 

(including fabrication and construction) methods; 

(b) rational: This means that the design results need to be rational either following the restriction 

of the material of the structural behaviours; 

(c) robust: This means that the design results need robustness in both structure and the 

manufacturing process; 

To meet the mentioned requirements, there is knowledge gap between the rational design and the 

material or structural or manufacturing methods, which would be discussed in the following chapters.  

1.1.2 Timber as construction material 

Timber is an ancient kind of material that has been used for an extended period. Based on the attention 

paid to sustainable environmental design, timber is a perfect building material to meet the measurements 

for environmental construction efficiency. Compared with other traditional building materials like 

bricks, steel, or concrete, the lower the energy consumption to produce raw material, the lower carbon 

dioxide impact from construction, the higher level of reusing the material and degradable properties 

make the timber a potential material to be used more widely. Especially when the logging and utilization 

of timber enter a virtuous cycle, advantages of environmental protection will become more and more 

prominent to avoid the waste of resources and environmental deterioration. 
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However, there are some disadvantages like becoming rotted quickly, wood nodes, cracking, and 

deformation hampered the natural timber to be widely used in the construction industry, which would 

cause uneven strength of mechanics of material. The significant components from raw material are hard 

to get restricted to the cross-sectional area of trunks from natural growth. Correspondingly, the raw 

material of timber has limited usage in construction, only used on a small scale. Large-scale standardised 

production could produce standard engineered timber products, like glulam or wood composites. When 

these industrial products could avoid the disadvantages mentioned to have enough durability, then 

engineering timber could be applied in various architectural designs.  

Besides, glulam breaks through the size limit of natural logs and can be made into large-scale structural 

sections according to actual needs. Moreover, in terms of shape, glulam is not limited by the cross-

sectional form and can not only be moulded into various cross-sectional shapes such as rectangles and 

cones. It can also form various arches, shells, and other curvilinear architectural components, which 

provides a greater degree of freedom in shapes. Accordingly, using timber in large-scale public space 

has become cutting-edge research, construction, and design. 

Many pavilions or large span roof practices using timber have been put into these years. These practices 

showed good examples in exploring the workflow of combining digital architecture design as new 

design methods, using a new type of engineering timber products, and taking new construction methods. 

However, the connections between each part of the workflow are neglected; that is to say, to complete 

a curvilinear timber architecture, the relationship between design tools, structure form, connection type 

and final fabrication process need to identify. The method to make the typology fit the properties of the 

material, choose connection types to get the stable structure, and the design of the components limited 

by fabrication tools need further and more detailed discussion. There are some standards for engineering 

timber to assess the strength to be applied in different construction scenarios. For example, for the 

softwood supply chain in Europe, ñCEò is one required product label following different standards 

including EN 14081, EN 14080, EN 14915 and EN 15497. 

 
Source: Wood grades - Swedish https://www.swedishwood.com/wood-facts/about-wood/wood-grades/Wood 

Figure 1.1 Example CE certificate 

 

https://www.swedishwood.com/wood-facts/about-wood/wood-grades/
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In Figure 1.1 of CE, it presented the name of the producer (ABC Trä AB X), sorting class (T2) and 

standards (SS 230120 in Sweden) and strength class (C24). The certificate provides material 

transparency for the engineering timber products. 

1.1.3 Robotics in automation construction 

Efficiency is highly valued to achieve production sustainability and economic growth. However, as the 

productivity of the whole industry grew, especially for the manufacturing industry, the construction 

industry's productivity has declined in recent years (Figure 1.2). Conventional construction is a 

complicated system involving a variety of products, diversity of dimensions and compound construction 

sites so that traditional technique has reached its performance limits due to the material waste, 

overrunning cost and non-environmental sustainability. Under the notion of "Industry 4.0" called for a 

highly automated, autonomous, flexible manufacturing system, some universities and governmental 

institutions try to explore new construction processes and techniques, which could be summarized as 

"automation construction". The new automation construction technology like computer numerical 

control (CNC), 3d print, laser scanning and robot system promotes the efficiency of production and, at 

the same time, facilitate the freedom of architecture design. 

The new automation construction technology could increase productivity and bring breakthroughs to 

the non-linear space form of architecture. The digital architecture design is combined closely with the 

construction techniques, which means the intricate design relies on the techniques fabricated to 

numerous shapes and various built-in sites. Moreover, correspondingly, along with all the geometry 

information in the whole fabrication and construction process, the design could be more complex or use 

new materials without being confined to the common practice. 

 

Source: Expert Interview; HIS Global Insight (Belgium, France, Germany, Italy, Spain, United Kingdom, 

United States); World Input-Output Database 

Figure 1.2 Construction Productivity compared with Manufacturing over time 
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Robotic arms with multiple tool heads are one fitted choice to complete gripping, drilling, milling, 

cutting, or 3d printing. Also, compared with other automatic techniques like CNC, the flexibility of 

robotic arm to be used in on-site or off-site tasks, working in three-dimensional space, cooperation 

between different robotic arms, the direct translation from geometry information to fabrication and 

construction process make robotic arm appropriate for the non-linear design especially. 

Under the more and more practices using robotic arms to build non-linear structures, the limitation of 

the tools and the impact on design need to be defined explicitly despite the advantages of robotic arms. 

Also, the discussion about optimisation of control of robotic arms in performing the tasks is not highly 

paid attention to. The theory of robotics has developed in the engineering area, and in the architecture 

area, the robotic arm is used as a tool, and more systematic knowledge about it need to be introduced to 

digital design and automation construction. 

1.1.4 multi-objective Design and assessment 

To date, the evaluation of most architecture designs is qualitative or objective. For large scale adoption 

of any new construction techniques, subjective and detailed performance, operation, and management 

assessment are needed. A qualitative assessment is not enough, especially for the advanced digital 

architecture robotic automation (DARC), focused on large-scale applications. For example, some digital 

architecture designs on a small scale could be finished by traditional fabrication method using raw 

material and by building it through manual work, where the inaccuracy would not lead to failure. 

However, on a large scale, the quantitative assessment is needed to give the DARC an exhaustive 

evaluation from multi-discipline to have systematic guidance to enhance performance and prevent 

DARC failure. 

As robotic construction is expensive and not replaceable in the construction industry, some experts 

explained the superiority of sustainability in adopting robotics in construction compared to traditional 

construction techniques. So, there are some investigate of the impacts of using construction automation 

and robotics in the context of sustainability performance (M. Pan, Linner, Pan, Cheng, & Bock, 2018b). 

Moreover, most of the research scopes are bounded to building construction sustainability or life-cycle 

assessment on the energy of prefabrication (Hong, Shen, Mao, Li, & Li, 2016). To fully access the 

technical capabilities of the DARC, a completely new workflow assessment needs to be built to 

ameliorate the current building assessment system that is to allow experts from different research 

backgrounds (design, material, structure, robotics), who evaluate the whole process from their concepts, 

to compare their criteria to come to a definitive evaluation conclusion.  

1.2 Research question 

To summarize, one trend for robotics automation today is to complete the digital architecture design on 

a large scale. Some practices have already explored the workflow to combine design, structure, and 

construction; some focused on the construction-oriented design, some on the enforcement of material, 

and some on the development of tool heads of robotic arms, which will be discussed in detail within 

Chapter 2. These practices are completed based on introducing the new technique to traditional 
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construction and are succeeded in finishing the non-linear building tasks instead of manual work. Inside 

the architecture design and construction field, there remains a crucial knowledge gap in structure 

behaviour and robotics motion control. Therefore, an appropriate explanation for the logical rationality 

for the design form and structure system and optimisation for the robotic arm should be considered by 

applying the comprehensive quantitative assessment system. 

To build the workflow to transfer the information among different stage (space form design, structure 

optimisation, robotic fabrication, and construction) and to have an overall assessment, this study put 

forward the research questions: 

(1)  How should a design model system be reformed for robotic-oriented design? 

¶ What are the system's guiding principles? 

¶ What are the workflow's strategies? 

¶ How can data from different disciplines be used synergistically? 

(2) How can the system be evaluated to help make decisions? How can the impact of robotic 

techniques on design be quantified? 

¶ What are the criteria and what factors having an impact? 

¶ What methods are used to assess the level of impact? 

(3) How can the best design for a freeform timber structure be achieved while taking material, 

structure, and fabrication methods into account? 

¶ How to improve the conventional methods to achieve the robotic-oriented design for freeform 

timber structure? 

¶ How to optimise the structural morphology including the parameters selection, algorithms, and 

restrictions? 

¶ How to generate and optimise the mesh of freeform surface considering the robotic technique? 

(4) How to achieve the automaticity level of robotic automation in freeform timber structure? 

¶ What is the combination of a robotic automation system? 

¶ What are the principles of controlling the robotic procedure for fabrication? 

¶ How to improve the stability and efficiency of robotic automation? 

1.3 Aims and objectives 

The aim of this thesis is to develop appropriate design and optimal methodology and assessment 

framework for freeform structure with complex geometry taking the robotic automation construction 

technique as the main driven factor and timber as the material restriction to achieve rationality, 

reliability, automaticity to meet the objectives of digitalisation, standardisation as sustainable national 

goals1. Robotic fabrication has been successfully applied to non-standard geometry structure form using 

various materials, but to date, no further research on the impact of the technique on design. For this 

reason, this research aims at describing the advantages and limitations of robotic timber fabrication to 

develop a comprehensive design system including geometry form generation, mesh generation, 

 
1 The goals are emphasised in Green Book- Central Government Guidance on Appraisal and Evaluation (2022). 
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structural performance, materialisation with building information, modularisation, and fabrication 

planning. The whole workflow would be assessed by a multi-criteria framework and a decision-making 

support system would be developed. 

The lack of knowledge of systematic guidance and appropriate starting points for different stages of the 

whole process from design, structure to robotic construction is the main obstacle. Therefore, the main 

aim of the study is to investigate the four main aspects of the whole system and to establish a quantitative 

assessment for the performance of the whole process. 

This aim is satisfied through the following key objectives: 

(1) Develop the principals, strategies and framework for the conceptual multi-objective optimal design 

and assessment methodology and workflow. Determine a multi-criteria assessment framework for 

the ñdesign-constructionò systems to evaluate the plan quantitatively for different stakeholders to 

support decision-making. 

(2) Operate text data analysis to determine the main impact factors. Choose the criteria for impact 

factors of robotic system to build an impact model and evaluate the impact level of robotic 

automation technique in complex design system using qualitative and quantitative methods.  

(3) Develop appropriate methodologies for generating the morphology for freeform timber structure 

based on cutting edge morphology design methods. Determine the parameters and objectives for 

structural morphology optimisation. Choose the appropriate methods for meshing the freeform 

surface to obtain the standardised components for industrialisation and materialisation with planar 

or linear engineering timber products. 

(4) Determine the step to build a robotic automation construction system including hardware and 

software. Develop the workflow to simulate the construction process to generate tool path. Optimise 

the tool path from optimise motion control and trajectory planning perspective by determining the 

optimisation objectives, variables, restrictions to get smooth trajectories and time saving tool path 

to achieve the goal of energy efficiency, time efficiency and productivity. 

1.4 Hypotheses 

Because of the anisotropy of a timber product's mechanical properties, it can be used as a compressive 

material. If the freeform structure is composed by timber as the main building material, apart from the 

foundation and connections, and if the main off-site prefabrication and on-site procedures like assembly, 

scanning, etc are operated by robotic arm, then there are some limitations from the tools and the 

materials themselves posed to the whole process from design to construction. To be more specific, the 

application of robotic arm in construction industry needs the development for the tools, e.g., sewing 

machine mounted on robotic arm. There are new types of engineering timber products with higher 

strength and curved shapes. Still, timber cannot be made into products with any shapes like concrete 

under the process like 3D printing. Based on the characteristics and limitations of robotic automation 

construction technique and engineering timber products, the research comes with the following 

hypothesis: 
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(1) Non-standard freeform structure can be composed by regular and standard timber components 

which are in planar or linear shape. 

(2) The standard timber structure components (linear & planar) can be prefabricated by simple 

robotic fabrication tasks like cutting with no need to develop or design new tools mounted on 

the robotic arm; 

(3) The standard structure components can be achieved by appropriate design and optimisation 

methods to achieve high level of standardisation. 

(4) Robotic Automation Construction (RAC) would have impact on freeform surface design and 

optimisation methods to achieve: 

a. Structure Rationality:  The shape of freeform surface has structure stability and 

stiffness. 

b. Material Rationality:  The design of freeform surface can be materialised by using 

timber as main building material. 

c. Fabrication Rationality:  The components of the optimal design can be fabricated 

within the working space limits of robotic arm. 

(5) For each freeform structure component, the corresponding robotic tool path can be generated 

automatically following the restrictions of simple robotic fabrication operations. 

(6) The tool path can be optimised through trajectory and motion control optimisation to achieve 

higher level of automaticity without singularities, higher productivity and time efficiency. 

These hypotheses are in progressive relationship which means each depending on others (Figure 1.3). 

For example, if selecting cutting as the main fabrication process, then the form of the products would 

be the planar ones. Based on this premise, the design and optimisation method for the freeform surface 

need to be easy to be planarization. Then the generation and optimisation for the tool path and motion 

control would be taken out afterwards. 

 
Figure 1.3 The logic for the hypothesis 

1.5 Research Content and Focus 

Based on the hypothesis, the research would be taken from four main aspects: geometry design methods, 

structure analysis, materialisation and component standardisation, and robotic simulation; and three 

main steps: design, optimisation and assessment. To figure out the main research packages with different 

activities and the corresponding research content, the key words for the six main fields are listed to sort 

out the connections between different research fields. In Figure 1.4, there are six main fields, one 

composite system as ñRobotic Automation Constructionò (RAC) and one material type "Timber". The 
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"Automation construction" is one technique within the context of Industry 4.0 which provides the 

guidelines for RAC and principles for optimisation with different objectives. "Robotics" is a discipline 

works on computer science and engineering. This interdisciplinary branch can provide technical 

knowledge on construction industry. There are three main steps to have a freeform structure which are 

morphology generation and optimisation, mesh generation and mesh optimisation for homogenisation. 

To operate the optimisation process, objective determination, parameters selection, restriction definition 

and appropriate algorithms are the main procedures. The current widely used design methods for 

freeform surface can provide rationality for freeform morphology generation. "Timber" works as a 

material selection premise to freeform structure and puts constraints on design methods as timber cannot 

be manufactured into products with any shapes. Besides, ñTimberò impacts the fabrication tool selection 

e.g., 3D printing is not applicable for RAC for timber products.  

 
Figure 1.4 Keywords of from Six research fields 

After listing the relevant keywords from different research fields or disciplines, the next step is to re-

arrange these keywords to classify the hierarchy of these words, shown in Figure 1.5. The keywords are 

organised into three main hierarchies: basic concepts, developed concepts and main parts. Construction, 

material and design are the three main keywords for the basic concepts as robotic automation 

construction is the trend for construction industry development; application and market growth of 

engineering timber products gives more opportunities for timber structure with more complex and non-

standard form; digital design is the way to achieve the rational geometry design and to generate digital 

information to connect all different parts together. In more details, the three main concepts are narrowed 

down into six main fields: Robotics, Freeform Geometry, Timber, Fabrication, Component, and 

Assessment. To have a comprehensive understanding for the freeform timber structure and robotic 

automation construction, the up-to-date knowledge or research results from these field are essential to 

find the appropriate staring point to connect multi-discipline to establish the system containing design, 

optimisation and assessment. Then the main parts to fulfil  the objectives of the whole research are 

developed to meet the research aim and to test the research hypothesis. 
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(1) Framework of dynamic RAC-FTS design system. A dynamic framework with interactions 

between different research contents would be developed by putting forward principles and 

strategies. 

(2) Robotic Automation Construction system. To identify the essential parts to establish a 

automation construction system using robotic as the main driven factors including both 

hardware arrangement and software platform for information exchange.  

(3)  Impact level model of RAC for construction industry . Whether robotic as a new construction 

technique has impacts on the geometry design and optimisation would be analysed by 

establishing an impact level assessment framework to operate quantitative analysis. 

(4) Morphology design methods development. Consider the principles and strategies of the 

overall framework to define the characteristics for appropriate methods. Develop the 

appropriate morphology design methods considering robotic technique and timber as the main 

constraints to achieve rational design based on the up-to-date complex design methods. 

(5) Optimise the structural morphology. Structure reliability is one main concern for the freeform 

structure. The morphology achieved from the developed design methods would be optimised to 

increase the stiffness and robustness of the structure.  

(6) Generate optimal robotic tool path. The optimal tool path would be achieved through 

trajectory planning and motion control with higher level of automaticity, time efficiency and 

productivity. 

(7) Standardisation for structure component. Each component would have one corresponding 

tool path. To reduce the complexity of the pre-fabrication task, the freeform surface would be 

optimised to achieve homogenised structure components.  

(8) Assessment and decision-making support system. There are different design and component 

form selections to construction a freeform timber structure. To help different stakeholders to 

make decisions on different combination options, a multi-criteria assessment and decision-

making system would be developed. 

1.6 Scope and boundary of the research 

This research is based on the architecture design field, to have a thoroughly investigation and to build a 

workflow framework on freeform timber structure from design strategy to construction process through 

simulation, and to have a quantitative assessment system. The research is related to the basic knowledge 

of architecture design, structure behaviour, optimisation, and robotics.  

Correspondingly, the research boundary and specific definition are defined according to research 

contents mentioned above. 

 

 



11 

 

 

Figure 1.5 Hierarchy of the research concepts 

(1) Robotic Automation Construction: 

According to Modern Methods of Construction (MMC) definition framework2 aiming at innovation and 

productivity, robotic technique is within this definition framework. MMC is a range of approaches which 

spans off-site pre-fabrication, near site product design and on-site process like scanning and surveying. 

According to the definition and the research focus on freeform timber structure, robotic automation 

technique can be applied to off-site prefabrication and on-site construction process like assembly. When 

robotic automation construction is mentioned in this research, it could be either the general concept as 

a construction technology or specific pre-fabrication operation depending on the context. Robot arm in 

this research is stationary rather than with mobility, then the research content for robotics is focused on 

motion control and trajectory optimisation when taking the components fabrication tasks. 

(2) Timber structure:  

In this research timber structure refers to a structure constructed with various engineering timber panels 

or processed logs as structural materials, with timber or steel components as connecting materials. The 

architectural form is diverse, not limited to traditional ones. In this research, the timber structures are no 

longer limited to pure wood structures, the structures are composite that combine two or more forms 

with modern materials such as steel, glass, and reinforced concrete. 

(3) Freeform surface and structure: 

Generally, the surfaces of traditional curved space structures are planar surface or simple curved 

function surfaces like spherical surface, ellipsoid surface that can be expressed by analytical functions. 

"Freeform surface" refers to a surface that cannot be expressed by a single or several analytic functions 

and can also be understood as those surfaces that are clearly different from traditional architectural 

 
2MMC Developing Definition Framework is the document published by UK Ministry of Housing, Communities and local 

government aiming at Fixing the Broken Housing Market following the commitment of housing white paper in 2017.  



