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Abstract

The digitization of timber construction, the emergence of engineered wood products, and

the urgent need to drastically reduce buildings’ environmental impact have given a rebirth to

wood as a construction material. On the one hand, increasing the use of timber in building

technology has the potential to transform cities into carbon sinks. On the other hand, the

growing availability of Computer Numerical Control (CNC) machines and industrial robotic

arms makes woodworking less labor-intensive, less time-consuming, and thus more cost-

effective. Besides, recent advances in Computer-Aided Design and Manufacturing (CAD/CAM)

have paved the way for a wide range of architectural and structural design possibilities by

overcoming this organic material’s inherent limitations.

It is within this context that a significant focus has been put on Integrally-Attached Timber

Plate Structures (IATPS) at the Laboratory for Timber Constructions (IBOIS, EPFL) since the

last decade. This innovative yet sustainable construction system combines traditional craft

with state-of-the-art technology. Timber panels are cut with a CNC and connected with timber

joints inspired by ancient woodworking techniques to create spatial structures that can reach

up to 50 m without glue or screws. A significant asset lies in the possibility of building both

standard and bespoke buildings from simple flat-packed panels whose pre-cut shape informs

the assembly. While previous research has focused on the computational design and digital

fabrication of IATPS, this thesis has, for the first time, investigated the automation of the as-

sembly process. The objective was to determine the feasibility of assembling these structures

with a robotic arm and to identify the influence of assembly constraints on the design.

The methodology adopted a multidisciplinary approach integrating architectural, civil engi-

neering, robotics, and computer science considerations. First, a computational framework

was developed to enable a streamlined workflow from architectural design to robotic construc-

tion. This included the parametrization of timber joints, the implementation of algorithms

to address modular assembly sequences, and a collaboration with an industrial partner to

simulate robot trajectories within the design interface. Second, full-scale experiments were

carried out with a 6-axis industrial robotic arm to assess and tackle the challenges associated

with the robotic insertion of timber panels. A feedback loop relying on computer vision was

developed to improve the robot’s accuracy. In addition, design guidelines were established to

determine an optimal shape for timber joints to reduce friction forces during insertion.
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Abstract

A key achievement of the thesis is to have made IATPS more accessible to the Architecture,

Engineering, and Construction (AEC) community through the release of Manis, an open-

source Grasshopper plugin. This integrated design tool automates the 3D modeling of timber

joints, the generation of CNC cutting files and robot instructions, as well as the creation

of Finite Element meshes for subsequent structural analysis. Furthermore, the thesis gives

new perspectives on mass timber construction by providing a framework for the industrial

implementation of wood-wood connections in automated prefabrication lines. It proposes an

innovative assembly process that requires no mechanical fasteners or chemical bonding and

is fully automated from design to construction.

Keywords: timber plates; timber panels; timber joints; IATPS; robotic assembly; robotic

insertion; insertion vector; construction automation; prefabrication; design for manufacture

and assembly (DFMA).
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Résumé

La digitalisation du secteur de la construction en bois, l’émergence du bois d’ingénierie ainsi

que la nécessité de réduire drastiquement l’impact environnemental des bâtiments ont suscité

un regain d’intérêt pour le bois en tant que matériau de construction. D’une part, l’augmen-

tation de l’utilisation du bois dans la construction a le potentiel de transformer les villes en

puits de carbone. D’autre part, l’accessibilité croissante des machines-outils à commande

numérique (CNC) et des bras robotisés rend le travail du bois moins difficile, moins long et

moins coûteux. En outre, les récentes avancées dans le domaine de la conception et de la fa-

brication assistées par ordinateur (CAO/FAO) ouvrent de nouvelles possibilités conceptuelles

en permettant de surmonter les limites inhérentes à ce matériau organique.

Dans ce contexte, les Integrally-Attached Timber Plate Structures (IATPS) ont été développées

au cours de la dernière décennie au Laboratoire de Construction en Bois (IBOIS, EPFL). Ce

système de construction innovant et durable associe artisanat traditionnel et technologie de

pointe. Des panneaux de bois connectés par des joints s’inspirant des anciennes techniques

de menuiserie, sont découpés à l’aide d’une CNC et assemblés en structures spatiales pouvant

atteindre des portées de 50 m sans colle ni vis. Un atout majeur réside dans la possibilité de

créer des structures tant conventionnelles que complexes à partir de simples panneaux pou-

vant être transportés à plat et dont la forme prédécoupée informe l’assemblage. Alors que les

recherches antérieures se sont concentrées sur l’automatisation du processus de conception et

de fabrication des IATPS, cette thèse investigue pour la première fois l’automatisation de leur

assemblage. L’objectif principal était de déterminer la faisabilité d’assembler ces structures

avec un bras robotisé et d’identifier l’influence des contraintes de l’assemblage robotisé sur la

géométrie des connections.

Une approche multidisciplinaire intégrant des considérations liées à l’architecture, au génie

civil, à la robotique, et à l’informatique a été adoptée. Premièrement, un environnement

computationnel a été développé afin de rationaliser l’ensemble des étapes de production. Cela

inclus la paramétrisation de joints en bois, l’implémentation d’un algorithme pour résoudre

les séquences d’assemblage modulaire, et la simulation des trajectoires robotiques. Deuxiè-

mement, des expériences d’insertion robotisée ont été menées. Une boucle de rétroaction

reposant sur la vision par ordinateur a été développée pour améliorer la précision du robot.

Par ailleurs, un guide de conception pour les joints a été établi afin de proposer une forme
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Résumé

optimale réduisant la friction lors de l’insertion.

Cette thèse constitue une avancée majeure vers une plus large adoption des IATPS. L’une des

réalisations est la publication de Manis, un plugin pour Grasshopper disponible en accès

libre. Cet outil automatise la modélisation 3D des joints en bois, la génération des fichiers

de découpe CNC et des instructions pour l’assemblage robotisé, ainsi que la création de

maillages aux éléments finis pour l’analyse structurelle. En outre, ce travail ouvre de nouvelles

perspectives pour les acteurs du secteur de la construction en bois concernant l’utilisation des

connecteurs bois-bois sur les lignes de préfabrication. La thèse propose ainsi un processus

d’assemblage innovant et entièrement automatisé de la conception jusqu’à la construction.

Mots clefs : plaques de bois ; panneaux de bois ; joints en bois ; IATPS ; assemblage robotisé ; in-

sertion robotisée ; vecteur d’insertion ; construction automatisée ; préfabrication ; conception

pour la fabrication et l’assemblage.
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1 Introduction

1.1 A renewed interest in wood

1.1.1 A brief history of timber construction

Wood is one of the oldest building materials known to humans. Archaeological surveys have

reported traces of timber dwellings dating back to the neolithic [Nob06] [PB15]. Its high

strength-to-weight ratio and the ease with which it can be worked made it ideal for building

nomadic shelters in prehistoric times. Until the industrial revolution, the fabrication and as-

sembly of timber buildings remained a highly manual process relying on hand tools. However,

Roman bridges, Viking ships, and Japanese temples testify to the richness, complexity, and

diversity of woodworking techniques developed before the industrial era.

In medieval Europe, the extensive use of wood combined with agricultural expansion led to

severe deforestation [Rad12]. The decreasing availability of large trees fostered the adoption

of timber framing [HaB05]. As the timber pieces were smaller than before, ingenious joinery

techniques were invented by high-skilled carpenters to connect the different structural el-

ements. Notably, the art of the French scribing tradition ("trait de charpente") allowed the

realization of complex timber roofs in castles and cathedrals [Def81]. Ultimately, the shortage

of wood and the fear of fire in cities led builders to turn to other materials such as stone or

bricks [Rad12].

In North America, the use of wood in construction followed a similar course with an offset of

about two centuries [See21]. In the 16th century, early settlers inhabited log cabins made out

of long round wood [Mor87]. Then, colonization, population growth, and European exports

led to a massive expansion of wood demand. This resulted in a reduction in the size of the

timber pieces and the spread of stick-built construction [Tak81]. However, unlike in Europe,

the emergence of metal fasteners has favored nailing connections instead of complex and

expensive timber joints. Later, the arrival of reinforced concrete at the beginning of the 20th

century relegated the use of wood to single-story houses.
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1.1.2 Engineered wood products

Reinforced concrete combines the ductility of steel with the compressive strength of concrete,

resulting in a material with very high structural resistance. This enabled the construction

of skyscrapers and bridges with previously unimaginable heights and spans. The isotropic

properties of steel and concrete have also facilitated building standardization and mass

production, which pushed concrete to be the most consumed resource on earth after water.

Conversely, wood is a natural material with anisotropic properties depending on the direction

of the fibers. Moreover, depending on the tree’s growing conditions, knots, and internal

stresses can weaken it locally.

The purpose of Engineered Wood Products (EWP) is to improve both the reliability and perfor-

mance of solid wood. The manufacturing process involves binding wooden boards, veneers,

or particles with adhesives, nails, or dowels to create large structural beams, posts, and panels

with standardized dimensions and properties. Plywood boards and Glue Laminated Timber

(GLT) are examples of EWP that have been commercialized since the beginning of the 20th

century. However, it is essentially the invention of Cross-Laminated Timber (CLT) by Ger-

hard Schickhofer at the end of the 1990s that initiated the broader adoption of EWP by the

construction sector [SB13].

During the last decade, mass timber construction has gained popularity among architects and

real estate developers. Although construction costs are higher than for concrete, the possi-

bilities of prefabrication and the ease of transport make it possible to construct multi-story

buildings in a very short time [Gui09]. In addition, the growing awareness of environmental

challenges is pushing the sector to reevaluate existing construction methods. Mass timber

construction could be vital to cutting carbon emissions from buildings.

1.1.3 Lowering embodied carbon in buildings

The construction sector is a significant contributor to environmental pollution and global

warming. The operational energy used for heating, cooling, and lighting buildings, accounts

for 28% of global greenhouse gas emissions [Uni20]. In addition, the embodied energy as-

sociated with the construction of buildings accounts for another 11% [Uni20]. In 2020, con-

struction and demolition waste were also responsible for 37,1% of all waste generated in

the European Union [Eur21], with the proportion of waste from mineral materials reaching

two-thirds of this [Eur11].

Recent technological advances in energy efficiency should make it possible to significantly

reduce operational energy in the coming years, provided that the entire building stock is reno-

vated quickly enough [Dil+19]. Nevertheless, to reach the objectives of the Paris Agreement

and the Sustainable Development Goals, those innovations must be coupled with substantial

progress in reducing embodied energy and building waste [WMR21]. This is a significant

challenge considering the current growth of the world population and the expected need for
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new housing and facilities [Uni18].

Through carbon storage, bio-based materials like wood can contribute to decarbonizing

the construction industry, and mitigating climate change [Ing11] [Ami+20]. Coming from

renewable sources and being more easily recycled, they have a lower global environmental

impact than their mineral counterparts [De +16]. Their manufacturing and transport are also

less carbon-intensive. In addition, timber buildings are usually lighter than concrete or steel

constructions and, therefore, require smaller foundations. Furthermore, studies have shown

that bio-based materials positively affect human health [KK14].

However, sustainable forest management upstream of the construction process is necessary

to avoid deforestation and biodiversity losses. While forest area has increased by 9% since

1990 in Europe, the world has lost an estimated 420 million hectares of forest in the same

time [For20]. Despite standards and certificates being increasingly used, significant efforts are

still required to ensure the sustainable management of the world’s forests.

Nonetheless, the global environmental benefits of bio-based materials have spurred ambitious

policies to encourage building with wood. For example, Finland is committed to doubling the

use of timber in buildings to reach carbon neutrality by 2035 [Pel21]. Japan also passed a law

in 2010 requiring the use of wood for public buildings that have three stories or less [Jap22].

Cities like Amsterdam [Gem] or Paris [FIB] are also planning to build new neighborhoods

almost entirely with wood. Several other countries have taken similar resolutions to increase

the share of reused and bio-based materials in the construction sector in the coming decades.

An increasing number of high-rise buildings are also being built of wood, with the current

record being held by the Mjøstårnet tower and its 18 stories.

The growing demand for wood challenges the industry along the whole value chain [HP20].

This goes from the extraction of raw logs through the processing and manufacturing of en-

gineered timber products to their implementation in buildings. Besides, lumber prices in

2021 and 2022 have reached four to five times the usual rate due to the cumulative effects

of the high demand and low supply following the COVID-19 pandemic [ZS21]. However, the

rapid digitization of the sector could increase productivity and make wood more competi-

tive [ACS16].

1.2 Digitization of the timber construction sector

1.2.1 Computer-Aided Design

In the second half of the 20th century, the invention of Computer-Aided Design (CAD) drasti-

cally improved the communication of project data between designers and builders by reducing

drawing flaws and enabling more back and forth in the design process [Car13]. The devel-

opment of 3D modeling software with accessible interfaces in the 1990s led to the massive

adoption of CAD in design offices. Initially, the main interest in using the computer to draw
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plans was to be more precise and faster than by hand. However, another major asset of CAD

became the possibility to associate data with drawings [Pic10]. Information such as material

performance, surface finishing, element cost, and assembly sequence can be added on top of

the geometry of the building components. This principle is at the core of Building Information

Modeling (BIM) processes.

Progressively, buildings are not only drawn but also coded. Custom algorithms are being

developed to optimize architectural shapes and to integrate constraints from other disciplines

(environmental, social, economic, structural, logistic, etc.). Consequently, parametric design,

which mixes geometric drawing and computer science, is increasingly taught in architecture

schools [Boi20]. Although the recent appropriation of these new tools has so far mainly

produced organic shapes and intricate geometries, parametric design should not be reduced

to a stylistic trend. Its potential lies more in the adaptive and iterative process than in the

appearance of the built result.

The timber construction sector has particularly benefited from the emergence of CAD tools.

Connection details that used to be complex and time-consuming to draw can now be gener-

ated automatically from pre-established databases. Furthermore, dedicated pieces of software,

such as Cadwork [Cad] or SEMA [SEM], are offering "all-in-one" digital solutions from plan-

ning to assembly. One single virtual model gathers all project data avoiding file transfers and

enabling the automated prefabrication of building components.

1.2.2 Automated production

In addition to CAD, the digitization of the timber construction sector has been characterized

by the introduction of Computer Numerical Control (CNC) machines. CNC wood-cutting

processes were first used in the furniture industry to accelerate production rates and reduce

manufacturing costs [Rat22]. The difference with the construction sector is that buildings are

much less standardized than furniture. They are made of many different parts that can be

unique to the project. Therefore, automating the production of building components also

requires automating the generation of cutting files. Computer-Aided Design and Manufactur-

ing (CAD/CAM) workflows allow the generation of machining instructions directly from 3D

models. The constraints of manufacturing processes are integrated into the design through

the possibility of simulating the machining toolpath inside an interactive interface.

The spread of CNC machining has gradually transformed small traditional sawmills, where a

lot of manual work was necessary, into larger automated production lines. With the rise of

automation, the quality and accuracy of production have considerably increased [Mac+19].

However, while industries and workers now benefit from an overall safer and more productive

environment, digitization has also led to more standardization and the demise of many small

businesses. Therefore, the issue of accessibility to digital tools remains crucial to guarantee

a democratic use of the technology and ensure that it has a positive impact on the whole of

society.

6



1.2 Digitization of the timber construction sector

Furthermore, the specific needs of architectural projects prevent the implementation of a logic

similar to the one used in the production of cars and smartphones. Before filing for bankruptcy

in 2021, Katerra was one of the biggest off-site timber construction companies with more

than 1300 employees working in several gigafactories spread across the United States [Cur20].

Its business model consisted in providing turnkey services, including all steps from design

to construction. Katerra’s failure showed the difficulty of disrupting current practices in the

construction industry. While encompassing the entire construction process within a single

industry provides clear efficiency gains, the broad diversity of components and operations

makes any attempt at harmonization difficult.

In the last years, leading timber construction companies [ERN22] [Gru22] [Mob22] have

started to implement 6-axis Industrial Robotic Arms (IRA) in their production lines. The main

advantage of IRAs is their versatility, as they are multipurpose and reprogrammable. A wider

variety of tasks can therefore be performed than with other machines. Besides, they have

large working envelopes and more degrees of freedom (usually 6 axes) than conventional

CNC (usually 3 to 5 axes). Consequently, IRAs make it possible to overcome some of the

manufacturing limitations imposed by CNCs and allow even more architectural freedom.

With the increasing presence of robots on prefabrication lines (and on construction sites),

new questions arise. In particular: how the implementation of these new technologies can

benefit workers? And how can robots and humans collaborate in the same environment?

This also raises new political debates in our society: Should we tax the use of robots to

fight income inequality? And should we only automate painful jobs where there are labor

shortages? Although this thesis is primarily concerned with technical considerations, tools

are not innocent and their potential societal impact must be addressed upstream of their

development.

1.2.3 From standard to free-form architecture

Over the last two decades, architects have explored digital fabrication’s new possibilities. CAD/-

CAM workflows enabled the design and fabrication of complex geometry while maintaining a

rational production in terms of cost and time through modular prefabrication. Furthermore,

since wood is a material that can be easily milled or bent to give it the desired shape, it has

generated a lot of interest from architects wishing to build free-form structures. Although

various manufacturing and assembly techniques have been developed, two categories can be

distinguished.

The first category comprises structures with linear load-bearing elements. It includes timber

framing, post and beam systems, and gridshells. The new Swatch headquarters designed by

Shigeru Ban [Shi19] and the Cambridge Mosque by Marks Barfield [Mar22] are among the

most iconic examples of free-form timber structures with double-curved linear elements. Both

buildings feature a network of custom Glued Laminated (Glulam) timber beams. First, the

wooden lamellas are bent and glued on custom jigs. Then, they are robotically milled to obtain
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the double curvature [Leh22].

This thesis focuses on the second category, which includes all structures made out of planar

elements. The recent emergence of EWP has made it possible to build structural envelopes

where the panels are load-bearing. This simplifies the construction process as fewer elements

are necessary. Mass timber buildings composed of prefabricated CLT walls and slabs represent

the most widespread system in this category. The curved tubular structure of "The Smile", an

installation by architect Alison Brooks for the 2016 London Design [Ali16], demonstrates that

the use of timber panels is not limited to standard orthogonal structures. Free-form building

envelopes can also be built out of panels by tessellating a target surface with planar polygons.

