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Abstract

Although robotic fabrication has been successfully applied testemdard geometry structure forms

using vaious 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 struchas are on®f-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
descrile 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 asses$nehypotheses are proposed in this

study and will be tested in the following sections.

This study transformed a complex system into a raldjective optimisation system. The impact factors

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

and the use of the salfganizing maps (SOM) text clustering method to provide reference for the
indicators. FuzzyAnalytic Hierarchy Process {AHP) and Fuzzy Comprehensive Evaluation (FCE)
methods are chosen baseu 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 Multihput and Multioutput (MIMO) assessment framework.

Takingtheimpactfactorsinto considerationthis thesischoosecomplexgeometry& particlemethod,
biometrics& reverse engineeringiethod,and machinelearning methodto generaterational and
complexgeometryforms. Non-Uniform RationalB-Spline (NURBS) are usedto extractvariablesto

optimise the strain energyand massof the structuredescribeby numericalfinite elementanalysis
method.The meshof the optimal surfacesis generatedand optimisedin triangular, quadrilateralor

hexagorformsto achieveplanarandhomogeneougrids. After thewhole building informationmodel
is complete,the working spacefor the robotic automationconstructionsystemwould be set,andthe
initial trajectoriedfor thefabricationtaskswould begeneratedndoptimisedn operatingime andtravel

distance.

Indicatorsareselectedo build theassessmeritameworkfor geometryrationality, structurerobustness,
automationautomaticity,and modularstandardisationinformation managementriteria. 12 plansare
put forward by combingdifferent form-finding and meshmodularisationmethods.The assessment
frameworkappliesthe kernelprincipal componenanalysis(KPCA) methodto determinethe weights
and grey relation analysis(GRA) togetherwith grey clustering(GC) assesshe relationsof different
indicatorson different designplans.In the end,fuzzy c-meansclustering(FCM) predictsthe level of

differentplansto supportdecisionmaking.



The resultsshowthe initial geometryforms generatedy threedesignmethodsare more rationalin

material aspect.The NURBS geometrymodels provided detailed geometryinformation on control
points,weight factorsto optimisethe strain energyandrobustnesdy adjustingthe morphology.The
structuralperformancef thestructurdas remarkablyimprovedwhile giving moresubstantiatationality
to the freeform surfacesThe optimisationresultsfor robotic trajectoryplanningshowthatthe travel
distanceand operatingtime are shortenedsignificantly to enhancemotion control stability and to

improve the automaticity of fabrication. The assessmerframeworkfor the impact level of robotic
automationtechniqueprovidesquantitativeresultsand the assessmerftameworkfor designsystem

performancaivesqualitativeandquantitativeevaluationfor the plandecisionmaking

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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Terms

Chapter 1

MMC: Modern Methods of Constructias a range of approaches which spanssitéf, near site and en
site premanufacturing, processiprovements and technology applications. The framework of MMC is

divided into 7 categories for both structural, and-stsactural systems for different building

Chapter 2

Raw materialRaw wood materials are made from forest tr@eduding hardwood and softwood, e.g.,

pine compared to processed engineering timber products like Glulam Timber (GLT). Raw wood
materials consist of chunks or logs which are ready for further processing for industrial products. The
gualities of raw woodmaterials vary depending on different physical, chemical and mechanical

properties.

Chapter 6

Curvature:a measurement that indicates how curved a geometry is, such as the deviation of a curved
surface from a plane or the deviation of a curve frastraight line. The precise definition of curvature
differs between fields of geometry. Curvature is classified as either extrinsic or intrinsic, with significant
differences between the two. The former requires the geometry to be embedded in Euclidean spac

whereas the latter is defined directly on the Riemannian manifold.

Ruled Surfaceln geometry, a surface is said to hded if there is at least one straight line passing
through it at any point on the surface. Another common expression is thatce ssigfaid to be a straight
surface if it can be formed by a straight line passing through continuous motion. The famous Mdbius

ring is aruled surface.

Chapter 8

Kinematics Kinematics is a branch of mechanics that specialises in describing the movéoigetts,
i.e.,the change in position of an object in space as it evolves in time, without regard to factors such as

forces or masses that affect movement.
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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 efficigrmtiucing the energy and material
wasteand management. More and more complex forms appeared in the ccoresttuction industry
followed by new design and constructioconcepts for example, digital design, parametric design,
algorithm and script desigmgenerative design, and computer numerical control (CNC)thenew

digital design, new manufacturing methods are needed to control the fabrication and construction
process better to ensure its accuraicgt constructability to reduce the deviation betwte design and

the fabricatedor constructed) products

Automation construction is one technigue that could meet the demands of digital construction, widely
used since the 1960s, and in recent years, automation construction has been redevelope@€A&sed on
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 betwrial in noAlinear structure compared with
CNC. Furthermore, the demands for the variety of architecture design have grown, and robotic could

fully satisfy thefreeformshape fabrication and construction to fulfil it.

As the design and fabrication tedtques 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 assesargtfuain design,

structure behaviour, fabrication efficiency, three perspectives quantitively?

This chapter sets out the research background and motivation for this thesis. Secondly, the research
guestions are introduced. Thirdly, the aims and objectineepwt forward. Finally, the research methods

are described, and the structure of the thesis is presented.
1.1 Researchbackground
1.1.1Digital architecturadesign

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

needs. Nosstandard and freeform architecture becomes more and more acceptatkr. the
advancement of computer science and technology, the developneenistriuction 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 witrdeiveshapes. Different
form-finding meastes are taken to achieve the geometry space forms different from the traditional
Euclid ones like the digital design. Digital design means developing cormgideet design (CAD)
techniques based on digital theory, taking the dataset, computer graphies, reslity as main

techniques, dealing with two or thrdenensional image processing to build geometry models. Digital
1



architecture design is the application of digital design, including parametric design, algorithm design,
building information models. Qital 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 demasels.of\ith 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 shaphijch can better express the meaning of the building and is favoured

by many architectddowever, it is easy to build the model in software. To achieve this kisgaifal

form would confront some main challenges: logical rationality, material, strifotumeand construction
methods. Onef themainchallengess that current digital design cares more alforrh or morphology

if more precisghan the restrictions of material, structure fooptimisation and standardization of
components, so the infornan 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 compléxaaostructures and may cause

imperfection or deviation from the initial design.

If following the life cycle stages of construction product, including construction process, operation and
endof-life stages(Buyle, Braet, & Audenaert, 2018) achieve the constructability and extend the life

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

(a) constructability:This means thahe 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 structurb&haviours;

(c) robust: This means that the design resuléed robustness in bottstructure and the

manufacturing process;

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

material or structural or manufacturingethods, which would be discussed in the following chapters.
1.1.2Timberasconstructiomrmaterial

Timber is an ancient kind of material that has been used for an extended period. Based on the attention
paid to sustainable environmental design, timbepisréect 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 mmental protection will become more and more

prominent to avoid the waste of resources and environmental deterioration.



However, there are some disadvantages like becoming rotted quickly, wood nodes, cracking, and
deformation hampered the natural timbeibe 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 crossectional area of trunks from natural growth. Correspondirigy/ raw

material of timber has limited usage in construction, only used on a small scalestalegtandardise
production could produce standard engineered timber products, like glulam or wood composites. When
these industrial products could avoid tilisadvantages 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 inszéeggructural
sections according toctual needs. Moreover, in terms of shape, glulam is not limited by the cross
sectional form and can not only be moulded into various @esgonal shapes such as rectangles and
cones. It can also form various arches, shells, and other curvilinear exaiatecomponents, which
provides a greater degree of freedom in shapes. Accordingly, using timber isdatgeublic space

has become cuttingdge research, construction, and design.

Many pavilions or large span roof practices using timber have be@m@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 connectisnbetween 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 makgpblegy 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 discusbimre are some standards for engineering
timber to asess the strength to be applied in different construction scenarios. For example, for the
softwood supply chain in Europe, ACEO is one
including EN 14081, EN 14080, EN 14915 and EN 15497.

ABC Tra AB 0123

C é T2/7585230120
C24
DRYGRADED 19

a) Visuellt sorterat konstruktionsvirke
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i é W940
C24 M
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b) Maskinellt sorterat konstruktionsvirke

SourceWood grades Swedish https://www.swedishwood.com/wefadts/aboutwood/woodgrades/Wood
Figurel.1 Example CE certificate
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In Figure 1.1 of CE, it presented the name of the producer (ABC Tra AB X), sorting class (T2) and
standards (SS 230120 in Sweden) and strength class (CTBé).certificate provides material

transparency for the engineering timber products.
1.1.3Roboticsin automationconstruction

Efficiency is highly valued to achieve production sustainability and economic growth. However, as the
productivity of the whole industry grew, especially for thenofacturing industry, the construction
industry's productivity has declined in recent yedgure 1.2). Conventional construction is a
complicated system involvingwvariety 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 neenvironmental sustainability. Under the notion of "Indust§’ 4alled 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 autornaticonstruction 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 techmgylaould increase productivity and bring breakthroughs to

the nonlinear space form of architecture. The digital architecture design is combined closely with the
construction techniques, which means the intricate design relies on the techniques faloicated
numerous shapes and various bumilsites. 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 commuactice.
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Figurel.2 Construction Productivity compared with Manufacturing over time



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 CN@gexilglity of
robotic arm to be used in eite or oftsite tasks, working in thre#gimensional space, cooperation
between different robotic arms, the direct translation from geometry information to fabrication and

construction process make robotic arnpr@priate for the noiinear design especially.

Under the more and more practices using robotic arms to buildinear 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 aboaptimisationof 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, anceraystematic knowledge about it need to be introduced to

digital design and automation construction
1.1.4multi-objectiveDesignandassessment

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 lacge 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 lae scale, the quantitative assessment is needed to give the DARC an exhaustive
evaluation from multdiscipline to have systematic guidance to enhance performance and prevent
DARC failure.

As robotic construction is expensive and not replaceable in thgtraction 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 roboticsn the context of sustainability performarn(®é. Pan,Linner, Pan, Cheng, & Bock, 2018b)
Moreover, most of the research scopes are bounded to building construction sustainabiliyyolelife
assessment on the energy of prefabricafidong, Shen, Mao, Li, & Li, 2016)To fully access the
technical capabilities of the DARC, a completely new workflow assessment teedys 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 comedalefinitive evaluation conclusion
1.2 Researchquestion

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, sandture
construction; some focused on the construetigented 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 basethtmducing the new technique to traditional
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construction and are succeeded in finishing thelmzar building tasks instead of manual work. Inside

the architecture design and construction field, there remains a crucial knowledge gap in structure
behavour and robotics motion control. Therefore, an appropriate explanation for the logical rationality
for the design form and structure system aptimisationfor the robotic arm should be considered by

applying the comprehensive quantitative assessmermnsyst

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 dsign model system be reformed for robatinted design?

1 What are the system's guiding principles?

1 What are the workflow's strategies?

1 How can data from different disciplines be used synergistically?

(2) How can the system be evaluated to help madesions? How can the impact of robotic
technigues on design be quantified?

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

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

(3) How can the best design for a freeform timber structure be achielidel taking material,
structure, and fabrication methods into account?

1 How to improve the conventional methods to achieve the rebagated design for freeform
timber structure?

1 How to optimise the structural morphology including fagameters selection, algorithms, and
restrictions?

1 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 combinain of a robotic automation system?
What are the principles of controlling the robotic procedure for fabrication?

1 How to improve the stability and efficiency of robotic automation?
1.3 Aims and objectives

The aim of this thesis is to devel@ppropriatedesgn and optimal methodology and assessment
framework for freeform structure with complex geometry taking the rolaatiomation construction
techniqueas the main driven factaand timber as the material restrictiom achieve rationality,
reliability, aubmaticity to meet the objectives of digitalisation, standardisation as sustainable national
goals. Robotic fabrication has been successfully applied testamdard geometry structure form using
various materials, but to date, no further research oimipact 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 B&ntral Government Guidance on Appraisal and Evaluation (2022).
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structural perfonance, materialisation with building informationmodularisation, and fabrication
planning The whole workflow would be assesseddayulticriteria frameworkand a decisiomaking

support system would be developed

The lack of knowledge of systematic danceand appropriate starting points for different stages of the
whole process from design, structure to robotic construction is the main obsteefore the main
aim of the study is to investigate the fonain aspectsf the wholesystemandto establish a quantitative

assessment for the performance of the whole process
This aim is satisfied through the following key objectives:

(1) Developthe principalsstrategiesand framework for the conceptuallti-objective optimal design
and assessmentethodology and workflow. Determireemulticriteriaassessmertameworkfor
t he f-coesBuctplm systems t o eval u dotdfferenhseakelpoldersito quan't
support decisiommaking

(2) Operatetext data analysis to determine the main impact facn®ose the criteria for impact
factors of robotic systeno build an impact modeand evaluate the impact level of robotic
automation technique in complex design system using qualitative and giixatihethods.

(3) Develop appropriatenethodologies for generating the morphology for freeform timber structure
based on cutting edge morphology design methDésermine the parameters and objectives for
structuralmorphology optimisation. Choose the appiae methods for meshing the freeform
surface to obtain the standardised components for industrialigattbmaterialisation with planar
or linear engineering timber products

(4) Determine the step to build a robotic automation construction system inclbdndgvare and
software. Develop the workflow wimulate the construction process to generate tool path. Optimise
the tool path from optimise motion control and trajectory planning perspective by determining the
optimisationobjectives, variables, restrichs to get smooth trajectoriasnd 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 structurés composed by timber as theain building material, apart from the
foundation and connectiorand if the main offsite prefabrication and esite procedures like assembly,
scanning,etc are operated by robotic arnthen here are some limitations from the tools and the
materials themselves posed to the whole process from design to constrDetimmore specifiche
application of robotic arm in construction industry needs the development for theetgolsewing

machine mounted on robotic arffihere are new types of engineering timber products with higher
strengthand curved shapestil§ timber cannot be madafto products with any shapes like concrete
under the process like 3D printinBased on the characteristiasd limitationsof robotic automation
construction technigue anengineering timber producgtthe research comes with the following

hypothesis



(1) Non-standard freeform structure can be composed by regular and standard timber components
which are in planar or lineahape.
(2) The standard timbestructurecomponentglinear & planar)can beprefabricatecby 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 sthndardisabn.
(4) Robotic Automation Construction (RAC) would have impact on freeform surface dasign
optimisationmethods to achieve
a. Structure Rationality: The shape of freeform surfad®s structure stability and
stiffness.
b. Material Rationality: The design of freform surface can be materialised by using
timber as main buildingraterial.
c. Fabrication Rationality: The components of the optimal design can be fabricated
within the working space limits of robotarm.
(5) For each freeform structure component, the corresponding robotic tool path can be generated
automaticallyfollowing the restrictions of simple robotic fabaiton operations
(6) Thetool path can be optimisatirough trajectory and motion control optimisationachieve
higher level of automaticity withowtingularities higher productivity and timefficiency.
These hypotheses are in progressive relationshiphwheans each depending on othl{Eigure1.3).
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 methottdefdha surface
need to be easy to be planarizatibhen the generation and optimisation for the tool path and motion

control would be taken out afterwards.

Non-standard freeform

structure can be composed by
regular and standard
components

v

RAC would have impact on
design methods to meet the
principles of rationality and

standardisation

Standard timber components
can be pre-fab by simple robotic
tasks like cutting

T

Corresponding robotic tool path
can be generated for each
components for off-site pre-fab
or on-site process

The standard components can
be achived by appropirate
design methods

v

The geneated tool path can be
optimised to achieve higher
productivity, time efficiency.