12 

 

modelling. Freeform surfaces are usually described in the form of rational B-splines or non-uniform 

rational B-splines (non-uniform B-splines, NURBS). The surface itself is controlled by its control 

points, knot vectors and weight factors. This control and expression give the surface a great degree of 

freedom, allowing the designer to achieve arbitrary surface modelling by adjusting control points or 

weight factors. In this research, NURBS is chosen to describe the freeform surface. According to the 

point of view in the book "Space Grid Structures" by John Chilton(Chilton, 2007), spatial grid structure 

refers to the general term of space truss The contents in research about freeform would be divided into 

three-parts: 1) form generating; 2) meshing; 3) mesh optimisation. op 

According to the research, the scope of the thesis is limited to: 

(1) Concept design: All the process is focused on conceptual design stage which means detailed design 

like connection design or foundation design are out of the research scope.  

(2) Design methods and optimisation algorithms: New freeform morphology design methods and 

optimisation algorithms would not be focused on, the appropriated methods and optimisation are 

developed or applied based on the current widely used or up-to-date methods like Particle Swarm 

Optimisation.  

(3) Structure analysis: The structure analysis would be based on simulation rather than statics or 

dynamic tests as there are many cases mentioned in the whole research. Single experiment would not 

give provide enough details to cover all the different types of freeform structure cases.  

(4) Robotic tool: New tool heads development for robotic arms would not be discussed as the hypothesis 

of this research is limited to simple robotic fabrication tasks e.g., cutting. CNC is another option for 

numerical control for fabrication.  

(5) Material: Timber is selected as the material premise for this research. The detailed material research 

like new engineering timber products, material mechanical experiments would not be operated in this 

research. The anisotropy of a timber product's mechanical properties makes it suitable for use as a 

compressive material. And because the tensile strength of timber depends on whether it is along-grained 

or not, which means timber cannot be manufactured into shapes like concrete. Based on this limitation, 

the hypotheses for the structural components are put forward as planar panels or linear rods which are 

easy to be manufactured.  

1.7 Structure of this thesis 

This thesis is composed of eleven chapters. In Chapter 2, the state-of-the-art research and practices of 

freeform structure generation and optimisation, timber joints and robotics control and optimisation are 

reviewed. The principles and strategies of synergetic workflow of the complex " design-optimisation-

fabrication" are established in Chapter 3. In Chapter 4, cases of operating the simplified robotic arm and 

industrial robot to conduct cutting task are introduced to summarize the basic environment setting for 

robotic automation as well as the characteristics of robotic automation. Chapter 5 operate the qualitative 

and quantitative assessment of robotic automation on the comprehensive design system based on the 

determination of impact factors. Morphology design methods are developed considering the 

characteristics of robotic fabrication and timber as a construction material in Chapter 6. Chapter 7 



13 

 

discussed the optimisation for morphology taking the structural behaviour into consideration including 

the optimisation methods, the parameters, the optimisation objectives. Techniques for optimizing 

trajectories of single cutting task and path planning are presented in Chapter 8 by choosing the 

appropriate algorithms, restrictions, and parameters. The methods of generating and optimising the mesh 

for freeform surface are introduced in Chapter 9. Chapter 10 introduces the framework of criterial for 

assessment the whole process and decision-making support workflow. Finally, Chapter 11 concludes 

the thesis by summarizing the main contributions and the shortages as well as putting forward the future 

work. Figure 1.6 shows the roadmaps for chapter 4-6 and  Figure 1.7 shows the whole roadmap.  

 

Figure 1.6 Research Roadmap for Chapter 4-10 
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Figure 1.7 Roadmap of the thesis 
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Chapter 2  

State-of-the-Art  Review 

2.1 Design methods for  freeform morphology generation and optimisation 

Researches on architectural freeform surface design focuses on the form design and optimisation (Q.-s. 

Wang, Ye, Wu, Gao, & Shepherd, 2019). As the regular architecture form could not meets the up-to-

date aesthetic requirements, the irregular forms put forward new challenges for the conventional design 

paradigms from design method to design tools. To achieve the complex form and realizing the freeform 

skins, there are some new criteria needed to be meet compared with traditional regular architectural 

design, such as smoothness, dimensions. In addition, the deviation of the real project from the original 

design needs to be decreased if  taken manufacturing into consideration, which means that additional 

knowledge about geometry are essential in the optimum design (Wallner & Pottmann, 2011). 

2.1.1 From Euclidean Geometry to Advanced Geometry 

2.1.1.1 Concepts of advanced geometry 

Some mathematicians and a structural engineer argued that there is not closed relationships between 

pure mathematics and architecture (Salvadori, 2015). Architectural Geometry (AG) is a research field 

that combines applied geometry and architecture. It focuses on the design, analysis, and construction 

process of architecture. As the core of architectural design, this concept is proposed to face the 

challenges of architectural design practice in the current digital age. This concept was first proposed in 

2007 by Helmut Pottmann in his book "Architectural Geometry" published by the Bentley Institute 

(Pottmann, 2007). Then in 2008 and 2010, two "Advances in Architectural Geometry" academic 

conferences were held in Vienna (Adriaenssens, Gramazio, Kohler, Menges, & Pauly, 2016; Block, 

Knippers, Mitra, & Wang, 2015; Ceccato, Hesselgren, Pauly, Pottmann, & Wallner, 2016). In the 

exchange of architects and scholars and engineers in many other fields, this interdisciplinary subject has 

basically taken shape and is the current digital Architectural practice provides a solid scientific and 

technological foundation. 

Throughout history, geometry and architecture are strongly connected, and when architects take 

mathematics as the tool to complete design, geometry has always provided the spatial shapes for them 

to choose from (Scheer, 2014). As a kind of objective reality and basic theory, architectural geometry is 

always related to the logic, form, and construction method of the building (Hillier, 2007). The 

development of geometry can basically be divided into three periods: ancient Greek, analytic geometry 

and Non-Euclidean geometry (Rosenfeld, 2012; Ryan, 1986). 

The third critical period in the development of geometry was the advent of Non-Euclidean Geometry in 

the 19th century (Bonola, 1955). The complexity of nature has caused people to rethink the limitations 

of Euclidean geometry. Non-Euclidean geometry has brought profound conceptual changes to geometry, 

which has since expanded the connotation and extension of geometry (Eisenhart, 1997). Non-Euclidean 
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has provided architect inspirations for diverse spatial form and the development of digital tools 

facilitated the complex geometry design with rational structure (Gawell, 2013).When seeking inspiration 

for the development of spatial architectural structures, it is vital to analyse the interplay of individual 

structural elements in space. Dynamic growth of digital tools supporting the application of non-

Euclidean geometry enables architects to develop organic but at the same time, structurally sound forms. 

The birth of new geometric theories such as Riemannian geometry, Roche's geometry, algebraic 

geometry, differential geometry, topological geometry, fractal geometry, etc. marks the entry of 

geometry into the era of complex science, and they have also penetrated the current design and practice 

of complex buildings. Balmond once said that geometry liberates architecture (Balmond, 1997). It is 

precise with these emerging advanced geometries as the design source and technical foundation that 

architecture has moved towards a broader and profound world. 

2.1.1.2 Discrete Differential Geometry 

Freeform structure constitutes one of the most conspicuous trends in the up to date architecture field 

(Pottmann, Eigensatz, Vaxman, & Wallner, 2015). As for the application of non-Euclidean geometry on 

free-from structure, one argument is that the research started from Frank Gehry, who employed digital 

techniques, which is developed for aviation industry, to complete the freeform surface design and 

construction task in early stage, such as the Guggenheim Museum from 1991 to 1997 (Shelden, 2002). 

Differential Geometry, as a branch of mathematics, uses the theory of differential calculus, integral 

calculus, linear algebra and multilinear algebra to study the properties of a curve or surface in its 

neighbourhood (Wolfram, 2002). Discrete Differential Geometry (DDG) is a discipline combined 

discrete geometry and differential geometry to use of meshes, polygons, and simple complexes to 

describe smooth surfaces (Bobenko, Sullivan, Schröder, & Ziegler, 2008). It is widely used in computer 

graphics, geometry processing and topological combinatorics (Crane & Wardetzky, 2017). This 

discipline can be used to determine the normal vector, Gaussian curvature, mean curvature, principal 

direction vector and geodesic analysis, to realise the process of fitting complex curved surfaces with 

polygonal planes (Crane, 2018).  

When taking fabrication of freeform surface into consideration, the process of breaking the whole 

surface into small panels to realise a freeform surface called rationalisation, which is well-known as 

panelization (Pottmann et al., 2015). One way to achieve panelization is to transform the freeform 

surface into polyhedral surface at first and to take quads as the base polygons. This method has been 

widely used in roof structures in 20th century because of meeting the requirement of aesthetic and 

construction (Pottmann et al., 2015). Although triangle meshes could describe any freeform shape 

(Holgate, 1997), they are less economical compared with planar quadrilateral (PQ), because of the 

complexity in cutting a triangular panel and more mullions in diagonal directions (Glymph, Shelden, 

Ceccato, Mussel, & Schober, 2004).  

DDG was firstly proved as one solution for panelization and structural design of complex curved 

surfaces in buildings especially fits for the PQ meshes panelization (Bobenko et al., 2008; Sauer, 1970), 

which works as discrete counterparts of conjugate curve networks. Conical meshes were introduced to 
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discretise the network of principal curvature lines to analogue the main shape characteristics, and 

provided an offsetting solutions through normal of discrete surfaces which is suitable for freeform 

structures (Y. Liu, Pottmann, Wallner, Yang, & Wang, 2006). A general CDF (conjugate direction field) 

design method mixed with quadrangular planarization scheme proves to create PQ mesh robustly and 

effectively on various architecture models (Y. Liu et al., 2011). Research (Bommes, Zimmer, & Kobbelt, 

2009) in put forward a novel method to achieve quadrangulating a triangle mesh through cross field 

generation and global parametrisation, and subsequently to generate an approximately PR mesh aligned 

with principle curvature lines by using continuous-discrete optimisation. To achieve evenly distributed 

vertices of planar quad, conjugate directions could handle the position of singularities, smoothness of 

meshes, planarity of quads (Zadravec, Schiftner, & Wallner, 2010).  

An important part of the realisation process of freeform skins is their decomposition into smaller parts 

(called panels) such that the entire cost of manufacturing and handling is as small as possible, and such 

that the numerous side-conditions concerning dimensions, overall smoothness, and so on are satisfied. 

In addition, any resolution of the given design into panels must not visibly deviate from the original 

architect's design Further, that we are capable of formulating target functionals for optimisation which 

- if successful - achieve these properties. It is however important to know that in many cases optimisation 

without additional geometric knowledge (utilised, for example, by way of initialisation) does not 

succeed (Wallner & Pottmann, 2011). 

2.1.1.3 Computational Geometry 

Computational Geometry includes several directions, one of which is to process curves and surfaces 

based on spline functions, defined as computer representation, analysis, and synthesis of geometric 

shape information. This field aims to study how to build mathematical models of geometric shapes by 

means of storing and managing model data through computers flexibly and effectively. It is the 

mathematical foundation of Computer Aided Geometric Design (CAGD), formed by function 

approximation theory, differential geometry, algebraic geometry, computational mathematics, 

especially numerical control (De Berg, Van Kreveld, Overmars, & Schwarzkopf, 1997). Freeform 

shapes are mostly represented by Bézier, basis spline (B-Spline) and non-uniform rational basis spline 

(NURBS) (Les Piegl & Tiller, 1996). B-spline models were first mentioned by Schoenberg (De Boor & 

De Boor, 1978). The curves and surfaces described by B-spline were limited by calculation, and this 

limit was solved by D. Boor using recursive numerical computation, which is commonly known as D-

Boor algorithm (Conte & De Boor, 2017; De Boor, 1972). And NURBS is a mathematical model based 

on B-splines, it is flexible and precise, and models could be built in both analytical and 3D modelling 

methods (Foley et al., 1996).  

NURBS curves and surfaces are defined by their technical specifications: order, control points of 

different weights, and knot vectors (Versprille, 1975). NURBS method is now commonly and widely 

used for freeform surface design in computer-aided design (CAD), computer-aided manufacturing 

(CAM), and computer-aided engineering (CAE) (G. E. Farin, 1995; Les Piegl & Tiller, 1996). After 

finishing the model-built process in NURBS software like Rhino, the next step is to adjust the shape of 
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the curves and surfaces to meet the design functional requirements from both aesthetic and 

manufacturable perspectives. Based on the specific definition of NURBS, the shape could be modified 

by only adjusting parameters like changing the knot vectors, moving and changing or weights of the 

control points separately or simultaneously (Au & Yuen, 1995; Chivate & Jablokow, 1995; Knopf & 

Kofman, 2001; Sanchez-Reyes, 1997), and this advantage permits the large scale of usage in freeform 

design and manufacturing (Brujic, Ainsworth, & Ristic, 2011; Knopf & Kofman, 2001). Researchers 

are trying many other ways to adjust the shape more flexible and rational. One method is to take the 

geometric features as constraints and to minimise the global energy (Celniker & Welch, 1992), or strain 

energy (Hu, Li, Ju, & Zhu, 2001) to get the altered control points and weights. Physical-based methods 

like finite element method and Dynamic NURBS can work as another supporting technique to achieve 

the complex freeform surface not only by modify the parameters but also by applying physical 

simulation with geometry constraints (Celniker & Gossard, 1991; Terzopoulos & Qin, 1994). 

As the initial model built in software is modified mostly from aesthetic point of view, after the prototype 

of the freeform surface is manufactured, to analyse and evaluate the error and accuracy of the products 

is important. Based on the analysis, the error of the machining needs to be compensated, so as to modify 

the shape of the surface to improve the accuracy to satisfy the manufacturable requirements (X. Zhang, 

Wang, Yamazaki, & Mori, 2004). This process is named as freeform surface reconstruction, which is 

widely used in many fields, e.g., reverse engineering design and virtual sculpting etc (Salman, Mansor, 

& Pinang, 2006). In general, the overall aim of reconstruction is to extract the essential geometry 

information of a curve or surface and to build a mathematical model based on it to make the geometry 

analytical (Jiang & Scott, 2020). There are some approaches on surface reconstruction like surface 

triangulations (Floater, 1997), continuous global optimisation from multiple 3D views (Kolev, Klodt, 

Brox, & Cremers, 2009) or point cloud (R. Pan & Skala, 2011), and interpolation (G. Farin, 1992). But 

for freeform surface reconstruction, the mathematical model works as a better approximation method 

because of the high efficiency and accuracy (Xie, Zou, Yang, & Yang, 2012). Among the mathematical 

models, B-spline and NURBS are widely used. According to the technical properties of NURBS 

mentioned above, NURBS shows more flexibility and adaptability than B-spline in a variety of geometry 

types (Ding et al., 2003). Evolutionary algorithm (EA) worked as an efficient technique for large data 

set in reconstruction (Sarfraz, Raza, & Baig, 2005). Besides the general ability of EA, when taking the 

running time of the algorithm performing as another comparing criterion, multi-objective EA method 

completed successfully in the surface reconstruction process (T. Wagner, Michelitsch, & Sacharow, 

2007). But accuracy and the complexity of geometry are still remaining challenges for the EA method 

(Kodama, Li, Nakahira, & Ito, 2005). For Particle swarm optimisation (PSO) showed robust 

performance in complicated NURBS surface reconstruction against noise of points (Gálvez & Iglesias, 

2012). However, the common disadvantage for particle intelligence is that the random searching is time-

consuming. To improve the efficiency, a hybrid algorithm combined with a HOAAI iteration were tested 

on numerical experiments and showed good performance on accuracy and running time (Xie et al., 

2012). For now, most of the freeform surface reconstruction technique focused on many fields, and as 
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to the detailed application on architecture freeform surface to improve panelization ability needs more 

discussion. 

2.1.1.4 Fractal Geometry 

Fractal was first proposed by the mathematician Benoit Mandelbrot in the 1970s. It means irregular and 

fragmented, used to represent complex graphics and complex processes. This new branch of 

mathematics dealing with complex fractals is called Fractal geometry (Mandelbrot & Mandelbrot, 

1982). Fractal geometry can be used to describe many complex forms in nature with multi-level self-

similar structures, for example tree branch. As the fractal-like tree branches had good performance 

dealing with wind load (James, Haritos, & Ades, 2006), and this inspired the branching structures to be 

the support for large canopy (Figure 2.1) (Rian & Sassone, 2014). As a main component of nonlinear 

science, computer technology and computer aided design have become a powerful tool for fractal 

geometry applied in more complex freeform surface. However, the computer-generated tree branch 

structure is simplified and is not capable of dealing with complex loads (Rian & Asayama, 2016; 

Sánchez-Sánchez, Pallarés, & Rodríguez-León, 2014). Under the context of structure behaviour, 

randomness as another property of fractal geometry, has also been applied on a crinkled canopy imitating 

the land terrain to test the structural behaviour (Rian & Asayama, 2016). Research of fractal geometry 

applied on spatial complex structures are few.  In (Rian, Sassone, & Asayama, 2018), fractal geometry 

has been applied in designing and generating a lattice grid shell considering structural rationality. 

 
Source https://www.bestinteriordesigners.eu/top-interior-designers-santiago-calatrava/ 

Figure 2.1 Oriente Station, Lisbon. Santiago Calatrava 

2.1.1.5 Topology Geometry 

Topology was formed in the 19th century by Poincaré, defined as the properties of geometry in more 

than ordinary three-dimensional space (Thurston, 1997). Topology geometry gives a new definition to 

space, and it leaves profound repercussions on architecture, breaking through the limitations of Cartesian 

geometry (Zavoleas & Taylor, 2019). Computation tools have enabled topology applied in architecture 

to achieve the compound design aims (Aish, 2013) and concepts like 'folding', 'knots', 'manifolds' has 

extended architecture (Bonahon, 2002). Also, topology works as a supplement for parametric design to 
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make it rational using non-manifolds cellular structures (Jabi, Soe, Theobald, Aish, & Lannon, 2017). 

When taking assembly into consideration, topological interlocking has been tested to create the modular 

self-supporting units in conceptual stage (Tessmann & Rossi, 2019). The general idea of topology has 

been widely used in urban or large scale of architecture dimensions. The elastic, lightweight tensile 

shape derived from minimal surface discovered through the soap film experiment (Figure 2.2) by Frei 

Otto (Liddell, 2015; Otto, Trostel, & Schleyer, 1973) is an example of topology applied in the freeform 

surface. This cable-membrane structure utilizes the properties of the membrane material that the force 

is equal in all directions and finally can be formed to complex shapes such as wave, saddle, and vault 

etc. (Burkhardt, 2016). Besides the tensile roof structure, the minimal surface is also able to be optimized 

to modular triply periodic minimal surface units using an iterative algorithm (Tenu, 2009). As for the 

connection between the minimal surface, T-connections are applied to show the nexus with boundary 

conditions (Filz, 2013). Considering environmental performance, the optimized minimal surface as a 

roof structure has better performance in daylight and radiance compared with traditional Euclidean form 

(Agirbas, 2018). Although there are several research on topology applied in architecture, most of which 

are mainly focused on urban or building scale. Apart from the tensile structures, the start-of-art review 

has not found many studies focused on giving more detailed and systematic information of topology 

geometry used on the freeform surface from generation to optimisation. One of the reasons of this is it 

is difficult to transform the mathematical formulations of minimal surface into the freeform surface 

design directly, more guidance of the transformation and detailed application are needed. 