While this technique is still experimental, several large-scale demonstrators showcasing this

technique have been realized by different research institutes in the last decade. Consequently,

the next chapter establishes the state of the art of those Timber Plate Structures (TPS) and

further introduces the research question and objectives.
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2.1 Integrally-Attached Timber Plate Structures

The increasing accessibility of digital fabrication tools has spurred the realization of many

architectural research pavilions with timber panels featuring different design processes and

construction systems. Simultaneously, various connection strategies have been developed to

attach the panels while ensuring adequate load transfer. Early prototypes developed at the

Laboratory for Timber Constructions (IBOIS) at Ecole Polytechnique Fédérale de Lausanne

(EPFL) showcased folded structures inspired by origami patterns [Bur10]. The panels were

first connected by miter joints combined with nails as in the Chapel of Saint-Loup (Pom-

paples, 2008) [Han08]. However, subsequent investigations have led to the integration of the

connections directly into the geometry of the timber panels resulting in the development of

Integrally-Attached Timber Plate Structures (IATPS). Inspired by traditional Japanese join-

ery, the assembly of the pieces relies only on interlocking principles, removing the need for

additional mechanical fasteners.

The renewed interest in timber joints was only possible because of the new opportunities

offered by CNC machining. As their design and fabrication can be fully automated, integrating

timber joints is no longer as time-consuming and expensive as when they had to be produced

by hand. At IBOIS, Christopher Robeller’s thesis highlighted both the potential and constraints

of the digital fabrication of timber joints [Rob15]. In 2013, a thin folded shell was assembled

in Mendrisio [RNW14]. Curved CLT panels featuring dovetail joints were cut using a convex

formwork and a robotic arm equipped with a saw blade. In 2017, the construction of a

folded and double-layered IATPS covering up to 20 m for the theater of Vidy in Lausanne

demonstrated the feasibility of using timber joints for large-scale spatial structures [RGW17].

Other IBOIS works focused on the mechanical behavior of timber joints and the structural anal-

ysis of IATPS. The semi-rigidity of through-tenon joints was studied by Stéphane Roche [Roc17]

while a calculation method for orthogonal timber slabs with wood-wood connections was

established by Julien Gamerro [Gam20]. In addition, a Finite Element method and a macro

modeling approach for IATPS were respectively developed by Anh Chi Nguyen [Ngu20] and
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Aryan Rezaei Rad [Rez20]. The research performed in those two theses was ultimately applied

to analyze the doubly-curved vaults of the Annen headquarters with spans ranging from 22.5

to 53.7 m [NVW19] [Rez+21]. The building is currently under construction in Manternach,

Luxembourg.

IBOIS research was also continued by Christopher Robeller with the Digital Timber Construc-

tion group at the Technical University of Kaiserslautern. The HexBox Canopy project was

assembled in collaboration with the University of Sydney in 2019 [Tag20]. The vault was

composed of hexagonal timber boxes made from plywood panels and connected by wedge

joints. The Recycleshell was inaugurated the same year [RV20]. This demonstrator consisted

of 230 panels sourced from CLT wall cutouts and connected by X-Fix butterfly joints.

Since 2010, the Institute for Computational Design and Construction (ICD) at the University

of Stuttgart has also explored the potential of digital tools to design and build free-form timber

structures inspired by nature [Sch+19]. Four iterations of IATPS based on the plate skeleton of

sea urchins and featuring panels connected by finger joints were successively developed: the

2011 research pavilion [KM13], the Landesgartenschau Exhibition Hall in 2014 [Kri+15], the

Segmented Timber Shell of the Rosenstein Museum in 2017 [Sch+19], and the BUGA Wood

Pavilion in 2019 [Wag+20a]. A collaborative workflow was developed and improved with each

pavilion to integrate robotic manufacturing and structural engineering requirements in the

design process. A decade of research made it possible to progressively reduce the quantity

of wood per square meter and create an effective and lightweight construction system. The

BUGA Wood Pavilion, the last iteration, spans 30 m for a weight of 36 kg/m² [Wag+20a].

IATPS research is deeply applied and project-oriented. For all structures cited above, custom

algorithms were developed to generate the 3D geometry of the panels and their connections,

automate their fabrication, and integrate structural engineering considerations. However, two

research gaps can be pointed out.

First, custom computational workflows are being developed for each new project. Code

reusability is, therefore, very low. While some tools have been created to solve some specific

tasks, such as automating the generation of fabrication files or the 3D modeling of some

particular joints, the range of applications is currently very limited. There have not yet been any

attempts to generalize the IATPS design process by integrating all the constructive constraints

into one tool.

Second, while research has been actively performed on the digital fabrication of panels and

joints, the assembly remains primarily manual. Moreover, there is a lack of research on

the robotic insertion of timber joints, especially on tolerance issues. The following section

introduces the state of the art in robotic timber construction and underlines the need for more

research on the automation of the assembly of IATPS.
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2.2 Robotic assembly of timber structures

A unique experiment on the robotic assembly of IATPS was carried out in 2017 by Christopher

Robeller et al. at the Swiss National Centre of Competence in Research (NCCR) Digital Fabrica-

tion [Rob+17]. It highlighted the difficulty of inserting tight-fitting connections with a robotic

arm as friction forces can rapidly exceed the robot’s strength. Furthermore, a major challenge

involved assembling multiple joints simultaneously on different panels. Collaborative robots

have also been used at ICD to assemble the timber boxes of the BUGA Wood Pavilion. However,

the robotic process consisted in gluing the pieces instead of using timber joints [Wag+20a].

Other research at the NCCR Digital Fabrication focused on the robotic assembly of timber

beams to realize complex structures. For example, 168 trusses were assembled with a robotic

gantry for the Sequential Roof project [Apo+16], making it the largest robotically built timber

structure. The developed workflow included the automation of the nailing of the pieces.

Bespoke timber frame modules were also assembled with collaborative robots for the DFAB

House project [Tho+20]. While human assistance was required to screw the beams together,

the robots allowed the precise positioning of the pieces. Similarly, the elements composing

the reciprocal timber grid of the Future Tree project were cut and positioned by a robotic

arm [Apo+21a].

Subsequent investigations aimed at replacing the screws with timber joints. Victor Leung’s

thesis focused on the design of detachable robotic clamps to assemble timber beams con-

nected by half-lap joints [Leu+21]. Several demonstrators were also assembled throughout

the development of this technique. Furthermore, a complementary research project was

developed at Gramazio Kohler Research in collaboration with Autodesk to explore the use of

Deep Reinforcement Learning for inserting half-lap joints [Apo+21b].

The research group CREATE at the University of Southern Denmark also explored the robotic

assembly of beams connected by timber joints. An assembly policy based on prior human

demonstrations was developed to teach the robot to insert a half-lap joint [Kra+22]. Spherical

connectors cut with a round CNC milling bit were also designed to enable the robotic assembly

of reconfigurable timber structures [HKN21]. In addition, a modular building system consist-

ing of robotically prefabricated timber blocks was developed by the Automated Architecture

Lab (AUAR) at the Bartlett School of Architecture [Cla+21]. The panels forming the blocks are

connected by through-tenon joints.

Other remarkable wooden structures have been built with the help of robots, although me-

chanical fasteners were used instead of timber joints in those projects. For example, the

Fusta Robotica pavilion and the Digital Urban Orchard are two spatial structures composed

of several hundred wooden sticks and robotically assembled at the Institute for Advanced

Architecture of Catalonia [BFD19]. Furthermore, haptic feedback and human-robot collabora-

tion strategies were developed by the Chair for Individualized Production at RWTH Aachen

University to assemble a twisted arch made from timber sticks [DSB19].
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The robotic assembly of timber beams shares similar challenges to the robotic assembly of

IATPS, such as joint tolerance and robot path planning. Nevertheless, some differences are

induced by the geometry of the plates. Panels are less slender than beams and less likely

to bend. However, they are usually heavier and more difficult to manipulate with a robot.

Large vacuum grippers are required to lift the panels, potentially reducing the pick-and-place

operation’s accuracy. The manufacturing process is also more restrictive for panels as they

need to be cut with one of the two main faces lying against the CNC table. Conversely, beams

can be more easily placed on a stand to cut from below and rotated a quarter turn if needed.

While several research groups are working on the robotic assembly of timber structures, the

challenge of inserting timber joints with a robotic arm has been only slightly addressed so far.

In addition, most of the experiments involved the insertion of half-lap joints for timber beams.

Consequently, further research is required on the assembly of panels, and the insertion of

other types of joints is still to be investigated.

2.3 Research questions and objectives

Considering the research gaps identified in the state of the art, two questions related respec-

tively to the computational design and automated construction of IATPS arise:

• Would it be possible to create an intuitive interface to facilitate the design of IATPS by

generalizing existing project-oriented algorithms and integrating the various engineer-

ing constraints?

• What are the challenges of robotically assembling IATPS, and what solutions can be

implemented to overcome them?

Consequently, the objective of this thesis is twofold. First, develop an integrated design

tool that will apply to all kinds of IATPS. The goal is to provide a computational framework

that integrates robotic assembly constraints in addition to manufacturing and engineering

considerations. The tool will be implemented as an open-source Grasshopper plugin to make

IATPS more accessible to non-experts. Second, to tackle the challenges linked to the robotic

assembly of panels connected by timber joints and determine the conditions for inserting tight-

fitting connectors. The research will ultimately produce guidelines for timber construction

companies in order to enable the use of robotically-assembled wood-wood connections as an

alternative to glued and screwed connections.

The research presented in this manuscript is therefore divided into two parts. The first part

addresses the development of the computational design framework, while the second covers

the implementation of a fully automated construction workflow for IATPS. Each part is again

divided into two chapters based on published and peer-reviewed publications. Additional

investigations conducted after an article’s publication are also presented in the Addendum

section of the corresponding chapter.
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For the first part, Chapter 3 introduces the different algorithms constituting the computational

design framework. This includes the parametrization of 5 types of timber joints, as well as the

integration of fabrication and assembly constraints in the design interface. Then, Chapter 4

completes the framework description by detailing the integration of structural engineering

considerations. The performance of the solver is also demonstrated through several study

cases.

For the second part, Chapter 5 presents experiments conducted with fiducial markers and

computer vision algorithms to increase the accuracy of robotic insertion tasks. Next, Chapter 6

provides design guidelines based on experimental tests to reduce friction forces during the

insertion of through-tenon joints while ensuring tight-fitting connections.

In the last part of the manuscript, the output and outlooks of the research are reported. The

main scientific contributions and the potential applications of the thesis are highlighted in

Chapter 7. Lastly, the limitations of the work, the future research needs, and the longer-term

perspectives are discussed in Chapter 8.
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3 Generation of joint geometry, fabrica-
tion toolpath, and robot trajectories

The texts and figures presented in this section were reproduced from the postprint version of

the following peer-reviewed paper available in open access:

Rogeau, N., Latteur, P., & Weinand, Y. (2021). An integrated design tool for timber plate

structures to generate joints geometry, fabrication toolpath, and robot trajectories.

Automation in Construction, 130, 103875. doi:10.1016/j.autcon.2021.103875.

The doctoral candidate was responsible for the entire development of the scientific work as

well as for the writing of the article. The second and third authors of the paper contributed

equally as scientific advisors and proofreaders.

3.1 Abstract

This paper presents an integrated design tool for structures composed of engineered timber

panels connected by traditional wood joints. Recent advances in computational architecture

have permitted the automation of fabrication and assembly of such structures using Computer

Numerical Control (CNC) machines and industrial robotic arms. However, while several

large-scale demonstrators have been realized, most developed algorithms are closed-source

or project-oriented. Furthermore, the lack of a general framework makes it difficult for

architects, engineers, and designers to effectively manipulate this innovative construction

system. Therefore, this research aims at developing a holistic design tool targeting a wide

range of architectural applications. Main achievements include: (1) a new data structure to

deal with modular assemblies, (2) an analytical parametrization of the geometry of five timber

joints, (3) a method to generate CNC toolpaths while integrating fabrication constraints, and

(4) a method to automatically compute robot trajectories for a given stack of timber plates.
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Figure 3.1: Graphical abstract.

3.2 Introduction

3.2.1 From traditional timber joints to Integrally-Attached Timber Plate Struc-
tures (IATPS)

Early wood architecture traces have revealed timber joints dating back more than 7000 years

ago [Teg+12]. Until the industrial revolution, it remained the most common technique to

assemble wooden pieces. Two primary structural purposes of timber joints can be distin-

guished: increasing the length of the elements to achieve longer spans (e.g., roof framing,

bridge trusses) or increasing the width of the elements to cover a larger surface (e.g., stacked

walls, roof cladding). For each situation, various joining techniques adapted to the local

context were developed and transmitted by carpenters over time [Gra92].

With the spread of metallic connectors (e.g., screws, bolts), which can be easily mass-produced,

and the rising cost of skilled labor in developed countries, timber joints have gradually been

abandoned by construction companies in favor of less expensive practices that could be more

easily automated [Ben81]. New gluing processes have also made it possible to overcome

the natural size of trees. Indeed, engineered wood products such as glued laminated timber

(Glulam) and cross-laminated timber (CLT) can cover large spans and broad surfaces with

a single element whose dimensions are limited only by logistical constraints. With the in-

dustrialization of the construction sector, timber joint craft was narrowed down mainly to

vernacular architecture and cabinet making.

However, the recent emergence of robotics in the construction sector has made it possible to

revive ancient techniques such as traditional timber joinery. Computer Numerical Control

machines (CNC) and Industrial Robotic Arms (IRA) allow for the automation of complex

fabrication and assembly processes that would otherwise be too time-consuming for cost-

effective applications. This opportunity led to the development of so-called Integrally Attached

Timber Plate Structures (IATPS) [Rob15]. IATPS combine modern engineered wood panels
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with traditional timber joints that are digitally fabricated. Beyond their aesthetic appeal,

these joints also fulfill a functional role, allowing each construction element to be precisely

positioned. They also reduce the need for additional connectors, such as screws or nails, as the

assembly is performed solely by geometrical interlocking. Furthermore, experimental studies

and numerical analysis of IATPS have demonstrated the positive influence of wood-wood

connections on the structural performance of the system [GLW18].

The main interest of IATPS lies in the fact that they allow a high degree of prefabrication.

However, designing such structures is not straightforward, as multiple constraints influence

the shape of the connections between the panels. Several workflows have been showcased

through the construction of demonstrators and real-scale flagship projects (Section 1.2), and

different computational tools have been developed to assist in the 3D modeling of timber

joints (Section 1.3). However, there is a lack of a general framework linking all constraints of

the system together to allow non-experts to design IATPS and enable broader applications of

the system. A general framework for the structural design of IATPS has been proposed by Rad

and al. [Rez+21] [RBW20]. This contribution aims at completing this framework by integrating

fabrication and assembly constraints in the 3D modeling of the connections.

3.2.2 Existing computational workflows for IATPS

IATPS have been showcased in several research pavilions and flagship buildings during the

last decade (Figure 3.2). Several large-scale demonstrators featuring finger joints have been

built by researchers from the University of Stuttgart [Kri+15] [Sch+19]. For the recent Buga

Wood pavilion [Wag+20a], so-called "co-design" algorithms were developed to integrate

structural requirements and robotic fabrication aspects into the design process. A high level

of automation was reached as each unique module of the structure was carefully assembled

by two collaborative robots.

Recent projects from the Digital Timber Construction chair of Kaiserslautern University have

used wedge-joints [Tag20] and butterfly joints [RV18] [RV20] between hexagonal pieces to

build doubly-curved timber vaults. For each project, global geometry and local connection

details were controlled by custom scripts. The machining toolpath has also been automatically

generated and simulated before exporting fabrication files to a 5-axis CNC.

Previous research conducted at the Laboratory for Timber Constructions at Ecole Polytech-

nique Fédérale de Lausanne has led to the construction of two full-scale projects: the theater

of Vidy [RGW17] in Lausanne and Annen head office in Manternach [Rob+16]. The first project

is a double-layered folded structure inspired by Japanese origami patterns, and the second

consists of 23 doubly-curved vaults made of timber boxes. Through-tenon joints were used in

both structures as connections between timber panels. As for the pavilions mentioned above,

parametric scripts were developed to integrate fabrication constraints in the design process.

For all projects presented above, the global shape was first discretized using a mesh where each
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Figure 3.2: Three large-scale projects showcasing IATPS (from left to right): The folded struc-
ture of the Vidy theater (IBOIS, 2018) [RGW17], the segmented shell of the Buga Wood Pavil-
ion (ICD/ITKE, 2019) [Wag+20a], the double-layered vault of the Annen head office (IBOIS,
2021) [Rob+16].

mesh face represents a timber panel. A mesh data structure keeps track of the links between

the elements. This adjacency information is essential for modeling joints between two timber

plates, as the shape of the connection is influenced by the relative position of the plates. As

timber panels are planar elements, all mesh faces must be planar. Planarization algorithms

are used to approximate curved surfaces with planar panels [Wan+08] [Mes18]. In addition, as

timber panels are standardized products, it is often required to work with panels of constant

thickness. Ensuring both planarity and constant thickness heavily constrains the design space

to certain types of meshes. Hexagonal patterns with trivalent vertices (Figure 3.3a) allow

meeting both requirements [Pot+08].

However, mesh discretization is not the only possibility for modeling IATPS. One alternative is

to rely on procedural generation algorithms such as the one developed by Rossi and al. [RT17].

Complex assemblies can be created from aggregation rules operating on a predefined set of

tiles (Figure 3.3b). Aggregation is the inverse operation of discretization. Instead of dividing a

complex geometry into panels, panels are assembled iteratively to form a complex structure

based on topological constraints. As for meshes, aggregation methods produce an organized

data structure that contains the adjacency information necessary to model the joints.

Another possibility is to manually draw the elements in 3D without relying on specific data

structures (Figure 3.3c). While aggregation and discretization are potent tools to tackle com-

plex geometries, most architectural projects are drawn using standard CAD software without

using any computational methods. In that case, the only information contained in the model

is the plate geometry and its position in an arbitrarily defined frame. Therefore, automating

the 3d modeling of the connections for such structures requires first determining the relative

position of the plates to each other.

The integrated design approach employed in all the projects cited above was based on a

predefined data structure that facilitated the modeling of connections between elements

and the integration of fabrication and assembly constraints. The drawback is that each

architectural project is different, so a unique algorithm must be thought out for each new

construction system. This research aims to develop a holistic design tool to generalize joinery

modeling between timber plates independently of the global geometry of a project.
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Figure 3.3: Different methods for 3D modeling IATPS: using a mesh data structure (a), using
aggregation rules for a set of two tiles (b), using standard CAD software without a specific data
structure (c).