Figurel.3 The logic for the hypothesis

1.5Research Contentand 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 assessmetfigure out the main research packages with different
activities and the corresponding research content, the key words for the six main fields ared@ted to

out the connections between different research field$:igare 1.4, there are six main fields, one

composite system as ARobotic Aut omat'Tinhe'. TB® nstr uc



"Automation constructichis one technique within the context of Industry 4.0 which provides the
guidelines for RACGand principles for optimisation with different objectivéRobotic$ is a discipline

works on computer science and engineering. This interdisciplinary branch aand@rtechnical
knowledge on construction industifhere 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 aative determination, parameters selection, restriction definition

and appropriate algorithms are the main procedures. The current widely used design methods for
freeform surfacecan provide rationality for freeform morphology generatibhimber* works asa

material selection premise to freeform structure and puts constraints on design methods as timber cannot
be manufactured into products with any shapes. B
e.g.,3D printing is not applicable for RA@r timber products.

Design and Assessment for Robotic-oriented
Freeform Timber Structure
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Figurel.4 Keywords of from Six research fields

After listing the relevant keywords from different research fields or disciplines, the next stag-is to
arrange these keywords to classify the hierarchy of these words, shbigaiiel.5. The keywords are
organised into three main hierarchibasic concepigleveloped concepts and main parts. Construction,
material and design are the three main keywords for the basic concepts as robotic automation
construction isthe 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 geodestign and to generate digital
information to connect all different parts togethemore details, the three main concepts are narrowed
down into six main fieldsRobotics, Freeform GeometryTimber, Fabrication, Componengnd
Assessmenflo have a comprehensive understanding for the freeform timber structure and robotic
automation construction, the dg-date knowledge or research results from these field are esgential
find the appropriatstaring point to connect muddiisciplineto establish the system containing design,
optimisation and assessmemten the main parts thulfil the objectives of the whole researate

developé tomeet the research aim atwdtest the research hypothesis



(1) Framework of dynamic RAC-FTS design systemA 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 industy . Whether robotic as a new construction
technigue 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 developmentConsiderthe 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 designdzhen the ufio-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 @mobustness 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-fabrication task, the freeform surface would be
optimised to achieve homogenised structure components.

(8) Assessment and decisiomaking 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 ruulteria assessment and decision

making system would be devekyh

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 agctrdresearch

contents mentioned above.
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Figurel.5 Hierarchy of the research concepts
(1) Robotic Automation Construction:

According to Modern Methods of Construction (MMC) definition framewaikning at innovation and
productivity, robotic technique is within this definition framewdvkMC is a range of approaches which
spans offsite prefabrication, near site product design andsiie process like scanning and surveying
According to the défition and the research focus on freeform timber structurieotic automation
technigue can be applied to -@fte prefabrication and esite construction procetike assembly. When
robotic automation construction is mentioned in this research, it beuddther the general concept as
a construction technology or specific gabrication operationlepending on the contexRobot arm in
this research is stationargther than with mobilitythentheresearclcontentfor robotics is focused on
motion contol and trajectorypptimisationwhen 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 ¢inty 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 fsrmsre

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 cabeatxpressed 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 Broketousing Market following the commitment of housing white paper in 2017.
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modelling. Freeform surfaces are usually described in the form of ratiesplirs or noruniform

rational Bsplines (noruniform 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 arbjtsuirface modelling by adjusting control points or
weight factors. In this research, NURBS is chosen to describe the freeform sAdecsling to the

point of view in the book "Space Grid Structures” by John CHi@biiton, 2007) spatial grid structure

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

threeparts: 1) form generating; 2) meshing; 3) mesh ojgéititin op
According to the researcthe scope of the thesis is limited to:

(1) Concept desigrll 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 andptimisation algorithms: New freeform morphology design methods and
optimisation algorithmswould not be focused orthe appropriated methods and optimisation are
developed or applied based on the current widely used -to-date methods like Particwarm
Optimisation

(3) Structureanalysis: The structureanalysis 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 freestructure cases.

(4) Robaotic 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 fabricatio

(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
researchThe anisotropy of a timber product's chanical properties makes it suitable for use as a
compressive material. And because the tensile strength of timber depends on whether igsaitiedg

or not, which means timber cannot be manufactured into shapes like concrete. Based on this limitation
the hypothess 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, th@fstateart research and practices of
freeform structure generation aogtimisation timber joints and robotics control apgtimisationare

reviewed. The principles and strategies of sgatc workflow of the compleX desigroptimisation
fabricatiort’ 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 environmentfeetti

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. Morphologyesign methods are developed considering the

characteristics of robotic fabrication and timber as a construction material in Chapter 6. Chapter 7
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discussed the optimisation for morphology taking the structural behaviour into consideration including
the opimisation 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 methgeiseyiting 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 deecisiaking support workflow. Finally, Chapter 11 concludes

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

work. Figure 1.6 shows the roadmaps fazhapterd-6 and Figurel.7 shows the whole roadmap
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Chapter 2

State-of-the-Art Review

2.1 Designmethodsfor freeform morphology generationand optimisation

Researchesn architecturafreeformsurfacedesignfocuseson the form designandoptimisation(Q.-s.
Wang, Ye, Wu, Gao, & Shepherd, 2018% the regulararchited¢ure form could not meetsthe up-to-
dateaesthetigequirementstheirregularformsputforward newchallengedor the conventionatlesign
paradigmdgrom designmethodto designtools. To achievethe complexform andrealizingthefreeform
skins, thereare somenew criteria neededtio be meetcomparedwith traditional regulararchitectural
design,suchassmoothnesgjimensionsin addition,the deviationof thereal projectfrom the original
designneedsto be decreasedf takenmanufacturinginto considerationwhich meansthat additional

knowledgeaboutgeometryareessentiain the optimumdesign(Wallner & Pottmann, 2011)
2.1.1FromEuclideanGeometryto AdvancedGeometry
2.1.1.1Conceptof advancedyeometry

Somemathematiciangind a structuralengineerarguedthat thereis not closedrelationshipsbetween
pure mathematicand architecturgSalvadori, 2015)ArchitecturalGeometry(AG) is a researcHield
that combinesappliedgeometryandarchitecturelt focuseson the design,analysis,and construction
processof architecture.As the core of architecturaldesign,this conceptis proposedto face the
challenge®f architecturadesignpracticein the currentdigital age.This conceptwasfirst proposedn
2007 by Helmut Pottmannin his book "Architectural Geometry"publishedby the Bentley Institute
(Pottmann, 200). Then in 2008 and 2010, two "Advancesin Architectural Geometry"academic
conferencesvere held in Vienna (Adriaenssens, Gramazio, Kohler, Menges, & Pauly, 2016; Block,
Knippers, Mitra, & Wang, 2015; Ceccato, Hesselgren, Pauly, Pottmann, & Wallner,. 20X6§
exchangef architectsandscholaraandengineersn manyotherfields, thisinterdisciplinarysubjecthas
basicallytakenshapeandis the currentdigital Architecturalpracticeprovidesa solid scientific and

technologicafoundation.

Throughouthistory, geometry and architectureare strongly connected,and when architectstake
mathematicasthetool to completedesign,geometryhasalwaysprovidedthe spatialshapegor them
to choosdrom (Scheer, 2014 )As akind of objectivereality andbasictheory,architecturageometryis
always related to the logic, form, and constructionmethod of the building (Hillier, 2007). The
developmenbf geometrycanbasicallybedividedinto threeperiods:ancientGreek,analyticgeometry
andNon-Euclideangeometry(Rosenfeld, 2012; Ryan, 1986)

Thethird critical periodin thedevelopmenbf geometrywastheadventof Non-EuclideanGeometryin
the 19th century(Bonola, 1955)The complexity of nature hascausedoeopleto rethinkthe limitations
of EuclideargeometryNon-Euclideargeometryhasbroughtprofoundconceptuathangeso geometry,

which hassinceexpandedhe connotatiorandextensiorof geometry(Eisenhart, 1997Non-Euclidean
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has provided architect inspirationsfor diverse spatial form and the developmentof digital tools
facilitatedthecomplexgeometrydesigrwith rationalstructurg Gawell, 2013\Whenseekingnspiration

for the developmenbf spatialarchitecturalstructuresit is vital to analysethe interplay of individual

structural elementsin space.Dynamic growth of digital tools supportingthe application of non
Euclideargeometryenablesrchitectdo developorganicbutatthesametime, structurallysoundforms.

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 alstvgiedehe current design and practice

of complex buildings. Balmond once said that geometry liberates architéBalraond, 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.
2.1.1.2DiscreteDifferential Geometry

Freeform structure constitutes one of the most conspicuous trends in the up to date architecture field
(Pottmann, Eigensatz, Vaxman, & Walln2015) As for the application of neRuclidean 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 completdréteform surface dsign and
construction task in early stage, such as the Guggenheim Museum from 1991 (8H€lé&n, 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
neighbourhoodWolfram, 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 surfacéBobenko, Sullivan, Schrdder, & Ziegler, 200B)s widely used in computer
graphics, geometry processing and topological combinat¢@icare & 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 plane¢Crane, 2018)

When takingfabrication of freeform surface into consideration, the process of breaking the whole
surface into small panels to realise a freeform surface aaltamhalisation which is weltknown as
panelization(Pottmann et al., 20150ne 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 2@entury becase of meeting the requirement of aesthetic and
construction(Pottmann et al., 2015Although 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 dirediislgsnph, 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 panelii8aienko 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 curvatuiees to analogue the main shape characteristics, and
provided an offsetting solutions through normal of discrete surfaces which is suitable for freeform
structuregY. Liu, Pottmann, Wallner, Yang, & Wang, @6). A general CDFdonjugate direction field

design method mixed with quadrangular planarization scheme proves to create PQ mesh robustly and
effectively on various architecture mod@fs Liu et al., 2011)ResearcifBommes, 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 curvatue lines by using continuowdiscrete optimisation. To achieve evenly distributed
vertices of planar quad, conjugate directions could handle the position of singularities, smoothness of

meshes, planarity of qua¢iBadravec, Schiftner, & Wallner, 2010)

An important part of the realisation procesdregformskins is their decomposition into smaller parts
(calledpanelg such that the entire cost of manufacturing and handling is as small as possible, and such
that the numerous sigmnditions concernig 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 atpdimighich

- 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
succeedWallner & Pottmann, 2011)

2.1.1.3ComputationalGeometry

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 buildthematical 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, differe@i geometry, algebraic geometry, computational mathematics,
especially numerical contrdDe Berg, Van Kreveld, Overmars, & Schwarzkopf, 19%eeform

shapes are mostly represented by Bézier, basis splif@l{Be) and nowniform raional basis spline
(NURBS)(Les Piegl & Tiller, 1996)B-spline models were first mentioned by Schoenl{peBoor &

De Boor, 1978) The curves and surfaces described bspbBne were limited by calculation, and this

limit was solved by D. Boor using recursive numdrimamputation, which is commonly known as D

Boor algorithm(Conte & De Boor, 2017; De Boor, 197And NURBS is a mathematical model based

on B-splines, it is flexible and precise, and models coulthuik in both analytical and 3D modelling
methodqFoley et al., 1996)

NURBS curves and surfaces are defined by their technical specifications: order, control points of
different weights, and krnovectors(Versprille, 1975) NURBS method is now commonly and widely
used for freeform surface design in computieled design (CAD), computaerded manfacturing
(CAM), and computerided engineering (CAHG. E. Farin, 1995; Les Piegl & Tiller, 1996\fter

finishing the modebuilt 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 defirofi 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 simultaneou@y & Yuen, 1995; Chivate & Jablokow, 1995; Knopf &
Kofman, 2001; Sanchekeyes, 1997)and this advantage permits the large scale of usage in freeform
design and manufacturin@rujic, Ainsworth, & Ristic, 2011; Knopf & Kofman, 2001Researhers

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 g@atnker & Welch, 1992)or strain
energy(Hu, Li, Ju, & Zhu, 2001)o get the altered contrpbints and weights. Physiebased 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 geomeyr constraintgCelniker & 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, thereof the machining needs to be compensated, so as to modify
the shape of the surface to improve the accuracy to satisfy the manufacturable requipenzdvang,

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 scelgt{Sglman, Mansor,

& Pinang, 2006) In general, the overallira 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 vie@®lev, Klodt,

Brox, & Cremers, 2009r point cloud(R. Pan & Skala, 2011and interpolatiofG. Farin, 1992)But

for freeform surface reconstruction, the mathematical model works as a better approximation method
because of the high efficiency and accurg6g, Zou, Yang, & Yang, 2012Among the mathematical
models, Bspline and NURBS are widely used. According to the technical properties of NURBS
mentioned above, NURBS shows more flexibility and adaptability thspliBe in a variety of geometry
types(Ding et al., 2003)Evolutionary algorithm (EA) worked as an efficient technique for large data
set in reonstruction(Sarfraz, Raza, & Baj2005) Besides the general ability of EA, when taking the
running time of the algorithm performing as another comparing criterion,-ohjéictive EA method
completed successfully in the surface reconstruction prq@es#/agner, Michelitsch, & Sacharow,
2007) But accuracy and the complexity of geometry are r&lifiaining challenges for the EA method
(Kodama, Li, Nakahira, & Ito, 2005)For Parttle swarm optimisation (PSO) showed robust
performance in complicated NURBS surface reconstruction against noise of(&#sz & Iglesias,

2012) However, the ammon 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 amdy rimei(Xie et al.,

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

discussion.
2.1.1.4FractalGeometry

Fractal was first proposed by the mathematician Benoit Mandelbrot in the 1970s. It meaner isned
fragmented, used to represent complex graphics and complex processes. This new branch of
mathematics dealing with complex fractals is called Fractal geonfigimpdelbrot & Mandelbrot,
1982) Fractal geometry can be used to describe many complex forms in nature witlevelligelf
similar structures, for example tree branch. As the frdikltree branches had good performance
dealing with wind loadJames, Haritos, & Ades, 200@nd this inspired the branching structures to be
the support for larg canopy Figure2.1) (Rian & Sassone, 2014As a main component of nonlinear
science, computer technology and computer aided design have become fulpmmekrfor fractal
geometry applied in more complex freeform surface. However, the congrrterated tree branch
structure is simplified and is not capable of dealing with complex IR & Asayama, 2016;
SanchezdSanchez, Pallarés, & Rodrigueedn, 2014) Under the context of structure behaviour,
randomness as another property of fthgeometry, has also been applied on a crinkled canopy imitating
the land terrain to test the structural behavi®ian & Asayama, 2016 Research of &ctal geometry
applied on spatial complex structures are few(Rlian, Sassone, & Asayama, 2018xctal geometry

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

Source https://lwww.bestinteriordesigners.eultdprior-designerssantiagecalatrava/
Figure2.1 Oriente Station, lshon.Santiago Calatrava

2.1.1.5TopologyGeometry

Topology was formed in the TSentury by Poincarédefined as the properties of geometry in more
than ordinary thredimensional spac@ hurston, 1997)Topology geometry gives a new definition to
space, and it Bves profound repercussions on architecture, breaking through the limitations of Cartesian
geometry(Zavoleas & Taylor, 2019 Computation tools have enabled topology applied in art¢hitec

to achieve the compound design aifAssh, 2013)and concepts like folding', 'knots’, 'manifolds’ has
extended architectu@onahon, 2002)Also, topology works as a supplement for parametric design to
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make it rational using nemanifolds cellularstructuregJabi, Soe, Theobald, Aish, & Lannon, 2017)
When taking assembly into consideration, topological interlocking has beenttestedte the modular
selfsupporting units in conceptual sta@essmann & Rossi, 2019Fhe general idea of topology has
been widely used in urban or large scale of architectimensions. The elastic, lightweight tensile
shape derived from minimal surface discovered through the soap film expe(ifigene2.2) by Frei

Otto (Liddell, 2015; Otto, Trostel, & Schleyer, 1978)an example of topology applied in the freeform
surface. This cablemembrane 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 algor{fhenu, 2009) As for the
connection between the minimal surfacegdnnections 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 severasearcton topology applied in architecture, most of which

are mainly focused on urban or building scale. Apart from the tensile structures, tHoé-atareview

has not found many stig$ focused on giving more detailed and systematic information of topology
geometry used on the freeform surface from generatioptimisation One of the reasons of this is it

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

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

} - e W
Sourcehttps://www.archdaily.com/623689/athssicsgermanpavilion-expo67-frei-otto-androlf-gutbrod
Figure2.2 German Pavilion by Frei Otto