 
Source: https://www.archdaily.com/623689/ad-classics-german-pavilion-expo-67-frei-otto-and-rolf-gutbrod 

Figure 2.2 German Pavilion by Frei Otto 

2.1.2 Computational Design for freeform surface 

Computational design has prompted the irregular form of architecture design as an efficient tool, by 

means of replacing the manual sketches (M Rocker, 2006). There are different concepts or terms 

describing the computational design, such as digital design (DD), parametric design (PD), generative 

design (GD) and algorithm design (AD). And the main reason is that there are various knowledges 
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included in this area, including mathematics, artificial intelligence, performance simulation (Woodbury, 

2010). Some think the CD is included in  DD because of the design relied on the usage of computer 

tools like CAD software to develop the digital design (Alfaris, 2009; Knight & Stiny, 2015). However, 

form-find through experiments could the computational process without using digital tools, for example, 

the minimal surface experiments by Frei Otto (Rasch & Otto, 1996). As the freeform design is a system 

considering form, performance, optimisation and fabrication, the computational design offers a hybrid 

methodology to satisfy the demands of freeform design, (1) using parameters to describe the design, (2) 

taking algorithms to generate the possible solutions, and (3) using the script to optimize the design to 

meets the performance requirements (Caetano, Santos, & Leitão, 2020). 

2.1.2.1 Definition for the terms 

Parametric design (PD) was first defined as designing based on mathematical parameters (Moretti, 

1971). Though different researchers defined the PD from a different point of views, some are focused 

on the process using parameters to define and manipulate the design, (Kolarevic, 2004; Meredith & 

Sasaki, 2008; Oxman, 2008), whereas some are focused on the optimized results (Eggert, 2005; 

Schumacher, 2008). After all, the general definition of PD related to the freeform surface is to choose 

representative parameters of geometry and building performance (R. Yu et al., 2015) to achieve design 

requirements by using digital tools (Qian, 2009), and taking algorithm into consideration to support later 

on management and fabrication (Gerber & Pantazis, 2016; Jabi, 2013; Woodbury, 2010). 

In 1975, generative design system was divided into three types (analogue, iconic, and symbolic) and 

design model was stored in data format on which the rational solutions generated based (Mitchell, 1975). 

Later, GD is regarded as a design methodology being able to handle complex information (McCormack, 

Dorin, & Innocent, 2004; Van der Zee & De Vries, 2008) through algorithm or evolution methods 

(Humppi & Österlund, 2016; Krause, 2003) to support design to meet the requirements of aesthetic and 

building performance (Bernal, Haymaker, & Eastman, 2015; Caldas, 2008). Compared to PD, algorithm 

has more autonomy in generating solutions in GD process because the black-box nexus between the 

setting algorithm and target results (Caldas, 2006). Consequently, the results are unpredictable (Chaszar 

& Joyce, 2016). 

For AD definition, the boundaries of it with PD and GD are unclear. AD need parameters to represent 

the building information, which can be seen as PD (Zboinska, 2015). Also the algorithm taken can be 

genetic evolution one which is widely used in GD (Terzidis, 2004). Nevertheless, according to the 

specialized taxonomy for the three terms, AD can be defined as a subset of both PD and GD, with the 

ability to control the models and generative results through the direct manipulation of the script within 

the algorithm (Figure 2.3) (Caetano et al., 2020; Queiroz, Dantas, Nome, & Vaz, 2015). For freeform 

surface form generation and optimisation task, mathematical parameters, algorithms, and generative 

solutions are all needed (Burry, 2011).   
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Figure 2.3 Venn diagram for the relations of PD, AD, and GD 

2.1.2.2 Applications of CD in decision-making application 

The new knowledge from different computational fields has initiated and transferred the paper design 

process into the digital process taking the performance simulation, structural behaviour, materialisation, 

and fabrication into consideration (Oxman, 2017; Schumacher, 2016). For complex form, CD can 

provide decision-making support in conceptual design process, where objectives and constraints of the 

design are determined (Horváth, 2004; Pahl & Beitz, 2013). Conceptual design is the first phase of the 

whole design process and the quality of decision in this phase has directly influence of the whole design, 

especially for product (Chong, Chen, & Leong, 2009; J. Wang, 2001, 2002). The use of CD techniques 

including PD, GD, and AD has been applied in various architecture conceptual design taxonomies.  

Evolutionary algorithm, for example genetic algorithm, is robust to handle complex information and 

flexible in different optimal objectives from spatial shape to large structure (Adeli & Cheng, 1993; 

Baron, Fisher, Tuson, Mill, & Sherlock, 1999; Renner & Ekárt, 2003). Thus, when the design objectives 

and fitness functions are defined, AD can search the global optima in the solution space to give decision-

making support (Renner & Ekárt, 2003). PD and AD can be integrated into the collaborative design 

process searching for the optimum solution in conceptual phase (Saridakis & Dentsoras, 2006).  

Structural design is one field that CD is commonly used especially for AD. Ant colony optimisation is 

taken to achieve structural topology stiffness by minimizing strain energy (Kaveh, Hassani, Shojaee, & 

Tavakkoli, 2008). Particle swarm optimisation (PSO) together with cellular automata are proposed to 

optimise truss structure layout with fast convergence rate and less structural analysis compared with 

standard PSO (Gholizadeh, 2013). Building-performance-oriented design is another focus of CD 

application. AD is applicable in designing energy-efficient sustainable architecture (Caldas, 2006), and 

can also be applied to the multi-objectives in object-oriented framework for green building (W. Wang, 

Zmeureanu, & Rivard, 2005).  

Other building performance optimisations objectives include thermal comfort (Chen, Ooka, & Kato, 

2008; Magnier & Haghighat, 2010), energy-efficiency (Diakaki et al., 2010), low-cost (Diakaki et al., 

2010; Hamdy, Hasan, & Siren, 2011; Ooka & Komamura, 2009). PD together with AD can generate 

possible solutions for designers to choose from based on performance requirements in conceptual phase 

(Turrin, Von Buelow, & Stouffs, 2011), for example generating building components (Ercan & Elias-
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Ozkan, 2015). However, the detailed research on freeform surface design is not enough. One reason is 

that the freeform design using CD techniques can use parametric software and plugins like kangaroo, 

octopus, ladybug directly. These helpful plugins on the one hand can assist designers to achieve better 

geometry form and performance through the visual code interactively but on the other hand, the software 

facilitated a mature freeform design process which postponed the innovation at the same time. The 

insights for more conceptual design methods research are for systematic CD approaches on freeform 

surface design are distinct (Wortmann & Tunçer, 2017) 

This approach contributes to the reduction of limitations of single interface applications as well as the 

need for multiple software integration. 

2.1.3 Machine Learning 

Machine learning (ML) is a subfield of Artificial Intelligence. ML mainly focused on building 

mathematic models to learn the pattern of data from a set of data (Russell & Norvig, 2002). To identify 

the prediction of ML method used in architectural design process, the applications and potentials of the 

technique need be reviewed. 

2.1.3.1 The concepts of Machine Learning (ML) 

Machine learning (ML) is derived from statistics, and the quality of a ML system is determined by the 

low error rate of prediction or classification (Hastie, Tibshirani, & Friedman, 2009). ML is a new 

revolution techniques for architecture, which has been used in many other fields like computer vision 

(Sebe, Cohen, Garg, & Huang, 2005), and image processing (Decenciere et al., 2013). ML system 

consists of training data set and test data set, using specific algorithms like K-means, and Support Vector 

Machine (SVM) to operate supervised learning or unsupervised learning on training data (Bishop, 2006). 

And test data set is utilized to verify the accuracy of the ML system on prediction or classification tasks.  

Different algorithms have different application, for example, Support Vector Regression is fit for 

prediction and Support Vector Machines is commonly used in classification (Angra & Ahuja, 2017). 

Some models like linear or non-linear regression can demonstrate the nexus between the input and 

outcome, while Neural Networks is a black-box system where the nexus is unexplainable. 

2.1.3.2 The application of ML in architecture decision making 

According to the contribution of ML dealing with repetitive tasks autonomously in other disciplines, 

there are exceptions for ML techniques applied in architecture for example design optimisation, design 

layout etc (Cudzik & Radziszewski, 2018; Das, 2018; Khean, Fabbri, & Haeusler, 2018; Sjoberg, 

Beorkrem, & Ellinger, 2017). To build a new workflow composed of data, researches have concluded 

the appropriate applications for ML on architecture design to aid the decision-making in digital 

fabrication and building performance (Tamke, Nicholas, & Zwierzycki, 2018). 

The actual application of ML in architecture is scant, and most of the predictions for ML applied to 

architecture design process are based on the hypothesis from the succeed practices in other fields. For 

example, the ability of ML model learning from the training data is similar to the abductive-deductive 
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reasoning in a design activity, which is a repetitive or iterative cycle of proposing ideas and determining 

solutions (Johnson-Laird, 2006) based on empirical data (Cramer-Petersen, Christensen, & Ahmed-

Kristensen, 2019). Therefore, in (Belém, Santos, & Leitão, 2019) the detailed aspects of ML applications 

architectural design are concluded. 

2.1.3.3 ML in architecture modelling and generation 

Besides learning and analysing the data pattern from the provided data, ML can also generate data which 

can be applied in generative design work using technique like deep neural networks (DNNs) (Larochelle, 

Bengio, Louradour, & Lamblin, 2009). One of the DNN model that has demonstrated the ability to be 

applied in geometry generation is the generative adversarial network (GAN) (Goodfellow et al., 2014). 

The model built through GAN can learn from the existing 2D images and transfer the empirical data 

into the generative design in 2D form (Oh, Jung, Kim, Lee, & Kang, 2019). A software called ñpix2pixò 

is developed from conditional GANs (cGANs) to solve image-to-image translation (Zhu, Park, Isola, & 

Efros, 2017) and the software has been applied to generate floor plans (W. Huang & Zheng, 2018).  

But the 2D application of GAN is only limited to the 2D plan or façade generations, for architecture 

generative design, the ability of generating 3D models is required, which is a challenge because of the 

high dimensionality. In ML area, many attempts have been made to generate 3D objects. One common 

method is to synthesizing the 3D geometry based on meshes or skeletons (Van Kaick, Zhang, Hamarneh, 

& CohenКOr, 2011). Recently, shape synthesis has developed using deep learning through learning 

from templates to generate new geometry (H. Huang, Kalogerakis, & Marlin, 2015). Based on this, a 

3D-GAN was proposed to generate novel and realistic with details 3D models without supervision(J. 

Wu, Zhang, Xue, Freeman, & Tenenbaum, 2016). But control of the generation and fidelity are still 

problems for 3D generation. Another way to use GAN is to related to 3D objects is to extract building 

components to represent the 3D model and to generate the merged ones (As, Pal, & Basu, 2018). One 

experiment is undertaken using GAN to generate voxel-based represented Manhattan geometry and the 

results show the 3D generation can be used in conceptual design like urban design (Newton, 2019). 

2.1.3.4 The application of ML in structural design 

As the ML applications for 3D geometric model is not fully developed, the generative design of freeform 

surface using ML is much more challenging because of the complicated geometry information. 

However, the technique of ML has shown the potential in form-finding for structure design (Fuhrimann, 

Moosavi, Ohlbrock, & Dôacunto, 2018). In data-driven design, neural networks (NNs) can predict with 

the load path 96-100% accuracy (Liew, Avelino, Moosavi, Van Mele, & Block, 2019). ML can solve 

the time-consuming analysis of shell structure by building near-real-time model in conceptual design 

(Danhaive & Mueller, 2018). Besides, NNs has also been applied in quantifying the 3D subdividing 

forms from aesthetic point of views (Zheng, 2019). Apart from quantitative performance, ML can also 

evaluate neural net qualitatively to come up with solutions to satisfy both engineer and architect (Turlock 

& Steinfeld, 2019). NNs can simplify the complex space structure into modular segments to optimise 

structure (Hajela & Berke, 1991), based on this, a trained ANNs model combined with Finite Element 
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Analysis can solve the long iteration optimisation (Aksöz & Preisinger, 2019). NNs has also been 

applied in form finding in graphic statics to predict structural performance (Zheng, Moosavi, & 

Akbarzadeh, 2020). As for the space generation, ML can be used in initial conceptual structural design 

in a truss type, but still need to be verified in different structures with more detail information like 

material types (Yetkin & Gönenç Sorguç, 2019).  

Related research of ML applications in architectural and structural design show that the applications are 

still in exploring phase and there are some difficulties to be solved. One of the main difficulties that 

hinders the development of architectural ML is the data processing (Belém et al., 2019). The procedures 

include pre-processing, where the features are extracted from 2D or 3D models and translated them into 

forms that are appropriate for learning process (Kotsiantis, Kanellopoulos, & Pintelas, 2006). Another 

procedure is post-processing which is converse to pre-processing, converting the learning results into 

geometry models. Secondly, architectural design focused more on aesthetic and the assessment from 

this perspective is various and changeable, and ML could not replace the manual work completely, not 

only because of the lack of experience, but also of the principles of Turing Test (Turing, 

2009).Therefore, the appropriate way to apply ML in architectural design task need more validation. For 

now, ML can be taken as a new design paradigm just like using CD to develop manual draft work. As 

freeform surface is much more complex than 2D images, so that systematic research is still needed from 

form generation to optimisation using ML. 

2.1.4 Biomimetic Design 

2.1.4.1 Basic concepts of biomimicry design 

Nature and biology are other disciplines that affect architecture and they have provided mature 

systematic theoretical guidance to architects (Turner & Soar, 2008). The biological knowledge 

integrated in architecture is named ñbiomimicryò which provides a systematic theories for the 

architectural design (Zari, 2007). There are three different layers of biomimetic design concepts in 

architecture. The first one is called ñbiomorphicò which is only imitating the natural to generate form 

without biological knowledge (Gruber & Jeronimidis, 2012). The second one exceeds mimicry of form 

but focuses on the biological or ecological performance and a multi-discipline cooperation between 

technologies and nature science is required (Benyus, 1997). The performance analogue later on is 

integrated into architecture, learning the basic organism, behaviour from nature (Mazzoleni, 2013; 

Pawlyn, 2019). The third one is using new type of material and working on its own which goes beyond 

the first and the second one and can have close interdisciplinary association with ñcomputer-aidedò 

architectural design (Myers, 2012). Overall, the impact of biology on architecture is categorized into 

three scales (organism, behaviour, and ecosystem) (Zari, 2007) which can be achieved in two levels: (1) 

inner logical level: generating geometry forms under the logic of nature and biology; (2) external visual 

level: imitating and reproducing a natural form (Arslan, 2014). Besides the definition as ñbiomimicryò, 

there are another term used more widely named ñbiomimeticò which containing more technological 

theories (Mazzoleni, 2013; Pawlyn, 2019; Zari, 2010) and biomimetic is commonly used in conceptual 

design to generate solutions (Alexandridis, Tzetzis, & Kyratsis, 2016; Reap, Baumeister, & Bras, 2005). 
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The main difficulty for biomimicry is the translation of biology related knowledge into design strategies 

and the uncertainty of the unfamiliar knowledge has hindered the development of this methodology 

(López, Rubio, Martín, & Croxford, 2017; Yuan et al., 2017). Another difficulty is the scale 

transformation, which means that most of the mimic origin is in micro scale and architecture scale is 

much larger than that (Badarnah & Kadri, 2015; Reap et al., 2005). 

2.1.4.2 Design concepts generation 

To tackle the difficulties, research has been undertaken to explore how and where to enhance biomimetic 

design. The first important is to understand the ñprocessò and how to generate design concepts derived 

from the biology. TRIZ (Altshuller, 1984) was proved to be adaptive to transfer the analogues from 

biology to technology using an information-structure regulation model named Bio-Triz (Vincent, 

Bogatyreva, Bogatyrev, Bowyer, & Pahl, 2006). The information-processing model provided a new idea 

on dealing with biology information which is helpful to develop computational tools (M. E. Helms, 

Vattam, & Goel, 2008; Vattam, Helms, & Goel, 2008). To better understand how biology inspired 

engineering and design, an interdisciplinary course was taken in two different processes: problem-driven 

and solution-driven, and summarized that the problem-defined was insufficient and the analogical 

transfer was not appropriate (M. Helms, Vattam, & Goel, 2009). Another analogical transformation 

method is called Design spiral which enables designers respond to the constraints taking the innovators 

from nature  and which evaluate the analogical level from three aspects: form, space and ecosystem 

(Rossin, 2010). There are other translation systems like typological analysis which explained how to 

analyse the mechanism and scale it to different larger scales (Zari, 2007); while nature studies analysis 

is more related to architectural design by explaining and analysing the natural principles (A. U. Gamage 

& Wickramanayake, 2005). Based on the summary of the direct and indirect design approaches and 

analogical translation systems, biomimicry showed its potential in sustainable design by mimicking the 

natural form  (A. Gamage & Hyde, 2012). In (Badarnah & Kadri, 2015), after analysing some problem-

driven and solution-driven strategies for biomimetic design cases, a new generation of design concepts 

were put forward and a building envelop was chosen to illustrate the process to show the potential for 

biological inspired design combined with environmentally sustainability. The biomimetic design 

principles could guide different disciplines like construction, material, environment build connections 

from external morphology and internal mechanism perspectives (Reddi, Jain, Yun, & Reddi, 2012). 

2.1.4.3 Biomimetic structure design 

Morphology, form, and structure are different biomimicry research topics (El Ahmar, 2011) but a 

systematic guidance for choosing and applying strategies is lacking (Lepora, Verschure, & Prescott, 

2013). The structures from natural has evolved for thousands of years and they are composed of curves 

and freeform shapes to minimize energy and material consumption in order to fit the natural environment 

(C. Williams, 2013). The principles for complex geometrical structure using biomimetic design are 

mostly derived from mechanics, so that the morphologies, forms, and structures are variety (Aldersey-

Williams, 2003). These three factors can orient the whole design separately or together. The bio-inspired 

membrane structures mimic the cell membrane, marine mussel, and lotus showed good performance in 



27 

 

stability and  adaptivity as light weight structure (J. Zhao et al., 2014). Learned from the shell of sea 

urchin with finger-like protrusions, a structured constructed form timber plates with finger-joint was 

designed to bear high-load (Magna et al., 2013). Apart from the biology inspired structure, cellular 

structure (L. J. Gibson, Ashby, & Harley, 2010) such as the honeycomb (Q. Zhang et al., 2015)and 

lattice structure are also widely used even before people realizing the mechanics properties of such 

structures (Baumeister, Tocke, Dwyer, Ritter, & Benyus, 2014). As for the design process, complex 

surface from natural morphology was developed using evolutionary computational design method, 

proving that computational design could be integrated into biomimetic design (Menges, 2012a). 

Additive manufacturing has guaranteed the customization or optimisation of freeform design and the 

complexity of  biomimetic form design can fully utilize this technique (du Plessis et al., 2019) 

2.2 Timber as a construction material for  freeform structure 

2.2.1 Typologies of Timber products 

2.2.1.1 Wood properties and behaviours 

Compared with other construction materials like steel, wood and other wood products present strong 

tensile and compressive mechanic properties as well as elasticity the same as them or even better 

(Mumford, 2010). Besides, manufacturing wood products from raw material is energy saving while the 

manufacturing of cement and steel accounts for 94% of global energy consumption (Zapata & 

Gambatese, 2005). Raw wood materials mean the products from forest or tree without industrial 

processes like air drying or oven-dry (Ståhl, Granström, Berghel, & Renström, 2004).  