3.2.3 Existing computational design tools for timber joints

The resurgence of timber joints in contemporary architecture has been facilitated by the de-

velopment of 3D modeling tools to automatically generate geometry and fabrication files for

these types of connections. Several Computer-Aided Design and Manufacturing (CAD/CAM)

software such as CadWork [Cad], Sema [SEM], and Lignocam [Lig] integrate dedicated joinery

modules for timber frame structures and can export machining toolpath from 3D models. Sim-

ilarly, open access web applications such as MakerCase [Hol], CutCad [Hel+18], Kyub [Bau+19],

and Joinery [ZDB17] allow readily creating joints between planar pieces which can then be cut

and assembled in 3D. Another approach based on voxels was taken by Larsson and al. [Lar+20]

to develop Tsugite, an interactive interface to explore, design, and manufacture complex joints

between timber beams. By restricting the design space to a 9x9x9 voxel grid, a multi-criteria

analysis of the joint performance can be shown to the user after each iteration, and the design

can be accordingly improved.

Custom plugins for Grasshopper, the visual scripting interface of Rhinoceros by McNeel and

Associates [Maa], have also been developed. Timber Plate Structure plugin (TPS) [RW15]

allows users to create origami patterns with dovetails, finger joints, or miter joints. Rein-

deer [Mor+17] open-source set of tools focuses on timber frame connections with structural

analysis feedback. GluLamb [Svi20] addresses the specific case of curved glued laminated

timber (GLT) pieces. Finally, Emarf [VUI] offers various tools to generate timber joints between

extruded solids and export fabrication files. The main advantage of those parametric solvers is

the direct feedback that makes it possible to adapt the joint geometry according to fabrication

constraints. Typically, the machining toolpath can be visualized without leaving the design

interface, and its impact on the global project can be considered ahead of execution.

Assembly constraints can also inform the shape of a joint. Most solvers leave it up to the user

to assess the feasibility of the assembly as they are tailored for standard applications. When

complexity rises, two strategies can be employed: (1) solving assembly constraints for a given

set of joints and refining the design until the assembly works, or (2) constraining the design

space to generate only compatible joints. Tsugite solver belongs to the first category as it
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evaluates friction areas to assess the ease of insertion of each proposed joint. On the contrary,

the TPS plugin computes a compatible vector of insertion for each piece in the structure before

generating the joints to avoid any blocking situation.

The interlocking properties of timber joints can also be exploited in the design of a structure.

For example, DESIA framework [WSP18] uses directed graphs to compute assembly sequences

and vectors of insertion for a set of discrete elements where the last piece acts as a blocking key.

Graph theory was also applied to compute assembly sequences of waffle structures composed

of intersecting planar pieces connected by half-lap joints [SP13].

This research aims to provide a computational design tool for timber plate structures that may

have a large number of connections. Therefore, fabrication and assembly constraints must be

treated automatically and cannot be left under the user’s responsibility. The main challenge

was to provide a high level of automation while keeping a design space as ample as possible to

accommodate different typologies: from structures with a regular pattern (e.g., shell, vaults,

slabs) to more irregular assemblies. Furthermore, by concentrating the research scope on

timber plates, a systematic methodology could be employed to cover all topological cases.

The developed tool is introduced in the following sections. First, the implementation of the

solver and its interface are presented in Section 3.3. Required inputs and working hypotheses

are then detailed in Section 3.4. Next, the algorithmic framework allowing the computation of

compatible insertion vectors is explained in Section 3.5. Then, the generation of the solver

outputs (joint geometry, fabrication toolpath, and robotic trajectories) is covered in Section 3.6.

Finally, the performance of the solver is demonstrated in Section 3.7 through three case studies.

3.3 Solver implementation and user interface

The main concept of this new integrated design tool is to convert a 3D model into an orga-

nized data structure, allowing for generating joint geometry, fabrication toolpath, and robotic

trajectories. Before detailing the different parts of the algorithm, its general implementation

and interface are presented here.

3.3.1 Implementation of a new data structure

The solver has been coded in Python 2.7 [Pyt] (for compatibility with the Rhinoceros frame-

work) and relies on the RhinoCommon [Mac] library for geometric operations. The code is

structured as four python classes (see Appendix A.1 for further details):

• Plate model: methods and attributes applying to the full structure.

• Plate module: methods and attributes applying to a group of plates.

• Plate: methods and attributes applying to one single plate.
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• Toolbox: helper functions.

Taking advantage of the concept of object-oriented programming (OOP) [Mol], a 3D model

is converted into an instance of the plate model class. For each plate in the 3D model, an

instance of the plate class is also created. Similarly, plate modules are instantiated for each

group of plates specified by the user. This will be more detailed in Section 3.2 about the

modular construction approach.

By converting 3D geometries into class instances, additional information can be attached to

the elements of the structure. For example, a plate instance carries more data than just the

plate geometry. The plate thickness, the plane in which the plate stands, and other specific

attributes are all computed during the object’s instantiation and stored as variables that can

be later accessed. Besides, those elements can be grouped into different hierarchic levels

(Module, Model) to store topological data about how the elements are connected.

Adding this layer of information during the conversion of the 3D model into a class instance

also allows faster feedback when performing operations on the model. Typically, a modifi-

cation of the joint geometry can be executed without the need to compute all topological

information again, as it is already stored in the data structure.

3.3.2 User interface for iterative design workflows

To facilitate the manipulation of the integrated design tool by architects and structural design-

ers, a custom plugin has been developed in the visual scripting environment of Grasshopper.

This node-based interface makes the tool usable without any programming knowledge. Class

methods and attributes can be accessed through different Grasshopper components. A para-

metric design workflow can be easily set up to generate different types of joints in an iterative

process. This is further demonstrated in Section 3.7 through three case studies.

3.4 Solver inputs

The solver requires three types of inputs: a 3D model containing all the elements of the

structure, an assembly sequence defining the order in which to assemble the different parts,

and insertion constraints depending on the type of joints to generate. Each solver input is

described here.

3.4.1 Hypothesis about the initial 3D model

To run the solver, a 3D model of the global geometry of a timber plate structure first needs to

be provided. At this stage, joints are not modeled yet. The 3D model is a collection of timber

plates that can be manually drawn or algorithmically generated in Rhinoceros CAD software.

A plate is defined as a planar structural element with a small thickness compared to the planar
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dimensions [TW+59]. It is geometrically represented as a collection of connected surfaces

forming a closed polyhedron (see Figure 3.4). Besides, a plate must follow the following

requirements: (1) all surfaces composing the plate should be planar, (2) all vertices should be

trivalent (having exactly three neighbors), and (3) each vertex of the top face should be directly

connected to exactly one vertex of the bottom face and conversely. Plates with internal holes

are included in this definition, while those with curved edges or warped faces are excluded.

However, curved edges can be approximated by linear segments.

The type of joint generated between two plates is conditioned by their relative position. Five

topological cases are supported by the solver (Figure 3.5). The contact zone is defined as

the surface (or the volume for intersecting plates) shared by two adjacent plates. Edgewise

connections are a specific type of side-to-face connection with the contact zone located on the

edge of the plate. For each relative position, a type of joint has been studied and parametrized

(see Appendix A.2). To ensure the 3D model can be properly interpreted by the solver, each

pair of adjacent plates must respect one of the five contact types.

Figure 3.4: Plate faces refer to the two largest surfaces of the poly-surface while other surfaces
are designated as sides.

Figure 3.5: Possible contact types for an assembly of two plates and their associated timber
joints.

3.4.2 Assembly sequence and modular construction approach

In addition to the 3D model, the user is asked to provide an assembly sequence defining the

order of assembly of the elements. Some solvers, such as DESIA [WSP18], can automatically

compute an assembly sequence for a given set of elements. However, for real construction

projects, assembly steps are often constrained by factors other than the geometry of the

pieces. Besides, large-scale structures are often subdivided into smaller modules that can be
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preassembled off-site. The range of possibilities for a modular assembly sequence is extensive,

as plates can be grouped in many different ways. To avoid constraining the solver to linear

assemblies and enable the use of modules, the assembly sequence is here considered a design

variable under the user’s responsibility. The sequence input is written as a list of integers using

Python syntax (Figure 3.6). Each integer refers to a plate in the list of elements of the 3D model.

To change the order of the assembly, the user can either change the order of the collection of

plates or swap integers in the assembly sequence.

Figure 3.6: A modular assembly sequence of timber plates expressed as a list of lists of integers.

3.4.3 Insertion constraints for timber joints

The goal of the solver is to generate timber joints compatible with the assembly sequence. To

do so, the direction of the assembly has to be predetermined before generating joint geometry.

Otherwise, non-compatible joints could lead to blocking situations where pieces cannot be

assembled (Figure 3.7). To summarize, the shape of a connection is induced by the type of

joint, the assembly sequence, and the adjacent plates. The algorithms leading to determining

the assembly direction are detailed in Section 3.5.

Timber joints can be inserted in one or more directions depending on their geometry. The

direction of the assembly is represented by an insertion vector, while the insertion domain

shows all possible insertion vectors for a given joint (Figure 3.8a). Before adding a joint

between two plates, the assembly can potentially be performed from all directions. Therefore,

the largest insertion domain is a hemisphere oriented to the normal of the contact zone

(Figure 3.8b). However, most types of joints cannot be adapted to work for any insertion vector.

Therefore, to ensure the generation of the joint geometry remains possible, it is necessary to

constrain the insertion domain to a portion of that sphere before computing the insertion

vectors (Figure 3.8c). This is a way of informing the solver about the type of joint that will later

be created.

25



Chapter 3. Generation of joint geometry, fabrication toolpath, and robot trajectories

Mathematically, an insertion constraint is defined as the locus of all the points on the unit

sphere from which an insertion vector can be created by linking the sphere center. The locus

can be tridimensional (apiece of the unit sphere), bidimensional (an arc on a unit circle),

or unidimensional (a point on the surface of the sphere). The solver supports five contact

types (see Figure 3.5). By default, it provides a different insertion constraint for each of them

(Figure 3.9). Custom constraints can also be specified by the user via the Grasshopper plugin

interface.

Figure 3.7: Generating joints without considering the assembly sequence can lead to blocking
situations (a). The goal of the solver is to first compute a compatible direction of assembly
before generating the joint geometry (b).

Figure 3.8: Each timber joint has an insertion domain that represents all possible insertion
vectors for assembling the pieces (a). Without any joint, the insertion domain is represented
by a half-sphere (b). Insertion constraints ensure joints can be generated once the insertion
vector has been deduced (c).

3.5 Solver algorithms

This section describes all the necessary steps to transform the 3D model into an instance

of the "Model" class (see Section 3.3) using the inputs provided by the user. The topology

of the structure is first computed by looking at the contacts between the plates. Then, the

assembly sequence is parsed to extract the different assembly steps. Finally, insertion vectors

are computed for each plate and module in the structure.
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Figure 3.9: The solver provides a default insertion constraint for each contact type.

3.5.1 Computing adjacency information from plate contacts

The 3D model input only provides geometries without any attached data. Conversely, a mesh

data structure stores information about the adjacency of its elements. Therefore, the first

step of the algorithmic framework is to find all contact zones where a joint could be created.

This is achieved by intersecting the plates with each other. If the intersection returns neither

a surface nor a volume, the pair is discarded. Otherwise, the contact type is determined by

comparing the orientation of the normal to each neighboring plate with the normal of the

contact zone (Figure 3.10). Finally, a plane is also generated at the center of the contact zone.

It will be the frame of reference for the joint that will later be created between both plates.

Adjacency information can be represented using a graph where each node of the graph is a

plate, and each link represents a contact between two plates (Figure 3.11, left). In the model

instance, this information is stored using a list of pairs of integers based on plate numbers

(Figure 3.11, right). Parallel lists are used to store the contact type, the contact zone, and the

contact plane for each pair of plates. In addition, an insertion constraint is selected in function

of the contact type and oriented according to the contact plane.

3.5.2 Computing assembly steps from the assembly sequence

The second step of the algorithmic framework is to parse the assembly sequence input. Each

pair of square brackets implies the instantiation of a module. A module is a preassembled

group of plates moving as one object. Modules and plates can be combined to form larger

modules. In the example of Figure 3.12, the module "[1,2,3]" is associated with the plates "0"
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Figure 3.10: Decision tree of the algorithm used to identify the different contact types.

Figure 3.11: Plate contacts can be represented with an adjacency graph where each link
represents a contact between two plates. Contact types, contact zones, contact planes, and
insertion constraints are stored in parallel lists inside the model instance.

and "4" to form the module "[0,[1,2,3],4]". This module is then assembled with the module

"[[5,[6,7]],[8,9]]" to complete the model. As for a simple plate, an insertion vector must

be associated with each module to specify the assembly direction. However, at this stage,

insertion vectors are not yet determined.

The assembly sequence is successively divided into different subsequences that define the

order of assembly of the elements constituting each module. A tree graph can be used to

represent the development of the assembly sequence associated with the model into the

subsequences associated with all modules (Figure 3.12, top left). Since a plate can be part

of several modules, smaller modules must be assembled first. Therefore, the order of the

assembly steps is obtained by navigating the tree from bottom to top (Figure 3.12, top right).

Consequently, in the example of Figure 3.12, the first module to assemble is "[6,7]". Modules

on the same level of the tree graph are assembled from left to right, respecting the ascending

order of the plate integers. Hence, the next module to assemble is "[1,2,3]", followed by

"[5,[6,7]]" and "[8,9]". Several steps can be required to assemble a module. For example, for

the module "[1,2,3]", plate "2" is first inserted into plate "1". Then, plate "3" is inserted into

plate "2". A total of nine steps are necessary to complete the assembly of the input geometry

of Figure 3.12.
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Figure 3.12: Developing all subsequences from the input sequence allows ordering the assem-
bly steps.

3.5.3 Computing compatible insertion vectors for each plate and module

At this stage, contact types and assembly steps have been retrieved from user inputs. The

purpose of this third part of the algorithmic framework is to compute insertion vectors for all

the model elements (plates and modules) at each assembly step. With modular assemblies,

a single element can be part of several subsequences. Therefore, while each contact zone

needs to be associated with only one insertion vector to generate a joint, the contact zones of

one plate can have different insertion vectors (like C1 and C2 in Figure 3.13). However, if two

contact zones are involved in the same assembly step (like C2 and C3 in Figure 3.13), the same

insertion vector must be applied.

Figure 3.13: Plate 4 has three contact zones (C1, C2, C3) and two insertion vectors (V1 and V2)
since it is involved in two subsequences. The aim of the algorithm is to associate one insertion
vector to each contact zone by crossing adjacency and assembly information.
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By representing the assembly sequence as a graph, adjacency and assembly information can

be compared. To find the insertion vector associated with an assembly step, all contacts

between the plate(s) to assemble and the plate(s) appearing before it in the subsequence

are considered. In the example of Fig. 12, the first subsequence only implies plates 3 and 4.

Therefore, only one contact will be involved in the determination of the insertion vector. On

the contrary, for the second subsequence, the module "[3,4]" has four contacts reported on

the adjacency graph with plates 0, 1, and 2. As those plate numbers appear before "[3,4]" in

the subsequence, a common insertion vector will be generated for the four contacts.

Insertion constraints are used to compute an insertion vector for all contact zones involved in

an assembly step. Four different cases can be considered depending on whether the element

to be assembled is a plate or a module and the number of adjacent plates. (Figure 3.14). When

assembling a plate that has only one contact with one adjacent plate (Figure 3.14, top left), the

insertion vector is directly found by taking the average point on the domain of the insertion

constraint. When assembling a plate that has more than one contact (Figure 3.14, bottom

left), the vector is found by intersecting the domains of all the insertion constraints associated

with those contacts. A similar method is described in Chapter 4 of Christopher Robeller’s

thesis [Rob15]. This method is here extended to modular assemblies. When a module is

inserted in the structure (Figure 3.14, top and bottom right), all the insertion constraints

associated with the contacts between the plates of the module and the plate(s) already in place

are regrouped and intersected to compute a compatible insertion vector. The intersection

process has also been optimized compared to the initial method, as it does not rely on solid

intersections but only on faster point-point, point-curve, and point-surface intersections.

Finally, if the intersection of the constraints returns no result for one assembly step, the solver

asks the user to modify one of the solver inputs.

3.6 Solver outputs

Once an insertion vector has been computed for each assembly step and associated with

each contact zone, joints can finally be generated. In this section, the parametrization of five

different joints (one for each contact type) is presented. The generation of CNC toolpath and

robotic trajectories to automate the fabrication and assembly of the pieces is also detailed.

3.6.1 Generating joint geometry

For each contact type, one timber joint has been studied and parametrized (Figure 3.15). Those

joints have been selected for their common use in timber construction or their geometric

and aesthetic interest. However, other joints could easily be parametrized by following a

similar logic to the one presented here. The shape of each joint can be controlled by a set of

user-defined parameters. For example, for the dowel joint, the number of dowels, their radius,

and their inclination can be adjusted. Similarly, for the through-tenon joint, parameters allow

modifying the number of tenons as well as their dimensions and spacing.
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Figure 3.14: A compatible insertion vector is found by intersecting the insertion constraints
from the contact zones between the plate(s) to assemble and the plate(s) already in place.

Figure 3.15: Five types of joints have been parametrized and can be generated with the solver.
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The objective was to provide a purely analytical description of the shape of each joint to remain

independent of any computational library or programming language. The parametric equa-

tions of all the points necessary to create four of those five joints are given in Appendix A.2. The

half-lap joint is here the only exception. Its geometric construction requires solid Boolean op-

erations that prevent a purely mathematical approach. Therefore, it is necessary to rely on an

existing library of geometric algorithms for this particular type of joint. The parameterization

of the half-lap joint is nevertheless detailed in Figure 3.16.

Figure 3.16: Parametric construction of the half-lap joint as implemented in the solver. The
use of solid Boolean operations to get the chamfer planes precluded a purely mathematical
description of the joint geometry. For the other joints, the equations can be found in Ap-
pendix A.2.

For all timber joints, the solver splits the output into three lists: one list of 3D solids to add to

the plate geometry, another to subtract from the plate, and the last one for independent solids

such as external keys or dowels (Figure 3.17). The final geometry of each plate is obtained by
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performing Boolean operations with the solids of the first two lists (e.g., tenons are merged

with the plate’s initial geometry while mortises are subtracted). However, those operations

require a high computational time. Therefore, the solver keeps all joints as distinct geometries

separated from the plate to keep fast feedback and enable an iterative process. When the

user is satisfied with the design, joints are ultimately merged within the plate for visualization

purposes.