2.1.2ComputationabDesignfor freeformsurface

Computational design has prompted the irregular form of architecture design as an efficient tool, by
means of replacing the manual sketcligls Rocker, 2006) There are different concepts or terms
describing the computational design, such as digital design (DD), parametric desigggiRative

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 sim\atadbury,

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 des{gtfaris, 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 Q&asch & Otto, 1996)As the freeform design is a system
considering form, performanceptimisationand 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 optevdasign to

meets the performance requiremg@aetano, Santos, & Leitdo, 2020)
2.1.2.1Definition for theterms

Parametric design (PD) was first defined as designing based on mathematical par@vitetdts

1971) Thoughdifferent researchers defined the PD from a different point of views, some are focused
on the process using parameters to define and manipulate the d{Ksiginevic, 2004; Meredith &
Sasaki, 2008; Oxman, 2008Whereas some are focused on the optimized re@ogigert, 2005;
Schumacher, 2008After all, the general definition of PD related to the freeform surface is to choose
representative parameseof geometry and building performan@e Yu et al., 2015)0 achieve design
requirements by using digital toq®ian, 2009)and taking algorithm into consideration to support later
on management and fabricati@erber & 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 formatvhich the rational solutions generated bgbétthell, 1975)

Later, GD is regarded as a design methodology being able to handle complex info(MeGonmack,

Dorin, & Innocent, 2004; Van der Zee & De Vries, 20@0@)ough #gorithm or evolution methods
(Humppi & Osterlund, 2016; Krause, 20a8)support design to meet the requirements of aesthetic and
building performancégBernal, Haymaker, & Eastman, 2015; Caldas, 2008npared to PD, algorithm

has more autonomy in generating solutions in GD process becaudadkbdx nexus between the
setting algorithm and target resui@aldas, 2006)Consequently, the resultsarnpredictabl¢Chaszar

& Joyce, 2016)

For AD definition, the boundaries of it with PD and GD are unclear. A@drparameters to represent

the building information, which can be seen as(BBoinska, 2015)Also the algorithm taken can be
genetic evolution one which is widely used in GDerzidis, 2004) Nevertheless, according to the
specialized taxonomy for the thresrms, 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, 20®)freeform

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

solutions are all need€8urry, 2011)
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Figure2.3 Venn diagram for the relations of PD, AD, and GD

2.1.2.2Applicationsof CD in decisionmakingapplication

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 intaconsideration(Oxman, 2017; Schumacher, 201&pr complex form, CD can
provide decisiofmaking support in conceptual design process, where objectives and constraints of the
design are determindtiorvath, 2004; Pahl & Beitz, 2@). 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 produdiChong, Chen, & Leong, 2009; J. Wang, 2001, 2008¢ 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 stru¢Adeli & Cheng, 1993;

Baron, Fisher, Tuson, Mill, & Sherlock, 1999; Renner & EK&003) Thus, when the design objectives

and fitness functions are defined, AD can search the global optima in the solution space to give decision
making suppor{Renner & Ekart, 2003)PD and AD can be integrated into the colia@bee design
process searching for the optimum solution in conceptual [{Basielakis & 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 erfagpeh, Hassani, Shojaee, &
Tavakkoli, 2008) Particle swarm optimisation (PSO) together with cellular automata are proposed to
optimise truss structure layout with fast convergence madeless structural analysis compared with
standard PSQGholizadeh, 2013)Building-performanceoriented design is another focus of CD
application. AD is applicable in designing enesgfficient sustaiable architecturéCaldas, 2006)and

can also be applied to the mudtbjectives in objeebriented framewrk for green buildingdW. Wang,
Zmeureanu, & Rivard, 2005)

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

2008; Magnier & Haghighat, 201,0¢nergyefficiency (Diakaki et al., 201Q)low-cost(Diakaki et al.,

2010; Hamdy, Hasan, & Siren, 2011; Ooka & Komamura, 20PB)together wit AD can generate
possible solutions for designers to choose from based on performance requirements in conceptual phase

(Turrin, Von Buelow, & Stouffs, 2011¥or example generating building componefiscan & Elias
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Ozkan, 2015)However, the detld 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 desigihievte 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 desigretmods research are for systematic CD approaches on freeform
surface design are distin@/ortmann & Tuncer, 2017)

This approach contributes to the reduction of limitations of single integjagkcations as well as the

need for multiple software integration.
2.1.3MachineLearning

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 ofRlag&Il & Norvig, 2002) To identify
the prediction of ML method used in architectural design process, the applications and potentials of the

technique need be reviewed.
2.1.3.1Theconceptof MachineLearning(ML)

Machine learning (ML) is derived from sistics, and the quality of a ML system is determined by the
low error rate of prediction or classificatidhlastie, Tibshirani, & Friedman, 2009L is a new
revolution techniques for architecture, which has been used in many other fields like computer vision
(Sebe, Cohen, Garg, & Huang, 2008hd image preessing(Decenciere et al., 201L3ML system
consists of training data set and test data set, using specific algorithmatikans, and Support Vector
Machine (SVM) to operate supervised learning or unsuperdseading on training dai@ishop, 2006)

And test data set is utilized verify the accuracy of the ML system on prediction or classification tasks.
Different algorithms have diffent application, for example, Support Vector Regression is fit for
prediction and Support Vector Machines is commonly used in classifig@iogra & Ahuja, 2017)

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

outcome, while Neural Networks is a blao&x system where the nexus is unexplainable.
2.1.3.2Theapplicationof ML in architecturedecisionmaking

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 applicatisnfor ML on architecture design to aid the decisioaking in digital

fabrication and building performan¢&amke, 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 otRer fields.

example, the ability of ML model learning from the training data is similar to the abddetitective
23



reasoning in a design activity, which is a repetitive or iterative cycle of proposing ideas and determining
solutions(JohnsorLaird, 2006)based on empirical daf&ramerPetersen, Christensen, & Ahmed
Kristensen, 2019)herefore, iBelém,Santos, & Leitdo, 2019e detailed aspects of ML applications

architectural design are concluded.
2.1.3.3ML in architecturanodellingandgeneration

Besides learning and analysing the data pattern from the provided data, ML can also generatetdata whi

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

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

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

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

into the generative design in 2D fof@h, Jung, Kim, Lee, & Kan@019) A sof t war e cal | e
is developed from conditional GANs (CGANS) to solve imémgémage translatioZhu, Park, Isola, &

Efros, 2017)and the software has been applied to generate floor fManduang & Zheng, 2018)

But the 2D application of GAN is only limited to the 2D plan or facade generations, for architecture
generative design, the ability of generating 3D models is required, which is engfeaiecause 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 sk@letoksick, Zhang, Hamarneh,

& CoherK Or, 2011) Recently, shape synthesis has developed using deep learning through learning
from templates to generate new geomélly Huang, Kalogerakis, & Marlin, 2015Based on this, a
3D-GAN was proposed to generate nbard realistic with details 3D models without supervigion

Wu, Zhang, Xue, Freeman, & Tenenbaum, 20Bi)t 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 mergédxyrieal, & Basu, 20180ne
experiment is undertaken using GAN to generate vbaekd represented Manhattan geometry and the

results show the 3D generation can be used in conceptual design like urbar{ewitpm, 2019)
2.1.3.4Theapplicationof ML in structuraldesign

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 ffanating for structure desig(Fuhrimann,
Moosavi, Ohl br oc kindat&rivBnddasign, neural netwdrigdNg gan predict with

the load path 9800% accuracylLiew, Avelino, Moosavi, Van Mele, & Block, 2019ML can solve

the timeconsuming analysis of shell structure by building freaktime model in conceptual design
(Danhaive & Mueller, 2018)Besides, NNs has also been applied in dgiyaémg the 3D subdividing

forms from aesthetic point of viewgheng, 2019)Apart from quantitative performance, ML can also
evaluate neural net qualitatively to come up with solutions to satisfy both engineer and diialniteck

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

structure(Hajela & Berke, 1991)based on this trained ANNs model combined with Finite Element
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Analysis can solve the long iteration optimisati@¥kstz & Preisinger, 2019)NNs has also been
applied in form finding in graphic statics to predict structural performg@beng, 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 tyges(Yetkin & Goneng¢ Sorgug, 2019)

Related research of ML applications in architectural and straicesign 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 proce®adm et al., 2019)he procedures
include preprocessing, where the features are extracted from 2D or 3D models and translated them into
forms that are gpropriate for learning proce¢kotsiantis, Kanellopoulos, & Pintelas, 200&nother
procedure is @stprocessing which is converse to ym®cessing, 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 rep&aoceanual work completely, not

only because of the lack of experience, but also of the principles of Turing (Teshg,
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 complban 2D images, so that systematic research is still needed from

form generation to optimisation using ML.
2.1.4Biomimetic Design
2.1.4.1Basicconceptof biomimicry design

Nature and biology are other disciplines that affect architecture and they have provided mature
systematic theoretical guidance to architefsirner & Soar, 2008) The biological knowledge
integrated i n arbomimicrye c twhriec hi sproamdds fia systema
architectural desigriZari, 2007) There are three different layers of biomimetic design concepts in
architecture. T hicanorphidr swth i acrhe iiss ocmdlyl eidmift at i ng t h
without bidogical knowledg&Gruber & Jeronimidis, 2012 he second one exceeds mimicry of form

but focuses on the biological or ecological performance and a-disdipline cooperation between
technolgjies and nature science is requil@knyus, 1997) The performance analogue later on is
integrated into architecture, learning the basic organism, behaviour from (sltazeoleni, 2013;

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

the firstand the secnd one and can have close intairdecai pl
architectural desigfMyers, 2012) Overall, the impact of biology on architecture is categorized into

three scales (organism, belaw, and ecosystenfXari, 2007)which can be achieved in two levels: (1)

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

level: imitating and reproducing a natural fo(Arslan, 2014)Be s i d e s t h e biananfciydon i t i on
there are another t erbiomimetce dwhmoa e ovo dted iyn innagnerdo ri
theoriegMazzoleni, 2013; Pawtly, 2019; Zari, 2010and biomimetic is commonly used in conceptual

design to generate solutioffdexandridis, 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 gewetd of this methodology
(Lépez, Rubio, Martin, & Croxford, 2017; Yuan et al., 2Q1Another difficulty is the scale
transformation, which means that most of the mionigin is in micro scale and architecture scale is
much larger than thgBadarnah & Kadri, 2015; Reap et al., 2005)

2.1.4.2Designconceptgeneration

To tackle the difficulties, research has been undertaken to explore how and where to enhance biomimetic
design. The first i nppeoesst aanntd ihso w ot ou ngdeenresrtaatned dt ehse
from the biology. TRIZ(Altshuller, 1984)was proved to be adaptive t@misfer the analogues from
biology to technology using an informatistructure regulation model namdlo-Triz (Vincent,
Bogatyreva, Bogatyrev, Bowyer, & Pahl, 2006he informatiorprocessing model provided a new idea

on dealing with biology information which is helpful to develop computational tdsélsE. Helms,

Vattam, & Goel, 2008; Vattam, Helms, &o@l, 2008) To better understand how biology inspired
engineering and design, an interdisciplinary course was taken in two different processes:-groilem

and solutiordriven, and summarized that the probldefined was insufficient and the analagic
transfer was not appropriatd. Helms, Vattam, & Goel, 2009Another analogical transformation
method is calledesign spiralwhich enables designers respond to the constrakitgytthe innovators

from nature and which evaluate the analogical level from three aspects: form, space and ecosystem
(Rossin, 201Q)There are other translation systems like typological analysishvéxplained how to
analyse the mechanism and scale it to different larger Zads 2007) while nature studies analysis

is more related tarchitectural design by explaining and analysing the natural prin¢iplés Gamage

& Wickramanayake, 2005Based on the summary of the direct and indirect design approacties
analogical translation systems, biomimicry showed its potential in sustainable design by mimicking the
natural form (A. Gamage & Hyde, 2012)n (Badarnah & Kadri, 2015gfter analysing some problem

driven and solutiofdriven strategies for biomimetic design cases, a new generation of design concepts
were put forward and a building envelop was chosenustifite 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 extenal morphology and internal mechanism perspeciiResldi, Jain, Yun, & Reddi, 2012)
2.1.4.3Biomimeticstructuredesign

Morphology, form, and structure are different biomimicry research tqc®hmar, 2011)but a
systematic guidance for choosing and applying strategies is lafképgra, 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 consuniptoder to fit the natural environment

(C. Williams, 2013) The principles for amplex geometrical structure using biomimetic design are
mostly derived from mechanics, so that the morphologies, forms, and structures arg(Aktezey/-

Williams, 2003) These three factors can orient the whole design separately or together -ifispioénl

membrane structures mimic the cell membrane, marine mussel, and lotus showed good performance in
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stability and adaptivity as light weight struot (J. Zhao et al., 2014) earned from the shell of sea
urchin with fingerlike protrusions, a structured constructed form timber plates with fjogerwas
designed to bear higlbad (Magna et b, 2013) Apart from the biology inspired structure, cellular
structure(L. J. Gibson, Ashby, & Harley, 201@uch as the honeycon{. Zhang et al., 201&hd

lattice structure are also widely used even before people realizing the mechanics properties of such
structureg Baumeister, Tocke, Dwyer, Ritter, & Benyus, 2014} for the design process, complex
surface fron natural morphology was developed using evolutionary computational design method,
proving that computational design could be integrated into biomimetic d¢slgnges, 2012a)
Additive manu#cturing has guaranteed the customization or optimisation of freeform design and the

complexity of biomimetic form design can fully utilize this technigde Plessis et al., 2019)
2.2Timber asa construction material for freeform structure

2.2.1Typologiesof Timberproducts

2.2.1.1Wood propertiesandbehaviours

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 consurffdjmta &
Gambatese, 2005Raw wood materials mean the products from forest or tree without industrial

processes like air drying or ovelny (Stahl, Granstrom, Berghel, & Renstrom, 2004)

S‘durce:http://www.ltfrewood.com/ra\Awdod/#tab_O
Figure2.4 Common Raw wood material forms

The building using wood abe material showed lower carbon dioxide emissions;JQi@e life cycle
of one twestory wooden house showed 20 tons ok @@issions 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
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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 differeneltulose 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 maégupe2.5) (Greil, Lifka, &
Kaindl, 1998) The hollow cells endow wood the anisotropy, viscous elastiand hygroscopicity
properties most of which have impact on its applicafldmwoodie, 2000) The grain direction of the

tree has deviation according to the growth patterns and tipiacts the way to use the material in
construction(Denzler & Weidenhiller, 2014)Nood is elastic material but different from steel because
of the creep properties, which means the shape of the bending wood-chéinggng(L. J. Gibson et

al., 2010)and this has required the load demands for the structures that need td e lseg time
(Morlier, 1994) Wood can absorb water and the level of moisture content would impact creep deflection
(Y. Huang, 2016)So, he control of moisture content under 20% of wood and wood products is essential
to keep long time maintenan¢@arll & Wiedenhoeft, 2009)There are some other characteristics of
natural wood like multscalar seHoptimizing fibre growth(Mattheck & Tesari, 2004and diversity
caused by various reasons such as cellular variation, age of the woQdolst & Van Buijtenen,
2012)

(a) macroscopic wood (b) microscopic wood cell
Source(Greil et al., 1998)
Figure2.5 The macroscopic and microstructure of wood

2.2.1.2Industrialtimber 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 woaatpcts manufacturing has enabled raw

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

and results prediction more reliafRadkau, 2012)The log harvested from fasts would undertake

di fferent processes to turn the raw materi al Al

(Figure 2.6) (Ramage et al., 2017)or construction usage, there are different sets of standards
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worldwide like SSEN 161113and BS EN 140814. In BS EN 1408435, the strength grading includes
visual strength grading (M&® 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

Figure2.7.