 
Source: http://www.ltfirewood.com/raw-wood/#tab_0 

Figure 2.4 Common Raw wood material forms 

The building using wood as the material showed lower carbon dioxide emissions (CO2), the life cycle 

of one two-story wooden house showed 20 tons of CO2  emissions lower than the 72 of one house using 

bricks (Salazar & Meil, 2009). Timber demonstrates fire resistance predictability of charring rate and 

residual strength in heavy construction while steel would fail suddenly when heated at about 700-

http://www.ltfirewood.com/raw-wood/#tab_0
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1000°C (A. H. Buchanan, 2000). Despite of the advantages compared with other building materials, 

wood still present challenges for industrial construction application.  

Wood is composed of different cellulose cells which are arranged in parallel to the growth direction of 

the trunk or branch and from which the main structure of a tree is made up (Figure 2.5) (Greil, Lifka, & 

Kaindl, 1998). The hollow cells endow wood the anisotropy, viscous elasticity, and hygroscopicity 

properties most of which have impact on its application (Dinwoodie, 2000). The grain direction of the 

tree has deviation according to the growth patterns and this impacts the way to use the material in 

construction (Denzler & Weidenhiller, 2014). Wood is elastic material but different from steel because 

of the creep properties, which means the shape of the bending wood is time-changing (L. J. Gibson et 

al., 2010) and this has required the load demands for the structures that need to be used for long time 

(Morlier, 1994). Wood can absorb water and the level of moisture content would impact creep deflection 

(Y. Huang, 2016). So, the control of moisture content under 20% of wood and wood products is essential 

to keep long time maintenance (Carll & Wiedenhoeft, 2009). There are some other characteristics of 

natural wood like multi-scalar self-optimizing fibre growth (Mattheck & Tesari, 2004) and diversity 

caused by various reasons such as cellular variation, age of the wood, etc (Zobel & Van Buijtenen, 

2012). 

 
 

(a) macroscopic wood (b) microscopic wood cell 

Source (Greil et al., 1998) 

Figure 2.5 The macroscopic and microstructure of wood 

2.2.1.2 Industrial timber products 

As described above, timber has been used in construction because of its sustainable and renewable 

properties and development of technology has given impetus for application of timber in irregular 

geometric form of construction. The precision of the wood products manufacturing has enabled raw 

material of wood log to produce high quality timber products and has made the structural simulation 

and results prediction more reliable (Radkau, 2012). The log harvested from forests would undertake 

different processes to turn the raw material ñlogò into different types of engineering timber products 

(Figure 2.6) (Ramage et al., 2017). For construction usage, there are different sets of standards 
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worldwide like SS-EN 1611-13and BS EN 14081-14. In BS EN 14081-35, the strength grading includes 

visual strength grading (VSG) and machine strength grading (MSG). Visual strength is determined by a 

set of appearance parameters like knots and top rupture which is relevant to the weakness defects, see 

Figure 2.7. 

 
Source (Ramage et al., 2017) 

Figure 2.6 Industrial process turning log into engineering timber products 
 

 

  
a) Knots b) Top rupture 

Source: https://www.swedishwood.com/wood-facts/about-wood/wood-grades/ 

Figure 2.7 Defects of timber products 

To overcome the uncertainty of these defects when applied as building materials, the raw material can 

be manufactured into different ñengineering timberò products with higher level of stability and more 

homogenous mechanical properties(Ramage et al., 2017). The manufacturing process is to transform 

natural wood into standard and stable timber products (Zobel & Van Buijtenen, 2012). Different process 

 
3 Nordic Timber Grading Rules for Pine and Spruce Sawn Timber and the European standard Sawn timber-Appearance grading 

of softwoods. 
4 British Standard for Timber Structure- Strength Graded Structural Timber With Rectangular Cross Section, 2005 
5 BSI. BS EN 14081-3:2012 Timber Structures ï Strength Graded Structural Timber with Rectangular Cross Section Part 3: 

Machine Grading; Additional Requirements for Factory Production Control. 2012 



30 

 

of manufacturing wood would result in different fibre topology and would lead to different engineering 

wood products and the importance of sawmill is agreed by researchers, which is the first step of 

transformation (Haygreen & Bowyer, 1996; Walker, 2006). Currently, the predictability of the 

engineering wood products have been used widely in construction, using the products like glue 

laminated timber (GLT), cross laminated timber (CLT), plywood, or medium density fibreboard (Lam, 

2001).  

To increase the strength and stiffness of the raw wood, one way to reinforce the sawn material is to 

apply glue or fibre reinforced polymer to stacking single boards to achieve high structural performance 

(Gilfillan, Gilbert, & Patrick, 2003). One advantage of GLT is that it is easy to be prefabricated the 

customised shapes and cross sections to be used in large-span or curved geometries(Buell & 

Saadatmanesh, 2005; Seraphin, 2003). CLT is another construction material technology developed in 

1990s, and has been used in tall timber buildings in Europe competing with other materials like steel 

(Hurmekoski, Jonsson, & Nord, 2015). CLT also shows its capacity in prefabrication and ease to 

transport to on-site construction (Brandner, 2013). The property of being linear elements, the design for 

CLT is imperative to take the standardization, joints and the whole structure into consideration 

(Brandner, Flatscher, Ringhofer, Schickhofer, & Thiel, 2016; Espinoza, Trujillo, Mallo, & Buehlmann, 

2016). The quality of raw wood can be increased through development in adhesive techniques to remedy 

the limits of the original properties (Gardner, 2006). The new type of high-performance materials give 

more opportunities for large scale or irregular geometric form like freeform structures (Tolszczuk-

Leclerc, Bernier-Lavigne, Salenikovich, & Potvin, 2016; Weinand, 2009). 

2.2.2 Freeform design concepts for timber structure 

Freeform structure using timber as the main materials are driven by the digital technologies on design 

method and product fabrication for irregular geometries (Monier, Bignon, & Duchanois, 2013). 

However, the opportunities given by digital techniques to develop freeform design also put forward 

challenges to consider the material behaviours as well as fabrication process. The workflow needs to be 

organized under the design and industry with enough flexibility. Multi-scalar modelling is one paradigm 

to integrate design with structural data in different scales and the design methods (Weinan, 2011) and 

the methods are specific to different issues(Nicholas, Zwierzycki, Stasiuk, & Thomsen, 2016). And this 

method is proved to be efficient in data management in GLT freeform design to process discrete types 

of data from material, fabrication and construction (Poinet, Nicholas, Tamke, & Thomsen, 2016). Multi 

scalar modelling also shows its potential in dealing with complex information of GLT and giving 

feedback without high-level requirements for the input (Svilans, Poinet, Tamke, & Thomsen, 2018). 

Multi -scalar modelling provided a systematic way to design wood digitally and to extend the digital 

production, however, still, how this method could assist the decision making in conceptual design phase 

by providing feedback from integration of material properties and fabrication process (Svilans et al., 

2019).    

Freeform timber construction is a multi-disciplinary research, so the design can be derived for several 

factors like structure, site constraints, or fabrication (Robeller & Weinand, 2016; Wallner et al., 2010).  
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How to organize the workflow more efficiently to handle the complexity of manufacturing, geometry 

and structure needs more systematic guidance. Some research focuses on the digital tools to generate 

geometry (Scheible & Dimcic, 2011) or toolkit (Mork, Luczkowski, Dyvik, Manum, & Rønnquist, 

2017). And some research tries to figure out how to organize rational workflow. Grid shell, developed 

by Frei Otto is defined as a curved shell made of grid (Douthe, Baverel, & Caron, 2006). And with the 

ability of digital software, the freeform timber using grid shell as a solution has achieved the large-scale 

buildings (Harris, Haskins, & Roynon, 2008; Naicu, Harris, & Williams, 2014). As for the detailed 

process, using parametric node design is one approach to design freeform grid shell by simplifying the 

structure as a combination of nodes and other elements to process the design and analysis (Dyvik, 

Luczkowski, Mork, Ronnquist, & Manum, 2019). 

One important process of the whole design framework is the information exchange between different 

stage and disciplines. The visual programming ability provided by computer-aided design (CAD) and 

the geometric and mechanical information included in computer-aided engineering (CAE) model is 

helpful for spatial timber freeform design (J.-M. Li & Knippers, 2015; Magna et al., 2013). The method 

called CAD-to-CAE was first developed to optimise the methods for prefabrication, structure design 

and assembly including identifying the timber plates form, panelising mesh (Robeller, Konakovic, 

Dedijer, Pauly, & Weinand, 2016). The CAD-to-CAE information exchange algorithm framework is 

developed for macro model used in a timber plate structure and this method enables the simulation and 

the analysis of the automation (Rad, Burton, Rogeau, Vestartas, & Weinand, 2021). There are some 

other approaches for information exchange, including export CAD model to Finite Element numerical 

analysis (Nguyen, Vestartas, & Weinand, 2019); engineering data management of integrated data from 

product automation (Hirz, Dietrich, Gfrerrer, & Lang, 2013). Other than grid shell, there are several 

structure typologies designed by researchers like the plate shell (J.-M. Li & Knippers, 2015; Magna et 

al., 2013; Robeller, Gamerro, & Weinand, 2017). 

2.2.3 Joints design 

The connections of a structure determined the structural behaviour and this principle also works for 

freeform timber ones (Greicius, Supekar, Menon, & Dougherty, 2009). As freeform timber structure is 

a complex system including geometry, dimensions of span and boundary conditions, so the design of 

the connections the structure also needs innovation from traditional to build a stable structure to fit the 

form and morphology. The new fabrication tools like computer numerical control (CNC) has helped the 

development of joint design (Robeller, 2015) and different form topologies needs the homologous 

connections such as: shear resistant connections, moment resistant connections or moment-shear 

connections (Bitar & Cobucci Paolucci, 2020). And the structural analysis method of the complexity of 

them are also important. 

For timber plate freeform structure, pure wood connection is one connection type. The first pure wood 

connections in freeform structures are constituted by tab-and-slot joints used in pavilions (Menges, 

2006; Scheurer, Schindler, & Braach, 2005). Subsequently, finger joints were developed and applied in 

single plane (Kaltenbach, 2010), two-plane (Schwinn, Krieg, & Menges, 2013), or segmental plate(J.-
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M. Li & Knippers, 2015). A one-degree-of-freedom joints were developed and the angles defining the 

joints has influence on the mechanical behaviours and the assembly of this type of joints are efficient 

(Robeller, 2015). Furthermore, three-degree-of-freedom joints are stiffer and have higher resistance to 

shear forces compared with finger joints. Single or double layered plate structures have utilized these 

multiple tab-and-slot joints (Robeller et al., 2017; Robeller, Stitic, Mayencourt, & Weinand, 2015) and 

more improvement are made such as through-tenon joints (Roche, Gamerro, & Weinand, 2016).  

Apart from wood-wood connections, there are another type of connections used in freeform timber 

structure, which is hybrid connections. Literately, the definition of hybrid connections is using two or 

more types of connections together (Vallée, Tannert, Meena, & Hehl, 2013). Hybrid joints using glue is 

one large set of adhesive joints including glued-in : (1)steel rods (Bainbridge, Mettem, Harvey, & 

Ansell, 2002; Tlustochowicz, Serrano, & Steiger, 2011), (2) fibre-reinforced-polymers (FRP) 

rods(Ansell & Smedley, 2007; Madhoushi & Ansell, 2004, 2008), (3)solid steel plates (Vallée, Tannert, 

& Hehl, 2011) and (4) perforated steel plates (Bathon, Bletz-Mühldorfer, Schmidt, & Diehl, 2014). The 

glued-in rods or plates connections shows the capacity of ductility and several design methods are 

proposed (Schober, Drass, & Becker, 2013). However, the glued-in steel rods connection has not been 

accepted in engineering design area (Larsen & Munch-Andersen, 2011). One challenge is to descript 

the transfer process of load on joints because of the stiffness discrepancy between different joints 

materials like material bolt and adhesive (Kelly, 2005). Subsequently, a procedure to build numerical 

model was proposed to design hybrid joint system which is made up by fasteners and bonding (Vallée 

et al., 2013). To better understand the structural behaviour and the capacity of the load-bearing in a 

freeform timber case, a hybrid T-joint connections with glue were investigated undertaking the 

algorithm computational methods and found that the load-bearing could be improved by modification 

(Kohlhammer, Apolinarska, Gramazio, & Kohler, 2017). Besides glued-in rod joints, there is another 

type of hybrid timber joint named grouted joints, which takes routing technology (I. Gibson, 2005; 

Hopkinson & Dickens, 2006) using concrete-type as the adhesives (CTA). This type of connections can 

be widely applied in complex spatial structures like grid-shells (Schober & Tannert, 2016). 

2.3 Robotic automation for  timber freeform structure 

Since 1970s, the scientists, the governments and other organisations started to promote ñconstruction 

automationò to stimulate the construction industry (Bock, 2015). To improve productivity, economic 

efficiency, sustainability in construction industry (Linner, 2013), the modification for conventional 

construction paradigm is necessary (Bock & Linner, 2015). The notion of ñIndustry 4.0ò claims for a 

new manufacturing system with enough flexibility and autonomy (Zäh et al., 2009). This focused on 

applying mechanisation concepts into this industry and controlling the process through the computers. 

It involved large-scale off-site prefabrication of construction components and control of machinery, such 

as cranes, robots and other positioning system, which largely enhanced the efficiency of the construction 

sector (Ardiny, Witwicki, & Mondada, 2015a, 2015b).  

Automation construction utilizing robotic system can produce real-time feedback and deal with complex 

information of the fabrication tasks considering sustainability (Bock, 2007). Therefore, the robotic 
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fabrication method facilitates the manufacturing of the various components and connections of the 

freeform timber structure (Menges, Schwinn, & Krieg, 2016). This timber automation construction 

technique covers the above-mentioned contents about the architecture design (geometry generation and 

optimisation), structural design (material properties of timber), manufacturing (the fabrication of timber 

products). One important challenge is that how to use digital technology to shift the architecture design 

integrated with material, structural oriented by the robotic fabrication constraints. And the main 

objective of this digital fabrication technique is to upgrade it from craftsmanship to large-scale industrial 

application. 

2.3.1 Robotic timber fabrication 

Digital fabrication technologies have enabled the timber structures becoming more irregular and 

complex. Compared with Computational Numerical Control (CNC) technique, the mobility, and not 

high requirements for the working condition of robotic fabrication system are more flexible (Willmann 

et al., 2016). And this advantage conforms to the development trend - that is to take the design 

information as the input to produce construction automatedly (Bock, 2015). Now, the robotic timber 

fabrication technique has not only been researched in laboratories but also applied in some large-scale 

construction applications (Menges et al., 2016; Vercruysse, Mollica, & Devadass, 2018; N. Williams & 

Cherrey, 2016; Willmann et al., 2016). According to different forms of the components designed by 

different based-factors, different robotic fabrication types are needed such as cutting, milling, sewing, 

drilling on different timer products from natural wood to engineering timber products (Menges et al., 

2016). According to these practices, it is concluded that this is an interdisciplinary area including the 

knowledge from material science, mechanics, computational graphics, and robotics. The international 

conference Robotic Fabrication in Architecture, Art and Design has been held since 2012, and there are 

more and more cases of using robotic fabrication automation (Brell-Cokcan & Braumann, 2013; 

Reinhardt, Saunders, & Burry, 2016; Willette, Brell-Cokcan, & Braumann, 2014; Willmann, Block, 

Hutter, Byrne, & Schork, 2018). 

2.3.1.1 Timber fabrication technique typologies 

There are different fabrication techniques, and the choice of the technique is based on the components 

designed for the structure. The research on band saw cutting on speed, different timber conditions, 

corresponding processes, and dust emission were fully investigated (Nasir & Cool, 2020),however, the 

ability of band saw on curved surface has not been studied in enough details. The band saw cutting was 

first implemented on curved strips with a 12-inch band saw mounted on an 6-axis industrial robot arm 

(Johns & Foley, 2014). While some cutting tasks used linear blade but remained robust technical issues 

unsolved, one investigation for band saw cutting process was taken to improve the cutting capability (N. 

Williams & Cherrey, 2016). In ñDesign + Makeò program, the objective of it is to reduce the collision 

and to balance the size of tooth pitch and smoothness of the rotation (Vercruysse et al., 2018). To handle 

the complexity rather than using CNC milling technique, the potential of band saw cutting has been 

explored on curved timber beams (Chai & Yuan, 2018). Subsequently, based on the analysis of the band 

saw cutting, a design and fabrication framework for large-scale double-curved glulam structure were 
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organized to show the potential of band saw on dealing with complex geometries (Chai, So, & Yuan, 

2021).  

Robotic milling is another fabrication technique especially applied in timber plate structures, shown in 

Figure 2.8. Institute for Computational Design and Construction (ICD) has built several timber 

structures using robotic milling to fabricate the designed plate (Menges, 2012b). In the lightweight 

bending-active structure, robotic milling is used to produce 6.5 millimetre thin plywood planar strips 

(Fleischmann & Menges, 2011). In the project ñLandesgartenschau Exhibition Hallò, the finger joints 

of all the 243 plywood plates in different shapes were fabricated by robotic milling (Oliver David Krieg 

et al., 2015). Different from other robotic finger joints considering material and tool setup (O. D. Krieg 

& Menges, 2013; Schwinn et al., 2013), the finger joints in this research is designed taking the 

constraints of assembly into consideration to take shorter production time. The end-effector set up for 

the spindle is specific with a tool changer, and the milling process is after the oversized pre-cutting 

process. The milling workspace is a rotatable so that all the finger joints within one plate could be 

fabricated. A similar workspace setting for milling is applied in another project named ñBUGAò, and is 

used for milling cassette, which is one modular components of the whole structure (H. J. Wagner, 

Alvarez, Groenewolt, & Menges, 2020). 

  
(a) Robotic milling on plywood strip (b) Robotic milling on plywood plate 

Source:(Oliver David Krieg et al., 2015) 

Figure 2.8 Robotic milling 

Freeform spatial shell is a new design trend for timber as a substitute for concrete thin shell, however, 

the main challenge for it is the dimension of the timber products can limit the segments to be fabricated 

(Schwinn et al., 2013; Schwinn, Krieg, & Menges, 2014). Another challenge is that the complex timber 

joint in thin shell means the reduce of the material thickness. The aim of protecting the continuity of the 

cellulose fibre of the wood requires new technique of joint design and textile fabrication technique. 

There are some textile technique applied on plywood strips of which the edge is connected by thread 

(Fleischmann, Knippers, Lienhard, Menges, & Schleicher, 2012; Weinand & Hudert, 2010). To expand 

the application not only restricted to weaving wood strips, but robotic sewing is also chosen for the 

lightweight timber structure based on the results of few practices. Industrial sewing is applied to connect 

plywood layers of 4mm on a planar surface by manual work and shows that sewing can produce high 

quality products (Färg, 2015). And due to the complexity of the sewing process itself, sewing needs 
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human work together to finish the task. Sewing machine mounted on a robot arm is capable of working 

in three-dimension working space which is beyond the human ability (Schwinn, Krieg, & Menges, 2016). 