Figure 3.17: Joint geometry is stored as three lists of solids and kept separated from the plate
geometry until the design is fixed. Solid Boolean operations allow the integration of the joints
inside the plates to display the result.

3.6.2 Generating fabrication toolpath for CNC machining

Developing an accurate 3D modeling tool for timber joints in IATPS enables a direct workflow

from design to fabrication. The parameterization of each joint presented in this paper encom-

passes creating a 3D solid for visualization purposes and polylines and surfaces informing the

milling process. This geometric data can be interpreted by CAD-CAM software to generate a

machining toolpath which can then be exported to a CNC using a standard machine language

as G-Code [Int]. Although a CNC router allows cutting complex joints into standardized timber

panels, it also brings some constraints to the design, mainly due to axis reachability and

cutting tool characteristics.

The "inside corner" problem is a well-known example of CNC fabrication constraints (see

Figure 3.18a). Due to the circular cross-section of CNC milling bits, it is impossible to cut

sharp corners with a CNC. For timber joints, this is typically problematic to fabricate a mortise

matching a rectangular tenon. To make both parts compatible, removing a bit more material is

necessary. This can be done by extending the cutting toolpath to create notches in the corners.

As those fabrication details can impact the structural performance and the aesthetic of the

connections, there is an interest in integrating them into an iterative design workflow [Rob15].

Consequently, the developed tool automates the generation of those notches and updates

the machining toolpath accordingly. It also provides the possibility to choose between two

alternatives: dogbone fillets (Figure 3.18b) or T-bone fillets (Figure 3.18c) [Pad].
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Figure 3.18: Integrating corner notches into fabrication toolpath.

Other functionalities have also been developed to ease the manipulation of the 3D model. For

example, all plates can be scaled and reoriented independently with their attributes. They can

also be automatically laid flat in an array or a grid to visualize fabrication toolpath better or

stacked on top of each other to prepare robotic trajectories. Per default, the bottom face of

each plate faces downward. However, the top and bottom faces can be inverted by the user to

specify the best cutting approach for non-orthogonal machining (using more than three axes).
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The solver returns two types of outputs for fabrication purposes: contours and surfaces.

Contours are pairs of closed polylines that can be interpolated to create multiple milling

passes. The orientation of the cutting tool is given by joining each pair of corresponding

vertices from the top polyline to the bottom polyline. Surfaces are typically used to chamfer

tenons (as illustrated in Appendix A.2). The orientation of the cutting tool is here given by the

normal of the surface, and a snake-like surfacing toolpath can then be generated according to

the tool radius.

3.6.3 Generating robot trajectories for an automated assembly process

One objective of this research is to propose a general framework for the automated assembly

of timber plate structures. By splitting the assembly sequence into modules, groups of plates

can be preassembled off-site with an industrial robotic arm. A robotic insertion strategy for

timber joints based on the visual detection of fiducial markers has already been detailed

in a previous paper [Rog+20]. Therefore, only geometrical considerations about the robot

trajectories will be discussed here. Tridimensional path planning usually requires a long

computational time as checking for object collisions is a complex task, and the solution space

is vast [Gan+18]. To enable fast feedback for designers, a more straightforward approach was

taken. A potential trajectory based on nine predefined moves is extrapolated from the vector

of insertion associated with each plate (Figure 3.19). The open-source plugin Robots [Sol]

is then used to check if there are no obstructions and if the robot can reach all positions.

Note that other robotic simulation plugins could also be used according to the model of the

robot. If necessary, the user can tweak the trajectory with some additional parameters. The

direction of each movement is fixed, but lengths can be modified. While this semi-automated

method eventually requires some manual adjustment, it simplifies the assembly process using

a predictive but parametric trajectory.

Figure 3.19: The different steps of the robotic trajectory are similar for each plate. However,
distances can be adjusted, and intermediary points can be added to work around obstacles
and avoid collisions.
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3.7 Solver application and performance

The developed solver has been tested on different 3D models to assess its performance. This

section presents three structures for which joint geometry, fabrication toolpath, and robotic

trajectories have been automatically generated. Further investigations are still required to

tackle the physical assembly of those structures with a robotic arm as considerable challenges

remain to insert all types of joints with varying plate configurations [Rog+20]. The purpose of

those case studies is to demonstrate the range of applications of the integrated design tool by

applying the solver to different geometries.

3.7.1 Case study 1: curved beam

For the first case study (Figure 3.20), a 4-m-long curved beam made of 18 timber panels was

considered. Through-tenons joints were applied on face-to-side contacts to connect the beam

web with both flanges. The top flange is more segmented. It is composed of 7 panels to obtain

a curved shape. The bottom flange is formed of three longer panels. Therefore, different

parameters were used for the top and bottom layers. A single 10 cm wide tenon was generated

for each contact zone in the top flange, while two tenons of 5 cm were used for the contact

zones in the lower flange. Finger joints were used for side-to-side connections in both flanges.

However, all contacts between web elements were discarded to avoid assembly issues. Due to

the angle between the top flange plates, a slight chamfer needs to be surfaced on top of the

fingers, as shown on the bottom right of Figure 3.20. The fabrication toolpath also includes

dogbone notches for outer and inner milling curves. To simulate the robotic assembly of

the structure, an ABB 6400 robot equipped with a gripping end-effector was reproduced in

the parametric environment. The trajectory of each plate was validated after adjusting the

position of the plate stack and the other parameters mentioned in the previous section.

3.7.2 Case study 2: boxed vault

The second case study is a boxed vault composed of 20 hexagonal modules of 7 plates (Fig-

ure 3.21). A doubly-curved NURBS surface was first segmented by projecting a hexagonal

tiling pattern. Boxes were then extruded by intersecting bisector planes from each mesh

edge [Ves+20]. Boxes are slightly shifted about each other, as no optimization algorithm was

used to planarize the initial geometry. For this example, a modular assembly sequence was

set as input: each group of seven plates forms a module to which a vector of insertion and a

subsequence are assigned. Regarding the joints, sunrise dovetails were applied on all edgewise

connections to connect the plates of the box, while dowel joints were used to connect the

boxes. Figure 3.21 highlights how the solver not only creates the joint geometry but also gives

a complete overview of the different steps of the construction process. This goes from the

preview of t-bone notches for the manufacturing process to the simulation of the insertion of

the other elements (here performed manually) for the assembly of the structure.
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Figure 3.20: Application of the solver to a segmented curved beam of 18 panels.

Figure 3.21: Application of the solver to a vault composed of 20 hexagonal modules of 7 plates.

3.7.3 Case study 3: timber frame

For the third case study, a modular assembly sequence was also used. The structure comprises

two arches of 13 plates each and 21 purlins (Figure 3.22). In this scenario, both arches are

preassembled with a robot while the purlins are added manually. Therefore, the plates of
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the arches are grouped in two distinct modules in the input sequence. Dowel joints were

generated at each face-to-face contact to create a rigid connection between the arches pieces.

Half-lap joints were used for the purlins with a guiding slope to ease the assembly and dog-

bone notches in the corners. Robotic trajectories have been generated for one of the arch

modules after scaling it down according to the size of our robot model. The entire assembly

sequence for this module was successfully simulated using the solver’s output.

Figure 3.22: Application of the solver to a timber frame composed of two arches of 13 pieces
each and 21 purlins.

3.7.4 Computational performance

The solver performance is presented in Table 3.1 for the three case studies. The computational

time associated with each step of the algorithm is detailed. Boolean operations remain the

most computationally intensive task, with more than 2 min required to merge the joints and

the notches of the complete boxed vault. The model instantiation also requires a consequent

time to compute since finding all contact zones relies on Boolean operations. Besides, this

part of the algorithm runs in the order of n2 as each pair of plates needs to be tested. Therefore,

computing the adjacency of an assembly of a thousand plates might take considerable time.

However, only generating joint geometry remains quite fast. For the second case study, 1365

solids were generated in less than 5 s. This maintains the possibility to explore different design
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options quickly before performing the Boolean operations. The time needed to create a joint

depends on its geometric complexity. For example, the simple cylinder of a dowel joint is

typically much faster to generate than a half-lap joint with rounded guiding slopes. It should

also be noted that working inside the Grasshopper environment requires creating a new copy

of the model instance before executing any task, which adds between 1 and 2 s of delay to

every step. Finally, working on the entire model at once is rarely necessary. Only performing

Boolean operations on one plate or module dramatically enhances the solver’s responsivity.

Table 3.1: Computational time of each operation for each case study. Joints abbreviations:
DJ = Dowel joint, TT = through-tenon joint, SD = Sunrise Dovetails, FJ = Finger Joint, HL =
Half-lap joint.

The solver was also tested in different workshops with architecture students who had only

very limited knowledge of parametric design (see Appendix A.3). This was an excellent oppor-

tunity for testing the user experience of the developed Grasshopper plugin for non-experts.

Surprisingly, students were rapidly capable of designing relatively complex assemblies of a

dozen plates. The tool also proved particularly effective in explaining and visualizing assembly

constraints. The documentation of the potential sources of error in the workflow was also

significantly improved after students’ feedback.

3.8 Conclusion and outlook

An integrated design tool for timber plate structures connected by wooden joints has been

developed and tested through three case studies. It offers an effective way to integrate dig-

ital fabrication and robotic assembly constraints into the design of standard and bespoke

structures. Compatible timber joints are automatically created by interpreting an assembly

sequence set by the user. This sequence can also be divided into modules allowing a multi-step

assembly. By generalizing the joinery system, more freedom is given to the designer, and the

impact of construction constraints on the project can be better understood. Besides, this

opens the possibility to easily extend the library of joints by following the same framework.

The application of the algorithm to three case studies resulted in a relatively high calcula-

tion time, especially for large assemblies. This is caused mainly by three factors. First, the

solver must look for all contacts between the elements since no information about adjacency

is provided. Second, Boolean operations are computationally-intensive tasks. Third, the

Grasshopper environment requires creating a new copy of all properties stored in the model
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at each step to avoid conflicts when running parallel tasks. However, using this node-based

visual scripting platform, it is possible to complete the complex modeling of all timber joints

independently of the model instantiation. This drastically reduces the delay between two iter-

ations, maintaining a high level of interactivity. Besides, it is unnecessary to merge the joints

with their parent plate to visualize them. Boolean operations can therefore be postponed after

the end of the design process.

The solver could also be optimized to reduce calculation times. For example, a list of all

adjacent plates could optionally be provided by the user in addition to the assembly sequence,

avoiding the need to compute plate intersections. In addition, if the global shape of the model

is designed using a mesh data structure, adjacency information could easily be transferred

from the mesh to the plate model. Finally, implementing external libraries optimized for

Boolean operations could also speed up the process.

The joinery solver could also be extended to beam elements or more complex polyhedra.

Similar logic to plates could be considered, although plates have the advantage of having only

two possible orientations, which reduces the amount of user input required. The current

framework targets translational assemblies with pieces moving according to one insertion

vector. More complex insertion trajectories involving rotations could also be considered.

In conclusion, this research constitutes a first attempt at generalizing the design process

of IATPS. While the computational performance of the solver could still be improved, its

application to three case studies demonstrated the interest in connecting architectural design,

digital fabrication, and robotic assembly under one roof. Furthermore, parallel investigations

have been carried out on the mechanical characterization of such structures [Rez+21], and

a logical development would be to integrate structural feedback into this general design

framework.

This contribution opens new perspectives for IATPS. The development of this new tool fa-

cilitates the manipulation of this innovative structural system by architects and structural

designers who are not necessarily familiar with coding. Consequently, this fosters the shift in

the status of IATPS from iconic research pavilions to a more widespread and highly automated

building system that allows for both standardized and bespoke structures.
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3.10 Addendum: Details on the integrated robotic simulation

The algorithm for generating the joints has been extensively discussed in the above paper.

However, the simulation of the robotic trajectories has only been briefly addressed so far.

Consequently, further explanations are given in this section. Part of this research benefited

from the collaboration with an industrial partner specialized in developing robotic solutions

for timber construction companies (Imax Pro SA, Belgium). This company developed a custom

application in Unity [Uni] to solve the inverse kinematics of a 6-axis robotic arm and detect

potential collisions. The robot can also be controlled directly from the application, and

custom commands can be programmed. The doctoral candidate’s contribution consisted in

establishing a communication protocol between the design and robotic interface to simulate

and execute the robotic trajectories. While the protocol for sending the instructions to the

real robot is presented in Chapter 5, the integration of the robotic simulation into the design

interface is detailed here.

The collaboration with an industrial partner allowed studying the challenges of implementing

the integrated design tool into an existing industrial workflow. The primary difficulty consisted

in enabling the interoperability between the design platform (Rhino, Grasshopper) and the

robotics simulation platform (Unity). The objective was to give the possibility to simulate a

robotic trajectory inside Grasshopper while integrating the constraints of a real robotic setup.

First, two robotic simulations were developed independently in Grasshopper and Unity. Next,

a streamlined data exchange protocol was established to synchronize both simulations and

benefit from the advantages of both platforms.

3.10.1 Robotic simulation in Grasshopper

Several plugins are available in the Grasshopper ecosystem to simulate robot trajectories

(Kuka Prc [Ass], Taco ABB [WSF], Hal Robotics [Sch]). The plugin Robots [Sol], developed

at the Bartlett School of Architecture, was selected to be implemented within the compu-

tational framework for designing IATPS. It has the advantage of being fully open-source,

well-documented, and compatible with a wide range of robot models (ABB, KUKA, UR, and

Staubli). Existing robot 3D models, as well as XML files containing robot joint dimensions

and properties, can be downloaded from Robots public GitHub repository [Sol]. However,

the model of the robot hosted at IBOIS (ABB 6400) did not feature on this list yet and was,

therefore, created using the data provided by the industrial partner.

A custom workflow relying on the Grasshopper components of Robots plugin was developed

(Figure 3.23). It solves the inverse kinematics equations to compute a robot trajectory that

satisfies the robot constraints and passes through a list of planes given as input (Figure 3.24a).

As explained in Section 3.6, this list of planes is one of the outputs of the integrated design

tool for IATPS. It is automatically computed according to the vectors of insertion of the timber

plates. The parametric interface allows adjusting the trajectory based on the feedback of the

robot solver. If no valid robot position can be found to reach one or several planes of the
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trajectory, the robot will instantaneously appear in red in the design interface (Figure 3.24b).

A slider allows animating the robot to identify problematic positions. In addition, a custom

component was scripted to display the timber plates that are being assembled.

Figure 3.23: Flowchart representing the algorithm developed to simulate the motion of the
robot and the plates. Inputs are displayed in grey, and outputs are in color.

Figure 3.24: Robotic simulation within the design interface. If a valid trajectory can be com-
puted, the robot turns green (a). Otherwise, it turns red (b), and the blocking situation is
displayed. On the right, the robot cannot insert the second plate as it is beyond reach.

3.10.2 Robotic simulation in Unity

Whereas the robot model in the Grasshopper interface approximates the real robot, the one

implemented by our industrial partner in Unity is a more accurate replica (Figure 3.25). It

includes all physical limitations in the robotic cell (e.g., surrounding walls, joint restrictions

due to equipped tools, etc.) and goes as far as showing the state of the electronic circuits that

activate the vacuum gripper. Besides, while Rhino is a 3D modeling software, Unity is a game

engine that can simulate physical interactions such as collisions between objects. This makes

it particularly interesting for robotic applications. The interface consists mainly of a 3D scene

where the robot is displayed, a hierarchy tab listing all elements in the scene, and an inspector

tab detailing object properties (e.g., position, scripted behavior, etc.).
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Figure 3.25: Robotic interface developed by ImaxPro in Unity.

In an industrial context, robotic trajectories are usually programmed manually. Standard

workflows require workers to move the robot in manual mode and save the different positions.

Subsequently, the robot repeats the trajectory autonomously. With the custom Unity applica-

tion, the same can be achieved on the computer. A list of targets can be programmed by the

operator by manually entering spatial coordinates and rotation angles. First, the application

will deduce if each target is reachable. Second, the whole robotic trajectory will be computed

to check if there is a valid sequence of moves between the different targets. Finally, the user

can use custom action buttons to ask the virtual robot to reach or follow a specific target,

which facilitates the detection of potential collisions or problematic motions.

3.10.3 Synchronization Unity-Grasshopper

On the one hand, the Unity simulation has the advantage of being directly connected to the

robot controller and faithfully reproducing the real robot. On the other hand, the Grasshopper

simulation has the advantage of being fully parametric and enabling synergy with the different

modules of the developed computational framework for IATPS. To benefit from the advantages

of both platforms, a streamlined data exchange protocol was developed (Figure 3.26). It works

both ways, from Unity to Grasshopper and conversely. The principle is that one robot takes

the role of guide and the other that of follower. The position of the guide is encoded in a text

file which is instantaneously read and reproduced by the follower.

A major challenge was the different conventions of coordinate systems used by the two

software. While Rhino follows the standard right-hand convention, Unity has the particularity

of having a left-handed coordinate system with the Z axis pointing in the opposite direction.

To facilitate data exchanges, it was decided to swap the Y and Z axes in Unity (see Figure 3.26).

Therefore, the spatial coordinates representing the position of the planes have to be changed

from XYZ to XZY.
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Figure 3.26: Communication protocol to synchronize two robot models in Unity and Grasshop-
per and enable direct feedback about robotic constraints inside the design interface.

The orientation of the planes is also impacted by the change of axis. In Rhino, planes are

usually described using two vectors (origin, X axis, Y axis), while in Unity, their orientation is

stored as quaternion [SE] (in the form a, b, c, w with w being the real part) but displayed in the

editor as Euler angles (using the pitch, roll, yaw convention). The quaternion representation

is the most common in robotics as it is not impacted by the gimbal lock problem [HO18].

Therefore, it was used to store the orientation of the planes in the text file. However, quaternion

notation also differs between both software as it starts with the real part in Rhino (giving: w, a,

b, c). Finally, considering both the change of axis and of notation, a quaternion in the form w,

a, b, c in Rhino gives a, c, b, -w in Unity. In the other direction, a quaternion in the form a, b, c,

w in Unity gives -w, a, c, b in Rhino.

In conclusion, streamlined data exchange was established between the design and robotic

interfaces. The response time is in the order of a tenth of a second. This enables direct

feedback regarding the possibility of assembling the plates of an IATPS with a robotic arm.