Glue-laminated timber (Glulam)
4

Cross-laminated timber (CLT)
Breustapel panels

Stress-laminated panels

4 Nail-laminated panels

A e 7 (Chemically) Treated timber

Sawing  Drying, planing, grading  Timber

Plywood

)
s < _ Parallel-stranded pancls and lumber (PSL)
[ A - T~ 4

Pecling  Drying, cutting, sorting ~ Vencers

T

Stranding Drying, sorting Strands

Laminated-vencer panels and lumber (LVL)

Oriented Strand Board (OSB)

Laminated-strand panels and lumber (LSL) & I-Joists

Structural Insulating Pancls (SIPs)

SN N

Fibreboard

Source(Ramage et al., 2017)
Figure2.6 Industrial process turningg into engineering timber products

a) Knots b) Top rupture
Sourcehttps://www.swedishwood.com/woddcts/aboutwood/woodgrades/
Figure2.7 Defects of timber products

To overcome thencertainty of these defects when applied as building materials, the raw material can
be manufactured into different fAengineering ti
homogenous mechanical propertRamage et al., 201.77he manufacturing process is to transform

natural wood into standard and stable timber proddaisel & Van Buijtenen, 2012pifferent process

3 Nordic Timber Grading Rules for Pine and Spruce Sawn Timber and the European standard Savippedrance grading
of softwoods.
4 British Standard for Timber StructurStrengthGraded Structural Timber With Rectangular Cross Section, 2005
5BSI. BS EN 14082:2012 Timber Structureis Strength Graded Structural Timber with Rectangular Cross Section Part 3:
Machine Grading; Additional Requirements for Factory Production Contrb2 20
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of manufacturing wood would result in different fikogpology 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, 2006Currently, the predictability of the
engineering wood products have been used widely in construction, using the prokieiogtud

| aminated timber (GLT), cross | aminat ed(Lam, mber
2001)

To increase the strength and stiffness of the raw wood, one way to reinforce the sawn material is to
apply glue or fibe 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 inspageor curved geometri@uell &
Saadatmanesh, 2005; Seraphin, 20Q2)T 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, 2015JLT also shows its capacity in prefabrication and ease to
transport to orsite constructiorfBrandner, 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, & Buehimann,
2016) The quality of raw wood can be increased through development in adhesive techniques to remedy
the limits of the original propertig&ardner, 2006)The new type of higiperformance materials give

more opportunities for large scale or irreguigometric form like freeform structur€¥olszczuk

Leclerc, BernieiLavigne, Salenikovich, & Potvin, 2016; Weinand, 2009)

2.2.2Freeformdesignconceptdor timberstructure

Freeform structure using timber as the main materials are driven by the digital technologies on design
method and product fabrication for irregular geomet(onier, Bignon, & Duchanois, 2013)
However, the opportunitiesigen by digital techniques to develdgeeformdesign 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. Maliar modlling is one paradigm

to integrate design with structural data in different scales and the design m@tredan, 2011jand

the methods are specific to different is{idisholas, Zwierzycki, Stasiuk, & Thomsen, 2018)d this

method is proved to be efficient in data management in fBédformdesign to process distestypes

of data from material, fabrication and construct{Poinet, Nicholas, Tamke, & Thomsen, 201@)lti

scalar modelling also shows its potential in dealing with gem information of GLT and giving
feedback without higtevel requirements for the inp@8vilans, Poinet, Tamke, & Thomsen, 2018)
Multi-scalar modelling providkea 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 fabricatioregg(®vilans et al.,

2019)

Freeform timber construction is a mulisciplinary research, so the design can be derived for several

factors like structure, site constraints, or fabricafi@obeller & 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, 2011pr toolkit (Mork, Luczkowski, Dyvik, Manum, & R@nnquist,

2017) And someesearchriesto figure out how to organize rational workflow. Grid shell, developed

by Frei Otto is dfined as a curved shell made of giibuthe, Baverel, & Caron, 2006And with the

ability of digital software, the freeform timber using grid shell as a solution has achieved thecklgge
buildings (Harris, Haskins, & Roynon, 2008; Naicu, Harris, & Williams, 20143 for the detailed

process, using parametric node design is one approach to desifprfr grid shell by simplifying the
structure as a combination of nodes and other elements to process the design and(Ryeilsis

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 abilityioled by computeaided design (CAD) and

the geometric and mechanical information included in comgaitisd engineering (CAE) model is
helpful for spatial timber freeform desigh-M. Li & Knippers, 2015; Magna et al., 2013}he method
called CADto-CAE was first developed to optimise the methods for prefabrication, structure design
and assembly including identihg the timber plates form, panelising mg$tobeller, Konakovic,
Dedijer, Pauly, & Weinand, 2016The CADto-CAE information exchange algorithm framework is
developed for macro model used in a timber plate structure and thisdrextables the simulation and

the analysis of the automatigRad, Buton, Rogeau, Vestartas, & Weinand, 20ZIhere are some
other approaches for information exchange, including export CAD model to Finite Element numerical
analysis(Nguyen, Vestartas, & Weinand, 2018hgineering data management of integrated data from
product automatiorfHirz, Dietrich, Gfrerrer, & Lang, 2013)Other than grid shell, there are several
structure typologies designed by researchers like the platg3Hdll Li & Knippers, 2015; Magna et

al., 2013; Robeller, Gamerro, & Weinand, 2017)

2.2.3Jointsdesign

The connections of a structure determined the structural behaviour and this principle also works for
freeform timber onefGreicius, Supekar, Menon, & Dougherty, 20083 freeform timber structure is

a complex system including geometry, dimensions of span and boundary conditions, so the design of
the connections the structure als@d®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 desig(Robeller, 2015)and different form topologies needs the homologous
connections such as: shear resistant connections, moment resistant connections orsheament
connectiongBitar & Cobucci Paolucci, 2020And 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 byatakslot joints used in pavilionMenges,
2006; Scheurer, Schindler, & Braach, 20@)bsequently, finger joints were developed and applied in

single plangKaltenbach, 2010)two-plane(Schwinn, Krieg, & Menges, 2013)r segmental plafé-
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M. Li & Knippers, 2015) A onedegreeof-freedom joints were developed and the asiglefining the

joints has influence on the mechanical behaviours and the assembly of this type of joints are efficient
(Robeller, 2015)Furthermore, thredegreeof-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 tabandslot joints(Robeller et al., 2017; Robeller, Stitic, Mayencourt, & Weinand, 28h#)

more improvement are made such as threteglon jointyRoche, Gamerro, & Weinand, 2016)

Apart from woodwood connections, there are another type of connections used in freeform timber
structure, which is hybrid connections. Litefgtg¢he definition of hybrid connections is using two or
more types of connections togetlf€allée, Tannert, Meena, & Hehl, 2013jybrid joints using glue is

one large set of adhesive joints including ghired (1)steel rodgBainbridge, Mettem, Harvey, &
Ansell, 2002; Tlustochowicz, Serrano, & Steiger, 201@) fibrereinforcedpolymers (FRP)
rodgAnsell & Smedley, 2007; Madhoushi & Ansell, 2004, 2008)solid steel plate@/allée, Tannert,

& Hehl, 2011)and (4) perforated steel plat@athon, BletzMuhldorfer, Schmidt, & Diehl, 2014)The
gluedin rods or plates connections shows the capadfitductility and several design methods are
proposedSchober, Drass, & Becker, 2B)1 However, the glueih steel rods connection has not been
accepted in engineering design afearsen & MunchAndersen, 2011)One challenge is to descript

the transfer process of load on joints because of the stiffness discrepancy between different joints
materials ike material bolt and adhesiyKelly, 2005) Subsequently, a procedure to build numerical
model was proposed to design hybrid joint system which is made up by fasteners and Qallfing

et al., 2013) To better understand the structural behaviour and the capacity of thieeld@g ina
freeform timber case, a hybrid-jdint connections with glue were investigated undertaking the
algorithm computational methods and found that the-lweating could be improved by modification
(Kohlhammer, Apolinarska, Gramazio, & Kohler, 201Bgsdes gluedn rod joints, there is another
type of hybrid timber joint named grouted joints, which takes routing techndglo@yibson, 2005;
Hopkinson & Dickens, @06)using concretéype as the adhesives (CTA). This type of connections can

be widely applied in complex spatial structures like @gfiells(Schober & Tannert, 2016)
2.3 Robotic automation for timber freeform structure

Since 1970s, the scientists, the governments anct
automationo to sti mul (Bdcle 2015hT® imprave praductivityt ecomaomici n d u st
efficiency, sustainability in construction industflyinner, 2013) the modification for conventional
construction paradigm is necess@®pck & Linner, 2015) The notion of Al ndustr
new manufacturing system with enough flexibility and auton@g@h et al., 2009)This focused on

applying mechanisation concepts into this industry and controlling the process through the computers.
Itinvolved largescale offsite prefabricabn 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, 2(bb)

Automation construction utilizing robotic system can producetieea feedback and deal with complex

information of the fabrication tasks considering sustainabiitgck, 2007) Therefore, the robotic
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fabricgion method facilitates the manufacturing of the various components and connections of the
freeform timber structuréMenges, Schwinn, & Krieg, 2016Yhis timber automation construction
technigue covers the abowgentioned contents about the architecture design (geometry generation and
optimisation), structural design (material propertiesrober), 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 fooaftsmanshipo largescale industrial

application.
2.3.1Robotictimberfabrication

Digital fabrication technologies have enabled the timber structures becoming more irregular and
comgex. Compared with Computational Numerical Control (CNC) technique, the mobility, and not
high requirements for the working condition of robotic fabrication system are more fl@Aithlimann

et al., 2016) And this advantage conforms to the development tretitht is to take the design
information as the input to produce construction automat@itek, 2015) Now, the robotic timber
fabrication technigue has not only been researched in laboratories but also applied in sestalarge
construction applicationdenges et al., 2016; Vercruysse, Mollica, & Devadass, 2018; N. Williams &
Cherrey, 2016; Willmann et al2016) According to different forms of thcomponents designed by
different basedactors, different robotic fabrication types are needed such as cutting, milling, sewing,
drilling on different timer products from natural wood to engineering timber prodMesges et al.,

2016) According to these practices, it is concluded that this is an interdiscipineayincluding 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 rabdibrication automatior(Brell-Cokcan & Braumann, 2013;
Reinhardt, Saunders, & Burry, 2016; Willet@rell-Cokcan, & Braumann, 2014; Willmann, Block,
Hutter, Byrne, & Schork, 2018)

2.3.1.1Timberfabricationtechniguetypologies

Thereare 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 fullytigaesi(Nasir & Cool, 2020however, the

ability of band saw on curved surface has not been studied in enough details. The band saw sutting wa
first implemented on curved strips with a-ihzh band saw mounted on arais industrial robot arm

(Johns & Foley, 2014While 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 céigability
Williams & Cherrey, 2016) | n ADesign + Maked program, the obj
and to balance the size of tooth pitch and smoothness of the r@tédimnuysse et al., 2018)o handle

the complexity rather than usif@NC milling technique, the potential of band saw cutting has been
explored on curved timber beaif@hai & Yuan, 2018)Subsequently, based on the analysis of the band

saw cutting, a design and fabrication framework for legme doubleurved glulam structure were
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organized to show the potential of band saw on dealing with complex geonf@tras So, & Yuan,
2021)

Robotic milling is another fabrication technique especially apptig¢anber plate structures, shown in

Figure 2.8. Institute for Computational Design and Construction (ICD) has built several timber
structures using robotic millingp fabricate the designed plat®lenges, 2012b)in the lightweight
bendingactive structure, robotic milling is used to produce 6.5 millimetre thin phgwglanar strips
(Fleischmann & Menges, 2011) I n t he project ALandesgartenschau
of all the 243 plywood plates in different shapes were fabricated by robotic nf@liingr David Krieg

et al., 2015)Different from other robotic finggoints considering material and tool se{@p D. Krieg

& Menges, 2013; Schwinn et al., 2013he finger joints in this research is designednigikthe

constraints of assembly into consideration to take shorter production time. Tefeuidr set up for

the spindle is specific with a tool changer, and the milling process is after the oversizedtipge

process. The milling workspace is a tatde so that all the finger joints within one plate could be
fabricated. A similar workspace setting for mild]l
used for milling cassette, which is one modular components of the whole str(ldtufe Wagner,

Alvarez, Groenewlt, & Menges, 2020)

A 5 1 Al

(b) Robotic milling on plywood plate

) (a) :R'obotic milling on plywood strip

Source(Oliver David Krieg et al., 2015)
Figure2.8 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 carthiendegments to be fabricated
(Schwinn et al., 2013; Schwinn, Krieg, & Menges, 20B#)other 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 plywdopssof which the edge is connected by thread
(Fleischmann, Knippers, Lienhard, Menges, & Schleicher, 2012; Weinand & Hudert, 2@l 8xpand

the application not only restricted to weaving wood stripg, robotic sewing is alsohosen for the
lightweight timber structure based on the results of fewtipext 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 productgFarg, 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 threedimension working space which is beyond the huatality (Schwinn, Krieg, & Menges, 2016)
2.3.1.2Roboticcollaboration

Apart from single task operation for robotic, using robot in assembly process together with other
technique is another application of robofieelm & 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 robotic construction system is
consttuted by two robotic arm: one is used for gripping and placing, and the other is used for placing
adhesive, fixating nails, and millingFigure 2.9). To investigate the ability of largecale spatial
structure, the fabrication cell is composed of twoastis industrial robots, which were mounted a
conveyor and a threaxis CNC saw(Eversmann, Gramazio, & Kohler, 201(Rigure2.10). The robot

in the left is used for scaing 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 laggpale structure by sirete timber beams which is
reversible and reusable, the collaboration between two robots is employed for tasks like picking and
placing by gripping, positioning, screwirgkunic, Naboni, Kramberger, & Schlette, 202Bjigure

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 workingopeskt
various tasks. The eraffectors 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 unexpectéabsions.

Sourcei(H. J. Wagner, Alvarez, Graewolt, et al., 2020)
Figure2.9 Multi-task workspace setting
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(a) Robotic workspace setting up with a working table, a linear platform, two robots, -axig&NC
saw, feeding table with timbstats

(c) The timber is gripped to the designateposit
for cutting

(b) The slat is placed on the table

Figure2.10a threeaxis CNC saw

UR10e robot
UR5e robot
Assembly area
Auxiliary area
Screw holders
Blocks fixtures

OO WN =

Source(Kunic et al., 2021)
Figure2.11 Robotic fabrication setup for timber layer assembly
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2.3.2Roboticautomationconstructiondesignconcepts

In automation industry, rapid prototyping is widely used in production development, which is able to
produce complex shapg 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 ess@Rtiduchanan, 2001And 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, 201AYnder this context of del@ment of fabrication automation technique

and the new design concepts, robotic timber automation construction needs its own design concepts

oriented by material properties and fabrication mett{Bdsk & Linner, 2015)

Just as the robotic automation technique in other industry like automotive manufaftloing999)

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 putsrdorw

new standargBonwetsch, Gramazio, & Kohler, 2012)here are research and practices on building the
automation system and process foegular timber forms from several research insti{iieca, 2009;
Gramazio & Yoon, 2018; Menges & Schwinn, 20P&jram & McGee, 2011; Schodek, 200%hese
practices show that the robotic timber automation construction needs highly adaptable and specific
organized famework for the design driven by different fact@sinn, 2012) And the workflow to

organize knowledge and information from different disciplines is also a challenge for this area.