2.3.1.2 Robotic collaboration 

Apart from single task operation for robotic, using robot in assembly process together with other 

technique is another application of robotics (Helm & Knauss, 2015). And usually to achieve the several 

tasks, cooperation between several robot arms is needed within the workspace which is the main 

difficulties. In (H. J. Wagner, Alvarez, Groenewolt, et al., 2020), the robotic construction system is 

constituted by two robotic arm: one is used for gripping and placing, and the other is used for placing 

adhesive, fixating nails, and milling (Figure 2.9). To investigate the ability of large-scale spatial 

structure, the fabrication cell is composed of two six-axis industrial robots, which were mounted a 

conveyor and a three-axis CNC saw (Eversmann, Gramazio, & Kohler, 2017) (Figure 2.10). The robot 

in the left is used for scanning and gripping the timber slat from the feeding table, and the robot on the 

right is equipped with a gripper.  This robotic cell can also deal with the task like drilling and assembly 

by lifting the workpiece. To assemble the large-scale structure by discrete timber beams which is 

reversible and reusable, the collaboration between two robots is employed for tasks like picking and 

placing by gripping, positioning, screwing (Kunic, Naboni, Kramberger, & Schlette, 2021) (Figure 

2.11). In this practice, 14 timber modular blocks are designed to form different aggregation module 

which is the unit of the whole structure, and the robots are mounted to cover the working desk to operate 

various tasks. The end-effectors for the robots in this research are customized with a gripper and a screw 

tip with sensors, which is time saving when changing the tools. This system has also included human 

assistance when faced with unexpected situations. 

 
Source: (H. J. Wagner, Alvarez, Groenewolt, et al., 2020) 

Figure 2.9 Multi -task workspace setting 
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(a) Robotic workspace setting up with a working table, a linear platform, two robots, a three-axis CNC 

saw, feeding table with timber slats 

  

(b) The slat is placed on the table 
(c) The timber is gripped to the designated position 

for cutting 

Figure 2.10 a three-axis CNC saw 

 
Source: (Kunic et al., 2021) 

Figure 2.11 Robotic fabrication setup for timber layer assembly 
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2.3.2 Robotic automation construction design concepts 

In automation industry, rapid prototyping is widely used in production development, which is able to 

produce complex shape (I. Gibson, 2005). Rather than considering the form and performance of a 

product from objective point of view or external shape pattern, instead the logic from form, manner, 

function and material perspectives within the product itself is essential (R. Buchanan, 2001). And the 

products are from many research areas, such as architecture, engineering, etc. Thus, innovations for 

architectural design concepts require the decision made from internal and external views of the products 

(Cross, 2011; Oxman, 2017). Under this context of development of fabrication automation technique 

and the new design concepts, robotic timber automation construction needs its own design concepts 

oriented by material properties and fabrication methods (Bock & Linner, 2015). 

Just as the robotic automation technique in other industry like automotive manufacturing (Nof, 1999), 

timber robotic automation system, alongside the digital design tools and high quality engineering timber 

products has shift the design paradigm with higher productivity and flexibility but also puts forward 

new standard (Bonwetsch, Gramazio, & Kohler, 2012). There are research and practices on building the 

automation system and process for irregular timber forms from several research institute (Ficca, 2009; 

Gramazio & Yoon, 2018; Menges & Schwinn, 2012; Pigram & McGee, 2011; Schodek, 2005). These 

practices show that the robotic timber automation construction needs highly adaptable and specific 

organized framework for the design driven by different factors (Dunn, 2012). And the workflow to 

organize knowledge and information from different disciplines is also a challenge for this area. 

In the robotic timber automation prototype (Figure 2.12), the whole process commenced in three aspects: 

(1) assembly-oriented design, (2) material, and (3) robotic construction system (Willmann et al., 2016). 

In this whole process, the design is driven by the assembly process, and this asks for a new computational 

design concept, which means that the tolerance during the assembly needs to be considered. If there is 

a failure during the robotic assembly process, the system would give a real time feedback to ensure the 

integrity of the whole design. The digital design is finished by Python language, Rhinoceros-3D, and 

structural analysis software. The structural analysis in this research is about the connections between 

each component, which is also customized and suitable for the automation system. Every three timber 

components are connected by one joint, as the response to the constraints from the structure and 

automation process. For the robotic automation assembly system, the timber components are gripped by 

the robot arm and are placed in the designated position from the geometric information of the model. 

The connections of the whole prototype determine the assembly sequence and the path of the robot arm. 

In other cases like (Oliver David Krieg et al., 2015), the morphology of the plate structure is inspired by 

natural biological construction, and the computational approach is based on the principles of 

biomimetics, which is capable of generation, form-finding, simulating, analysing and optimising 

automatically but under the constrains from structure performance and robotic fabrication (Figure 2.13). 
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Source: (Willmann et al., 2016) 

Figure 2.12 Robotic assembly prototype 

Following the same biomimetic principles, the project ñBUGAò also developed its own computational 

framework to achieve the seamless prefabrication co-design using two robots (Kunic et al., 2021). In 

this research, a platform named ñTIMò is presented, where the modular timber cassettes are 

prefabricated to make the largescale timber automation construction is more flexible and adaptable to 

different working space (H. J. Wagner, Alvarez, Kyjanek, et al., 2020). In these fabrication automation 

systems, the basic modular units are important parts of the whole structure. This process is consistent 

with the concepts of prefabrication automation ï in an efficient construction, the large proportion of the 

prefabricated elements can shorten the time in the whole tasks (Weizmann, Amir, & Grobman, 2016). 

And the modular design provides more opportunities for construction automation when computational 

design, robotics are integrated together (Wibranek, Wietschorke, Glaetzer, & Tessmann, 2020). But still, 

the development for the general and applicable robotic automation system, workflow, and framework 

for freeform timber construction needs more effort and discussion. 

  
(a) Top view of the sand dollar (b) Plate structure of the Pavilion 

Source: (Oliver David Krieg et al., 2015) 
Figure 2.13 Robotic fabricated biometric design 
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2.3.3 Robotics technical system related to automation construction 

From the cases mentioned above, the robotic timber automation construction (RTAC) has developed a 

relatively mature design workflow within the research areas including architectural geometry 

generation, structure design and optimisation, development for the end-effector tools.  The standardised 

prefabricated modular units can decrease the uncertainty in the RTAC system, and the standardization 

has shown the potential for high automaticity (Oliver David Krieg & Lang, 2019; Neelamkavil, 2009; 

Orlowski, 2019; Popovic, 2018). The RTAC system is especially built for freeform timber structures 

which are composed of various irregular components, which needs flexible and adaptive systems(H. J. 

Wagner, Alvarez, Kyjanek, et al., 2020). To apply new types of timber products, minimize tolerance, 

organize adaptive automation framework, the essential knowledge of robotics is needed to be integrated 

in this research area to derive the optimum workflow from more technological perspective 

(Neelamkavil, 2009). 

2.3.3.1 Development for robotics related research 

From 1952 to 1973, earliest CNC machines has been developed into sophisticated five-axis arms that 

are now categorize as industrial robots named IRB-6, which was equipped with  all-electric motors and 

an Intelôs microcontroller for programming and motion control, introduced by ABB company (Roy, 

2013) (Figure 2.14). As for now, industrial robots are extensively being used in mass production lines 

in different sections of industry, and are especially used for construction industry due to the realization 

of freeform morphologies (Kohler, Gramazio, & Willmann, 2014; Willmann, Gramazio, Kohler, & 

Langenberg, 2013).  During the last decades robotics research has been aimed at finding solutions to the 

technical necessities of applied robotics (Garcia, Jimenez, De Santos, & Armada, 2007). The evolution 

of application fields and their sophistication have influenced research topics in the robotics community. 

This evolution has been driven by human necessities.  

Since 1990s, industrial robots dominated robotics research, and the technical necessities determined 

areas of investigation for robotics (Garcia et al., 2007). Currently, the research on using robots in 

construction can be classified into several sub-sections, they are: (1) robot-oriented, which was 

developed as the design basis for the robot-based construction; (2) robotic industrialization̆ combining 

the customized component, module and building prefabrication with automation and robotic 

technologies; (3) construction robots aiming to develop and deploy the system to be used on the 

construction site; (4) site automation, which is to integrate single-task construction robot into controlled 

environment through networked machine system to organize the construction site; (5) ambient robotics 

focusing on developing service robot systems; according to different context, also including the whole 

life-cycle assessment of the project (Son, Kim, Kim, Han, & Kim, 2010; Strukov§ & L²ġka, 2012) 
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Figure 2.14 Milestones of industrial robots, 1950s-1970s 

2.3.3.2 Development of robot applied in construction 

The first time of using construction robots was in the early of 1970s, ROCCCO (C. Balaguer, Gambao, 

Barrientos, Puente, & Aracil, 1996) and BLR (Heintze, Teerhuis, & Weiden, 1996) for brick laying. The 

robots were more like cranes and were hydraulically driven. The main problem was theirs limited 

payload and range. Historically, the construction prototype robots had been used to take single-task in 

1980s, the first on-site real-scale robots completed the first building project in Japan (1991) (Bock & 

Linner, 2016).  Later on, in the ñFutureHomeò project which was part of the Intelligent Manufacturing 

System global program (Carlos Balaguer et al., 2002), the researchers transformed the tower and gantry 

cranes into robotic devices (van Gassel, 1993). Then in 1980s, the robots could handle material logistics, 

components positioning, façade installing and painting and others (Linner, 2013). After surveying the 

50 construction robots, Thomas Bock put forward the concept of ñRODò (Robot Oriented Design) in 

1988. This concept differentiated robotic construction from human work and redesigned construction 

process and in consequence boosted the robot application (T. Bock & T. Linner, 2015). Then between 

1988 and 2004, this approach had been using in the automated construction sites (Bock, 2007) After 

that, humanoid robots appeared in construction sites and have been used to undertake simple tasks such 

as drilling and painting.  

Driven by the advanced digital fabrication (Lasi, Fettke, Kemper, Feld, & Hoffmann, 2014), and the 

Information and Communication Technologies(ICT), the ñ4th Industrial Revolutionò, called ñIndustry 

4.0ò call for the highly flexible and adaptable manufacturing system for modular and automated 

production within the Internet or digital context (Weyer, Schmitt, Ohmer, & Gorecky, 2015). In this 

context, the built environment has already merged with advanced technology like single-task 

construction robots (STCRs) approaches, robot system, etc (Bock, 2015). Among these approaches, the 

robot systems have developed much more advanced that they became ubiquitous to be applied into the 

many kinds of fields, especially construction. Although the cost of application of robotics into 

construction is high than human labour, there are some factors, such as sustainability, that can potentially 

stimulate the robotic automation in construction in real-life (Linner & Bock, 2012). 

2.3.3.3 The system of RAC (Robotic Automation Construction) research 

Robot can be characterized as programmable automated, flexible and autonomy (Siciliano, Sciavicco, 

Villani, & Oriolo, 2010): 

 



41 

 

1) Multi -functional: depend on the types of the end-effector. 

2) Adaptive: depend on the types of sensors to the unknown situation. 

3) Accurate: depend on the feed-back control technique. 

4) Repeatable: depend on the programming of the operations. 

According to the cases of the robotic timber automation techniques like gripping, milling, to perform 

these operations better, the following research areas are the key points that needs to be solved.  

(a) Kinematic calibration  

Kinematic calibration, which is also called geometric calibration, is a key process performed after the 

operation of the robots or during the recalibration (Santolaria & GinéS, 2013). This is necessary to 

improve the position and orientation accuracy of the robot, and the error includes geometric and non-

geometric (Drouet, Dubowsky, Zeghloul, & Mavroidis, 2002; John M. Hollerbach & Charles W. 

Wampler, 1996). Through the kinematic calibration the position accuracy could be enhanced through 

the software rather than modify the robot itself  (Abderrahim, Khamis, Garrido, & Moreno, 2006). 

Normally, the calibration is operated in four steps (Craig, 2005; Messay, Ordóñez, & Marcil, 2016): 

Denavit-Hartenberg(DH) mathematical modelling, direct measurement, identify the position of end-

effector, improve the kinematic model. There were some conventional calibration methods like open-

loop, closed-loop and screwed axis methods (John M Hollerbach & Charles W Wampler, 1996). 

However, there are still new approaches tries to calibrate the robot arm, like measuring joint variable 

vector and positioning differences compared to the constant position (Abtahi, Pendar, Alasty, & 

Vossoughi, 2010), using geometric calibration measurement data to optimal measurement configuration 

options (Y. Wu, Klimchik, Caro, Furet, & Pashkevich, 2015), or using devices like telescoping ballbar 

to measure the pose of it to calculate the position of the robot (Nubiola & Bonev, 2014), or using the 

laser tracker to calibrate absolutely (Nubiola & Bonev, 2013). Furthermore, the data can be obtained by 

the visualization eye-to-hand configuration (Palmieri, Palpacelli, Carbonari, & Callegari, 2018), even, 

the on-line calibration (C. Yu & Xi, 2018).  

(b) Trajectory optimisation planning 

Trajectory optimisation planning used in manufacturing, for computing the desired path for robotic 

arms, which is a process of designing a trajectory that minimizes the time and maximizes the 

productivity (Chettibi, Lehtihet, Haddad, & Hanchi, 2004). The goal of it is to generate the input for the 

motion control to make sure the manipulator executing the planned tasks, but also the to control 

completion of the tasks (Garcia et al., 2007). The present researches combine the motion planning task 

with the task scheduling problem together to provide a new method for solving the multi-goal in the 

manufacturing (Paraskevi Th Zacharia, Xidias, & Aspragathos, 2013). The notion of Bump-Surface 

introduced the above problem to the optimal problem (Azariadis & Aspragathos, 2005), and considering 

the multiplicity of the Inverse Kinematics, the optimisation could be solved by the Genetic Algorithm 

(P Th Zacharia & Aspragathos, 2005). Based on the 2 DOF robot, the GA proved to be an effective 

optimisation method for the trajectory planning even under the complicated environment (Tian & 

Collins, 2004). When met with the redundant manipulator, it can be solved by constrained nonlinear 
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programming framework of controlled (Kim & Joo, 2013), or a multi-objective genetic algorithm for 

the multi-optimisation (da Graça Marcos, Machado, & Azevedo-Perdicoúlis, 2012). The current 

research shows that the theory of trajectory planning can effectively control the position and posture of 

the end-effector (Martinec, MlĨnek, & PetrŢ, 2015). 

(c) Motion control 

After the planning, the motion control system is required to assure the execution of the tasks. It is worth 

remarking the end-effector motion and forces are usually carried out in the operational space control 

and the control actions are usually operated in joint space (Spong, Hutchinson, & Vidyasagar, 2006). 

The unit dual quaternions is the main published control approaches (Özgür & Mezouar, 2016), and there 

are already some controller established based on it, e.g., robust (Marinho, Figueredo, & Adorno, 2015), 

optimal (Figueredo, Adorno, Ishihara, & Borges, 2013), and set-point controller (Pham, Adorno, 

Perdereau, & Fraisse, 2017). The kinematic equations together with the constraint equations of the unit 

dual quaternion together can made up the system of kinematic models (X. Yang, Wu, Li, & Chen, 2017). 

Besides, there are some other methods like robust adaptive control to enhance the tracking accuracy 

under the parameters acquired from the online adaption law (Yin & Pan, 2018), the new method called 

generic method based on factor graphs (Sugiarto & Conradt, 2017), or the flat output to make the open 

loop control possible (Markus, Agee, & Jimoh, 2017; Markus, Yskander, Agee, & Jimoh, 2016). 

(d) Interaction with the environment 

The industrial robots are widely used in industry, not only the assembly work to realise the designed 

motion path, but also the work like grinding, polishing, etc (Lotz, Bruhm, & Czinki, 2014). These 

operation demands the force control of the interaction between the end-effector and the environment 

needs to be considered. In the operation like milling or drilling, the force or torque needs to be calculated 

(Brogårdh, 2009). The force-control in robotics has already been investigated exhaustively (Roveda et 

al., 2016). Currently, some researcher estimates the forces through the model-based virtual force sensors 

using the information of motor or estimating it from the motor currents (Linderoth, Stolt, Robertsson, 

& Johansson, 2013). To try to use the robot force-control algorithms in real-world, one way is to estimate 

the external forces through the calculation of the thermal state of the manipulator (Villagrossi et al., 

2018) combined with the dynamic model equations (Pedrocchi, Villagrossi, Vicentini, & Tosatti, 2014).  

From the reviews of the RTAC cases and the technical robotics, it can be concluded that for better 

efficient RTAC system which is automatic enough to fit for various fabrication tasks and working 

environment, the design and organisation of the system can be enhanced by taking the above four aspects 

into consideration and make improvement on: (1) organization and management of the system; (2) 

design with tolerance; (3) optimisation for the robot. 

Digital technologies give more opportunity and possibilities for the shape of architecture through the 

description of non-Euclidean geometry. New geometric concepts or laws can be simulated by computer 

programs and appear as a controllable system. Therefore, they are logical in the design generation 

process, controllable in the analysis and optimisation process, and authentic in the construction process. 
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2.4 Assessment for  freeform structure under RTAC 

The research about the robotic automation construction (RAC) have been undertaken in industry and 

academia, however, the real industrial large-scale implementation of this technique is still in its initial 

stage. However, the industry attitude towards applying RAC is not very positive and one of the main 

reasons is the lack of a critical reason for the necessity of applying robotics. Under this context, the 

sustainability of RAC can activate the industrial fulfilment, which is consistent with the global 

sustainable development trend (Cf, 2015; Colglazier, 2015). Sustainability has always been especially 

important but in construction industry (W. Pan & Ning, 2014), and RAC can improve it form reducing 

construction material waste, improving working conditions, protecting workersô safety, etc (Castro-

Lacouture, 2009; Cousineau & Miura, 1998; Linner & Bock, 2012). Recently, some companies have 

started to employ RAC in the deconstruction task to show the advantages in economic and 

environmental protection (Lee, Pan, Linner, & Bock, 2015). (de Soto et al., 2018). By analysing the 

challenges for adoption of robotics qualitative and quantitative methods, robotics can be devised to solve 

low productivity (Delgado et al., 2019). Besides, 3D printing has shown its potential in economic and 

environmental perspectives(De Schutter et al., 2018). The detailed research on sustainability of RAC is 

complex and need thoroughly systematic investigations of all factors and circumstances.  

One method to build sustainability assessment framework is to integrate the principles of sustainability 

to the technology management and to choose the proper criteria for the assessment (Alan C. Brent & 

Pretorius, 2008). Instead of focusing on evaluating the impact of applying new type of technology, the 

researches gives full details on management under the macro financial and social context (Alan Colin 

Brent, Van Erck, & Labuschagne, 2006; Phaal, Farrukh, & Probert, 2004). To build an exhaustive 

assessment framework, the choice of indicators and evaluation of every process of construction industry 

under the context of sustainability is important (Labuschagne, Brent, & Van Erck, 2005; Z.-Y. Zhao, 

Zhao, Davidson, & Zuo, 2012). In (Presley & Meade, 2010), a benchmark framework is built based on 

strategic and activity, and indicators from LEED and TBL from sustainability can evaluate the 

construction holistically. However, the gap between large-scale application of RAC due to the 

sustainability of the technique and the guidance for assessing the sustainability of RAC and still exits.  