This also demonstrated the feasibility of integrating an existing industrial workflow with

different software. Further developments could include valuable features such as displaying

the plates generated in Rhino inside Unity and automating the evaluation of the robotic

simulation to determine a collision-free path without any manual intervention. However, as

it stands, the implemented code already allows interactive modification of the design of an

IATPS based on the reachability constraints of a given robotic arm.
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4 Integration of structural engineering
considerations

The texts and figures presented in this section were reproduced from the postprint version of

the following peer-reviewed paper available in open access:

Rogeau, N., Rezaei Rad, A., Vestartas, P., Latteur, P., & Weinand, Y. (2022). A collaborative

workflow to automate the design, analysis, and construction of Integrally-Attached Timber

Plate Structures. In: POST-CARBON, Proceedings of the 27th International Conference of the

Association for Computer-Aided Architectural Design Research in Asia (CAADRIA) Sydney 2022,

Volume 2, pp.151-160, CAADRIA, Honk-Kong. doi:10.52842/conf.caadria.2022.2.151.

The doctoral candidate was responsible for the writing of the article as well as for the coordi-

nation of the scientific project. In particular, this consisted in enabling interoperability with

algorithms previously developed by the second and third authors and creating an intuitive

design interface. The second author also contributed to the writing of Section 4.3. The third

author was involved in the development of a design-to-fabrication workflow to facilitate the

simulation and export of CNC toolpaths. The fourth and fifth authors of the paper contributed

equally as scientific advisors and proofreaders.

4.1 Abstract

This paper introduces a computational framework that fosters collaboration between archi-

tects, engineers, and contractors by bridging the gap between architectural design, structural

analysis, and digital construction. The present research is oriented toward the formulation of

an automatic design-to-construction pipeline for Integrally-Attached Timber Plate Structures

(IATPS). This construction system is based on assembling timber panels through the sole in-

terlocking of wood-wood connections inspired by traditional Japanese joinery. Prior research

focused on developing distinct computational workflows and dealt with the automation of

3D modeling, numerical simulation, fabrication, and assembly separately. In the current

study, a single and interactive design tool is presented. Its versatility is demonstrated through
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two case studies, as well as the assembly of a physical prototype with a robotic arm. Results

indicate that efficiency in terms of data flow and stakeholder synergy is considerably increased.

The proposed approach contributes to the Sustainable Development Goal (SDG) 11 by facil-

itating the collaborative design of sustainable timber structures. Besides, the research also

contributes to SDG 9 as it paves the way for sustainable industrialization of the timber con-

struction sector through streamlined digital fabrication and robotic assembly processes. This

reduces manufacturing time and associated costs while leveraging richer design possibilities.

4.2 Introduction

4.2.1 Interdisciplinarity as a driver of sustainability

In 2020, the construction sector was responsible for 37% of energy-related C02 emissions. A

decrease in economic activities due to the COVID-19 pandemic has led to temporary improve-

ments. However, the decarbonization of buildings is currently not on track to reach the goals

of the Paris Agreement [Uni20]. While there is a clear reduction trend in life-cycle greenhouse

gas emissions due to improved operational energy performance, researchers have reported an

increase in embodied emissions arising from the manufacturing and processing of building

materials [Zim+21]. Given the high demand for new housing, the entire life cycle of buildings

should be taken into consideration during the design phase to mitigate the environmental

impact of construction.

Digitization can enhance the productivity of the construction sector and help deliver the

required building stock. However, automating existing workflows without a paradigm shift

would only increase the environmental impact of building activities. To reach United Nations

Sustainable Development Goal 11 – Making cities and human settlements inclusive, safe,

resilient, and sustainable – it is necessary to both rethink standard design workflows and

develop more sustainable construction processes. On the one hand, given the increasing

complexity of architectural projects, interdisciplinary collaboration needs to be strength-

ened [Kni+21]. Physical considerations such as material properties, structural performance,

and prefabrication constraints need to be included upstream in the design process. On the

other hand, low-carbon materials and efficient manufacturing techniques need to be more

broadly adopted.

This research focuses on Integrally-Attached Timber Plate Structures (IATPS) – an innovative

building system relying on the interlocking of engineered timber panels. Drawing inspiration

from traditional Japanese carpentry, the elements are connected solely by wooden joints (i.e.,

mortises and tenons), reducing the need for additional metallic fasteners (Figure 4.1). The

advantages of IATPS are double. Firstly, this construction technique offers the possibility of

creating complex shapes out of flat standard wooden panels. It, therefore, provides a low-

carbon alternative for creating architecturally appealing structures, relying mainly on a natural

and renewable resource. Secondly, recent advances in digital timber construction allow a high
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degree of automation for IATPS. Panels can be cut with a Computer Numerical Control (CNC)

machine and assembled into larger modules with an industrial robotic arm [RLW21]. The

main objective of this research is to ease the design of IATPS by facilitating the data flow from

architectural design to structural analysis and automated construction. To enable reciprocal

feedback between the different fields of expertise involved in the project (i.e., architecture,

engineering, and robotics), a collaborative computational design tool has been developed and

is presented in this paper.

Figure 4.1: Two examples of IATPS: the theatre of Vidy in Lausanne (left, © Ilka Kramer) and
the multipurpose hall of Annen in Manternach (right, © Valentin Bianchi).

4.2.2 Interactive computational workflows

Despite the progressive adoption of Computer-Aided Design (CAD) software that increased

drafting productivity in architectural and engineering offices, standard design-to-construction

workflows have barely changed and remained very linear [Car17]. However, as design teams

keep getting bigger and their members more specialized, collaboration is both more essential

and more complex than ever [Dal21]. One major challenge lies in the diversity of digital tools

used by architects, engineers, and contractors, as proprietary file formats lack interoperability

to enable a real collaborative design workflow [OT10]. Indeed, most professional software

focuses on one part of the design process (drafting, analyzing, manufacturing...) and ensures

that its functionalities are generic enough to accommodate all building typologies (Figure 4.2,

left).

As developing custom software, applications, and plugins become more accessible, collabo-

rative design workflows tailored for specific building typologies (Figure 4.2, right) have been

elaborated and tested by different researchers. So-called “Interactive co-design methods” have

been used to realize the BUGA wood [Wag+20a] and fiber [Bod+19] pavilions. Computational

developments consisted notably in integrating physical constraints linked to the robotic pre-

fabrication of the elements into the 3D design model. This was achieved by allowing designers

to simulate fabrication toolpath and assembly sequences inside the design interface.
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Figure 4.2: Standard software focuses on one part of the design process leading to siloed
workflows. Collaborative design workflows focus instead on one building typology.

4.3 Method

4.3.1 Developing a collaborative design interface

The methodology builds on previous work on Integrally-Attached Timber Plate Structures

(IATPS) conducted at the laboratory for timber constructions (IBOIS, EPFL). An integrated

design tool to generate joint geometry, fabrication toolpath, and robot trajectories [RLW21], as

well as a framework for the structural analysis of IATPS [Rez+21], were separately introduced.

The novelty of this contribution lies in the integration of the structural engineering feedback

directly into the design interface. This is achieved through the systematic conversion of

architectural 3D models to Finite Element (FE) meshes and will be further detailed in the

following sections.

The collaborative design workflow was implemented in Grasshopper – the parametric interface

of Rhinoceros 3D software and released as an open-source plugin named Manis. The algorithm

automatically outputs visual information on the structural performance and the construction

feasibility of a timber plate structure based on an initial 3D model (Figure 4.3). Interdisciplinary

collaboration is thereby made possible by following an iterative design process. The collection

of 3D panels that composes the structure is converted to a plate model object. This custom

python class instance automatically generates an additional layer of data based on the order

of the elements (assembly sequence) and how they are connected (adjacency graph). A set of

components that operate on the plate model is then available to: (1) simulate the computed

assembly sequence, (2) generate parametric timber joints between the pieces, (3) generate a

FE model and run a FE analysis, (4) generate, simulate, and execute CNC fabrication toolpath,

(5) generate, simulate, and execute robotic trajectories.
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Figure 4.3: The algorithm enables collaboration by integrating structural performance as well
as fabrication and assembly constraints into the design process.

4.3.2 Integrating numerical simulation

The integration of the numerical simulation is achieved through COMPAS – an open-source

python-based platform developed at the NCCR Digital Fabrication to enhance code reusability

and facilitate the development of collaborative design workflows [Van+17]. The COMPAS_FEA

extension aims to provide a smooth interface between CAD and FEA. First, this Python package

creates a structure object associated with the 3D model. It includes geometric information, ele-

ment, section, and material properties. Then, it enables the user to specify loads and boundary

conditions for structural analysis. The construction of the structure object is performed using

various modules that exist in the core COMPAS library (i.e., data structure, mesh) and the

FEA extension. Accordingly, the majority of the repetitive scripting tasks are eliminated while

streamlined data post-processing and visualization support are provided. Once the structure

object is constructed, COMPAS_FEA writes the native input file for the FE software. In this

case, the model is generated in either ABAQUS or OpenSees. It is then sent to the original

solver for analysis. Lastly, the data from the analysis results are extracted and returned to the

collaborative design interface (Figure 4.4).

Figure 4.4: Integrating engineering feedback from Abaqus and OpenSees into the collaborative
design plugin "Manis" via COMPAS open-source platform.
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In detail, each plate is simulated using a conventional shell element with a homogeneous

section property. The thickness, the integration rule (i.e., Simpson’s rule), and the number

of integration points are also specified in this step. General-purpose thin shell elements are

used to account for finite membrane strains, as well as large rotations. In particular, a finite-

strain shell element with four nodes (S4R), which uses lower-order integration to compute

the element stiffness, is employed. This type of shell element has six degrees of freedom and

enables thickness changes, leading to a realistic evaluation of the performance of the structure.

Also, a free meshing technique is used to convert each plate mid-surface to a triangular mesh

while line segments are created to represent the connections between the plates (Figure 4.5).

Those connection links are integrated into the simulation by defining spring elements between

the shell elements. The algorithm ensures that the nodes of each connection link correspond

to the vertices of the plate meshes. Finally, mesh data and connection links are added to the

structure object to perform the analysis.

Figure 4.5: Automated conversion of architectural 3D models to Finite Element models.

4.4 Results

4.4.1 First case study: orthogonal timber slab

Our collaborative design workflow was first tested on a piece of timber slab consisting of 4 pan-

els connected by through tenon joints (Figure 4.6). This construction system was initially devel-

oped with the idea of shipping flat packs of timber panels to be assembled on-site [GBW20b].

Using our parametric tool, timber joints are automatically generated between the panels.

The influence of the number of tenons, their dimensions, and spacing on the structural per-

formance is systematically visualized through the integrated numerical simulation module.

Load and support points for the analysis are parametrically defined through a complementary

script. The deformation of the structure is displayed in the design interface. In addition, von

Mises stresses are computed to evaluate yield and failure states near the connections. The

simulation of the CNC toolpath, as well as the robotic trajectory, is performed in the same

environment. This allows modifying the design at any time while ensuring compliance with

fabrication and assembly constraints.
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Figure 4.6: The developed plugin enables the integration of fabrication, assembly, and struc-
tural constraints into the design process of an orthogonal slab made of 4 timber panels.

4.4.2 Second case study: doubly-curved timber vault

A piece of the doubly-curved timber structure of Annen’s head office in Manternach [Rez+21]

has been chosen as the second case study. The prototype is a modular structure composed of

9 boxes with 4 panels each (Figure 4.7). Sunrise dovetails and through tenon joints connect

the pieces to each other. The choice of the joint is automatically determined according to

the relative position of the plates [RLW21]. As for the previous case study, the algorithm

allows us to test different joinery configurations while visualizing their influence on struc-

tural performance. A uniform load is applied to the top layer of the vault, and subsequent

deformations and stresses are automatically retrieved. The Finite Element Analysis of all 36

plates is performed with a computational time of approximately 1 minute, which maintains

the possibility of evaluating several design iterations. The entire design workflow has also

been recorded and is available on Vimeo [Rog21] [RR21].
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Figure 4.7: The tool design space ranges from standard to bespoke timber plate structures, as
demonstrated with this doubly-curved timber vault made of 9 boxes of 4 plates each.

To assess all steps of the design-to-fabrication pipeline, one box of the doubly-curved vault

prototype was fabricated (Figure 4.8). The four panels of the box were cut with a 5-axis CNC

after simulating the toolpath in the design interface. Next, robot trajectories, computed by

the algorithm, made it possible to perform the assembly by seamlessly transferring the data

to a 6-axis robotic arm (ABB 6400). The position of the first plate of the box was manually

referenced. Then, the three remaining plates were lifted from a square base with a vacuum

gripper attached to the robot end effector. The joints were manually sanded beforehand to

ease the insertion with the robot. This proved particularly necessary when inserting the last

two plates of the module as 4 tenons had to be assembled simultaneously in two adjacent

plates (Figure 4.8.7). This made it possible to compensate for the slight differences between

the virtual model and the prototype.
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Figure 4.8: CNC cutting and robotic assembly of one module of the doubly-curved vault
prototype.

4.5 Conclusion

An open-source collaborative design workflow for Integrally-Attached Timber Plate Struc-

tures (IATPS) has been developed and tested through two case studies. Using COMPAS and

COMPAS_FEA frameworks makes it possible to remain independent of the structural analysis

back-end. A significant achievement consisted in unifying architectural design, structural

analysis, digital fabrication, and robotic assembly in one single interface. Consequently, barri-

ers among construction stakeholders are removed, and the integration of physical constraints

in the project can happen at a very early stage of the design process. Furthermore, both

standard and bespoke geometries have been handled by the algorithm, demonstrating that a

wide range of architectural applications can be explored.
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While the present research facilitated the design of IATPS by enabling a collaborative design

workflow, future research should focus on the construction phase and its automation. Indeed,

to foster the use of timber in standard and bespoke architecture, streamlined prefabrication

processes need to be developed and implemented. More specifically, upcoming investigations

on IATPS should tackle challenges linked to the insertion of the joints with a robotic arm.

Parameters such as the tolerance and the shape of the connections have a significant impact

on the success of the robotic assembly as well as on the rigidity of the connections. Further

experimental studies are therefore required to understand the influence of those design

parameters better. From a broader perspective, future robotic setups should aim for more

flexibility by allowing the assembly of different types of joints in various configurations.

As far as structural engineering and associated simulation are concerned, the computational

cost could be reduced by employing reduced-order Finite Element models for timber plates,

i.e., macroscopic elements. The interdisciplinary aspect of this collaborative design workflow

could also be expanded further by integrating other design considerations, such as economic

factors and environmental impact measures. Quantitative data about material savings and

avoided CO2 emissions would typically be a great addition to better inform the design team.

Assembling the knowledge of different fields of expertise in a single platform will contribute to

better design decisions and lead to a more sustainable building environment. In this regard,

the particular focus should be to develop design tools that allow a holistic approach to specific

building systems instead of generic tools dedicated to one professional discipline.
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4.7 Addendum: A computational design framework for the structure

of Annen

The integration of a structural analysis module within the framework introduced in Chapter 3

made it possible to automatically convert a 3D model into a mesh suitable for Finite Element

Analysis (FEA). The objective was to provide an integrated design tool compatible with all types

of IATPS. However, widening the scope of application required making some trade-offs in terms

of computational performance. For architectural projects with complex geometry and many

elements, such as the structure of the multipurpose hall of Annen in Manternach (Figure 4.9),

a tailored workflow remains necessary to optimize computational times. Consequently, this

section presents an algorithm that was specifically developed to automate data exchanges
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between the architectural and engineering models of the Annen structure. While the text

and figures are original, this research is also featured in the following peer-reviewed paper

available in open access:

Rezaei Rad, A., Burton, H., Rogeau, N., Vestartas, P., & Weinand, Y. (2021). A framework to

automate the design of digitally-fabricated timber plate structures. Computers & Structures,

Volume 244, February 2021, 106456. doi: 10.1016/j.compstruc.2020.106456.

Figure 4.9: The 23 doubly-curved vaults of the Annen headquarters are composed of hundreds
of timber panels with thousands of joints.

4.7.1 A streamlined and automated data exchange from CAD to CAE

This particular project was designed by Valentiny hpv architects and Yves Weinand. A compu-

tational design workflow was first proposed by Robeller et al. [Rob+16] to discretize the target

surface into planar panels, compute the orientation of the joints, and generate fabrication

files. Each arch is composed of rows of boxes made of 4 beech Laminated Veneer Lumber

(LVL) panels connected by timber joints (Figure 4.10). Furthermore, there is only one possible

assembly sequence, as each box fits into the previous one, with the last box locking the system.

Then, the structural analysis of the arches was approached separately through two distinct

methods at the Laboratory for Timber Constructions (IBOIS, EPFL). On one side, a tridimen-

sional FE model including the semi-rigid behavior of the connections and relying on the

Abaqus solver [Das] was investigated in the thesis of Dr. Anh Chi Nguyen [Ngu20]. On the

other side, a simplified macro model based on the OpenSees framework [Maz+] was developed

in the thesis of Dr. Aryan Rezaei Rad [Rez20]. The macro modeling technique has the advan-

tage of drastically reducing computational time. Only 2 s were needed to run the analysis of

one full arch of 200 boxes [Rez+21] whereas the FE analysis took more than 20 s for only 15

boxes with a mesh size of 2.5 mm [Ngu20].

For both methods, a significant challenge consisted in automating the conversion of the

architectural 3D model to a model suitable for structural analysis. Since there are no two

identical panels in the project and 23 arches composed of several hundred panels need to

be modeled, an automated workflow is required. Regarding the FE method, such workflow

had already been developed in Grasshopper to generate suitable meshes for each timber
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Figure 4.10: Assembly sequence of the arches of the Annen structure.

panel [NVW19]. However, the vast number of elements and the density of the meshes led to

a computational time of 64.2 min for an arch of 200 boxes. Therefore, the objective was to

develop a similar workflow for the macro modeling method with the ambition to generate

the required elements in a considerably shorter time and provide more interactive design

feedback. The algorithm was coded in Python and implemented in Grasshopper. It takes the

3D model of an arch of the Annen structure as input and outputs a text file (.tcl) containing all

data of the generated macro model to be analyzed in OpenSees.

4.7.2 Generating the macro model

A macro model is constituted of springs and beams. It is a discrete representation based

on unidimensional elements, unlike FE models, which are continuous. The methodology

consisted in representing each timber plate with a grid of orthogonal beams and each joint

with a spring. The orthogonal beams emulate the orthotropic properties of the LVL panels,

while the springs simulate the semi-rigid behavior of the connections.