In the robotic timber automation prototy@gure2.12), the whole process commenced in three aspects:

(1) assembhoriented design, (2) material, and (3padic construction systefWillmann et al., 2016)

In this whole process, the design is driven by the assembly process, and this as&s/fcomputational

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 desighe digital design is finished by Python language, Rhinoegiysand
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 syagnthiee 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 geated 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 likéOliver David Krieg et al., 2015}he 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, feffinding, simulating, analysing and optimising

automatically but under the constrains from structure performance and robotictiab(iEmure2.13).
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Source(Willmann et al., 2016)
Figure2.12 Robotic assembly prototype

Following the same biomimeti pri nci pl es, the project ABUGAOG al ¢
framework to achieve the seamless prefabricaticdesign using two robot@unic et al., 2021)In

t his research, a platform named ATI MO i s preseé
prefabricated to make the largescale timber automation construction is more flexible and adaptable to
different working spacéH. J. Wagner, Alvarez, Kyjanek, et al., 202B) these fabricationugomation

systems, the basic modular units are important parts of the whole structure. This process is consistent
with the concepts of prefabrication automafioin an efficient construction, the large proportion of the
prefabricated elements can shortka time in the whole task8Veizmann, Amir, & Grobman, 2016)

And the modular design provides more opportunities for construction ainomadten computational

design, robotics are integrated togeitwibranek, Wietschorke, Glaetzer, & Tessmann, 20R0) still,

the development for the general and applicable robotic automation system, workflow, and framework

for freeform timber constraion needs more effort and discussion.

(b) Plate structure of the Pavilion
Source(Oliver David Krieg et al., 2015)
Figure2.13 Robotic fabricated biometric design
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2.3.3Robaoticstechnicalsystenrelatedto automationconstruction

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, developmentg@nitieffector tools. Thetandardise
prefabricated modular units can decrease the uncertainty in the RTAC system, and the standardization
has shown the potential for high automati¢iBliver David Krieg & Lang, 2019; Neelamkavil, 2009;
Orlowski, 2019; Popovic, 2018Yhe RTAC system is especially built for freeform timber ctrees

which are composed of various irregular components, which needs flexible and adaptive(blystems
Wagner, Alvarez, Kyjanek, et al., 2020)o 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)

2.3.3.1Developmenfor roboticsrelatedresearch

From 1952 to 1973, earliest CNC machines has been developed into sophisticadeis farens that

are now categorize as industrial robots named&R®&hich was equipped with alectric motors and

an Inteldés microcontr ol loetwol intraducedpy ABB canpamiRay,g an d
2013)(Figure2.14). 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 freefom morphologiegKohler, Gramazio, & Willmann, 2014; Willmann, Gramazio, Kohler, &
Langenberg, 2013)During the last decades robotics reskdas been aimed at finding solutions to the
technical necessities of applied robof{i@arcig Jimenez, De Santos, & Armada, 200Me 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 dominarethotics research, and the technical necessities determined
areas of investigation for roboti¢&arcia et al., 2007)Currently, the research on using robots in
construction can be classified into several -sattions, they are: (1) robotiented, which was
developed as the design basis for the rdiasted construction; (2) robotic industrializatiowrombining

the custorized 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 siagle constration 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 tife projec{ S o n, Ki m, Ki m, Han, & Kim, 2010;
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Figure2.14 Milestones of industrial robots, 1950970s

2.3.3.2Developmentf robotappliedin construction

The first time of using construction robots was in the early of 1970s, ROGCCRalaguer, Gambao,
Barrientos, Puente, & Aracil, 1998hd BLR(Heintze, Teerhuis, & Weiden, 199@y 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 iogiakask in

1980s, the first osite realscale robots completed the first building project in Japan (1@dk &

Linner, 2016) Later on, in the AFutureHomeodo project w
System global prograifCarlos Balaguer el.22002) the researchers transformed the tower and gantry

cranes into robotic devicégan Gassel, 1993Then in 1980s, the robots could handle material logistics,
components positionindgacade installing and painting and othérisner, 2013) After surveying the

50 construction robots, Thomas Bock put forward theacc e pt of ARODO ( Robot Or
1988. This concept differentiated robotic construction from human work and redesigned construction
process and in consequence boosted the robot appli€ati@ock & T. Linner, 2015) Then between

1988 and 2004, this approach had been using in the automated constructi¢Bosike007)After

that, humanoid robots appeared in construction sites and have been used to undertake simple tasks such

as dilling and painting.

Driven by the advanced digital fabricatifibasi, Fettke Kemper, Feld, & Hoffmann, 2014and the

I nformati on and Communication Technologies(I CT),
4. 00 call for the highly flexible and adaptabl
production withinthe Internet or digital conteXiWeyer, Schmitt, Ohmer, & Gorecky, 2013 this

context, the built environment has already merged with advanced technology like-tashgle
construction robots (STCRs) approaches, robot systerBetk, 2015) Among these approaches, the

robot systems have ddagped 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 susfathabitan potentially

stimulate the robotic automation in construction in-téal(Linner & Bock, 2012)
2.3.3.3Thesystemof RAC (RoboticAutomationConstructionyesearch

Robot can be characterized programmable automated, flexible and auton@®&igiliano, Sciavicco,
Villani, & Oriolo, 2010}
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1) Multi-functional: depend on the types of the @ifictor.

2) Adaptive: depend on the types of sensors to the unkisauation.

3) Accurate: depend on the febdck controtechnique.

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 ialso called geometric calibration, is a key process performed after the
operation of the robots or during the recalibrat{i®antolaria & GinéS, 2013Yhis 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 its€bderrahim, Khamis, Garrido, & Moreno, 2006)
Normally, the calibration is operated in four st¢fsaig, 2005; Messay, Ordéfiez, & Marcil, 2016)
DenavitHartenbeg(DH) mathematical modelling, direct measurement, identify the position of end
effector, improve the kinematic model. There were some conventional calibration methods like open
loop, closedoop and screwed axis methoohn M Hollerbach & Charles W Wampler, 1996)
However, there are still new approaches tries to calibrate the robot arm, likerimggsat variable
vector and positioning differences compared to the constant poghimtahi, Pendar, Alasty, &
Vossoughi, 201Q)using geometric calibration measurement data to optimal measurement configuration
options(Y. Wu, Klimchik, Caro, Furet, & Paglevich, 2015) or using devices like telescoping ballbar

to measure the pose of it to calculate the position of the (bhditiola & Bonev, 2014)or using the

laser tracker to calibrate stlutely(Nubiola & Bonev, 2013)Furthermore, the data can be obtained by
the visualization ey#o-hand configuratiorfPalmieri, Palpacelli, Carbonari, & Callegari, 2018yen,
theon-line calibration(C. Yu & Xi, 2018)

(b) Trajectory optimisation planning

Trajectory optimisationplanning 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, 200Fhe goal of it is to generate the input for the
motion contol to make sure the manipulator executing the planned tasks, but also the to control
completion of the taski&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 theggoallin the
manufacturing(Paraskevi Th Zacharia, Xidias, & Aspragathos, 20T3)e notion of Bumgburface
introduced the above problem to the optimal problarariadis & Aspragathos, 2005nd considering

the multiplicity of the Inverse Kinematics, tloptimisationcould be solved by the Genetic Algorithm

(P Th Zacharia & Aspragathos, 2008ased on the 2 DOF robot, the GA proved to be an eféect
optimisationmethod for the trajectory planning even under the complicated environ(fient &

Collins, 2004) When met with the redundant manipulator, it can be solved by constrained nonlinear
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progamming framework of controlle(Kim & Joo, 2013) or a multiobjective genetic algorithm for
the multioptimisation (da Graca Marcos, Machado, & AzeveBerdicoulis, 2012) The current
research shows that the theory of trajectory planning can effectively control thermpasiti posture of
the endeffector(Martin e c Ml Tnek,. & Petr T, 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 enéffector motion and forces are usually carried out in the operational space control
and the control actions are usually operated in joint s(#geng, Hutchinson, &idyasagar, 2006)

The unit dual quaternions is the main published control approéolagéir & Mezouar, 2016and there

are already some controller established based on it, @gst(Marinho, Figueredo, & Adorno, 2015)
optimal (Figueredo, Adorno, Ishihara, & Borges, 201and sepoint controller(Pham, Adorno,
Perdereau, & Fraisse, 201 The kinematic equations together with the constraint equations of the unit
dual quaternion together can made up the system of kinematic niéd€ékng, Wu, Li, & Chen, 2017)
Besides, there are some other methods like robust adaptive control to enhanceitig dicnracy
under the parameters acquired from the online adaptiofMaw& Pan, 2018)the new method called
generic method based on factor graffisgiarto & Conradt, 2017dr the flat output to make the open
loop control possibléMarkus, Agee, & Jimoh, 2017; Markus, Yskander, Agee, & Jimoh, 2016)

(d) Interaction with the environment

The industrial robots are widely usediidustry, not only the assembly work to realise the designed
motion path, but also the work like grinding, polishing, @totz, Bruhm, & Czinki, 2014) These
operation demands the force control of the interaction between theffestbr and the environment
needs to be considered. In the operation like milling or drilling, the force or torque needaltulbsed
(Brogardh, 2009)The forcecontrol in robotics has already been investigated exhaustiRelyeda et

al., 2016) Currently, some researcher estimates the forces through the lbasedl virtuaforce sensors
using the information of motor or estimating it from the motor curr@ritsleroth, Stolt, Robertsson,

& Johansson, 20137 o try to use the robot forantrol algorithms in realvorld, one way is to estimate
the external forces through the calculation of the thermal state of the manigvidegrossi et al.,

2018)combined with the dynamic model equatigRedrocchi, 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 systemecantanced 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 possibilitesthe shape of architecture through the
description of nofEuclidean 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, contrable in the analysis and optimisation process, and authentic in the construction process.
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2.4 Assessmenfor freeform structure under RTAC

Theresearchabout the robotic automation construction (RAC) have been undertaken in industry and
academia, howevethe real industrial largecale 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 ofiagpigbotics. Under this context, the
sustainability of RAC can activate the industrial fulfilment, which is consistent with the global
sustainable development tre(tdf, 2015; Colglazier, 2015B5ustainability has always been especially
important but in construction industfyw. Pan & Ning, 2014)and RAC can improve it form reducing
construction materi al wast e, i mprovi ng(Castor ki ng
Lacouture, 2009; Cousineau & Miura, 1998; Linner & Bock, 20R&catly, some companies have
started to employ RAC in the deconstruction task to show the advantages in economic and
environmental protectiofLee, Pan, Linner, & Bock, 2015(de Sdo 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., 2019Besides, 3D printing has shown its potential in ecda@nd
environmental perspectivi@e Schutter et al., 201.8)he detailed research on sustainability of RAC is

complex and need thoroughly systematic investigatiord dictors and circumstances

One method to build sustainability assessment framework is to integrate the psiniglestainability

to the technology management and to choose the proper criteria for the asséstane@t 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(Atarie2blin

Brent, Van Erck, & Labuschagne, 2006; Phaal, Farrukh, & Probert, 2004build an exhaustive
assessment framework, the choice of indicators and evaluatweyf process of construction industry
under the context of sustainability is importéobhbuschagne, Brent, & Van Erck, 2005;¥. Zhao,

Zhao, Davidson, & Zuo, 2012 (Presley & Meade, 2010 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 lacge application of RAC due to the
sustainability of the technique and the guidance for assessingdtanability of RAC and still exits.

To fill the gap and develop a robust indicator framework for RAC, the debesiad and issdgased
combining Vmodel approaches are adopted and will be translated to assessment method validated in
realpractic€M. Pan, Linner, Pan, Cheng, & Bock, 2018a)

As the RAC is one importatéchnigue that appertain under innovative building technologies (IBTs),
the first conceptual model of @volution of IBTs is built which is verified by robotic construction
which provides a method of understanding technology theore{i¢alfang, Pan, & Pan, 2019The
productivity of digital fabrication of using robaotics is verified to be higher than conventional manual
work espeially in complex structure analysed from time and cost two perspdcie/8sto 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, techniqueSbkiaser have been employed for the

postconstruction assessment and have been proved as an effici@nt kil Chen, Kayacan, Tiong,
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& Maruvanchery, 2015)However, the RTAGystem, includinghe geometry form generaticand
optimisation, timber structural and connections design, robot system setup, need to coordinate every
aspect. IfKumar et al., 2017)the protype of noistandard concrete fabricated by the RAC has been
applied in real project after assessing the structural performance, but the assessment framework is not
explicitly built. Asthe assessment for the RAC is not mature now, the principles of choosing indicators

and themethodof evaluating the whole system still needs more deeper and detsibstch.
2.5 Conclusion

From conventional Euclidean design method to more and romeplicated architectural geometry
design methods, the research and practises of rationalisation and construction for thstaadavd

shapes have been constantly updated. The review in 2.1 demonstrated there are variety of methods in
generating the molmlogy for freeform surfacand 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 procesg., generative design using Bitbdel. 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
method to transfer thesaleas into architectural geometry generationtartdrn the geometric models

into real structures are becoming a current research holpetcases from academia and industry
indicate the material genteaveposed impact on the design methodésr tensilefilm, with material
properties likegood tenacity, high tensile strength, not easy to be torn, over 400% duttaitgesign
methods for membrane structureed to consider morphology characters like fspgn and variation

in curvature. In this resedrctimber 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 of6ite prefabrication and ofsite assembly tasksthe main structure
components would be set as planar panels and linear To finish a freeform structure made with
planar or linear engineering timber products, the selection and adaption for appropriate design methods

needs identification.

The stateof-the-art review on timber as building materials introduce the development from forest
product s into industrial products wi and mdra gher
international and national standards on application of timber produstiilséng materials provide
guidance on how and where to use timber in a structirese documents have given impetus to an
increasing number of applications and research into-finee timber structuresWhat are the
appropriatemethods to design faceform timber struct&? How to preabricate the timber structural
components for the structure with high productivity to promote mass production fstaratard timber
structure? These questions would need further exploration and would be discuszdoitowing

chapters.

Robotic techniquenamely,robot arm with different tools mounted on the @sitbctor has been
gradually applied in academiespecially in architecture fielth test the applicabilitand feasibility of

this techniqueThe cases and relategsearchdiscussed in 2.3 illustrate the normal workflow for the
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robotic application: multdiscipline design, tool development from automation control, fabrication or
construction simulation, path planning and finahstruction.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 the contrary, the hysteresisadopting the

indudrial 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 timdor the cases applying robotic is quite long including collaboration
on design, establish the working space, set up the equipment and @batation. On the
contrary, efficiencymatters in mass production.

(3) Reusability: The took 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 flexilvitityév
similar cases is not enough, then it is not-@dfctive, 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 precisionare 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.

I n view of the above short c aadiscussed int2i3.8he fesearenr at ur e
content for @ Robot gudanoeograjeotaryphrenisg, motiom €oatland spatall

position calculation. Thesknowledge work as supplement for the present studies on architectural
robotic applicabn. 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, tfi@emcy 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 frammgk for this technique in construction is within the sustainability

context where HAtechnol ogy opropodionin ¢h& wholg frameverkWhetheri g ht a
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 n€kedddzeform

structure and robotic automation constructize two separate systems. The way to connect them is to
takecomputation design tools and information digitalisation to achieve the information transformation.
When a design plan is to be determirnieduding appropriate design methostandard and modiar

structure components, and material product forms, different stakeholders would have different
preferences.t is necessary to investigate how to assist decisiakers in selecting different
combination plans to meet their own expectations and prefsen

Following all the discussion and summary for the stéditthe-art review for four main research parts,

the hypotheses -2 can be tested followinghe connection between the Robotic Automation
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Construction (RAC) System and Freeform Timber Structur&jHltstrated inFigure2.15. 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 rationalityaterial and structural
performance.