To fill the gap and develop a robust indicator framework for RAC, the domain-based and issue-based 

combining V-model approaches are adopted and will be translated to assessment method validated in 

real-practice(M. Pan, Linner, Pan, Cheng, & Bock, 2018a).  

As the RAC is one important technique that appertain under innovative building technologies (IBTs), 

the first conceptual model of co-evolution of IBTs is built which is verified by robotic construction 

which provides a method of understanding technology theoretically(Y. Yang, Pan, & Pan, 2019). The 

productivity of digital fabrication of using robotics is verified to be higher than conventional manual 

work especially in complex structure analysed from time and cost two perspectives(de Soto et al., 2018). 

A method named weighted Multi Criteria Analysis (MCA) is adopted to assess the prefabricated timber 

panels. For the products quality of RAC system, techniques like 3D laser have been employed for the 

post-construction assessment and have been proved as an efficient tool(L. Liu, Chen, Kayacan, Tiong, 
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& Maruvanchery, 2015). However, the RTAC system, including the geometry form generation and 

optimisation, timber structural and connections design, robot system setup, need to coordinate every 

aspect. In (Kumar et al., 2017), the protype of non-standard concrete fabricated by the RAC has been 

applied in real project after assessing the structural performance, but the assessment framework is not 

explicitly built. As the assessment for the RAC is not mature now, the principles of choosing indicators 

and the method of evaluating the whole system still needs more deeper and detailed research. 

2.5 Conclusion 

From conventional Euclidean design method to more and more complicated architectural geometry 

design methods, the research and practises of rationalisation and construction for these non-standard 

shapes have been constantly updated. The review in 2.1 demonstrated there are variety of methods in 

generating the morphology for freeform surface and many of them have been applied in real cases. The 

widespread usage of these methods today is closely linked to the development of computational design 

tools and digital manufacturing process e.g., generative design using BIM model. Besides, these design 

methods present a trend towards multidisciplinary integration. Taking advanced geometry for example, 

the fractal or topology are concepts from the computational graphics or geometry disciplines. The 

methods to transfer these ideas into architectural geometry generation and to turn the geometric models 

into real structures are becoming a current research hotspot. The cases from academia and industry 

indicate the material genre have posed impact on the design methods. For tensile film, with material 

properties like good tenacity, high tensile strength, not easy to be torn, over 400% ductility, the design 

methods for membrane structure need to consider morphology characters like long-span and variation 

in curvature. In this research, timber is selected as the material premise for freeform surface design. As 

timber is not as concrete or steel can be made into products with any shapes, to ease the complexity in 

construction including off-site pre-fabrication and on-site assembly tasks, the main structure 

components would be set as planar panels and linear rods. To finish a freeform structure made with 

planar or linear engineering timber products, the selection and adaption for appropriate design methods 

needs identification.  

The state-of-the-art review on timber as building materials introduce the development from forest 

products into industrial products with higher level of strength. The ñCEò certificate and more 

international and national standards on application of timber product as building materials provide 

guidance on how and where to use timber in a structure. These documents have given impetus to an 

increasing number of applications and research into free-form timber structures. What are the 

appropriate methods to design a freeform timber structure? How to pre-fabricate the timber structural 

components for the structure with high productivity to promote mass production for non-standard timber 

structure? These questions would need further exploration and would be discussed in the following 

chapters. 

Robotic technique, namely, robot arm with different tools mounted on the end-effector has been 

gradually applied in academic, especially in architecture field, to test the applicability and feasibility of 

this technique. The cases and related research discussed in 2.3 illustrate the normal workflow for the 
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robotic application: multi-discipline design, tool development from automation control, fabrication or 

construction simulation, path planning and final construction. These cases have pioneered a number of 

innovation technique from design to tool development and have explored the many and varied 

possibilities of applying robotic arms in the construction. On the contrary, the hysteresis of adopting the 

industrial robot into mass production is due to the following reasons: 

(1) Uniqueness: The developed tools are specific to each unique design project which is 

contradictory to mass applicability. The mass production needs high level of standardisation. 

(2) Efficiency: The lead time for the cases applying robotic is quite long including collaboration 

on design, establish the working space, set up the equipment and robotic operation. On the 

contrary, efficiency matters in mass production. 

(3) Reusability: The tools and the workspace are applicable to the corresponding design project. 

The possibility of reusability of these newly developed tools and working space has not been 

proven. If the workspace and tools only fit the corresponding design and the flexibility for other 

similar cases is not enough, then it is not cost-effective, which means it is not easy to promote 

mass production.  

(4) Automaticity:  To achieve mass production using robotic technique, the automation production 

lines with high precision are essential. The whole process needs manual work to operate path 

planning and quality control. The accuracy and the uncertainty of collision or potential risks 

have not been testified. 

In view of the above shortcoming, the literatures about ñRoboticsò are discussed in 2.3.3. The research 

content for ñRoboticsò provides professional guidance on trajectory planning, motion control and spatial 

position calculation. These knowledge work as supplement for the present studies on architectural 

robotic application. For example, the motion control of robotic arm could enhance the stability of the 

equipment and save time and energy through trajectory planning. By adding professional motion control 

and trajectory planning to robotic automation in construction, the efficiency and automaticity goals 

could be achieved gradually. As for the uniqueness and reusability, more optimal designs with 

standardised structural components can enhance the repeatability of the tools and the workspace.  

Currently, the assessment framework for this technique in construction is within the sustainability 

context, where ñtechnologyò is taking less weight and proportion in the whole framework. Whether 

robotic automation construction technique is an alternative for mass production of freeform structure or 

MMC, further developed assessment framework e.g., for the product quality is needed. The freeform 

structure and robotic automation construction are two separate systems. The way to connect them is to 

take computation design tools and information digitalisation to achieve the information transformation.  

When a design plan is to be determined including appropriate design method, standard and modular 

structure components, and material product forms, different stakeholders would have different 

preferences. It is necessary to investigate how to assist decision-makers in selecting different 

combination plans to meet their own expectations and preferences. 

Following all the discussion and summary for the state-of-the-art review for four main research parts, 

the hypotheses 1-3 can be tested following the connection between the Robotic Automation 
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Construction (RAC) System and Freeform Timber Structure (FTS) illustrated in Figure 2.15. RAC could 

work as a solution to solve the deficiency of current FTS design with low buildability, construction 

accuracy with deviation from design to final structure and lack of rationality in material and structural 

performance.  

 
Figure 2.15 Connection between RAC and FTS 

In more details, the four main principles of ñRoboticsò can be applied to the three main parts of freeform 

timber structure design namely morphology design, mesh generation and mesh optimisation. The 

requirements for the freeform timber structure are structural stiffness, rationality of structure and 

morphology as well as the homogenise components to meet the goals of rationality, buildability and 

construction efficiency. Under the knowledge and guidance of Robotics, the robotic automation 

technique in construction can meet the requirements of freeform timber structure through end-effector 

operation, tool path planning and motion control by achieving the industrialisation, automaticity and 

standardisation requirements. 

 

Figure 2.16 Concept map between the principles of robotics and freeform structure 
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Chapter 3  

 Framework of the Multi -Objective Optimal Design and Assessment 

System for  Freeform Timber Structure (FTS) Oriented by Robotic 

Automation Construction (RAC) 

According to the most recent research, freeform structure and robotic automation construction are two 

distinct systems. To organise a workflow to connect the two systems, the RAC-FTS system is proposed 

in this chapter, with the goal of establishing a framework to couple the RAC technique into FTS 

application. For robotic automation construction system for freeform timber, the rationality of the 

geometry generation and optimisation, robust structure design, digitalisation of the timber material, 

robotic automation system design, and the assessment for every aspect are the essential parts of the 

theoretical framework of robotic automation construction for freeform timber structure (RAC-FTS). A 

system model put forward to organise these different parts. The primary objective of this chapter is to 

examine the interactions between each factor in this multi-discipline system and to propose design and 

optimization principles for this system. The design strategies and methodologies presented in this 

chapter serve as the foundation for the subsequent chapters. The RAC-FTS system assessment 

framework is being built, which includes the method of extracting information, assessing methodology, 

and standard assessment criteria that will be used for RAC-FTS system decision making. The lack of 

ability in visualisation and transformation between digital and geometric models is the reason for not 

adopting CNC in this case. 

3.1 Theoretical basis and method of RAC-FTS design based on multi -objective dynamic 

optimisation system 

The system established for this research is known as RAC-FTS. This system is built using a digital 

model and data transformation platform and is based on robotic automation construction and freeform 

timber structure. Given the variety of contents, such as morphology design and structure performance, 

the optimisation problem for all of these included parts is converted into a multi-objective optimisation 

problem in order to connect the various objectives of different research fields.  

3.1.1 multi-objective optimisation problem 

Optimisation theory is a discipline developed from mathematics, whose research is concerned with 

determining the optimal solution among many feasible solutions. In engineering, many problems consist 

of conflicting and influential multi-objectives. In solving various engineering problems, multiple 

objectives are needed to reach the optimum as much as possible at the same time, i.e., there exists more 

than one optimisation objective that needs to be dealt with simultaneously, and such problems are multi-

objective optimisation problems. The research topic is a robotic fabricated freeform timber structure, a 

complex system engineering problem involving multiple disciplines, including material, structure, 

design, fabrication, and construction. These problems are intertwined, and the disciplines are interrelated, 
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bringing new difficulties to design and decision making in the conceptual design phase. By introducing 

multi-objective optimisation techniques, the aim is to effectively assist in the operation of the design 

and the final decision making. MOO problem consists of the following main components. 

(1) Optimisation objectives: The objectives of multi-objective optimisation in the field of architecture 

are often the building performance indicators, mainly the building environment performance indicators, 

such as building energy performance indicators, lighting performance indicators, thermal comfort 

performance indicators, etc. These performance indicators are closely related to the design parameters 

of the building environment, space, material, and equipment operation. 

(2) Design variables: Among all the design parameters that make up the architectural design solution, 

some are set as constants in the multi-objective optimisation process according to the specific 

optimisation problem. Other parameters are set to variables that control the direction of the program 

adjustment, and these variable parameters are called optimisation variables.  

(3) Constraints: Architectural multi-objective optimisation must enable program performance and 

ensure the feasibility of the design parameters and meet the actual design task of design conditions and 

objective law constraints.  The constraints determine the range of values for the architectural design 

parameters, i.e., the optimal multi-objective design problem domain. 

(4) Objective function: The objective function refers to the mapping relationship between the 

architectural design variables and the optimisation objectives. The MOO algorithm can search for 

feasible design parameters (feasible solution) with a better performance objective in the design domain 

based on the evaluation of the objective function. 

The mathematical expression of MOO is as follows: 

Variables̔ ὼ ὼȟὼȟȣȟὼȟȣȟὼ  

Objective functions:άὭὲȾάὥὼ
ώ Ὢὼ ὪὼȟὪὼȟȣȟὪὼ

ὲ ρȟςȟȣȟὔ
 

s t 

Ὣ ὼ πȟὭ ρȟςȟȣȟά

Ὤὼ πȟὮ ρȟςȟȣȟὯ 

έὴὸὭάὭίὥὸὭέὲ ὨᶰρȟςȟσȟȣȟὈ

 

For the multi-objective optimisation problem MOO (multi-objective optimisation), there is usually no 

solution ὼz ᶰὈ to minimise all the objectivesὪὼȟᶅὭɴ ρȟὑ  simultaneously. This is the main 

difference between MOO problems and single-objective optimisation problems, i.e., the definition of 

the optimal solution is different. To make multiple objectives as optimal as possible in a given domain 

at the same time, the solution of multi-objective optimisation is usually a set of equilibrium solutions, 

i.e., a set of optimal solutions consisting of many optimal solutions, and each element of the set is called 

a Pareto optimal solution (POS) (D'CRUZ, RADFORD, & GERO, 1983; Tuġar & Filipiļ, 2014).  
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POS is defined as follows. 

Supposing ὼz ᶰὈ, if  there is no ὼɴ Ὀ, satisfies Ὢὼ Ὢὼz . That is, the following conditions do not 

hold: 

Ὢ ὼ Ὢ ὼᶻȟ and ὭɱȟὪὼ ὪὼᶻȟὭɴ ρȟὑ  

Then ὼz is the effective solution for the MOO problem. The meaning is if  ὼz is Pareto optimal solution

̆then there is no such ὼɴ Ὀ that each objective value of Ὢὼ is no worse than the objective value of 

Ὢὼz . At least one objective of Ὢὼ is better than the corresponding objective value of Ὢὼz . That is, 

ὼz is the best and no additional improvement can be made in.  

3.1.2 MOO workflow for RAC-FTS 

The architectural MOO process generally includes three sub-processes: identifying optimisation 

problems, constructing performance objective evaluation models, and operating multi-objective 

optimisation (Figure 3.1). In the optimisation problem identification stage, it is necessary to determine 

the objectives, design parameters and constraints according to the design requirements and tasks. They 

establish the reflection relationship between the building design parameters and the optimisation target 

in the model construction stage. The model can calculate the corresponding optimal solution based on 

the known values of optimisation parameters. In the search phase, the performance objective evaluation 

model is coupled with the algorithm. The optimisation algorithm will  automatically search for better 

solutions in the design domain based on the performance evaluation results until the pre-set number of 

iterations or the termination condition is reached. The solution set will  converge generation by 

generation. Finally, the non-dominated solution set is obtained. 

The systematic design process for multi-objective optimisation of the RAC-FTS is developed as follows̔ 

(1) Identify design requirements and determine the parts to consider in the design system. 

(2) Determine the objectives according to characteristics of different design parts and set suitable 

quantifiable objective functions. 

(3) Select optimal variables related to the objective function. 

(4) Set reasonable constraint functions based on program requirements and variables. 

(5) Select suitable optimisation methods for optimisation calculations based on optimisation 

characteristics. 

(6) Calculate practical optimisation results. 

(7) Select appropriate results in the optimisation scheme as the design result of the scheme. 

The optimisation objectives of current research on architecture using MOO methods mainly focus on 

building performance(Hamby, 1994; Radford & Gero, 1980) for sustainability, such as thermal 

insulation and energy efficiency (D. Liu, Wang, & Liu, 2017), lighting, and ventilation (Arens & 

Williams, 1977). 



50 

 

 
Figure 3.1 Information transformation in MOO for RAC-FTS 

In this research aiming at the robotic fabricated freeform timber structure, building performance is not 

as important as morphology rationality, structural stability, fabrication efficiency and standardisation 

level of structural components. 

3.1.3 Dynamic robotic-oriented workflow 

The combination of MOP allows for effective targeted optimisation of the different elements involved 

in the FTS design. Implementing a dynamic comparative selection process based on the optimized 

results will be an important part of the process design. As shown in Figure 3.2, the preliminary design 

is carried out under the combined effect of fabrication and structure. Based on the design and preliminary 

optimisation results, the structure and fabrication contents are completed, and the information between 

structure and fabrication is effectively exchanged and optimized. The optimisation results are fed back 

to the design section which is evaluated to determine whether to operate further optimisation. The 

information is transferred between design, fabrication, and structure so that the different parts interact 

dynamically and efficiently. 
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Figure 3.2 Dynamic loop within the workflow 

After determining the loop within the workflow to achieve the dynamic information interaction, the 

robotic-oriented design model is integrated with MOP model, shown as Figure 3.3. The model in figure 

means the dynamic MOP model under the theories from multi-discipline and taking the constraints of 

RAC into consideration.  

 
Figure 3.3 Multi -objective robotic oriented model 

Together with the dynamic information loop and the robotic-oriented MOP, the comprehensive 

workflow is shown in Figure 3.4. The workflow has shown three main systems (optimisation, 

assessment and decision making) and their components separately. The three system compose the 

dynamic loop to achieve the dynamic data and information interchange. 
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The RAC-FTS system, which is based on the dynamic multi-objective model, means that the freeform 

timber structure is oriented by robotic automation construction while taking into account the 

characteristics (numerical control and visualisation) and limitations (reaching limits, payload). The 

system's various research contents (morphology design, structure performance, mesh generation and 

optimisation, and robotic simulation and optimisation) are linked by multi-objective optimisation and 

evaluation via the digital and numerical model. The system is dynamic, which means that the process of 

design-optimisation-assessment can continue until the overall performance meets the requirements of 

the decision-makers. 

 
Figure 3.4 Workflow of dynamic MOO for RAC-FTS 

3.2 Non-linear interaction between multiple  indicators of the RAC-FTS system 

The collaborative design of freeform spatial structure and robotic automation construction refers to the 

collaboration between the robotics system and the various subsystems of the freeform spatial structure, 

and each subsystem exists as an influencing factor in the design of the freeform timber spatial structure, 

including the geometric rationality, structure performance, component standardisation level, automation 

efficiency, etc. The concepts and keywords are summarised in Figure 3.5. 

3.2.1 Multiple indicators 

FTS is a complex design system, which requires a multidisciplinary and collaborative design. This 

includes a combination of aesthetic requirements for freeform forms, environmental adaptability, 

structural stability, and material efficiency. First, the aesthetic evaluation will be one of the essential 

bases for the overall morphological design of the structure and the layout of the grid (Figure 3.6). Most 

freeform structures are used for roofing or self-supporting independent structures with ample use space. 

Therefore, the performance elements such as heat insulation and ventilation, light and shade, ecological  
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Figure 3.5 Concept map of RAC-FTS 

energy saving, etc., which impact the structural design, will directly affect the structureôs form, texture, 

and details. Structural performance refers to the mechanical properties of the structural body, which is 

the most fundamental and direct factor affecting freeform spatial lattice structures. Different structural 

morphology, materials, and node design will impact the structureôs mechanical properties, determining 

the structure's rationality (Figure 3.6). In many examples of spatial mesh design using numerical 

techniques for deformed freeform surfaces, the pre-mechanical calculation and optimisation of the 

structural form is the main task. In addition, the efficiency of the material is also an important aspect to 
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be considered. New lightweight materials will stimulate new structural forms and mesh textures (Figure 

3.6). If taken robotic automation technique as another complex system to make up the RAC-FTS, the 

indicators of this system are classified as follows: 

(1) Geometric design: The design in this system refers to the generation of the original geometric form 

by using different morphological generation methods to generate a geometric surface model with 

sufficient geometric information, which does not have building information. It is used as the original 

input for the subsequent morphological optimisation and provides variables for optimisation. 

(2) Structure: The freeform surface can be used as a roof structure to bear self-weight and loads such as 

rain and snow or as a self-supporting independent structure that needs to handle self-weight and other 

horizontal or vertical loads etc. The inner meaning of the structure includes the stability of the structure. 

(3) Material: Materials will be given a more macroscopic connotation in this system, i.e., they will be 

more actively involved in the overall "design-fabrication-construction" optimal process, based on their 

physical and material properties, as a significant factor influencing the whole process. 

(4) Fabrication: Robotic arm construction includes a range of intelligent construction technologies such 

as 3D printing, weaving, milling, cutting, etc. Robotic arm machining technology can meet the 

processing of regular and irregular components and the construction of complex structural forms. 

Therefore, robotic arm machining technology can be applied to the rapid and accurate production of 

many standardised or non-standard. 