The construction of the macro model from the architectural 3D model is detailed in Figure 4.11.

First, the mid-surface of each plate is computed ( 4.11.b). Then the joints are simplified into

segments linking the edges of the adjacent planar surfaces. The base contour of each plate

is also extracted as a polyline ( 4.11.c). The corner nodes are identified, and two additional

nodes (adjacent hinges) are created on both sides of each corner ( 4.11.d). Next, the grid of

orthogonal beam elements is generated (4.11.e and 4.11.f). Since all the plates in the structure

have relatively similar proportions, the number of inner beams in the direction perpendicular

and parallel to the fibers is constant and set to 6 and 4, respectively. Their end nodes are also

computed and added to the model. Likewise, the spring elements representing the joints and

their end nodes are generated ( 4.11.g). Lastly, all computed nodes are collected and ordered

around the plate polyline to create the boundary elements ( 4.11.h).
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Figure 4.11: The different steps of the geometric algorithm developed to convert the detailed
3D model of the structure of the Annen project to a macro model suitable for structural
analysis in OpenSees.

4.7.3 Indexing system

In order to analyze the structure with OpenSees, the nodes, springs, and beam elements

need to be exported as textual information in .tcl format. Consequently, a custom indexing

system was developed in order to set a unique tag number for each element. To ease their

identification, this number was directly derived from their position in the macro model. The

indexing logic is summarized in Figure 4.12, and the associated pseudo-code is given in

Appendix A.4. Each tag begins with four digits identifying the panel’s position in the structure.

For example, the index of the fourth plate of the twelfth box of the third row of an arch is 3124

(row 3, box 12, plate 4). The following digit corresponds to the element type: 0 for the corner

nodes, 1 and 2 for the inner beams, 3 for the joints, 4 for the boundary elements, and 5 for the

corner hinges. The next digits are used to number the elements. The end points of the beam

and joint elements reuse the same tags with an additional 1 to label the start point or a 2 for

the end point.

Once a unique identifier has been assigned to each element, the data is exported following

OpenSees syntax. The nodes are defined by their spatial coordinates using the node command.

The command elasticBeamColumn is used for the beams. Different material properties (elastic

modulus, shear modulus, torsional moment of inertia, second moment of area, etc.) are
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Figure 4.12: Algorithm for the indexing of the elements of the macro model and the generation
of the .tcl file for the subsequent OpenSees analysis.
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assigned to the fiber-parallel, fiber-perpendicular, and boundary beams according to the

information provided by the LVL manufacturer [VTT16]. Lastly, the springs are created with the

command twoNodeLink, which requires specifying the stiffness for the 6 degrees of freedom

(3 translations and 3 rotations according to the local system of axes). Those coefficients were

evaluated through a series of experimental activities previously carried out by Dr. Rad [Rez20].

4.7.4 Performance of the algorithm, conclusion, and outlook

The algorithm was tested on an arch of 200 boxes. The generation of the macro model and the

associated text file took 1 min and 3 s (with an Intel Core i7-4800MQ CPU @2.7 GHz and 16 GB

of RAM). This is about 60 times faster than the mesh generation for the FE analysis of the same

arch. Besides, the analysis runtime for the macro model took only 11 min and 27 s, which is

about 170 times faster than the corresponding FE analysis [Ngu20]. This demonstrates a clear

advantage for the macro modeling approach coupled with the indexing strategy. In addition

to saving computational time, the automatic conversion from CAD to CAE also considerably

reduces the risk of errors compared to manual modeling approaches.

Table 4.1: Performance comparison between Finite Element (FE) and Macro models.

Method Model generation Simulation
(for 200 boxes) (s) (s)

FE Model 3840 111842
Macro Model 63 687

The structural analysis module described in Section 4.3 relies on FE solvers. It has the ad-

vantage of working for all types of IATPS, independently of the configuration of the plates

or the type of joints. While generating a FE mesh is more time-consuming, the technique is

more versatile as the creation of the mesh is independent of the topology of the structure. In

contrast, the algorithm developed for the Annen structure requires a specific indexing logic

and the establishment of simplification hypotheses beforehand.

A modified version of the algorithm developed for Annen was applied to an orthogonal boxed

beam designed by Gamerro et al. [GBW20b] and similar to the one shown in Figure 4.6. While

a new algorithm had to be developed specifically for the beam in order to automate the

generation of the geometric elements of the macro model, a methodology similar to the case

of the Annen structure was followed. Besides, most of the indexing logic was reused. The

only difference was that since there was only one box to consider, the first three digits of

the element tags were dropped. Ultimately, the analysis of this second macro model led to

convincing results both in terms of computational time and relevance of the results. Further

details can be found in the referenced publication and will not be discussed here. While more

research is necessary to study how the macro modeling approach could be generalized to any

IATPS, this research highlighted the interest in implementing this alternative to FE modeling

inside the developed integrated design tool.
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5 Insertion of timber joints with a vi-
sual feedback loop

The texts and figures presented in this section were reproduced from the postprint version of

the following open-source peer-reviewed paper:

Rogeau, N., Tiberghien, V., Latteur, P., & Weinand, Y. (2020). Robotic Insertion of Timber Joints

using Visual Detection of Fiducial Markers. In: Hisashi Osumi, Hiroshi Furuya, Kazuyoshi

Tateyama (Eds.) Proceedings of the 37th International Symposium on Automation and Robotics

in Construction (ISARC 2020), Kitakyushu, Japan, International Association for Automation

and Robotics in Construction (IAARC), pp.491-498. doi:10.22260/ISARC2020/0068.

The doctoral candidate was responsible for the writing of the article as well as for the coordi-

nation of the scientific project. In particular, this consisted in creating a streamlined workflow

to exchange data between the design interface and the robot controller. In addition, a visual

feedback loop based on the detection of fiducial markers was developed in collaboration with

the second author and integrated by the doctoral candidate into the workflow. The third and

fourth authors of the paper contributed equally as scientific advisors and proofreaders.

5.1 Abstract

The timber building industry is facing a major transformation, with digitization and au-

tomation being more broadly adopted. Prefabricated timber frame structures can be mass-

produced on large robotic assembly lines, increasing the productivity and competitiveness

of wood over standard inorganic materials such as steel or concrete. While standardization

is likely to limit creativity, new digital tools, on the contrary, give the possibility to design

and build complex and unique geometries. Recent research in bespoke digital prefabrication

notably led to the development of Integrally Attached Timber Plate Structures (IATPS). This

system consists in assembling wooden panels connected only with timber joints inspired by

traditional Japanese carpentry. The elements are digitally prefabricated and inserted into one

another to form bespoke architectural structures. To propose a fully automated process for
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IATPS from design to construction, this paper investigates a method for assembling the panels

with a 6-axis robotic arm. Preliminary studies have shown that significant discrepancies can

occur between virtual models and physical prototypes due to joint tolerances, hygrometric

variations, and self-weight deformations. To address this challenge and to adapt the robot’s

position to the actual location of the elements, a visual feedback loop was developed using

fiducial markers. Several tests were performed with structural wood panels to assess the

method’s accuracy for different configurations and adapt the geometry of the joints in conse-

quence. Finally, the insertion of a panel with two through-tenon joints was achieved by taking

pictures of the target with a camera mounted on the robot’s end effector.

5.2 Introduction

The construction sector is recognized as one of the main contributors to the current ecological

crisis. The production of new construction materials is responsible for a significant share of

CO2 emissions and plays a major role in landfill waste generation. Therefore, to reach the

Sustainable Development Goals set by the United Nations for 2030 [Nat], it is necessary to

reconsider the whole construction process and take material life cycles into account upstream

in the design phase.

Engineered wood products have been identified as an alternative to commonly used concrete

and steel components, which could lead to more sustainable construction systems by lowering

the embodied carbon energy of the structure [Chu+20]. In addition, connections between

timber panels can be integrated into the element geometry taking inspiration from traditional

timber joinery techniques and benefiting from recent advances in digital fabrication to gen-

erate the toolpath [Rob15]. This construction system, also referred to as Integrally-Attached

Timber Plate Structures (IATPS), reduces steel fasteners and improves structural performance.

Furthermore, since additional connectors are not required, the amount of time allocated to

the construction phase can also be reduced.

Previous research has both demonstrated the architectural and structural interest of IATPS,

leading to the realization of large-scale projects such as the theater of Vidy [RGW17], the BUGA

wood pavilion [Wag+20a], and the Annen’s head office [NVW19]. Different workflows have

been set up for each of those projects to integrate fabrication constraints in the design and

automate the cutting of the different pieces using a CNC machine or a 6-axis robotic arm. For

the BUGA wood pavilion, collaborative robots have also been used to glue the construction

components. However, for each of the three projects, the assembly of the different modules

remained a manual process.

First investigations about the robotic assembly of IATPS have highlighted two main challenges

for automating the insertion of timber joints [Rob+17]. First, friction forces grow with the

number of connections and can hinder the insertion. Second, the robotic insertion has to be

performed with enough precision to avoid the introduction of gaps, which would decrease the

rigidity of the connections. This paper focuses on developing a method combining different
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strategies to automate the insertion of the panels.

5.3 State of the art of robotic insertion

Pick and place operations are usual tasks that can be handled by industrial robotic arms.

Suppose the initial and final positions of the objects relative to the robot are known. In that

case, the trajectory can be easily computed, and the precision of the insertion will only depend

on the accuracy of the robot from point to point. However, for large and heavy construction

elements, significant discrepancies between virtual and real models can occur. For example,

timber panels are typically subject to slight dimensional changes over time and are very

sensitive to hygrometric variations. Even for standardized elements, fabrication tolerances

are usually around 1 mm. Besides, wood-wood connections are not ideally rigid, and gaps in

the joints can add up through the structure causing large deviations and preventing the robot

from assembling the pieces. Three strategies, which can be combined to ensure a precise

insertion, have been identified in the literature and presented here.

5.3.1 Shape adaptation

The first method consists in adapting the design of the connections to enhance the tolerance

and progressively guide the pieces to the final position (Figure 5.1). Usually, the modification

consists in chamfering one or both pieces or adding a separate guide. Conic joints with a

tolerance of about 4 cm have been used in the FutureHome Project [Bal+02] to compensate

for the swing of the automated crane, which was used to assemble the large modules. The

cone’s slope was related to the friction forces between the different parts.

In the extreme case of structures assembled by drones where precision is an even more

significant challenge, specific joints have also been developed for masonry and timber el-

ements [Goe+18]. Chamfering through-tenon joints is a commonly used technique in tra-

ditional woodworking. Such joints have notably been optimized for inserting the panels of

the double-layered timber plate structure of the Vidy Theater [RGW17]. However, a potential

downside of self-centering connections is the diminution of the rigidity of the joint as the

induced slopes lead to smaller bending resistance.

5.3.2 Force monitoring

As manual insertion relies mainly on haptic feedback, another strategy is to use torque sensors

to adapt the robot’s position according to the measured forces. A classic example consists of

trying to insert a peg in a hole using integrated force sensors to align the robot’s position [Str88].

The need to manage material tolerances by developing robot sensitivity has also been illus-

trated in the DIANA project [Ode+19], where a robotic arm was interactively taught how to

insert wooden rods to shape a ruled surface.
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Figure 5.1: Three types of self-centering connections: conic joint (left), drone-compatible joint
for interlocked timber beams (middle), and chamfered through-tenon joint (right).

Impedance control has also been used to insert gear-shaft mechanisms with a precision of

around 5 µm for applications in medical fields or aeronautics [Guo+19]. In addition, more

complex feedback loops using behavior-based or machine-learning approaches have also

been used to develop optimal strategies for inserting pieces into one another [EG14].

However, the interpretation of the measured force is always dependent on the shape and

weight of the piece to insert, and the techniques mentioned above are established for standard

symmetrical elements. Developing an adaptive strategy for the case of timber joinery is

challenging as elements come in different sizes, and the number and type of connections can

also vary.

5.3.3 Visual feedback

Different position-tracking systems based on visual feedback loops have already been devel-

oped for on-site applications and could also be applied off-site. For example, a total station

can be used to track selected points and deduce the robot’s position by triangulation. Another

possibility is to rely on cameras and image recognition. A comparative study has highlighted

the performance of fiducial markers for reducing deviation with a clear advantage regard-

ing the execution speed [IKB19]. Fiducial markers have also been used to guide the In-situ

Fabricator developed at ETH Zurich [Gif+17].

Other visual detection applications include precisely laying mortar on a brick wall [EG14] and

assembling large modular frames [Qin+16] using a combination of cameras and lasers to guide

the insertion. Photogrammetry and laser scanning technologies have also been combined with

robotic arms to gather data on-site for indoor and outdoor localization [VBV19] [KCC] [Gaw+19].

However, image reconstruction, point cloud acquisition, and mesh post-processing are all

computationally intensive, and data interpretation requires complex machine-learning algo-

rithms in order to work with different geometries.
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5.3.4 Strategy comparison and research objective

Each strategy has its advantages and drawbacks which are listed in Table 5.1. Adapting the

shape of the connection is probably the easiest solution to implement and will be discussed

in the next chapter. However, the tolerance that can be gained with that solution is limited

by the size of the objects to insert. Considering that tolerances can accumulate through

a structure and cause significant discrepancies between physical and virtual models, it is

necessary to be able to tackle large deviations up to several centimeters. As force monitoring

is more suited for small adjustments and requires to train specific models for each type of

connection, it was decided to focus first on the implementation of a visual feedback loop

which can accommodate larger deviations and be compatible with all kind of joints.

Table 5.1: Comparison of fault tolerant assembly techniques.

Shape adaptation Force monitoring Visual feedback

Pros
Integrated to the design Precise local feedback Work for larger deviations
Low-tech approach Sense physical reality Work for all kind of joints

Cons
Loss of structural rigidity Limited deviations Need to see the object
Not always possible Difficult to generalize Need markers

5.4 Methodology

5.4.1 Integrated design framework

Our approach links project design and technical constraints by means of computational

geometry. Instead of locally solving the insertion problem, the goal is to inform the designer

of fabrication and assembly constraints by developing a cross-platform workflow. Custom

scripts are used to convey the geometric information between software (Figure 5.2).

Figure 5.2: Integrated design framework linking design to robotics constraints.
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The assembly is driven by three major inputs: design, assembly sequence, and robot con-

straints. In a traditional workflow, each input is integrated one at a time in the construction

process. Digitization allows for more agility since parameters can be modified and information

can flow back and forth.

It was decided to rely on existing specialized software for each part of the workflow instead of

building a single custom program from scratch. Rhinoceros 7 [Mab] was chosen as the design

interface, and the plugin Grasshopper as a tool to extract and manipulate data from the model.

To simulate and execute the robot trajectory, the research benefited from a collaboration with

a specialized industrial partner (ImaxPro S.A). A custom application was developed, for the

purpose of the research project, on the game engine Unity [Uni] to convert geometric data

from a text file to robot instructions.

Splitting the workflow between different software avoids making compromises between de-

sign possibilities and robotic performance. Meanwhile, custom scripts ensured a smooth

transition between the different interfaces allowing almost instantaneous feedback and testing

of multiple design iterations.

5.4.2 Insertion vectors

Insertion vectors are an essential parameter for IATPS as the geometry of the joints is tightly

connected to the assembly sequence (Figure 5.3). It is impossible to design the connectors’

shape without knowing the insertion’s trajectory beforehand. Therefore, the integration of

fabrication and assembly constraints follows an iterative process and is inherent to the design

of IATPS.

A parametric script was thus coded inside the Grasshopper interface to deduce insertion

vectors from a geometric input and a specific assembly sequence. Contact zones are identified

by computing intersections between the panels. The type of joints that is generated depends

on which faces are connected (e.g., through-tenon joints are created for a connection between

the side of a panel and the face of its neighbor). Once the 3D model is created, the contour of

the panel can be extracted, and the panels can be cut using a CNC. Then insertion vectors are

used a second time to generate the robot trajectory.

5.4.3 Position detection using fiducial markers

Given the variety of possible configurations for IATPS, using fiducial markers was found to be

the most efficient method to keep track of the position of the different timber panels. Further-

more, the open-source library OpenCV [Gar+14] provides a robust solution for estimating the

position of fiducial markers (ArUco) from various sizes. Therefore, a custom python executable

was developed to assess the detection performance before being integrated into the global

workflow.
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Figure 5.3: Insertion vectors are inducing the shape of the connections as well as the robot
trajectory.

The algorithm consists in taking one picture from a targeted marker on a panel, computing its

orientation and position coordinates (Figure 5.4), and saving those results in a text file. This

information is later accessed by the robot controller to update the trajectory. The image is

processed by applying perspective transformation and thresholding to get potential markers

from the pixels. Analyzing the color of the 36 cells composing the ArUco provides the unique

identification number of the marker. The position and the orientation are obtained by finding

the tridimensional transformation from the camera’s coordinate system to the marker’s coor-

dinate system. Rotations are obtained in Euler angles but converted to quaternions to ease

the conversion to Unity software, which uses another axes convention.

Figure 5.4: Image processing of an ArUco Marker using OpenCV library to get the position and
orientation of a timber panel.

69



Chapter 5. Insertion of timber joints with a visual feedback loop

A key feature of the developed application is that the position of the different targets con-

stituting the robot trajectory is expressed in different coordinate systems. The position of

some targets is associated with the coordinate system of the starting location. In contrast,

the position of some other targets is expressed according to the position and orientation of

an ArUco marker. Hence, updating the position of this marker will automatically update the

absolute coordinates of all associated targets, while others will remain unchanged.

A unique marker has to be assigned to each panel and glued at its center. Although the point

of reference can be set arbitrarily, making it coincide with the point from which the tool would

lift the panel seems the most logical. The potential bending of the panel is minimized by

picking it from its center of gravity.

Before proceeding to the robotic assembly, the position of the stack of panels is precisely

referenced. Hence applying the visual feedback loop to adjust the starting location of the

panels is not necessary, and only the end point of each trajectory is updated using fiducial

markers. Prior to each pick and place operation, pictures of a marker placed on the panels on

which the insertion will occur are taken with a camera mounted on the robotic arm (technical

specifications are given in Section 5.5).

5.4.4 Fail-safe process

One drawback of working with relative positions (instead of absolute) and a feedback loop

is that detection errors can potentially lead to unexpected trajectories different from the

simulation. Indeed, under certain circumstances, such as in the case of insufficient luminosity

or when the marker is too far or in the periphery of the camera’s angle of view, the detection’s

precision significantly decreases.