Robotic

Automation
Construction

Charasteristics Deficiency

\ v \ 4 \ l
Digitalisation Real-time Complex task Low Eow Acclra Lack of
environment feedback operation Buildability 2 Rationality

Solution /

Figure2.15 Connection between RAC and FTS

<
<

I n more details, the four mai tnethreae marcparis of Feeform f

timber structure design namely morphology design, mesh generation and mesh optinii$egion.

requirements for the freeform timber structure are 8irat stiffness, rationality of structure and

i Ro

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
technigue in cortauction can meet the requirements of freeform timber structure througéffetor

operation, tool path planning and motion contsglachieving the industrialisation, automaticity and
standardisation requirements.
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Figure2.16 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, thd-R8Gystem is proposed

in this chapterwith the goal of establishing a framework to couple the RAC technique into FTS
application. Br robotic automationconstructionsystemfor freeform timber, the rationality of the
geometrygenerationand optimisation,robust structuredesign, digitalisaton of the timber material,

robotic automationsystemdesign,andthe assessmerfor every aspectare the essentiapartsof the
theoreticalframeworkof roboticautomationconstructiorfor freeformtimber 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 qisltipline system and to propose design and
optimization principles for this system. Thesim strategies and methodologies presented in this
chapter serve as the foundation for the subsequent chapteesRAGFTS system assessment
framework is being built, which includes the method of extracting information, assessing methodology,
and standal assessment criteria that will be used for RRIS system decision makinghe 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-RP& This system is built using a digital
model and data transformation platform and is based on robotic automation construtticeefmmm

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 aahjdttive optimisation

problem in order to connect the var®objectives of different research fields.
3.1.1multi-objectiveoptimisationproblem

Optimisationtheory is a discipline developedfrom mathematicswhoseresearchis concernedwith
determiningheoptimalsolutionamongmanyfeasiblesolutions.In engineeringmanyproblemsconsist
of conflicting and influential multi-objectives.In solving various engineeringproblems, multiple
objectivesareneededo reachthe optimumasmuchaspossibleatthe sametime, i.e., thereexistsmore
thanoneoptimisationobjectivethatneedgo bedealtwith simultaneouslyandsuchproblemsaremulti-
objectiveoptimisationproblems.Theresearchopic is a robotic fabricatedfreeformtimber structure a
complex systemengineeringproblem involving multiple disciplines, including material, structure,

designfabrication,andconstructionTheseproblemsareintertwined,andthedisciplinesareinterrelated,
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bringing newdifficulties to designanddecisionmakingin the conceptuatlesignphaseBy introducing
multi-objectiveoptimisationtechniquesthe aim is to effectively assistin the operationof the design

andthefinal decisionmaking.MOO problemconsistsf the following maincomponents.

(1) Optimisationobjectives:The objectivesof multi-objectiveoptimisationin the field of architecture
areoftenthebuilding performancéndicators,mainly the building environmenperformancéndicators,
such as building energy performanceindicators, lighting performanceindicators, thermal comfort
performancendicators,etc. Theseperformanceandicatorsarecloselyrelatedto the designparameters

of thebuilding environmentspacematerial,andequipmenbperation.

(2) Designvariables:Among all the designparametershat makeup the architecturaldesignsolution,
some are set as constantsin the multi-objective optimisation processaccordingto the specific
optimisationproblem.Other parameterare setto variablesthat control the direction of the program

adjustmentandthesevariableparameterarecalledoptimisationvariables.

(3) Constraints:Architectural multi-objective optimisation must enable program performanceand
ensurehefeasibility of the designparametersindmeetthe actualdesigntaskof designconditionsand
objectivelaw constraints. The constraintsdeterminethe rangeof valuesfor the architecturaldesign

parameterg,e., the optimalmulti-objectivedesignproblemdomain.

(4) Objective function: The objective function refers to the mapping relationship between the
architecturaldesignvariablesand the optimisation objectives.The MOO algorithm can searchfor
feasibledesignparameterg¢feasiblesolution)with a betterperformancenbjectivein thedesigndomain

basedon the evaluationof the objectivefunction.
Themathematicaéxpressiorof MOO is asfollows:

Variables & w8 Fio M8 o

" e 0 QR QORQ RS AQ G
Objectivefunctionst "G&Y w @ & pRf8

Mo 1h'Q phghB

st Qo mhQ pkM hQ
€ N 0 Q& Q% Pies o
For the multi-objectiveoptimisationproblemMOO (multi-objectiveoptimisation),thereis usuallyno
solution 5 ¥ ‘O to minimise all the objectiveSQ®mH @ phd simultaneously.This is the main
differencebetweenMOO problemsand single-objective optimisationproblems,i.e., the definition of
the optimal solutionis different. To makemultiple objectivesasoptimalaspossiblein a givendomain
at the sametime, the solutionof multi-objectiveoptimisationis usuallya setof equilibrium solutions,

i.e.,asetof optimalsolutionsconsistingof manyoptimalsolutions,andeachelemenif thesetis called

a Paretooptimalsolution(POS)( D' CRUZ, RADFORD, & GEROpi.L982017%FNg
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POSis definedasfollows.

Supposings N O, if thereisno®N O, satisfiesQwm  "Qds . Thatis, thefollowing conditionsdo not
hold:

Mo Q¢ handfiQem Qo A phd

Thend is theeffective solutionfor the MOO problem.Themeaningis if & is Paretooptimal solution
thenthereis no suchw™ ‘O thateachobjectivevalueof "Qw is no worsethanthe objectivevalueof

"Qas . At leastoneobjectiveof "Qa is betterthanthe correspondingbijectivevalueof "Qas . Thatis,

o3 is thebestandno additionalimprovementanbe madein.
3.1.2MOO workflow for RAC-FTS

The architecturalMOO processgenerally includes three subprocessesidentifying optimisation
problems, constructing performanceobjective evaluation models, and operating multi-objective
optimisation(Figure3.1). In the optimisationproblemidentificationstagejt is necessaryo determine
the objectives,designparametersindconstraintsaaccordingto the designrequirementandtasks.They
establishthe reflectionrelationshipbetweenthe building designparameterandthe optimisationtarget
in the modelconstructionstage.The modelcancalculatethe correspondingptimal solutionbasedon
theknownvaluesof optimisationparameterdn thesearclphasethe performancebjectiveevaluation
modelis coupledwith the algorithm The optimisationalgorithmwill automaticallysearchfor better
solutionsin the designdomainbasedon the performanceevaluationresultsuntil the pre-setnumberof
iterations or the termination condition is reached.The solution set will convergegenerationby

generationFinally, thenondominatedsolutionsetis obtained.
Thesystematidesignprocesdor multi-objectiveoptimisationof theRAC-FTSis developedsfollows

(1) Identify designrequirementanddeterminehe partsto considerin thedesignsystem.

(2) Determinethe objectivesaccordingto characteristicof different design parts and set suitable
guantifiableobjectivefunctions.

(3) Selectoptimalvariablesrelatedto the objectivefunction.

(4) Setreasonableonstraintfunctionsbasedon progmamrequirementandvariables.

(5) Select suitable optimisation methods for optimisation calculations based on optimisation
characteristics.

(6) Calculatepracticaloptimisationresults.

(7) Selectappropriataesultsin the optimisationschemeasthe designresultof thescheme.

The optimisation objectives of current research on architecture using MOO methods mainly focus on
building performandg¢iamby, 1994; Radfar & Gero, 1980)for sustainability, such as thermal
insulation and energy efficiend§D. Liu, Wang, & Liu, 2017) lighting, and ventilationArens &
Williams, 1977)
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Figure3.1 Information transformation in MOO for RAETS

In this researchaiming at the robotic fabricatedfreeformtimber structure puilding performances not
asimportantas morphologyrationality, structuralstability, fabricationefficiency and standardisation

level of structuralcomponents.
3.1.3Dynamic robotieoriented workflow

The combination of MOP allows for effective targetgatimisationof 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 desigrshsvn inFigure3.2, the preliminary design

is carried out under the combined effect of fabrication and structure. Based on the design and preliminary
optimisationresults, the structure and fabrication contents are completed, and the information between
structure and fabrication is effectively exchanged and optimizedoptimaisationresults are fed back

to the design section which is evaluated to deitee whether to operate furtheptimisation The
information is transferred between design, fabrication, and structure so that the different parts interact

dynamically and efficiently.
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Figure3.2 Dynamic loop within the workflow

After determining the loop within the workflow to achieve the dynamic information interaction, the
roboticoriented design model is integrated with MOP model, shovigase3.3. The model in figure
means the dynamic MOP model under the theories fromgligttipline and taking the constraints of
RAC into consideration

Non-robotic oriented MOP

@ - (2)

Non-dynamic MOP » Dynamic MOP

R e

v
Robotic oriented MOP

Figure3.3 Multi-objective robotic oriented model

Together with the dynamic information loop and the robotiented MOP, the comprehensive
workflow is shown inFigure 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 datal information interchange.
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The RAGFTS system, which is based on the dynamic raldjective model, means that the freeform
timber structure is oriented by robotic automation construction while taking into account the
characteristics (numerical contrahd 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 +objéctive optimsation and
evaluation via the digital and numerical model. The system is dynamic, which means that the process of
designoptimisatiorassessment can continue until the overall performance meets the requirements of
the decisiormakers.

Ongmal plan
Dynamic Loop

. *
! v
Optimisation Optimisation Optimisation Optimisation
abjective varables constramts process
Optimisation System
[[ Criteria ][ Indicator J[ Tramework ]

‘[ Criteria } [ Weights ] [ Alternatives }
v

Assessment System

]

.. . 1
Decision-making System
.

Conditions

Final plan

Figure3.4 Workflow of dynamic MOO for RACGFTS

3.2Non-linear interaction betweenmultiple indicators of the RAC-FTS g/stem

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 influencirtgrfat 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 summarideidtime 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 requireraefur 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 t(feiguie3.6). Most
freeform structures are used for roofing or-selpporting independent structures with ample use space.

Therefore, the performance elements such as heat insulation and ventilation, light and shade, ecological
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energy saving, etc., which impact the structur al
and details. Structural performance refers to the mechanical properties of the structural badis whi

the most fundamental and direct factor affecting freeform spatial lattice structures. Different structural

mor phol ogy, materials, and node design will i mpa
the structure's rationalityF{gure 3.6). In many examples of spatial mesh design using numerical
techniques for deformed freeform surfaces, thenpeehanical calculation and optimisation of the

structuralform is the main task. In addition, the efficiency of the material is also an important aspect to

53



be considered. New lightweight materials will stimulate new structural forms and mesh texigues (
3.6). If taken robotic automation technique as another complex system to make up tHeTSADe

indicators of this system are classified as follows:

(1) Geometric design: The design in this system refers tgeheration 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 sbsequent morphological optimisation and provides variables for optimisation.

(2) Structure: The freeform surface can be used as a roof structure to beaightfand loads such as

rain and snow or as a salfipporting independent structure that needsattdle selweight 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 inelved in the overall "desigfabricatiorrconstruction” optimal process, based on their
physical and material properties, as a significant factor influencing the whole process.

(4) FabricationRobotic arm construction includes a range of intelligent construtgichnologies 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 technologgn be applied to the rapid and accurate production of

many standardised or natandard.
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 thierbuegkof

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 ra@ibanalysis, explanation, and connection between the
two elements of material and structure through the language of geometry using mechanical
relationshipsand patterns of the construction organisation. The new materials and structural forms that

have emeged 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, footeracteristics, 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, ithg tmaitdrials

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 pathsdamethods. Therefore, the design of structural components and
detailing nodes needs to meet mechanicsd needs

transmission paths according to scientific principles.
54
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Design and Structure

The role of freform 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 buildingecanitied 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 meels 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 [@iageshould 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 Igic 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

Constructioraware design strategy coordinates structural propertiegrialacharacteristics, 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 contrgkkin 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 tegyntad robotic construction,

digital construction tools give more possibilities to build Hiaear structural forms. On the one hand,
digital construction is a tool for the final translation of digital information into physical reality, which is
the lasistage that nosstandardised, nelinear structural forms can achieve. On the other hand, the depth
of humancomputer interaction and other technologies has prompted architects to be more proactive in
delving into innovative applications of traditional stiural materials and to develop new structural
materials for the realisation of higierformance 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 theffectbr in the task of

fabrication and construction. The robotic arm platform briogether design, construction, and motion

control such as material cutting speed and&fifiector operation speed, which are closely related to the
material's physical properties and how it is built or processed. Thefifoding of the material under

themani pul ation of the robotic arm is a calcul at/|

physical properties. It is reflected in the robotic arm processing during the construction process. In the
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traditional desi gn pr @roperses are only aefleatel tire the sirdiciiral p hy ¢

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 traditidesign 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 t
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 phgkiodicators. 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 .nVaidritthe
application of RAC, construction materials from traditional materials to +dinftensional 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 architecturardesign
construction, such as space, form and function. The process of -iedlidiimainly demonstrates the
integration of design and construction information. The information related to design and construction

is continuously integrated into the building og@n 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 (corrgidint degjn)

related software, the geometry designed does not have architectural details and does not reflect the actual
object. For exampl e, in Rhino software, most gec
polysurfaces and are singdeled, without liickness. Therefore, the corresponding geometric
relationships change once the thickness of a sisigled object in the model is given. Therefore, to
perform accurate robotic fabrication without changing the original geometry design, architectural

informaion needs to be considered together with the geometry.
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For example,n the BIM softwareplatform, the self-containedBIM informationtechnologytools can
translatethe structuralcomponentsnto Excel files containingcomprehensivénformation aboutthe
featuresandthenpasshemto the machiningplatformfor processingandmanufacturingSimilarly, the
smoothNURBS surfacein the Rhino modelis not fully realiseddueto the materialpropertiesof the
actualbuilding material. Therefore,in solid construction discretecontinuousplanesneedto be used
instead. Therefore geometricanalysisgeometricreconstructiorandgeometricoptimisationstrategies
arerequiredin this processAlso, the materialpropertieof the structureandthe materialwill affectthe
resultsof the optimisationanalysis.In the specificrobotic fabricationandconstructiontasks,complete
andaccurategeometridnformationis requiredin othernumericalcontrolmachiningprocessedn this
processthe parameter®f the geometricelementso be machinedandthe relationshipbetweeneach
geometrigpieceareimportantin convertingCAD informationto CAM. Whenfacingcomplexgeometric
problemssuchas freeform structuresi,t is necessarnto usethe knowledgeof complexgeometryto
reasonablylivide andoptimisethe surfacepanels.Theworking conditionsin thedivision processneed
to be consideredn the robot arm'sworking spacerange.Thus, the type of panelsand the gapsand
spacingbetweenpanelscan be reducedwhile ensuringthe integrity of the surface.Thesebasicpanel

unitsneedto benumberedandtheir compositeconstructiorogic andassemblyrinciplesareprovided.
3.3Multi -objective designand optimisation principles oriented by robotic automation

In the procesf designoptimisation the overall optimisationis in line with thefollowing principles.
3.3.1StandardisatioandModularisation

The principle of standardisationrefers to maximising the homogeneity of componentsat the
constructiororiented level, improving the standardisationand modularity of components,and
simplifying theprocessingrocesso improveprocessingfficiency. Therearemanydifferentsizesand
typesof componentén freeformspatiallattice structuresin sustainablelevelopmentdiversepartsare
not conduciveto repetitive machiningof robotic arms, which reducesthe machining efficiency of
robotic arms and leads to energy waste. Therefore,in the optimisation process,a fundamental
optimisationprinciple is to achievestandardisatio@nd modularisatiorof the componentgo improve
theefficiency of roboticfabricationandmoreconvenienfor numberingandmanagemenilhe concept
of modularityis derivedfrom modulesandmodulus A modulein this sectionrefersto asubsystemvith
similarity on a structurallyconsistenbasisthat containsa multi-level structureof its own, ratherthan
simply referring to a basictimber unit with only materialinformation. Second the moduleis semt
autonomous meaningthat the module can be designedindependentlywith full autonomywhile

following commondesignprinciples,i.e., it is a semiautonomouslesignelement.