3.2.2 Nexus between design and material, structure 

Design and Material 

The geometric form of architecture is closely related to structure and material, and the breakthrough of 

new structural forms is often closely combined with the application of new materials. The interactive 

development of structures and materials also places new demands on the design of architectural 

geometry. The architectural firm provides a rational analysis, explanation, and connection between the 

two elements of material and structure through the language of geometry using mechanical 

relationships and patterns of the construction organisation. The new materials and structural forms that 

have emerged expand the possibilities of the architectural form. 

Material and Structure  

Structural material selection needs to meet the force characteristics. The choice of structural materials 

should consider the structural loads, force characteristics, and force transfer methods. The selected 

material type and size can meet the design needs of the structure for material tensile, bending and shear 

properties. At the same time, under the premise of meeting the force requirements, the building materials 

are used as effectively as possible to improve the efficiency of the use of materials. The components of 

the structure are the core of the internal force transmission of the structure, which determines the 

material force transmission paths and methods. Therefore, the design of structural components and 

detailing nodes needs to meet mechanicsô needs while considering the materials and designing the force 

transmission paths according to scientific principles. 
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Design and Structure 

The role of freeform surfaces in the structure is divided into support or maintenance two aspects. To 

avoid focusing on the morphological expression at the expense of the structural rationality and 

maintenance functions, the morphological expression of the building can be unified with the structural 

characteristics. In considering the design of structure and form, the excellent performance of the 

structure proper and respecting the laws of mechanics are the primary principles. The overall design of 

the structure's form needs to follow the principles of mechanics. Freeform timber structures need to 

satisfy the architectural expression while achieving the unity of structural form and mechanical codes. 

First, the overall condition of the structure of various changes in processing should make full use of the 

laws of mechanics, in line with the transfer of structural forces, which various structural morphology 

are designed based on. Secondly, the mesh division and texture design of the structure should conform 

to the transfer logic of the internal force of the structure and follow the transfer path for scientific mesh 

division and regulation. 

3.2.3 Nexus between material, structure, and RAC 

Structure and RAC 

Construction-aware design strategy coordinates structural properties, material characteristics, unit 

division, and detailing with geometric form design tools for form generation. This rationalisation process 

requires geometric calculations to achieve the minimum variation from the original form while meeting 

panel type control, skin smoothness, cost requirements, etc. Whether the structure is regular or irregular, 

the design method tools, construction tools, construction process and logic are used throughout 

architecture development. From CNC machines, rapid prototyping technology to robotic construction, 

digital construction tools give more possibilities to build non-linear structural forms. On the one hand, 

digital construction is a tool for the final translation of digital information into physical reality, which is 

the last stage that non-standardised, non-linear structural forms can achieve. On the other hand, the depth 

of human-computer interaction and other technologies has prompted architects to be more proactive in 

delving into innovative applications of traditional structural materials and to develop new structural 

materials for the realisation of high-performance structural systems. New materials and new 

construction methods are important driving forces for developing nonlinear structural forms. 

Material and RAC  

For this research, the concept of "material" in the context of RAC is given a more macro concept based 

on construction materials. The robotic arm plans the movements of the end-effector in the task of 

fabrication and construction. The robotic arm platform brings together design, construction, and motion 

control such as material cutting speed and end-effector operation speed, which are closely related to the 

material's physical properties and how it is built or processed. The form-finding of the material under 

the manipulation of the robotic arm is a calculation specific to the materialôs information about its 

physical properties. It is reflected in the robotic arm processing during the construction process. In the 
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traditional design process, the materialôs physical properties are only reflected in the structural 

calculations and part of the design process, but not as input in the construction process. 

RAC is an essential embodiment of digital construction; the physical properties of materials can be 

reflected as digital information in the digital construction process. Using the automated platform of the 

robotic arm, material performance parameters can be collected through simulations and experiments to 

establish a database, thus reversing the traditional design process in which material is a separate and 

passive factor and transforming it into active participation in the generation and construction of forms. 

The combination of material and RAC expands the logical content of the material. The first is the 

physical logic of the material, which refers to the study of the material properties, including the inherent 

properties of the mechanical and physical aspects of the material, such as strength, stiffness, 

thermoplastic, thermal inertia, and other physical indicators. The study of the processing of the material 

is used as a basis for the use of the RAC, as it determines how the material is processed, its geometric 

properties and the way it is connected. The second is the construction logic of the material. With the 

application of RAC, construction materials from traditional materials to multi-dimensional materials, 

and new composite materials, digital construction logic is bound to produce new transformations under 

the development of materials and tools. 

3.2.4 Nexus between design and robotic fabrication 

To realise the transformation of the design into construction, the plan is placed under the dimension of 

the building, reflecting the systematic connection between the core elements of architectural design and 

construction, such as space, form and function. The process of design-build mainly demonstrates the 

integration of design and construction information. The information related to design and construction 

is continuously integrated into the building operation project. Both keep influencing each other to 

improve the design through accurate construction. The most important step from digital design to digital 

construction is translating and transferring information. With the help of CAD (computer-aided design) 

related software, the geometry designed does not have architectural details and does not reflect the actual 

object. For example, in Rhino software, most geometric modelsô geometric properties are surfaces or 

polysurfaces and are single-sided, without thickness. Therefore, the corresponding geometric 

relationships change once the thickness of a single-sided object in the model is given. Therefore, to 

perform accurate robotic fabrication without changing the original geometry design, architectural 

information needs to be considered together with the geometry. 
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Figure 3.6 Interaction between different indicators 
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For example, in the BIM software platform, the self-contained BIM information technology tools can 

translate the structural components into Excel files containing comprehensive information about the 

features and then pass them to the machining platform for processing and manufacturing. Similarly, the 

smooth NURBS surface in the Rhino model is not fully  realised due to the material properties of the 

actual building material. Therefore, in solid construction, discrete-continuous planes need to be used 

instead.  Therefore, geometric analysis, geometric reconstruction and geometric optimisation strategies 

are required in this process. Also, the material properties of the structure and the material will  affect the 

results of the optimisation analysis. In the specific robotic fabrication and construction tasks, complete 

and accurate geometric information is required in other numerical control machining processes. In this 

process, the parameters of the geometric elements to be machined and the relationship between each 

geometric piece are important in converting CAD information to CAM. When facing complex geometric 

problems such as freeform structures, it is necessary to use the knowledge of complex geometry to 

reasonably divide and optimise the surface panels. The working conditions in the division process need 

to be considered in the robot arm's working space range. Thus, the type of panels and the gaps and 

spacing between panels can be reduced while ensuring the integrity of the surface. These basic panel 

units need to be numbered, and their composite construction logic and assembly principles are provided. 

3.3 Multi -objective design and optimisation principles oriented by robotic automation 

In the process of design optimisation, the overall optimisation is in line with the following principles. 

3.3.1 Standardisation and Modularisation 

The principle of standardisation refers to maximising the homogeneity of components at the 

construction-oriented level, improving the standardisation and modularity of components, and 

simplifying the processing process to improve processing efficiency. There are many different sizes and 

types of components in freeform spatial lattice structures. In sustainable development, diverse parts are 

not conducive to repetitive machining of robotic arms, which reduces the machining efficiency of 

robotic arms and leads to energy waste. Therefore, in the optimisation process, a fundamental 

optimisation principle is to achieve standardisation and modularisation of the components to improve 

the efficiency of robotic fabrication and more convenient for numbering and management. The concept 

of modularity is derived from modules and modulus. A module in this section refers to a subsystem with 

similarity on a structurally consistent basis that contains a multi-level structure of its own, rather than 

simply referring to a basic timber unit with only material information. Second, the module is semi-

autonomous, meaning that the module can be designed independently with full  autonomy while 

following common design principles, i.e., it is a semi-autonomous design element. 

By combining architectural design and construction, the scope of application of modules is expanded, 

either as physical content of structural and functional modules or as virtual content such as technical 

modules and information modules. According to the definition, modules can be modularised by 

combining, disassembling, and assembling. Modulus theory focuses on using modules as basic units to 

create a variety of member combinations through design thinking.  The components will  be mainly in 
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bars, panels, and blocks as modules in a freeform timber structure grid. The maximum standardisation 

and modularisation of component dimensions will  be achieved through optimisation in a "design-

fabrication-construction" perspective while satisfying the structural variability of freeform surfaces. 

3.3.2 Automaticity 

The ideal situation for RAC is to realise a workflow from the calibration of the robotic arm to the 

generation of the toolpath and then to the fabrication and construction process, just like the 

manufacturing industry, such as vehicle manufacturing. The principle of automaticity refers to the 

maximum use of automated processing tools for processing and construction, reducing human 

involvement and intervention in the automated processing and construction process. Automaticity has 

two primary levels of connotation. The first level refers mainly to the robotic fabrication and 

construction simulation process. Most of the current robotic arms used in construction often rely on the 

manual tuning of the tool path to avoid mechanical problems such as kinematic singularities. Such 

manual involvement reduces the degree of automation of robotic arm processing. Moreover, due to the 

diversity and variability of the processed components, the processing of components with the same 

geometry but different sizes require manual involvement for commissioning. Considering robotic arm 

application to large-scale construction, too much manual intervention will  significantly reduce robotic 

arm processing and construction automation. The second dimension refers to the percentage of the 

number of robotic fabrication tasks in the whole fabrication process. It is necessary to consider the 

number of end-effectors needed and robotic arms at this level. For example, a cutting process needs to 

use a robot arm and a cutting end effector to avoid manual placement or adjustment of the material to 

be fabricated. Because each time the material is placed manually, the arm needs to be calibrated, which 

reduces the smoothness and automation of the automated process. 

3.3.3 Rationalisation 

The principle of rationality refers to the rationality of the geometry's morphology, the design of the 

components, and the tool path. The rationalisation of the structural morphology of the geometric model 

requires appropriate form-finding methods which can provide a numerical description of the geometric 

information. The numerical geometric information extracts important information from the geometric 

model, thus providing an interactive environment for subsequent morphological adjustments.  

Morphological rationality requires consideration of both the mechanical performance of the structure 

and the integrated use of materials. While ensuring the stability and robustness of the structure, the 

materialôs mechanical properties are used rationally, and the efficiency of the material is maximised. 

The rationality of the components means minimising the processing difficulty  of the components, i.e., 

trying to design bars, flat panels, and other ruled surfaces instead of hyperbolic surfaces. Improving the 

degree of standardisation and modularity of components can effectively reduce the types of components 

and different sizes of the same type to improve fabrication efficiency. Rationalising the machining path 

means avoiding kinematic redundancy while avoiding kinematic singularities of the robot arm and 

improving the manipulating efficiency of the robot arm. 
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3.3.4 Robustness 

The robustness principle includes the robustness of the structure at the micro-level and the robustness 

of the overall optimised design process at the macro level. The robustness of the structure refers to the 

stability of the structure and the rationality of the geometry design. The robustness of the optimisation 

process refers to the smooth exchange and transfer of information between systems, and the optimisation 

algorithm can effectively carry out the optimisation process within the constraints of the optimisation 

objective. 

3.3.5 Digitalisation 

The principle of digitisation is the digitisation of structure and construction information, the realisation 

of digital processes through digital design software and platforms, and the connotation of digital 

processes. The complete digital building design process should include three components: design, digital 

off-site prefabrication and on-site construction. There will  be two data interfacing and interaction times 

in this digital process, and this data transfer is the key part of the digital construction. From a 

methodological point of view, digital design is a target problem-oriented design approach, most notably 

by parametrically translating the factors that influence the design of a solution so that the problem can 

be solved. And the designer generates a design solution that meets the design requirements by 

establishing functional relationships and iteratively adjusting the parameters. 

3.4 Design strategies of the RAC-FTS 

3.4.1 Comprehensive geometric form evaluation method 

In creating the morphology of a freeform structure, the evaluation method for structural, mechanical 

rationality will  directly impact the outcome of the morphology. The objective of developing freeform 

structures is to obtain robust and reasonable structures, and how to determine the quantitative evaluation 

of structural rationality is an important research question.  This is because the mechanical performance 

of the structure involves many aspects, such as static force, dynamic force, stability, and so on; 

correspondingly, the evaluation indicators for these aspects differ from each other. Most structural 

designs are currently focused on one factor of the design, after which other factors are tested and 

adjusted. This idea is also used in this research, which uses static performance to assess the structure's 

rationality.  

As for the optimal methods, there are two types of evaluation methods: multi-objective optimisation and 

single-objective optimisation. Multi -objective optimisation refers to the simultaneous optimisation for 

multiple mechanical performance indicators. In contrast, single-objective optimisation optimises the 

primary objective function while also investigating the variation of other mechanical properties. 

To achieve the optimisation for freeform structural morphology, three factors in the whole process need 

consideration: (1) Geometry design method and numerical description; (2) Evaluation of structural 

rationality; (3) Morphological optimisation algorithm.  
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The selection needs to be the scalar for better results comparison in the optimal process.  Another 

problem is the data conversion. The relations between the geometric freeform surface and the optimal 

objectives need to be described in numerical expressions. The geometry is visual and adjustable in the 

modelling software for freeform surfaces like Rhino, and information needs conversion for numerical 

optimisation in software like Matlab.  

3.4.2 Fitted design of components 

The freeform structure is a multi-component system that relies on tension and pressure between the 

components. Through the vector mechanism, the decomposition of the force can be performed on a 

surface or in a three-dimensional orientation. In nonlinear architectural design, the structural grid formed 

by the structural elements has more freedom, and its infinite form shaping power can be realised. In the 

process of topology optimisation of freeform mesh structures, the arrangement of the mesh's components 

(bars, panels, etc.), the arrangement of the nodes, and the mesh's distribution are all elements that can 

be optimised.  After generating and optimising the meshing process for the freeform surface, the mesh 

is endowed with building information to become structural components. Fitted design methods for 

components means satisfying the modular design principles and optimising the components into easy 

and possible to fabricate by robotic arms. Once the meshing strategy has been defined, design the 

specific subdivision of the components, i.e., the componentisation strategy. The subdivision of 

components affects the cost of construction to a large extent and directly reflects in the appearance of 

the building. A good component strategy is the result of both technical and artistic factors. Especially 

for freeform buildings, the study of componentisation strategy is critical because the manufacturing 

process of curved surfaces is very complicated. Each part of the freeform surface may be different, 

making the manufacturing of components very difficult,  so component manufacturing should be reduced 

as much as possible under the premise of fully  expressing the design idea. 

3.4.3 Highly efficient timber fabrication 

The interplay of robotic construction and material calculations can provide new form-finding logic and 

algorithms for design. This new process-driven design focuses on the relationship between form-

generatinğ construction processes and materials. The material is also considered an influence and 

driver of the morphogenesis under the new process. The robotic arm effectively links design and 

fabrication through a digital model, a complete computational model. This continuous model objectively 

requires that the fabrication and construction process maximise the physical properties of the materials 

and the laws of construction to reduce manual intervention in the construction process and achieve its 

construction efficiency. In applying materials from passive to active participation in the raw form 

process. At the same time, for different materials, it is necessary to develop and design processing tools 

according to their different material properties. For example, appropriate cutting and milling tools are 

selected for plate CLT materials, and appropriate force control is performed to avoid damaging the 

material. For raw wood, the end-effort tool should be used to carry out the task of cutting or cutting. 
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3.4.4 Smooth Robotic Trajectories 

In the fabrication process of the robot arm, the tool path and the robotic motion control method are often 

not optimal to avoid kinematic singularities, collision, and other situations. This type of fabrication 

reduces the efficiency of the robot arm, resulting in a waste of energy and even causing some mechanical 

damage to the arm. Therefore, based on "design-optimisation-machining-build", after completing the 

design of components of freeform structure, considering the fabrication method (like cutting, drilling), 

the generated tool path and the control method for the robot arm need to be optimised to shorten the 

movement time, to avoid collision between the end-effector and the material or other surroundings in 

the working space, and to reduce energy loss. The material can be protected by reasonable force control 

of the end-effector. 

3.5 Synergetic methodology for  RAC-FTS system 

3.5.1 Digital design method 

Numerical models include geometric models, optimisation models, structural models, fabrication 

models, etc. The study of the structural morphology of freeform surfaces aims to achieve unity between 

geometric forms' diversity and structural expression's rationality. To this is added the accuracy of 

processing and construction of robotic arms. Currently, computer graphics technology is the main means 

of creating freeform forms. Structural optimisation methods predicated on numerical calculation 

techniques effectively achieve structural rationalisation for freeform surfaces. Due to the diversity of 

freeform surface generation methods, a unified mathematical description of freeform surfaces is required 

to establish morphology creation methods applicable to different surface structures, which provides the 

entry conditions for freeform structural morphology creation. Geometric modelling is the basis for 

creating the morphology of freeform structures and provides the optimisation variables for freeform 

surface morphology. The choice of geometric modelling method needs to express various surface shapes 

and can be expressed in a unified mathematical form with fewer control variables to improve the 

computational efficiency of morphology optimisation. Also, considering the commonly used CAD 

software, the geometric modelling method should be easy to coordinate with its modelling method, thus 

facilitating the portability and expansion of this geometric modelling method. 

3.5.2 Digital design process 

Traditional design methods do not balance the design and construction of complex freeform structures 

that include multiple influencing factors. The digital platform, supported by computer technology, can 

improve the efficiency and accuracy of design-build collaboration through a multidisciplinary and 

coordinated digital platform. Digital freeform "design-optimisation-fabrication-build" is different from 

the traditional design approach: a unidirectional linear relationship between architecture, structure, and 

processing. The digital design approach is a collaborative consideration and design of all aspects of 

information through a digital design platform, enabling real-time information interaction. 
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3.5.3 Building Information Model Platform Environment 

The BIM platform realises the data interfacing of different phases and plays the role of integrating data 

and information flow, which makes multi-system construction possible. The parametric, integrated, 

standardised, and full lifecycle support features of the BIM platform provide important support for 

building design and construction integration. Complex buildings, such as freeform structures, require a 

new production model, so the construction field also wants to learn from the digital manufacturing 

technology in industrial manufacturing to meet the needs of parametric structure construction. 

 
Figure 3.7 Computational digital design system 

Digital construction in architecture is also not only for the construction phase but also covers the whole 

process from the initial conceptual design of a project to the final successful implementation. Among 

them, the establishment of a building information model is the key. As the building information model 

integrates all the information in building design and construction, it provides information support for 

the digital structure later. One of the main problems that need to be solved for RAC and FTS to form a 

sound system is the problem of data coordination. BIM platforms can effectively solve the problem of 

data coordination between virtual construction and physical construction. It has a robust information 

classification management function and can directly interface with the manufacturing side. It can solve 

the data coordination problem from digital virtual construction to factory prefabrication. 

3.5.4 Digital software environment 

The architectural high-dimensional multi-objective optimisation platform is based on the architectural 

high-dimensional multi-objective optimisation process mentioned above, with the architect as the main 

user. Other professionals can use it, such as materials, structures, robotic arm automation, etc. The RAC-

FTS system in this research is designed to provide a platform for building information optimisation in 

response to the multidisciplinary conceptual design phase and the need to optimise building performance. 
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The application of the BIM software system allows for efficient and intuitive control of the design 

process and the results generated in its form while also providing more accurate information for digital 

construction (Figure 3.8). The BIM platform is a three-dimensional visualisation platform that can meet 

all aspects of the expression of the building form and can also carry out specific parametric design 

through its parameterisation function. However, different parametric software or programming 

environments are needed to achieve overall complex design and construction on the BIM platform.  