To prevent updating the position of the marker with inaccurate coordinates, it was decided to

take three pictures of each marker at different angles and set two tolerance parameters. If the

dispersion of the results or the deviation from the model is too high, new pictures are taken,

and the updated values are again compared.

5.4.5 Robotic workflow

Putting together the initial information given by the insertion vectors with the visual feedback

loop, a complete workflow was established to insert the timber panels with a robotic arm

(Figure 5.5). No path-planning algorithm was used for the robot trajectory. Instead, a strategic

approach was preferred.

After the first panel of the sequence is placed, the robot positions itself above the marker using

the information of the model as a reference. Next, the visual feedback loop is executed, and

pictures are taken from different angles at a distance of about 50 cm. Then the position of the

marker in the virtual model is updated through image processing.
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Figure 5.5: Robotic workflow: camera shooting with the robot moving according to model
(green), image processing(orange), picking phase with the robot moving according to the stack
of panels (blue), insertion phase with the robot moving according to marker (purple).

The second step consists in picking the next panel at the stack location. Then, as the position

of the stack, as well as the dimensions of the panels, are known, the robot uses that information

to move right above the stack and lift the panel from its center of gravity.

For the third step, the updated position of the fiducial marker is used as the new system of

reference, and a target is generated above the place of assembly. As a linear move is not always

possible between those two positions, a joint move is preferred for this part of the trajectory.

To constrain the interpolation, additional targets can eventually be created in between.

For the last step, the panel insertion is finally performed (Figure 5.6). The robot reaches a

target a few centimeters away from the final position, in the opposite direction of the vector of

insertion associated with the panel. Then it follows that vector until the panel is inserted. The

panel is released by the vacuum gripper, and the robot retracts along the panel’s normal before

returning to the safety plane. A structure is gradually assembled by repeating the process with

the next panels.

5.4.6 Intermediate robot language

Once established, the workflow was converted to robot instructions. Target positions and

special actions, such as taking a picture or activating the vacuum gripper, were interpreted

from a text file, which was manually typed or automatically generated by a script (e.g., in the

case of complex assemblies or when a high number of elements needs to be inserted). An

intermediate programming language with a high level of abstraction was therefore developed

to integrate custom commands.
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Figure 5.6: Robotic trajectory based on the vector of insertion.

Two examples of instructions are given in Figure 5.7. The number of parameters on each line

depends on the first keyword: Camera will start the visual feedback loop and requires four

additional parameters. In comparison, JointMove requires up to 12 parameters, including the

coordinates of the targeted position to execute an unconstrained motion between the actual

position of the robot and the specified point.

Other typical commands include LinearMove, which takes the same parameters as JointMove,

Vacuum On/Off, which is used to activate the suction of the gripper and Wait followed by a

number to pause the execution of the code during a certain amount of time.

Finally, each line of the code is parsed by our application in Unity for simulation and converted

to the specific programming language of the robot for execution. On a side note, the additional

layer of abstraction added by this intermediate language proved to significantly enrich the

user experience by providing an explicit workflow.

5.5 Tests and results

5.5.1 Experimental set up

Experiments were led with a 6-axis robotic arm (ABB IRB 6400R) with a reach of 2.5 m. The end

effector was equipped with two vacuum grippers, which can lift panels up to 80 kg. In addition,

a standard webcam (Logitech C270) with a resolution of 1 megapixel was mounted on top of

the robot end effector and connected by a USB cable to take pictures of the ArUco markers

(Figure 5.8). First, calibration was carried out by taking a series of 20 pictures of an ArUco

board from different angles to get the camera’s intrinsic parameters, such as the focal distance

and camera center. Then, fiducial markers were printed as 10 cm square and precisely fixed to

the center of the panels following guiding lines previously engraved with a CNC.
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Figure 5.7: Samples of a text file interpreted by our custom application in Unity to send
instructions to the robot controller: Activation of the visual feedback loop (a) and joint move
above a marker (b).

Figure 5.8: Robot end effector equipped with a vacuum gripper and camera for visual feedback.
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5.5.2 Insertion without visual feedback loop

A first test was led without the visual feedback loop to evaluate the difficulty of inserting panels

with a robotic arm. The objective was to automate the assembly of 3 non-orthogonal timber

boxes composed of 13 panels of 45 mm thick cross-laminated timber (CLT) (Figure 5.9). The

gap between the tenon and the mortise was set to 0.5 mm to reduce friction forces and reached

up to 0.7 mm in some cases due to slight material deformations in addition to the tolerance of

fabrication.

Figure 5.9: Assembly of 13 non-orthogonal timber panels without using the visual feedback
loop. Discrepancies of about 1 cm between the virtual and physical models where reported
when trying to assemble the panels. Manual adjustments were, therefore, required to perform
the assembly with the robot.

The accumulation of small discrepancies due to the clearance in the joints and the dimensional

variation of the panels caused large deviations between the virtual model and the physical

prototype. For example, when inserting the last panel, a difference of about 1 cm was measured

at the top of the structure. This could be explained by the fact that only the first panel was

anchored, while the rigidity of the connections for the other panels was not enough to prevent

them from rotating slightly. This led to the impossibility of assembling the pieces without

manual intervention. In conclusion, as inaccuracy increases with the number and the size of

the elements in the structure, a visual feedback loop was found to be necessary.
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5.5.3 Precision of the visual feedback loop

Before testing the panels’ insertion, the visual feedback accuracy was evaluated. The camera’s

position in relation to the end effector of the robotic arm was found by referencing the position

of 4 markers in manual mode (Figure 5.10) and matching the values obtained by taking a

picture. It is assumed that both the sharp tool’s calibration and the markers’ referencing were

achieved with a precision of about 0.5 mm. Once the camera position was properly set up,

new pictures were taken with multiple camera orientations and distances. Then, the acquired

data were compared with the coordinates of the manually referenced markers. Three pictures

were taken at each location to assess the consistency of the results.

Figure 5.10: Finding the relative camera position by comparing manually referenced coordi-
nates with computed values from the visual feedback.

Extreme values for distances of 30, 50, and 80 cm between the camera and the fiducial marker

are reported in (Figure 5.11). Both precision and accuracy were affected by the distance from

which the picture was taken. However, below 30 cm, the dispersion of the results stayed below

1 mm, which remains in the range of precision of the manual measurements. Further than

50 cm, the visual detection accuracy decreased considerably, reaching several millimeters at

80 cm. In addition, a loss of precision was also observed as the dispersion of the results, which

were obtained from the same camera position, raised to 2 mm at 80 cm.

Additional tests were performed with different orientations of the robot end effector (Fig-

ure 5.12) and also produced slight deviations from the referenced point. Targets on the edge

of the camera’s field of view were particularly misinterpreted by the algorithm and reported

position errors up to 2 cm. On the one hand, the calibration of the camera was found to be a

key parameter to reaching more accurate results. However, it was also limited by the precision

of the manual measurements. On the other hand, the precision of the detection was also

limited by the algorithm itself and the exactitude of the spatial transformation.
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Figure 5.11: Maximum distance between the target position and the results obtained with the
visual feedback loop.

Figure 5.12: Variation of accuracy according to the orientation of the camera.

5.5.4 Insertion with visual feedback loop

Based on the previous results, a tolerance threshold was established. It was shown that

all pictures taken at a distance below 50 cm, with the camera parallel to the marker, were

interpreted with a maximum error of 3 mm. The design of the timber joints was therefore

adapted in consequence to match that tolerance threshold as shown in Figure 5.13.

A test of insertion was conducted using two panels of 1 m2 each connected by 2 trough-tenon

joints. Following the principles of auto-centering connections, a chamfer of 4 mm was applied

to tenons and mortises. As the fabrication process excluded cutting the panel from below, the

chamfer was doubled on top of the tenon instead of being equally distributed (see Figure 5.13).

Using the visual feedback loop, the two panels could finally be inserted into one another

(Figure 5.14).
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Figure 5.13: Chamfered tenon based on the measured precision of the visual feedback loop.

Figure 5.14: Insertion of a Laminated Veneer Lumber(LVL) panel with the visual feedback loop.

5.6 Conclusion

A complete workflow was established to assemble prefabricated timber panels connected by

wood-wood connections with a robotic arm. The study included the development of a strategy

of insertion using different software and linking design and assembly constraints by means of

computational geometry. In addition, an explicit programming language was introduced to

ease the interactions between the designer and the machine.

A particular focus was set on performing a precise insertion despite the large deviations that

might occur between physical prototypes and virtual models. In addition, the visual detection

of fiducial markers, which can easily be placed on top of timber plates, was found to be a

cheap and effective solution for updating the position of the panels through a feedback loop.

The evaluation of the method performance showed satisfying results at distances up to 50 cm.

For larger distances, the precision of the detection of the markers showed some limitations but

could probably be enhanced by refining camera calibration. Eventually, increasing the camera

resolution or the size of the ArUco markers could improve the quality of image processing and

lead to better outcomes.
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Finally, applying the visual feedback loop to the assembly of two timber plates demonstrated

the potential of the concept and the feasibility of the proposed workflow to automate the

assembly of Integrally Attached Timber Plate Structures. The method presented in this paper

could have applications on-site. However, further research is still required to extend the

workflow to the architectural scale, such as solving friction-related issues when inserting

multiple joints simultaneously.
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5.8 Addendum: Further improvements to the visual feedback loop

Following the publication of the above article, further research was conducted on the visual

feedback loop. These investigations have not been published and are, therefore, presented

here as an addendum to the previous paper. This work was performed in collaboration with

Mr. Florian Genilloud, who conducted a semester project from September to December 2020

at the Laboratory for Timber Constructions under the supervision of the author of the thesis.

5.8.1 Integrating Time of Flight sensors

The first objective was to improve the accuracy of the visual detection of the fiducial markers

to better align the robot end effector with its target plate. Previous results obtained with a

standard webcam highlighted the necessity for the camera to be as parallel as possible to

the markers. Some discrepancies were reported in the results when processing pictures with

different orientations of the robot end effector. Therefore, the integration of additional sensors

was explored to measure and compensate for the potential difference in orientation between

the robot and its target.

Time of Flight (ToF) laser range sensors are ideally suited for this kind of application as they

can measure the distance to a surface at a high frame rate while remaining relatively affordable

[Koh+13]. To compute the orientation of a plane, a minimum of three points is required.

However, four ToF lasers (TFmini Plus, Benewake) were added around the camera to have

some redundancy in the measured values. In addition, the standard webcam used in previous

experiments was replaced by a high-definition camera (CS-Mount Lens, Arducam).

Furthermore, to avoid the use of many cables, the lasers and the camera were connected

to a single-board computer (Raspberry Pi 4), which enabled data to be sent via WiFi to the
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computer of the robot controller. The connection between the Raspberry and the sensors was

made using a standard breadboard. The Raspberry, the breadboard, and the cables were all

regrouped in a closed box to protect the electronic circuits from dust and potential impacts.

Consequently, the only cable coming out of the system was the power cable which could be

easily replaced by a power bank for more flexibility in future developments.

To ease the calibration of their respective position and orientation, the lasers and the camera

were all fixed on a steel plate pre-cut by a water jet machine and attached to the robot end

effector (Figure 5.15). The electronic box was also screwed to the back of this plate. Besides, the

lasers were positioned as far apart as possible to increase the precision of the measurements.

Finally, their calibration was achieved by setting to zero the distances measured by each sensor

when a panel was being lifted by the vacuum gripper.

Figure 5.15: Improved visual sensor with four ToF lasers and a camera connected to a single-
board computer and fixed on a steel plate.

The lasers are controlled by the Raspberry Pi to operate alternately. This prevents their light

from interfering with that of their neighbors. Besides, the communication interface of the

Raspberry Pi is a Universal Asynchronous Receiver Transmitter (UART), which works in a serial

mode and can read only one value at a time. 50 measurements per second are taken by each

laser with a time interval of 0.005 s between each measurement. This makes it possible to

remove potential outliers to increase the consistency of the results.

After calibration, preliminary tests were carried out to evaluate the accuracy of the laser
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measurements for distances ranging from 20 to 50 cm between the robot end effector and

a test plate (see Figure 5.16). An accuracy of 1 mm on average, with a standard deviation of

less than 0.4 mm, was obtained for the four lasers. The maximum angular deviation from the

target plane is given by the following trigonometric relation (equation 5.1) where t is the laser

tolerance, and s is the shortest distance between two lasers:

α= tan−1 t

s
(5.1)

In this setup, the lasers were positioned 21.5 cm apart. With a margin of error of 1.5 mm for

the measurements, the maximum angular deviation between the computed plane and the

plane of the target plate in the real world is only about 0.4 degrees. Therefore, with the help of

the lasers, the robot can adjust its position to be almost entirely parallel to the panel before

taking a picture of the marker. This ensures that the detection of the position and orientation

of the ArUco markers will be within 2 mm for a picture taken at a distance of 50 cm, as shown

in Figure 5.10.

A new command was created in our custom Unity application (see Section 5.4) to retrieve the

average distance measured by each laser (d1, d2, d3, d4 in Figure 5.16) from the Raspberry Pi.

Figure 5.16: First, the four lasers are used to accurately adjust the distance to the target plate
(Z translation) and to ensure the camera lens is parallel to the plane of the panel (XY rotation).
Then a picture of the marker can be taken, and the image can be processed to find the center
of the panel (XY translation) and its 2D orientation (Z rotation).
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The target plane is then computed using the points L1, L2, and L3. If the position of point L4 is

more than 2 mm away from the generated plane, new values are requested. Otherwise, the

robot will adjust its position to be parallel to the target plane.

5.8.2 Improving marker detection

CNC-engraved glyphs were also explored as an alternative to fiducial markers. The advantage

is that engraving is faster and more precise than gluing markers after cutting the panels.

However, detecting the orientation and position of a glyph is more complex than detecting

conventional black-and-white markers. Therefore, a new image processing algorithm relying

on the OpenCV library [Gar+14] was developed with the aim of detecting the edges of the

engravings and retrieving the necessary information.

To ensure constant lighting condition, a standard flashlight was also attached next to the

camera on the the robot end effector. After testing different glyph patterns for detection, it

was determined that the most effective design should be composed of three elements, each

encoding a distinct piece of information:

• An engraved square of 110x110 mm is used to compute the 2D orientation of the glyph

(rotation of the robot end effector in the plane of the panel).

• An engraved circle with a radius of 65 mm is used to find the center of the glyph (transla-

tion of the robot end effector in the plane of the panel).

• Nine engraved crosses of 25x25 mm are used to determine the panel ID encoded as a

binary number (from 0 to 29-1 = 511).

The three following sections detail how each piece of information is retrieved from the glyph.

5.8.3 Detecting the square to compute glyph orientation

The algorithm’s steps to compute the rotation angle are shown in Figure 5.17. First, the image

is converted to black and white and slightly blurred using a Gaussian mask. Then, the contours

are obtained using the Canny edge detector algorithm [Can86]. To maximize the chances

of getting a valid result, the Canny filter is applied several times with different threshold

parameters (Figure 5.18). Then, the lines are identified with the Line Hough Transform (LHT)

function implemented in OpenCV. While lines are naturally present in the wood texture, those

can be discarded based on their length to select only the marker lines (Figure 5.19). Next,

the angle between the bottom edge of the source picture and each detected line is measured.

Outliers are discarded, and the remaining values are averaged to obtain the rotation angle.
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Figure 5.17: Computing the rotation angle by detecting the square in the engraved glyph.

Figure 5.18: Varying the low and high threshold values of the intensity gradient of the Canny
filter maximize the chances of getting the correct lines in the glyph image.

Figure 5.19: Only the longest detected lines are kept, allowing to discard the natural lines of
the wood and only detect the edges of the marker.

5.8.4 Detecting the circle to compute glyph translation

As can be observed in Figures 5.18 and 5.19, it is not always possible to detect the four edges of

the engraved square. As at least three edges of the square would be necessary to find the center
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of the glyph, a more reliable method based on circle detection was preferred. The first idea

was to drill a hole in the center of the glyph with a 2 cm diameter CNC milling bit. However,

the presence of knots of 1 to 4 cm in diameter in the wood could have misled the detection

algorithm. Therefore, it was decided to engrave a larger circle of 11 cm around the glyph.

Circle detection works similarly to line detection (Figure 5.20). However, this time the Canny

filter is not required. The engravings are again emphasized by applying a Gaussian mask.

Then, the circle is identified using a Circle Hough Transform (CHT) function implemented in

OpenCV. The function gives the possibility to specify a minimal and maximal radius for the

detection of the circle. Pictures are taken with a constant distance of 50 cm. This is ensured

by the first part of the visual feedback loop, which relies on laser measurements to update

the robot’s position (See Section 5.8.1). Therefore, the size of the circle in the source image is

also constant, which facilitates the detection. Next, the image translation (Ti ) is obtained by

measuring the distance between the circle’s center and the image’s center. Finally, the robot

translation (Tr ) can be computed by applying a correction factor equal to the ratio between

the diameters of the circle engraved on the panel (dp ) and its image (di ):

Tr = Ti ∗
dp

di
(5.2)

Figure 5.20: The center of the glyph is obtained by detecting the engraved circle.

5.8.5 Detecting crosses to compute glyph ID

The last information encoded in the glyph is the panel ID. Crosses were found to be the most

effective to store this information. This symbol is only composed of orthogonal lines parallel

to the square sides. Therefore, the lines of the crosses contribute to the detection of the glyph

orientation described in section 5.8.3. Moreover, engraving this glyph with a CNC machine is

fast, as only two lines are necessary for each cross.

The detection algorithm relies again on a Canny filter and the Line Hough Transform function

of Open CV to detect the number of crosses present in the glyph (Figure 5.21). A different set
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of threshold parameters is used to detect smaller lines than for the detection of the square. As

the glyph orientation is already known, all lines that are not orthogonal within a tolerance of

5 degrees are discarded. The image is then segmented into nine squares based on the glyph

dimensions. If lines are present inside a square, the algorithm adds a 1. Otherwise, it adds a 0.

The panel ID is obtained by converting the nine digits binary number into the decimal system.

Figure 5.21: By detecting the presence of crosses in the glyph, the panel ID can be retrieved.
The ID is stored as a binary number between 0 and 511 (in this example, the panel ID is
110010101 = 405).