By combiningarchitecturadesignand constructionthe scopeof applicationof modulesis expanded,
eitheras physicalcontentof structuralandfunctionalmodulesor asvirtual contentsuchastechnical
modulesand information modules. According to the definition, modulescan be modularisedby
combining,disassemblingandassemblingModulustheoryfocuseson usingmodulesasbasicunitsto

createa variety of membercombinationghroughdesignthinking. The componentsvill be mainly in
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bars,panels,andblocksasmodulesin afreeformtimber structuregrid. The maximumstandardisation
and modularisationof componentdimensionswill be achievedthrough optimisationin a "design

fabricatiorrconstruction'perspectivavhile satisfyingthe structuralvariability of freeformsurfaces.
3.3.2Automaticity

The ideal situationfor RAC is to realisea workflow from the calibration of the robotic arm to the
generationof the toolpath and then to the fabrication and construction process,just like the
manufacturingindustry, such as vehicle manufacturing.The principle of automaticityrefersto the
maximum use of automatedprocessingtools for processingand construction, reducing human
involvementandinterventionin the automatedrocessingand constructionprocess Automaticity has
two primary levels of connotation.The first level refers mainly to the robotic fabrication and
constructiorsimulationprocessMost of the currentroboticarmsusedin constructioroftenrely onthe
manualtuning of the tool pathto avoid mechanicalproblemssuch as kinematic singularities.Such
manualinvolvementreduceghe degreeof automatiorof roboticarm processingMoreover,dueto the
diversity and variability of the processeccomponentsthe processingof componentswith the same
geometrybut different sizesrequiremanualinvolvementfor commissioningConsideringrobotic arm
applicationto large scaleconstructiontoo muchmanualinterventionwill significantly reducerobotic
arm processingand constructionautomation.The seconddimensionrefersto the percentagef the
numberof robotic fabricationtasksin the whole fabrication processlt is necessaryo considerthe
numberof endeffectorsneededandroboticarmsat this level. For examplea cutting processieedso

usearobotarmanda cutting endeffectorto avoid manualplacemenbr adjustmenof the materialto

befabricated Becauseeachtime the materialis placedmanually,thearmneedgo be calibrated which

reduceghe smoothnesandautomatiorof theautomategrocess.
3.3.3Rationalisation

The principle of rationality refersto the rationality of the geometry'smorphology,the designof the
componentsandthetool path.Therationalisatiorof the structuralmorphologyof the geometriomodel
requiresappropriatédorm-finding methodswhich canprovidea numericaldescriptionof the geometric
information. The numericalgeometricinformation extractsimportantinformation from the geometric
model, thus providing an interactive environment for subsequentmorphological adjustments.
Morphologicalrationality requiresconsideratiorof both the mechanicaperformanceof the structure
and the integrateduse of materials.While ensuringthe stability and robustnes®f the structure,the
ma t e rmechdnigapropertiesare usedrationally, andthe efficiency of the materialis maximised.
Theratiorality of the componentsneanaminimising the processindlifficulty of the componentsi.e.,
trying to designbars,flat panels andotherruled surfacesnsteadof hyperbolicsurfacesimprovingthe
degreeof standardisatioandmodularityof componentganeffectivelyreducehetypesof components
anddifferentsizesof the sametypeto improvefabricationefficiency. Rationalisingthe machiningpath
meansavoiding kinematic redundancywhile avoiding kinematic singularitiesof the robot arm and

improvingthe manipulatingefficiency of therobotarm.
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3.3.4Robustness

Therobustnesgrincipleincludesthe robustnes®f the structureat the micro-level andtherobustness
of the overall optimiseddesignprocessat the macrolevel. Therobustnes®sf the structurerefersto the
stability of the structureandtherationality of the geometrydesign.Therobustnes®sf the optimisation
processefersto thesmoothexchangandtransferof informationbetweersystemsandtheoptimisation
algorithm can effectively carry out the optimisationprocesswithin the constraintof the optimisation
objective.

3.3.5Digitalisation

Theprinciple of digitisationis the digitisationof structureandconstructiorinformation,therealisatian
of digital processeghrough digital designsoftware and platforms, and the connotationof digital
processeslhecompletadigital building designprocesshouldincludethreecomponentsdesign digital
off-site prefabricatiorandon-site construction Therewill betwo datainterfacingandinteractiontimes
in this digital process,and this data transferis the key part of the digital construction.From a
methodologicapoint of view, digital designis atargetproblenmtorienteddesignapproachmostnotably
by parametricallytranslatingthe factorsthatinfluencethe designof a solutionsothatthe problemcan
be solved. And the designergeneratesa design solution that meetsthe design requirementsby

establishingunctionalrelationshipsanditeratively adjustingthe parameters.
3.4Designstrategiesof the RAC-FTS
3.4.1Comprehensivgeometridorm evaluationmethod

In creatingthe morphologyof a freeform structure the evaluationmethodfor structural,mechanical
rationality will directly impactthe outcomeof the morphology.The objectiveof developingfreeform
structuress to obtainrobustandreasonablstructuresandhowto determinghequantitativeevaluation
of structuralrationality is animportantresearchguestion. Thisis becaus¢he mechanicaperformance
of the structureinvolves many aspects,such as static force, dynamic force, stability, and so on;
correspondingly the evaluationindicatorsfor theseaspectsdiffer from eachother. Most structural
designsare currently focusedon one factor of the design,after which other factors are testedand
adjusted Thisideais alsousedin this researchwhich usesstaticperformanceo assesshe structure's

rationality.

As for theoptimalmethodstherearetwo typesof evaluatiormethodsmulti-objectiveoptimisationand
single-objectiveoptimisation.Multi-objectiveoptimisationrefersto the simultaneou®ptimisationfor
multiple mechanicalperformanceandicators.In contrast,singleobjective optimisationoptimisesthe

primary objectivefunctionwhile alsoinvestigatingthe variationof othermechanicaproperties.

To achievetheoptimisationfor freeformstructuraimorphology threefactorsin thewholeprocesseed
consideration(1) Geometrydesignmethodand numericaldescription;(2) Evaluationof structural

rationality; (3) Morphologicaloptimisationalgorithm.
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The selectionneedsto be the scalarfor betterresultscomparisonin the optimal process. Another
problemis the dataconversionTherelationsbetweenthe geometricfreeformsurfaceandthe optimal
objectivesneedto be describedn numericalexpressionsThe geometryis visualandadjustablen the
modelling softwarefor freeformsurfacedike Rhino,andinformationneedsconversionfor numerical

optimisationin softwarelike Matlab.
3.4.2Fitted designof components

The freeform structureis a multi-componentsystemthat relies on tensionand pressureébetweenthe
componentsThroughthe vector mechanismthe decompositiorof the force can be performedon a
surfaceorin athreedimensionabrientationIn nonlineararchitecturatiesign thestructuralgrid formed
by the structuralelementdiasmorefreedom andits infinite form shapingpowercanberealisedIn the
proces®f topologyoptimisationof freeformmeshstructuresthearrangementf themesh'somponents
(bars,panels.etc.), the arrangemendf the nodes,andthe mesh'distributionareall elementghatcan
be optimised. After generatingandoptimisingthe meshingprocesdor thefreeformsurface the mesh
is endowedwith building information to becomestructuralcomponentsFitted designmethodsfor
componentsneanssatisfyingthe modulardesignprinciplesand optimisingthe componentsnto easy
and possibleto fabricateby robotic arms. Oncethe meshingstrategyhasbeendefined, designthe
specific subdivision of the components,i.e., the componentisationstrategy. The subdivision of
componentsffectsthe costof constructiornto a large extentanddirectly reflectsin the appearancef
the building. A goodcomponenstrategyis the resultof both technicalandartistic factors.Especially
for freeform buildings, the study of componentisatiorstrategyis critical becausahe manufacturing
processof curvedsurfacess very complicated.Eachpart of the freeform surfacemay be different,
makingthemanufacturingof componentserydifficult, socomponenmanufacturinghouldbereduced

asmuchaspossibleunderthe premiseof fully expressinghedesignidea.
3.4.3Highly efficienttimberfabrication

Theinterplayof roboticconstructiorandmaterialcalculationscanprovidenewform-finding logic and
algorithmsfor design. This new procesddriven designfocuseson the relationshipbetweenform-

generating constructionprocessesand materials.The materialis also consideredan influence and
driver of the morphogenesisinderthe new process.The robotic arm effectively links designand
fabricationthroughadigital model,acompletecomputationaimodel.This continuousnodelobjectively
requiresthatthe fabricationand constructiornprocessnaximisethe physicalpropertiesof the materials
andthe laws of constructionto reducemanualinterventionin the constructionprocessandachieveits

constructionefficiency. In applying materialsfrom passiveto active participationin the raw form

processAt thesametime, for differentmaterialsjt is necessaryo developanddesignprocessingools
accordingto their different materialproperties For example appropriatecutting andmilling tools are
selectedfor plate CLT materials,and appropriateforce control is performedto avoid damagingthe

material.For rawwood, theendeffort tool shouldbe usedto carry out thetaskof cuttingor cutting.
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3.4.4SmoothRoboticTrajectories

In thefabricationproces®f therobotarm,thetool pathandtheroboticmotioncontrolmethodareoften
not optimal to avoid kinematic singularities,collision, and other situations.This type of fabrication
reducesheefficiencyof therobotarm,resultingin awasteof energyandevencausingsomemechanical
damageto the arm. Therefore,basedon "desigrroptimisationmachiningbuild”, after completingthe
designof component®f freeformstructure consideringhe fabricationmethod(like cutting, drilling),
the generatedool pathandthe control methodfor the robotarm needto be optimisedto shortenthe
movementime, to avoid collision betweenthe end-effectorand the materialor othersurroundingsn
theworking spaceandto reduceenergyloss. The materialcanbe protectedoy reasonabléorce control

of theend-effector.
3.5 Synergeticmethodologyfor RAC-FTS system
3.5.1Digital designmethod

Numerical models include geometric models, optimisation models, structural models, fabrication
models etc. The studyof the structuraimorphologyof freeformsurfacesimsto achieveunity between
geometricforms' diversity and structural expression'sationality. To this is addedthe accuracyof
processin@ndconstructiorof roboticarms.Currently,computeigraphicgechnologyis themainmeans
of creating freeform forms. Structural optimisation methods predicatedon numerical calculation
techniqueseffectively achievestructuralrationalisationfor freeformsurfacesDue to the diversity of
freeformsurfacegeneratio methodsaunified mathematicatlescriptiorof freeformsurfacess required
to establishmorphologycreationmethodsapplicableto differentsurfacestructureswhich providesthe
entry conditionsfor freeform structuralmorphology creation. Geometricmodelling is the basisfor
creatingthe morphologyof freeform structuresand providesthe optimisationvariablesfor freeform
surfacamnorphology.Thechoiceof geometrionodellingmethodneeddo expreswarioussurfaceshapes
and can be expressedn a unified mathematicaform with fewer control variablesto improve the
computationalefficiency of morphology optimisation. Also, consideringthe commonly used CAD
software thegeometrianodellingmethodshouldbe easyto coordinatewith its modellingmethod thus
facilitating the portability andexpansiorof this geometriomodellingmethod.

3.5.2Digital designprocess

Traditionaldesignmethodsdo not balancethe designandconstructionof complexfreeformstructures
thatincludemultiple influencingfactors.The digital platform, supportedby computertechnology can
improve the efficiency and accuracyof designrbuild collaborationthrough a multidisciplinary and
coordinatedligital platform. Digital freeform"desigrroptimisationfabricatiorrbuild” is differentfrom
thetraditionaldesignapproacha unidirectionallinearrelationshipbetweerarchitecturestructure and
processingThe digital designapproachis a collaborativeconsideratiorand designof all aspectof

informationthrougha digital designplatform,enablingreattime informationinteraction.
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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 @tingedata

and information flow, which makes muktystem construction possible. The parametric, integrated,
standardised, and full lifecycle support features of the BIM platform provide important support for
building design and construction integratiormndplex 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.
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Figure 3.7 Computational digital design system

Digital constructionin architecturas alsonotonly for theconstructiorphasebut alsocoversthewhole
procesdrom the initial conceptuatesignof a projectto the final successfuimplementationAmong
them,the establishmenof a building informationmodelis thekey. As the building informationmodel
integratesall the informationin building designand construction,t providesinformation supportfor
thedigital structurelater. Oneof the main problemsthat needto be solvedfor RAC andFTSto form a
soundsystemis the problemof datacoordinationBIM platformscaneffectively solvethe problemof
datacoordinationbetweenvirtual constructionand physicalconstruction.lt hasa robustinformation
classificationmanagemenfunction andcandirectly interfacewith the manufacturingside.It cansolve

thedatacoordinationproblemfrom digital virtual constructionto factory prefabrication.
3.5.4Digital softwareenvironment

The architecturahigh-dimensionamulti-objectiveoptimisationplatformis basedon the architectural
high-dimensionamulti-objectiveoptimisationprocessnentionedabove with the architectasthe main
user.Otherprofessionalsanuseit, suchasmaterials structurestoboticarmautomationetc. TheRAC-
FTS systemin this researchs designedo providea platformfor building informationoptimisationin

respons¢o themultidisciplinaryconceptuatiesignphaseandtheneedo optimisebuilding performance.
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The applicationof the BIM softwaresystemallows for efficient and intuitive control of the design
procesandtheresultsgeneratedn its form while alsoprovidingmoreaccuraténformationfor digital

constructionFigure3.8). TheBIM platformis athreedimensionaVisualisationplatformthatcanmeet
all aspectsf the expressiorof the building form and can also carry out specific parametricdesign
through its parameterisationfunction. However, different parametric software or programming

environment@areneededo achieveoverall complexdesignandconstructioron the BIM platform.

BIM can be utilised as the base software environment,making full use of the coordinationand
adaptabilityof othersoftwarewith BIM, coordinating,andinterfacingthe dataof RAC andFTS, and
effectively taking advantageof eachsoftware.The platform takesBuilding Information Model as a
multi-softwarecarrier integratesvariousfunctionaltypesof softwareincludingnumericaprogramming,
building modelling, building performancesimulation,tool path generationrobotic arm optimisation,
etc. and suitableinterfacesor easyto-developAPIs to completethe modulardesignof eachprogram
undertheplatform,makingthevenueconvenienfor multidisciplinarycrossoverdatatransferanddata
protection,easyoperation,andrealisationof a high-dimensionamulti-objectiveoptimisationprocess.
The standardapproachn architecturdas to combinethe designand optimisationplatform by choosing
Rhino+ Grasshoppeparametrianodellingenvironmentwhichis a convenientindefficient modelling
environmentand the existenceof many rich optimisation plug-ins basedon those applicableto
GrasshoppeiThe parametrianodellingapproachprovidesdynamiccontroloverthebuilding geometry
and componentinformation in the architecturaldesignphase,allowing designergo quickly change
designparametersand evaluatethe adjustedsolution, resultingin a rich solution design.Revit and
Fushion360areusedto simulatemachiningandgeneratereliminarymachiningmethodsandpathsand
visualisethe machiningprocessn aroboticarm simulationenvironmensuchasKUKA|prc. Thearm's
poseparameterareimportedinto Matlabfor motioncontroloptimisation,andtheoptimisedmachining

pathinformationis finally importedinto arobotarmlanguageadaptedsoftware(e.g.,RoboDK).
3.6 Assessmenaind decisionmaking systemof RAC-FTS

Multi-objective optimisation algorithms produce a seriagiimisation 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-tigattile

optimisaton system, and an effective decision system can be developed.
3.6.1Assessmenramework and methodology

A reasonable evaluation of optimisation results is required before the dewiglang process is carried

out. Optimisation evaluation for higiimensional multiobjective requires establishing a suitable index
framework, selecting indicators, determiningdicators, 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 framevgoestablished to cover the whole
process of RACFTS 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 neeadshave 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 shauld have a corresponding affiliation relationship.
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Figure3.8 Software for data transformation

(3) Operability principle: Consideringhatthe evaluationsystemneedgo be calculatedjt is necessary
to obtainsufficientdata(qualitativeor quantitative)for eachindicatorsystemto ensurethe evaluation
system'sperabilitywhenconstructingheindicatorsystemat eachlevel.

(4) Practicality principle: The evaluationsystemshould focus on the currentdevelopmentstatusof
roboticarm processingandconstructioninking theorywith practicesothatthe evaluationsystemcan
objectively evaluateRAC- FTS from various aspectsthus providing an essentialreferencefor the

applicationof roboticarm in large- scaleconstruction.