BIM can be utilised as the base software environment, making full  use of the coordination and 

adaptability of other software with BIM, coordinating, and interfacing the data of RAC and FTS, and 

effectively taking advantage of each software. The platform takes Building Information Model as a 

multi-software carrier, integrates various functional types of software including numerical programming, 

building modelling, building performance simulation, tool path generation, robotic arm optimisation, 

etc. and suitable interfaces or easy-to-develop APIs to complete the modular design of each program 

under the platform, making the venue convenient for multidisciplinary crossover, data transfer, and data 

protection, easy operation, and realisation of a high-dimensional multi-objective optimisation process. 

The standard approach in architecture is to combine the design and optimisation platform by choosing 

Rhino + Grasshopper parametric modelling environment, which is a convenient and efficient modelling 

environment and the existence of many rich optimisation plug-ins based on those applicable to 

Grasshopper. The parametric modelling approach provides dynamic control over the building geometry 

and component information in the architectural design phase, allowing designers to quickly change 

design parameters and evaluate the adjusted solution, resulting in a rich solution design. Revit and 

Fushion 360 are used to simulate machining and generate preliminary machining methods and paths and 

visualise the machining process in a robotic arm simulation environment such as KUKA|prc. The arm's 

pose parameters are imported into Matlab for motion control optimisation, and the optimised machining 

path information is finally imported into a robot arm language adapted software (e.g., RoboDK). 

3.6 Assessment and decision-making system of RAC-FTS 

Multi -objective optimisation algorithms produce a series of optimisation results that allow users to make 

appropriate solution selections according to different project needs. To make better decisions for 

solution selection, a reasonable evaluation method and system can be designed for the multi-objective 

optimisation system, and an effective decision system can be developed. 

3.6.1 Assessment framework and methodology 

A reasonable evaluation of optimisation results is required before the decision-making process is carried 

out. Optimisation evaluation for high-dimensional multi-objective requires establishing a suitable index 

framework, selecting indicators, determining indicators, and establishing the index system in 

combination with the research characteristics of this paper. When establishing the evaluation system, 

the following principles need to be considered. 
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(1) Comprehensiveness principle: The evaluation index framework is established to cover the whole 

process of RAC-FTS from the design to the construction stage as far as possible (operation and 

maintenance and dismantling in the later use stage are not considered). 

(2) Hierarchy principle: The evaluation framework needs to have a clear hierarchy, with apparent 

subordination between upper and lower levels, to avoid overlapping the same levels as much as possible. 

Each level of the index system can comprehensively contain the characteristics of its level, and each 

level should have a corresponding affiliation relationship. 

 
Figure 3.8 Software for data transformation 

(3) Operability principle: Considering that the evaluation system needs to be calculated, it is necessary 

to obtain sufficient data (qualitative or quantitative) for each indicator system to ensure the evaluation 

system's operability when constructing the indicator system at each level. 

(4) Practicality principle: The evaluation system should focus on the current development status of 

robotic arm processing and construction, linking theory with practice so that the evaluation system can 

objectively evaluate RAC- FTS from various aspects, thus providing an essential reference for the 

application of robotic arm in large-scale construction. 

In establishing the index framework, it is necessary to select the evaluation target layer (A) and the 

criterion layer (B) of the evaluation system. The target evaluation layer is the evaluation system of 

design-optimisation-processing-build for RAC-FTS. Starting from the segmentation of the whole life 

cycle of the building, the industrialisation process of the building is divided into a criterion layer (B). 

At the same time, to fit  the characteristics of industrialisation and the digital information transfer that 

should be available in the digital process, the efficiency of information flow transfer needs to be added. 

Because the system covers many disciplines and the relationship is complex and involves many factors, 

this evaluation framework mainly hopes to lay the foundation for the subsequent index layer (C) setting 

through a clear and explicit division. After the evaluation indexes are determined, a suitable evaluation 
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method is selected for reasonable evaluation by combining international evaluation standards as a 

reference and basis (Figure 3.9). 

 
Figure 3.9 Function of Assessment 

3.6.2 Decision-making Support System 

The non-dominated solution obtained from the high-dimensional multi-objective optimisation of the 

building is the object of decision analysis in the study, which consists of two parts of data: optimisation 

objectives and optimal parameters. Most of the existing studies analyse only their building optimisation 

information objectives and ignore the characteristics of building design parameters when comparing the 

decision among non-dominated solutions. This is mainly because most building multi-objective studies 

focus on the degree of improvement of building performance objectives. For this study, the four main 

components of design, material, structure and processing are covered: multi-attribute decision problems. 

Two central issues need to be solved for the multi-attribute decision problem in this study: 1) to 

determine the attribute values of the solution with the optimisation objective in the orientation; 2) to 

determine the attributes and the corresponding weights and combine them with the attribute values of 

the solution to obtain the comprehensive value of the solution. And the decision support system needs 

to have the following functions. 

(1) Collating and making available the various data of the system promptly related to decision-making 

issues. 

(2) Collect, store, and promptly make a variety of data outside the system relevant to this decision 

problem. 

(3) Collect, manage, and provide feedback on implementing various decision-making programs. 

(4) Ability  to store in some way and manage various mathematical models related to decision making. 

(5) Ability  to store and provide common mathematical, optimisation and operations research methods. 

(6) The above data, model, and method management should be easy to modify and add. For example, 

the change of data schema, the connection or modification of models, the modification of various 

methods. 

(7) Ability  to flexibly apply models and methods to process, aggregate, analyse and forecast data to 

produce the required comprehensive and predictive information. 



67 

 

(8) Provide good data communication function to collect and process data in real-time as much as 

possible to send to users. 

3.7 Conclusion 

This chapter introduces the RAC-FTS system, which is defined as a dynamic and multi-objective 

optimisation system for fabrication tasks that includes freeform design morphology, structure 

performance, mesh generation and optimisation, robotic simulation, and motion control optimisation. 

The RAC-FTS system aims to establish a workflow to improve the structure, material, and fabrication 

rationality of freeform timber structures constructed using robotic automation techniques. 

The emphasis of this chapter is to present the theoretical framework of the full paper, i.e., a robotic arm-

oriented design and evaluation system for dynamic multi-objective optimisation. A general introduction 

to the multi-objective optimisation problem is presented, and a multi-objective optimisation process 

based on RAC-FTS, which is the focus of this chapter, is proposed. Combined with the dynamic 

feedback mechanism, a complete workflow including optimisation, evaluation, and decision-making is 

constructed in this paper. By summarizing the complex indicators of the RAC-FTS system and the 

complex nonlinear relationships between different indicators, standardisation, automaticity, robustness 

and digital are proposed as the principles. The design strategy, digitalisation as the core design method 

and software ecosystem are proposed accordingly. Finally, the role of the assessment system and the 

general process and framework are introduced. The following chapters working on freeform 

morphology design, structural performance optimisation, mesh optimisation and robotic optimisation 

would follow the principles as the optimisation objectives. 
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Chapter 4  

Robotic Timber Fabrication-Case Study 

There are already a range of robotic timber fabrication cases by using different tools (cutting, milling, 

drilling, and sewing, etc,) introduced in Chapter 2. However, in these cases, the robot is used as a tool 

to process non-standard forms. However, several aspects of robotics, such as dynamics, motion control, 

and trajectory planning, are not thoroughly discussed, and issues such as low accuracy and singularities 

can arise. This chapter aims to connect the fundamental principles of robotic arm control to actual 

robotic arm manipulation through the use of two case studies. A robotic arm's actual machining is to 

move between planned points to complete a specified job, and this basic point-to-point movement is 

distinguished between straight lines and curves. This chapter focuses on how to connect a 3D design 

model with point-to-point control of a robotic arm. 

To have a better understanding of the process of Robotic Automation technique applied in construction, 

the common applications of robot arms need detailed exploration, from the specific operations of the 

robot arms to macro-level of the Robotic Automation Construction system (RAC). This means to give 

clear connections between the workflow organization, software platform, management, tool 

development, numbers of the robots, to the exact orders the end-effectors are given, which is from a 

macro level to micro one. One four-axis and six-axis robot are assembled to have the first impression of 

how the robot arm moves, how are they controlled and how are they different from the industrial robot. 

After that one case of the application of the industrial robot is introduced to give an overall impression 

for every aspect needs to be considered to finish one robotic fabrication technique. The roadmap for this 

chapter is shown in Figure 4.1. 

 

Figure 4.1 Roadmap for Chapter 4 
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4.1 Robot arm and industrial  robot 

4.1.1 Self-assembly robot and control system 

The 4-axis and 6-axis robot arms are assembled by links and bolts, motivated by the motors shown in 

Figure 4.2. The most important part is to control the manipulator. Arduino board is widely applied to 

control the simple robot for its capability of creating device actuators that use sensors to interact with 

the environment through a different programming language. Arduino also has APIs for different 

software environments like Matlab, processing for Arduino provides an integrated development 

environment (IDE) platform written in Java for Windows, macOS, and Linux. The programming 

language used in Arduino IDE is like C and C++ and provides a software library containing common 

input/output functions.  

 

Figure 4.2The layout of Arduino IDE 

 

Figure 4.3 One example of Arduino program 

There are several basic components and supplies are needed to operate the robot arm: 1) Arduino board, 

2) breadboard, 3) jumper wires, 4) resistor, 5) LED, and 6) servo motors shown in Figure 4.3. Arduino 

and the robot arm are connected through the wires between the motors on robot arm to the equipped 

digital and analogy input/output (I/O) pins on the Arduino board through the breadboard, shown in 

Figure 4.4. The Arduino pins are labelled with different numbers to facilitate the identification of input 

signals for various motors. 

ǒ The red wire of the servo is the positive supply, and is connected to the 5V if  the Arduino  

ǒ The brown wire is the negative supply and should be connected to the ground line.  

ǒ The orange wire is the control line and should be connected to a PWM enabled I/O pin  on the Arduino 

board, in this example, pin 9. 

https://en.wikipedia.org/wiki/Integrated_development_environment
https://en.wikipedia.org/wiki/Integrated_development_environment
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(a) Core wires (b) Breadboard (c) Servo 

  
(d) Knob cap (e) Arduino UNO REV3 

Figure 4.4 Essential kits for operating the robot 

Each servo motor has three wires which the red one connects to the positive electrode, the black one to 

the negative electrode and the yellow one is the signal wire. The yellow signal one is connected to the 

digital interface on the Arduino board shown in Figure 4.5. 

 

Figure 4.5 Control the servomotor through Arduino 

There are two self-assembled robots being used for practical tests to have a better understanding of the 

mechanism of control and movement of robot arm. The two self-assembled robot are 4-DOF (degree of 

freedom) and 6-DOF respectively (Figure 4.6-Figure 4.7). The robot arm is controlled manually and 

automatically taking the led as the operating signal. 

Figure 4.8 shows the simple manipulation system of the 4-DOF robot arm. The robot is controlled by 

the programs in Arduino IDE through the Arduino UNO board through the USB cable connected to the 

computer. After connecting the servos with the control board through the core wires plugged in the pins 

of the control board and the breadboard, the robot can rotate through the demands from the program. 

The LEDs on the breadboard give instructions of the receiving the operating signal. The real connection 

is shown in Figure 4.9 and the program is the one shown in Figure 4.3. 
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Figure 4.6 A four-axis robot arm 

 

Figure 4.7 A six-axis robot arm 

 

Figure 4.8 Three servo motors connect to the Arduino board 

 

Figure 4.9 Simple connection of the control board and 4-DOF robot arm 
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4.1.2 Examples and questions 

One example of controlling the robot is shown in Figure 4.10. This example is to operate the robot arm 

moving around by pressing the buttons.  

 

Figure 4.10 Schematic of the Arduino board to control the robot by buttons 

In this test, one thing can be observed obviously is that the robot moves one axis by one rather than 

different axes moving together. This is because the control is one-way control rather than parallel 

control. So, the axis acts according to the instructions in the programming line by line. This is one main 

difference from the industrial robot. Industrial robot is much more developed which is a comprehensive 

technological system that integrates mechanics, electronics, automatic control, computers, artificial 

intelligence, and other mufti-disciplinary fields. Robotics studies how to use machinery, sensors, drives, 

and computers to achieve certain aspects of human functions which is the supporting technological 

theory for industrial robot. Obviously, this is a tough task, and it must use research ideas in various 

"traditional" fields to achieve "non-traditional" objectives. There are many different types of robot arm 

(cartesian robot, SCARA, delta, etc.,) in different brands in various size, weight, and degree-of-freedom 

(DOF). The most used industrial robot arms are from KUKA,  ABB and Universal. 

Another question found when operating the robot is that the end of the robot arm cannot move in straight 

lines without manual control, instead in circular ways (Figure 4.11). In Figure 4.11, the three lines shows 

two reference points on the cylinder, and the circle in yellow shows the position of the end-effector. As 

the distance between the reference points of the end-effector changes, so does the distance between the 

end-effector and the cylinder. Four movements present the end-effector moves along the cylinder but 

not in the straight line on the cylinder. One reason for this scenario is that multiple joints cannot move 

at the same time because the control pad can only control one motor at a time. 

    
(a) Movement 1 (b) Movement 2 (c) Movement 3 (d) Movement 4 

Figure 4.11 Circular movement of single joint movement 

Apart from the reason for that the joints of the robot donôt move simultaneous; the articulated joint 

operates circular motions with the point of articulation as the centre of the circle. In more details, the 
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links of the robot can be simplified as the lines shown in Figure 4.12. Two arms in length ὒ and ὒ are 

connected by the articulated joint, then the end position of this two-dimensional arm ὼȟώ is determined 

by the angles — and —, as well as by the length of these two arms. The end of link ὒ moves within the 

range ȿὒ ὒȿ Ѝὢ ὣ ὒ ὒ, shown in Figure 4.13.  

  
Figure 4.12 Simplified two-link model shown in two-

dimension 
Figure 4.13 Reachable space of the two-link robot 

The coordinate of the end point ὼȟώ can be derived: 

 — ωπ — (4.1) 

 ὼ ὒὧέί —  ὒίὭὲ — —  (4.2) 

 ώ ὒίὭὲ —  ὒὧέί — —  (4.3) 

Based on the equation 4.1-4.3, the movement of two-link robot arm in two-dimension can be 

simulated. Figure 4.15 shows one position of the two-link robot arm during the simulation in 

Processing IDE while the two links can move simultaneously. 

  

Figure 4.14 o-xy Coordinate for the robot arm 

If expand the 2D model into 3D model, the coordinate ὼȟώ turns into ὼȟώȟᾀ, shown in Figure 4.16. 

The same as Eq. (4.1) -(4.3): 

Then, based on the value of ὡ, find the values of ὢ and ὤ. 

 ὤ ὡίὭὲ—  (4.6) 

 ὢ ὡὧέί—  (4.7) 
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Figure 4.15 Two-link model built in processing 

According to the Eq. (4.4) to (4.7), to control the assembled robot to move from one designated point 

to another point in three-dimension space, precise coordinates of the positions need to be determined 

by accurate computation.  Furthermore, to designate the end of the robot to move in a straight line 

from ὥ to ὦ, the positions and orientations of the two arms changes all the time. The ideal situation is 

to rotate the link 1 and link 2 together to move the end point from ὥ to ὦ directly. As the Arudino can 

only process one direction at a time, the linear movement can only be controlled by rotate link 1 from 

ὖ to ὖ and then rotate link 2 from ὥz to point ὦ. 

 

Figure 4.16 Diagram for 3D two-link robot arm 

 

(1) (2) 
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(3) (4) 

Figure 4.17 Steps for controlling the robot to move from a to b 

The main difficulty  for the task is to determine the position of ὖ and the rotation angle for link 1 and 

link 2. For industrial robot, as they have parallel automatic control system, the end can move in straight 

lines by controlling different links and axes at the same time. To fully  understand the applications of 

robot arm in robotic timber fabrication, one practice is introduced in the following part to demonstrate 

the detailed steps of operations and control. 

4.2 Robotic timber chainsaw cutting 

The practice was taken place in a workshop hold in ETH. The aim of the task was to use the chainsaw 

to cut the raw wood trunk into the designed irregular timber joint. The whole process includes 1) working 

space setting, 2) scanning of the raw wood, 3) design work, 4) setting and simulating of the robot arm, 

5) transfer the simulations into KRC which is a programming language for KUKA  robot, 6) fabrication 

process. 

  

Figure 4.18 Robotic Chainsaw cutting working space 
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Figure 4.19 Wood joint cutting by the robotic chainsaw from the log 

Figure 4.18 and Figure 4.19 presented the robotic chainsaw cutting workspace arrangement and the 

timber joinery cut results by the robotic chainsaw.  

4.2.1 Preparation for the geometry and fabrication 

The first step of the robotic fabrication is to organize the working space, shown in Figure 4.20 (a)-(d). 

The working space includes a stable holding structure for the trunk, which is fixed to the ground, a 

KUKA  KR16 robot arm connected to the robot controller with a cable and is controlled by the teach 

pendant. The planar chainsaw and a 3D scanner are mounted to the robot. After setting up the robot base 

and the holding structure, a calibration process is needed. In this working cell, there are five coordinates 

(shown in Figure 4.21): the world, robot base, robot end, the base, and the tool coordinate. The world 

coordinate system is permanent in Cartesian system, and it is the base coordinate for the whole working 

space. The robot coordinate is located at the bottom of the robot, and it is relative to the world coordinate. 

The base coordinate defines the position of the workpieces which is the centre of trunk in this case. The 

tool coordinate and the robot end coordinate are closely related as the tool is mounted to the end.  
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(a) Top view of the working space (b) Front view of the working space 

  
(c) Right view of the working space (d) Perspective view of the working space 

Figure 4.20 Views for working space organization 

 
Figure 4.21 Coordinate systems of the working space 

The robot tool centre point (TCP) is a point that is used to move the robot to a Cartesian position (e.g., 

a Cartesian target for a given XYZWPR value.) TCP is defined as a robot flange conversion. TCP 

definition is critical in any robotics application, whether offline programming is used. The calibration 

includes the process for tool and base. For tool, the calibration includes the origin of the tool coordinate 

system and the orientation, shown in figure 4. (a-). There are different ways to calibrate the TCP, one 

common method is to take three or more configurations in 3D space, shown in figure 4. (b), which can 
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provide more accurate results and a better estimation of TCP errors. To accurately define TCP, in the 

simulation environment 8 points are selected to calibrate the TCP minimize the TCP error, shown in 

Figure 4.22. 

 
Figure 4.22 8-point calibration 

After the origin position of the tool system is calibrated, then it comes to the orientation of the TCP. The 

tool firstly moves along its tool head direction as the ὼ ὥὼὭί, and the direction which is vertical to the 

plane of the tool is set as the ᾀ ὥὼὭί. According to the right-hand rule, the y-axis is deducted. Then 

the tool moves along ώ ὥὼὭί which is known as 2-point calibration. Figure 4.23 shows the 2-point 

movement, the order of the robot arm endôs movement is target 1  Otarget 2  Otarget 4 (the same 

position as target 1)  Otarget 3, which are the movements in ὼ ὥὼὭί and ώ ὥὼὭί. The calibrated 

working space with 5 coordinate systems is shown in Figure 4.24. 

 
Figure 4.23 Orientation of the tool coordinate system 


































































































































































































































































































































































































































































































































