In establishingthe index framework, it is necessaryo selectthe evaluationtargetlayer (A) andthe
criterion layer (B) of the evaluationsystem.The targetevaluationlayer is the evaluationsystemof
designoptimisationprocessingpuild for RAC-FTS. Startingfrom the segmentatiorof the whole life
cycle of the building, the industrialisationprocessof the building is divided into a criterion layer (B).
At the sametime, to fit the characteristic®f industrialisationandthe digital informationtransferthat
shouldbeavailablein thedigital processtheefficiency of informationflow transfemeeddso beadded.
Becausehe systemcoversmanydisciplinesandtherelationshipis complexandinvolvesmanyfactors,
this evaluationframeworkmainly hopeso lay thefoundationfor the subsequerindexlayer(C) setting

througha clearandexplicit division. After the evaluationindexesaredetermineda suitableevaluation
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methodis selectedfor reasonablesvaluationby combining internationalevaluationstandardsas a

referenceandbasis(Figure3.9).
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3.6.2Decisionmaking SupportSystem

The nondominatedsolution obtainedfrom the high-dimensionalmulti-objective optimisationof the
building is theobjectof decisionanalysisn the study,which consistf two partsof data:optimisation
objectivesandoptimalparameteraviost of the existingstudiesanalyseonly their building optimisation
informationobjectivesandignorethecharacteristicsf building desgn parametersvthencomparinghe
decisionamongnontdominatedsolutions.This is mainly becausenostbuilding multi-objectivestudies
focuson the degreeof improvemenwof building performancebjectives.For this study,the four main
componentsf designmaterial,structureandprocessingrecoveredmulti-attributedecisionproblems.
Two centralissuesneedto be solved for the multi-attribute decision problemin this study: 1) to
determinethe attributevaluesof the solutionwith the optimisationobjectivein the orientation;2) to
determinethe attributesandthe correspondingveightsand combinethemwith the attributevaluesof
the solutionto obtainthe comprehensivealue of the solution.And the decisionsupportsystemneeds

to havethefollowing functions.

(1) Collatingandmakingavailablethe variousdataof the systempromptly relatedto decisionmaking
issues.

(2) Collect, store and promptly makea variety of dataoutsidethe systemrelevantto this decision
problem.

(3) Collect,manageandprovidefeedbackon implementingvariousdecisionmakingprograms.

(4) Ability to storein someway andmanagevariousmathematicaimodelsrelatedto decisionmaking.
(5) Ability to storeandprovidecommonmathematicalpptimisationandoperdionsresearchmethods.
(6) The abovedata,model, andmethodmanagemenshouldbe easyto modify andadd.For example,
the changeof dataschemathe connectionor modification of models,the modification of various
methods.

(7) Ability to flexibly apply modelsand methodsto processaggregateanalyseand forecastdatato

producetherequiredcomprehensivandpredictiveinformation.
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(8) Provide good data communicationfunction to collect and processdatain reattime as much as

possibleto sendto users.
3.7 Conclusion

This chapter introduces the RARTS system, which is defined as a dynamic and robiective
optimisation system for fabrication tasks that includes freeform design morphology, structure
performance, mesh generation atimisation, robotic simulation, and motion control optimisation.
The RAGFTS 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 robjgctiveoptimisation A general introduction

to the multiobjective optimisationproblemis presented, and a mutibjective optimisationprocess

based on RAEGTS, which is the focus of thishapter is proposed. Combined with the dynamic
feedback mechanism, a complete workflow includidpgimisation evaluation, and decisiemaking is
constucted in this paper. By summarizing the complex indicators of the-RR® system and the
complex nonlinear relationships between different indicators, standardisation, automaticity, robustness
and digitalare proposedsthe principles The design strateggligitalisation 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 introducéde following chapters working on freeform
morphology design, strtiral performance optimisation, mesh optimisation and robotic optimisation

would follow the principles as the optimisation objectives.
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Chapter 4

Robotic Timber Fabrication-CaseStudy

Thereare already aangeof robotic timber fabrication cases by usitifferent tools (cutting, milling,

drilling, and sewingetc,)introduced in Chapter Zowever, in these cases, the robot is used as a tool

to process nosstandard forms. However, several aspects of robotics, such as dynamics, motion control,
and trajectoy 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 studiesbétic arm's actual machining is to

move between planned points to complete a specified job, and this basitogmiirit movement is
distinguished between straight lines and curves. This chapter focuses on how to connect a 3D design

model with pointo-point control of a robotic arm.

To haveabetterunderstanding@f the procesof RoboticAutomationtechniqueappliedin construction,
the commonapplicationsof robotarmsneeddetailedexploration,from the specificoperationof the
robotarmsto macrclevel of the RoboticAutomationConstructiorsystem(RAC). This meango give
clear connections between the workflow organization, software platform, management,tool
developmentnumbersof the robots,to the exactordersthe endeffectorsare given, which is from a
macrolevelto micro one.Onefour-axisandsix-axisrobotareassembledo havethefirst impressiorof
howtherobotarmmoves how arethey controlledandhow arethey differentfrom theindustrialrobot.
After thatonecaseof the applicationof theindustrialrobotis introducedto give anoverallimpression
for everyaspecheeddo beconsideredo finish oneroboticfabricationtechniqueThe roadmap for this

chapter is shown iRigure4.1.
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4.1Robotarm and industrial robot
4.1.1Sel-assemblyrobotandcontrolsystem

The4-axisand6-axisrobotarmsareassembledy links andbolts, motivatedby the motorsshownin
Figure4.2. Themostimportantpartis to controlthe manipulator Arduino boardis widely appliedto
controlthe simplerobotfor its capabilityof creatingdeviceactuatorghatusesensorgo interactwith
theenvironmenthroughadifferentprogramminganguageArduino alsohasAPIs for different
softwale environmentdike Matlab, processindor Arduino providesanintegrateddevelopment
environmen{(IDE) platformwritten in Javafor Windows,macOS andLinux. The programming
languageusedin Arduino IDE is like C andC++ andprovidesa softwarelibrary containingcommon
input/outputfunctions.

'. o sketch_sep23b | Arduine 1.8.16
Q0 BEE

ion;pos2<=135;pos2+=1) {

Figure4.2Thelayoutof Arduino IDE Figure4.3 Oneexampleof Arduino program

Thereareseverabasiccomponentandsuppliesareneededo operateaherobotarm: 1) Arduinoboard,

2) breadboard3) jumperwires, 4) resistor,5) LED, and6) servomotorsshownin Figure4.3. Arduino
andthe robot arm are connectedhroughthe wires betweenthe motorson robotarm to the equipped
digital and analogyinput/output(l/O) pins on the Arduino boardthroughthe breadboardshownin
Figure4.4. The Arduino pins are labelled with different numbers to facilitate the identification of input

signals for various motors.

0 Theredwire of theservois the positivesupply,andis connectedo the5V if the Arduino
0 Thebrownwire is the negativesupplyandshouldbe connectedo thegroundline.
0 Theorangewire is thecontrolline andshouldbeconnectedo aPWM enabled/O pin ontheArduino

board,in this examplepin 9.
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Figure4.4 Essentiakits for operatingtherobot

Eachservomotorhasthreewireswhich thered oneconnectdo the positiveelectrodethe black oneto
thenegativeelectrodeandtheyellow oneis the signalwire. The yellow signaloneis connectedo the
digital interfaceon the Arduino boardshownin Figure4.5.

Figure4.5 Controlthe servomotothroughArduino

Therearetwo selfassembledobotsbeingusedfor practicalteststo havea betterunderstandingf the
mechanisnof controlandmovemenbf robotarm. Thetwo self-assembledobotare4-DOF (degreeof
freedom)and 6-DOF respectively(Figure 4.6-Figure4.7). The robotarmis controlledmanuallyand

automaticallytakingtheled asthe operatingsignal.

Figure4.8 shows the simple manipulation system of tAe@F robot arm. The robot is controlled by

the programs in Arduino IDE through the Arduino UNGalebthrough 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 LEDson the breadboard give instructions of the receiving the operating signal. The real connection

is shown inFigure4.9 and the program is the one showrFigure4.3.
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Figure4.7 A six-axisrobotarm
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Figure4.9 Simpleconnectiorof the controlboardand4-DOF robotarm
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4.1.2Examplesandquestions

Oneexampleof controllingtherobotis shownin Figure4.10. This examples to operateherobotarm

moving aroundby pressinghe buttons.

servo motor

Figure4.10 Schematiof the Arduino boardto controltherobotby buttons

In this test,onething canbe observedobviouslyis that the robot movesone axis by oneratherthan
different axesmoving together.This is becausehe control is oneway control ratherthan parallel
control.So,theaxisactsaccordingo theinstructionsn theprogrammindine by line. Thisis onemain
differencefrom theindustrialrobot.Industrialrobotis muchmoredevelopedvhichis acomprehensive
technologicalsystemthat integratesmechanics glectronics,automaticcontrol, computers artificial
intelligence andothermufti-disciplinaryfields. Roboticsstudieshowto usemachinery sensorsgrives,
and computersto achievecertainaspectsof humanfunctionswhich is the supportingtechnological
theory for industrial robot. Obviously, this is a toughtask,andit mustuseresearchdeasin various
"traditional” fields to achieve'non-traditional” objectives.Therearemanydifferenttypesof robotarm
(cartesiamobot, SCARA, delta,etc.,)in differentbrandsn varioussize,weight,anddegreeof-freedom

(DOF). Themostusedindustrialrobotarmsarefrom KUKA, ABB andUniversal.

Anotherquestiorfoundwhenoperatingherobotis thattheendof therobotarmcannotmovein straight
lineswithoutmanualcontrol,insteadn circularways(Figure4.11). In Figure4.11, the three lines shows
two reference points on the cylinder, and theleim yellow shows the position of the eaflector.As

the distance between the reference points of thee#fadtor changes, so does the distance between the
end-effector and the cylindeFour movements present the egftector moves along theylinder but

not in the straight linen the cylinderOne 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) Movementl (b) Movement2 (c) Movement3 (d) Movement4
Figure4.11 Circularmovemenbf singlejoint movement

Apart from the reasonfor that the joints of the robotd o nnifbte simultaneousthe articulatedjoint

operatesircular motionswith the point of articulationasthe centreof the circle. In moredetails,the
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links of therobotcanbe simplified asthe linesshownin Figure4.12. Two armsin lengthd and0 are
connectedy thearticulatedoint, thentheendpositionof thistwo-dimensionabrm ¢fw is determined
by theangles— and—, aswell asby thelengthof thesetwo arms.Theendof link 0 moveswithin the

-~

range) 0s W ® 0 0 ,shownin Figure4.13,

Figure4.12 Simplified two-link modelshownin two- ] )
di ] Figure4.13 Reachablespaceof the two-link robot
imension

The coordinateof theendpoint ofto canbederived:

— W — (4.2)
w 00éi— 0i Q& — 4.2)
® i Qe DwE— — 4.3)

Basedontheequatiord4.1-4.3,the movemenof two-link robotarmin two-dimensioncanbe
simulated Figure4.15 showsonepositionof thetwo-link robotarmduringthe simulationin

ProcessindDE while thetwo links canmovesimultaneously.
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Figure4.14 o-xy Coordinatefor therobotarm

If expand the 2D model into 3D model, the coordinatey turns into cfuit , shown inFigure4.16.
The same as Eq. (4.4%.3):

Then, based on thalue ofw , find the values ofd and®.
® wi Qe (4.6)

O OOE 4.7)



two_link_ | Processing 3.3.6 a two_link_

Figure4.15 Two-link modelbuilt in processing

Accordingto the Eq. (4.4)to (4.7),to controlthe assembledobotto movefrom onedesignategboint
to anotherpointin threedimensionspace precisecoordinate®f the positionsneedto be determined
by accuratecomputation.Furthermoreto designatéhe endof therobotto movein astraightline

from ¢dto &y the positionsandorientationsf thetwo armschangesll thetime. Theidealsituationis
to rotatethelink 1 andlink 2 togetherto movethe endpointfrom ¢to cdirectly. As the Arudino can
only procesonedirectionatatime, thelinearmovementanonly be controlledby rotatelink 1 from

0 to0 andthenrotatelink 2 from ¢3 to pointc

y-axis
Tind point
(x¥.2)

| z-axis
|

Figure4.16 Diagramfor 3D two-link robotarm

@) )
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(3) 4)
Figure4.17 Stepsfor controllingtherobotto movefromatob
Themain difficulty for thetaskis to determinethe positionof 0 andthe rotationanglefor link 1 and
link 2. Forindustrialrobot,astheyhaveparallelautomaticcontrolsystemtheendcanmovein straight
lines by controlling differentlinks and axesat the sametime. To fully understandhe applicationsof
robotarmin robotictimberfabrication,onepracticeis introducedin the following partto demonstrate

thedetailedstepsof operationsandcontrol.
4.2 Robotic timber chainsawcutting

The practicewastakenplacein aworkshopholdin ETH. Theaim of thetaskwasto usethe chainsaw
to cuttherawwoodtrunkinto thedesignedrregulartimberjoint. Thewholeprocessncludesl) working
spacesetting,2) scanningof the raw wood, 3) designwork, 4) settingandsimulatingof therobotarm,
5) transferthe simulationsnto KRC which is a programmindanguagdor KUKA robot, 6) fabrication

process.

Figure4.18 Robotic Chainsaw cutting working space
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Figure4.19Wood 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 cutesultsby the robotic chainsaw.

4.2.1Preparatiorior the geometryandfabrication

Thefirst stepof the roboticfabricationis to organizethe working space shownin Figure4.20 (a)-(d).
The working spaceincludesa stableholding structurefor the trunk, which is fixed to the ground,a
KUKA KR16 robotarm connectedo the robot controllerwith a cableandis controlledby the teach
pendantTheplanarchainsananda 3D scannearemountedo therobot. After settingup therobotbase
andtheholdingstructurea calibrationprocesss neededin thisworking cell, therearefive coordinates
(shownin Figure4.21): theworld, robotbase robotend,the base andthetool coordinate The world
coordinatesystemis permanenin Cartesiarsystemandit is thebasecoordinatefor thewholeworking
spaceTherobotcoordinates locatedatthebottomof therobot,andit is relativeto theworld coordinate.
Thebasecoordinatadefinesthe positionof theworkpiecesvhichis the centreof trunkin this case.The
tool coordinateandtherobotendcoordinatearecloselyrelatedasthetool is mountedto theend.
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(a) Top view of theworking space (b) Frontview of theworking space

Y

(c) Rightview of theworking space (d) Perspectiveriew of theworking space
Figure4.20 Views for working spaceorganization
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Figure4.21 Coordinatesystemsf theworking spac

Therobottool centrepoint (TCP)is apointthatis usedto movetherobotto a Cartesiarposition(e.g.,
a Cartesiantargetfor a given XYZWPR value.) TCP is defined as a robot flange conversion.TCP
definition is critical in any roboticsapplication,whetheroffline programmings used.The calibration
includestheprocesdor tool andbase Fortool, thecalibrationincludestheorigin of thetool coordinate
systemandthe orientation,shownin figure 4. (a). Therearedifferentwaysto calibratethe TCP,one

commonmethodis to takethreeor moreconfigurationan 3D spaceshownin figure 4. (b), which can
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providemore accurateresultsand a betterestimationof TCP errors.To accuratelydefine TCP, in the

simulationenvironment8 pointsare selectedo calibratethe TCP minimize the TCP error, shownin
Figure4.22.

Figure4.22 8-point calibration

After theorigin positionof thetool systemis calibratedthenit comeso theorientationof theTCP.The
tool firstly movesalongits tool headdirectionasthe® & @w,;@ndthedirectionwhichis verticalto the
planeof thetool is setasthed @ & . @iccordingto the right-handrule, the y-axisis deducted Then
the tool movesalongw @ & Wiich is known as 2-point calibration.Figure 4.23 showsthe 2-point
movement,the order of the robot arm e n dnfogementis target1 © target2© target4 (the same
position astarget1) © target3, which arethe movementsn @ & o "&idw ® w Tihe calibrated
working spacewith 5 coordinatesystemss shownin Figure4.24.

Figure4.23 Orientationof the tool coordinatesystem
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