5.8.6 Conclusion

This additional piece of research completes the previous findings of the original paper. An

updated version of the visual feedback loop is proposed to improve the performance of the

marker detection. It highlights the interest of combining lasers and camera to precisely

compute the six degrees of freedom of the spatial transformation. It also brings an alternative

to glued markers, increasing the robustness of the methodology. The whole system described

in this chapter allows the correction of the robot’s position with an accuracy of about 2 mm

when inserting the panels. The remaining tolerance is inherent to the model of the robotic

arm, the different calibration processes and the dimensional variations of the wood panels.

Consequently, the research presented in the next chapter focuses on adapting the shape of

the joints to tackle this remaining tolerance and provide guidelines for robot-compatible

connections.
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6 Design considerations for robotically
assembled through-tenon joints

The texts and figures presented in this section were reproduced from the postprint version of

the following peer-reviewed paper available in open access:

Rogeau, N., Gamerro, J., Latteur, P., & Weinand, Y. (2022). Design considerations for robotically

assembled through-tenon timber joints. Construction Robotics,

doi:10.1007/s41693-022-00080-5.

The doctoral candidate was responsible for the entire development of the scientific work

as well as for the writing of the article. The second author was involved in supporting the

development of the experimental activities and processing the data. The third and fourth

authors of the paper contributed equally as scientific advisors and proofreaders.

6.1 Abstract

This research investigates the robotic assembly of timber structures connected by wood-wood

connections. As the digitization of the timber construction sector progresses, digital tools,

such as industrial robotic arms and Computer Numerical Control machines, are becoming

increasingly accessible. The new-found ease with which wood can be processed stimulates a

renewed interest in traditional joinery, where pieces are interlocked instead of being connected

by additional metallic parts. Previous research established a computational workflow for the

robotic assembly of timber plate structures connected by wood-wood connections. This paper

focuses on determining the physical conditions that allow inserting through-tenon joints

with a robot. The main challenge lies in minimizing the clearance between the tenon and

the mortise in order to keep the connections as tight as possible. An experimental protocol

has, therefore, been developed to quantitatively assess the performance of the insertion

according to different geometric parameters. Robotic insertion tests have been carried out

on over 50 samples of 39 mm Laminated Veneer Lumber. Results showed the advantage of

tapering the joint with a 5 degrees angle, in addition to introducing an offset of 0.05 mm, to
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minimize friction forces during the insertion. This configuration was confirmed by successfully

assembling a 2,50 m long box girder with the same parameters.

6.2 Introduction

The digitization of the timber construction sector is one of the key factors in reducing buildings’

embodied carbon and ultimately lower carbon emissions in the built environment [Rey+21]. In

the last two decades, technological advances have enabled the spread of Computer Numerical

Control (CNC) machines and engineered wood products such as Cross and Glued Laminated

Timber (CLT and Glulam). Those innovations favor a return to wood construction after a cen-

tury focusing mainly on two mineral materials: concrete and steel. Aside from environmental

considerations, another main advantage of contemporary timber constructions lies in the

ease of prefabrication relying on standardized elements. Indeed, this reduced construction

time leads to cost-competitive solutions [HHT17].

However, many challenges remain for the sector to have the capacity to increase its market

share largely covered by mineral materials, particularly with the expected growth in housing

demand [Uni20]. Therefore, timber construction companies have started investigating the use

of Industrial Robotic Arms (IRA) to automate part of their workflow and increase productivity.

The main application is the robotic assembly of timber frame structures, as it is the most

widespread timber construction system [Dan16]. Panels and studs are first placed on an

inclined plane with a vacuum gripper equipped on the robot end effector. Then, the elements

are fixed using a pneumatic nail gun (see Figure 6.1).

This research aims at proposing an alternative to standard timber frame structures by replacing

the screws with through-tenon joints and the beams with largely available wood-engineered

panels that can be more easily processed by a CNC machine [Ope]. This solution offers three

advantages. First, it reduces the number of steps in the prefabrication process as the joints pro-

vide both a guide for the assembly and a means to connect the elements. Second, it decreases

the embodied carbon of the construction system by avoiding metallic connectors [FM21].

Third, it increases the structural performance by geometrically interlocking the pieces through

form closure [GBW20a; GBW20b].

However, inserting timber joints with a robotic arm is more complex than nailing, as tolerances

are much smaller. Indeed, with too much clearance between the tenon and the mortise, the

joint is loose, and it reduces the rigidity of the connection. On the other hand, too little

clearance hinders the insertion of the joint, either partially or completely, as friction forces

exceed the robot threshold. Therefore, this experimental study focuses on determining the

adequate design for the geometry of the joints that would make the robotic insertion of

through-tenon joints possible.
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Figure 6.1: Robotic assembly of a timber frame structure (credit: IMAX Pro S.A., Belgium).

6.3 State of the Art

The problem of inserting one part into another with a robotic arm dates back to the early

days of robotics. A classic example extensively covered in the literature is peg-in-hole inser-

tion. Existing strategies generally rely on an initial robot trajectory that spirals around the

hole [SZP18]. In addition, a force and torque sensor allows for adjusting the trajectory in real-

time by comparing the data to a predetermined force pattern [Tan+16]. Most recent works also

integrate reinforcement learning algorithms to improve the reliability of the insertion [GFB94].

However, the objects concerned are generally small, cylindrical, and smooth (made from metal

or plastic). Conversely, timber pieces are large, with more complex geometries, and a relatively

rough surface. It is, therefore, harder to predict and interpret the force patterns to correctly

adjust the robot’s trajectory.

Reinforcement learning and force sensors were also used by Apolinarska et al. to automate the

insertion of half-lap joints [Apo+21b]. A virtual robot was first trained in simulation so that the

real robot could learn how to compensate for translational and rotational offsets. Although

the results were promising, tight-fitting joints with a clearance inferior to 1 mm could not

be inserted due to the limitations of the setup. An alternative method for training a robot

was also proposed by Kramberger et al. [Kra+22]. Relying on the principles of Learning from

Demonstration (LfD), the robot was taught how to insert half-lap joints by first analyzing the

motion and force pattern of hand-guided examples. Both training methods make the insertion

more reliable by compensating for potential misalignment. However, it is still necessary to

add a considerable amount of clearance to ensure the robotic insertion.
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To eliminate gaps and overcome induced friction forces, Robeller et al. exploited the elastic

properties of wood through snap-fit joints [Rob+17]. As those joints can bend slightly, it

makes it possible to insert oversized tenons without requiring too much force. However, the

experiments highlighted the difficulties of inserting several joints simultaneously. Despite

the presence of a vibration device on the robot end effector, the sum of the resulting friction

forces was too high, and the joints required manual hammering to be inserted. In addition,

the bending properties of snap-fit joints are conditioned by their small cross-section, which

considerably reduces the shear resistance of the connection.

Another strategy consists in increasing the force of the robot end effector. Remote-controlled

robotic clamps were developed by Leung et al. for the insertion of half-lap joints [Leu+21]. The

clamps can detach from the robot and synchronously apply a 3 kN force. The main advantage

is that the strength or number of clamps can be increased to meet the required insertion force.

However, the industrial implementation of this solution is constrained by the development of

those specific pieces of hardware and by its limited application to timber beams connected by

half-lap joints.

Most existing research on the topic has explored solutions based on software or hardware de-

velopment. This paper proposes a more low-tech approach focusing on the joints themselves.

A testing protocol to assess the performance of the robotic insertion is presented in Section 6.4.

The results of the experiments on small and large samples are reported in section 6.5. Finally,

the influence of the geometric parameters on the progression of friction forces is discussed in

section 6.6.

6.4 Material and methods

6.4.1 Experimental set up

The experiments were all conducted with a 6-axis robotic arm (ABB 6400R/2.5-200) [ABB01]

equipped with two vacuum grippers capable of lifting timber panels up to 200 kg for a max-

imum reach of 3 m. In addition, a custom testing setup was developed to measure the

performance of the robotic insertion (see Figure 6.2). A concrete block covered with a dense

timber board was used as a flat and stable base on which to execute the robotic assembly. A

square corner enables the precise positioning of the male piece before it is picked by the robot

while the female piece is clamped inside a reserved hollow socket. The position of both pieces

relative to the robot frame is, therefore, known with a tolerance inferior to one millimeter.

To measure the reaction forces during the insertion, a 6-axis force/torque sensor (Schunk, FT

Omega160) was attached to the robot end effector. Besides, two Linear Variable Differential

Transformers (LVDT) were fixed on the male piece to measure the vertical displacement and

report eventual rotations in the plane of the inserted piece. Finally, the presence of a cavity

under the female piece should also be noted. This prevents any contact between the tenons

and the support and avoids interfering reaction forces.
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Figure 6.2: Custom setup developed to evaluate the insertion performance of the joints.

6.4.2 Experimental parameters

Fixed and variable experimental parameters are reported in Table 6.1 and represented in

Figure 6.3. It was decided to work with 39 mm thick spruce Laminated Veneer Lumber (LVL)

panels as this is a commonly used product in the timber construction sector. Its high strength-

to-weight ratio makes it an ideal material for load-bearing applications, and one of the study’s

objectives was to get as close as possible to real industry conditions. However, to avoid wasting

wood, the dimensions of the samples were kept to a minimum by matching the size of the

robot end effector and performing the tests with only one vacuum gripper. Hardwood panels

were not investigated in this research as they are less used in construction for now.

The robot speed was set to 1 mm/sec during the insertion. While this is relatively slow in

comparison with industrial standards, this allowed a better assessment of the influence of the

shape of the connections on the robotic insertion. Besides, by working at a reduced speed,

we place ourselves in the most unfavorable case as we no longer benefit from the robot’s

acceleration when inserting the joint.

Regarding the parameters associated with the geometry of the mortises and the tenons, a

length of 100 mm and a minimum distance of 50 mm from the edge of the board have been

set for all joints. This follows the design guidelines provided by Gamerro et al. for orthogonal

timber slabs connected by mortise and tenon joints [Gam20]. Therefore, the remaining

variable parameters of the experimental campaign were the offset, the angle, the number of

joints, and the size of the chamfer.
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Figure 6.3: Geometric parameters for the male and female parts of the joints.

Table 6.1: Geometric parameters of the tested samples.

Fixed Parameters
Panel material Kerto® LVL Q-panel

Panel thickness 39 mm (13 plies)
Sample dimensions (male) 800 x 300 x 38 mm

Sample dimensions (female) 800 x 150 x 38 mm
Robotic insertion speed 1 mm/sec

Joint length 100 mm
Joint distance from the edge 50 mm

Variable Parameters
Joint offset 0.00 to 0.25 mm
Joint angle 0 to 15 degrees

Joint number 2 to 5
Joint chamfer 0 to 5 mm

6.4.3 Fabrication of the samples

The geometry of the joints was parametrically generated using the grasshopper plugin Ma-

nis [Rog+22]. The plugin also allowed the generation of the fabrication files and the robotic

trajectories for the subsequent insertion tests. All samples were then cut with a 5-axis CNC

machine. However, only those with an angle parameter greater than 0 degrees actually re-

quired 5-axis machining, whereas 3-axis machining was sufficient for the other samples. In

addition, the introduction of this bevel required milling the four faces of the tenons. This

implies flipping the piece on the CNC table and repositioning them with a corner square
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to mill the side of the tenon that was previously facing the table. Table 6.2 shows that the

fabrication time for joints requiring 5-axis milling is increased by 30 to 40% compared to 3-axis.

Calculations include both drilling and cutting steps. The time for flipping the pieces is also

taken into account and was measured at 1 min per sample on average.

Table 6.2: Fabrication time in 3 and 5-axis according to the number of tenons.

Time (s)
Nbr Tenons

2 3 4 5

Nbr Axis
3 652 732 859 1050
5 859 1057 1299 1490

Fabrication tolerance is one of the main challenges for the robotic insertion of timber joints.

While our CNC is accurate to within 0.05 mm, irregularities in the interface between the martyr

table and the panel can reduce the accuracy of the cut in the vertical axis to approximately

0.25 mm. The thickness of the panels can also vary by about 1 mm depending on production

and storage conditions. Therefore, to compensate for material tolerances, the female pieces, as

well as the tenons of the male pieces, were surfaced to 38 mm. To avoid potential dimensional

variations induced by external factors, the pieces were assembled directly after being cut.

Figure 6.4 summarizes the dimensional tolerances obtained after CNC machining.

Figure 6.4: Variation of fabrication tolerance for the different faces of the male and female
parts.

6.4.4 Experimental protocol

After fabrication, each sample was brought to the insertion table (Figure 6.5.1) and tested with

the robotic arm. The male and female pieces were first positioned in their dedicated slots

(Figure 6.5.2). Then, the male piece was lifted by the vacuum gripper (Figure 6.5.3) and rotated

38 mm above the female piece (Figure 6.5.4). Next, the two LVDTs were attached and centered

on the most extreme tenons (Figure 6.5.5).
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To compare the progression of the insertion for different samples, the precise height of the

starting point of each test was measured. It was obtained by controlling the distance between

the male and female pieces with each LVDT and averaging both values. In addition, using two

distance sensors allowed for measuring the rotation of the male piece in its plane, which could

reach up to 2 degrees. However, this variation remained negligible as the male piece would

always align itself with the female piece during the insertion of the joints.

Before initiating the data recording, all sensors were reset, and the synchronization of the

measurements between the force sensor and the LVDTs was ensured. Finally, the robotic

insertion was started. In order to prevent the robot from stopping the insertion too early due

to frictional forces, the final point of the robot path was shifted 5 mm lower for all tests. Once

the insertion was completed (Figure 6.5.6), the male part was removed and reinserted two

more times to investigate possible variations in the results. However, only the first insertion

was considered for the final result. Taking into account the overall tolerances of the machining

and panels, the insertion was considered complete if the tenon was at least 95% inserted into

the mortise. This corresponds to a traveled distance of 36 mm out of the 38 mm of the total

plate thickness. Complete insertions were also confirmed by visual inspection and manual

measurement at the end of each test.

6.5 Results and discussion

38 different samples have been tested by following the experimental protocol described above.

An overview of the entire testing campaign is given in Appendix A.5. The detailed results are

further discussed in the next sections.

6.5.1 Offset parameter

The first experiments focused on studying the influence of the offset parameter (see Figure 6.3).

The percentage of insertion and the maximum friction forces are reported respectively in

Table 6.3 and 6.4. Detailed graphs are reported in Appendix A.6.1. In this configuration, the

threshold force for the robot varies between 1700 N and 2100 N. Under 0.10 mm of offset,

the robot detected a collision almost instantaneously. For 0.10 mm and 0.15 mm, the robot

managed to insert the tenons about halfway through the mortise before the forces were

too high. From 0.2 mm, recorded forces did not exceed 1500 N, and the insertion was fully

achieved. However, with this amount of clearance, the joints were already considerably loose.

It was observed that the pieces could rotate freely in a range of about 3 degrees leading to

potentially large discrepancies during the assembly.
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Figure 6.5: Procedure for testing each sample with the 6-axis robotic arm.

6.5.2 Chamfer and offset parameter

For the second batch of tests, the four edges of the mortises were chamfered over a distance of

5 mm (see Figure 6.3). This value was chosen based on previous research work showing that

a chamfer of 5 mm at a 45 degrees angle was sufficient to compensate for robot positioning
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Table 6.3: Insertion completion as a function of the offset parameter and number of tenons.
Orange cells represent samples with partial insertion while green cells represent fully inserted
samples.

Insertion (%)
Nbr Tenons

2 3 4 5

Offset (mm)

0 1.06 - - -
0.05 1.97 - - -
0.10 3.59 74.45 51.73 46.30
0.15 2.26 97.07 59.57 50.96
0.20 97.74 97.96 97.51 96.19
0.25 98.67 - - -

Table 6.4: Maximum load (F) as a function of the offset parameter and number of tenons.

F (N)
Nbr Tenons

2 3 4 5

Offset (mm)

0 1947 - - -
0.05 1772 - - -
0.10 2057 1997 2012 1721
0.15 1888 1942 2035 2016
0.20 1021 726 1005 1430
0.25 824 - - -

errors [Rog+20]. In addition, a chamfer was applied on the tenon but only on the smaller

sides, as shown in Figure 6.3. This removes the need to flip the tenon plate during fabrication

in order to chamfer the side facing the CNC table. This new feature allowed the insertion of

a 2-tenons plate with an offset parameter of 0.10 mm instead 0.20 mm (see Table 6.5). The

chamfer reduces the risk of blocking situations and helps to guide the tenon into the mortise

in case of initial misalignment. Figure 6.6 shows the linear progression of the frictional forces

during the insertion with 0.05 mm and 0.10 mm of offset. For 0.05 mm, the robot stopped at

about one-third of the mortise as it reached a force of 1800 N. For 0.10 mm, a first spike can be

observed around 15%. This is where the tenon hit the chamfer before sliding into the mortise.

Table 6.5: Insertion completion and maximum load (F) as a function of the offset parameter
with a chamfer of 5 by 5 mm.

Offset Insertion F
(mm) (%) (N)

0.05 36.87 1754
0.10 95.53 933
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Figure 6.6: Influence of the offset parameter on the insertion of 2 tenons with a chamfer of 5
by 5 mm (angle parameter: 0 degree).

6.5.3 Angle parameter

While combining a 5 mm chamfer and 0.10 mm offset allows the insertion of a plate with

two tenons, the required force increases with the number of tenons. To avoid introducing

more clearance and loosening the connection, another solution based on the tapering of the

joint was investigated (see angle parameters in Figure 6.3). Taper angles ranging from 1 to

15 degrees were applied on 4 faces of the tenons and the mortises. This required cutting the

joints in 5-axis and flipping the tenon plate on the CNC table to mill the bottom face of the

panel. This bevel angle has the advantage of minimizing friction during most of the insertion.

Indeed, even with a small angle of 1 degree, forces rose only after 60% of insertion (see

Figure 6.7). However, as the space between the mortise and the tenon shrinks until reaching

0 mm at 100% of insertion (see Figure 6.8), forces rise abruptly during the last millimeters.

This prevented the robot from progressing further than 80 to 95% for all tested angles (see

Table 6.6). Nevertheless, completely eliminating the clearance has the advantage of improving

the rigidity of the connection compared to previous results obtained by varying the offset

parameter. Finally, for an angle parameter larger than 5 degrees, no significant gain in the

assembly insertion was achieved.
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Figure 6.7: Influence of the angle parameter on the insertion of 2 tenons (offset parameter: 0
mm, chamfer: 5 by 5 mm).

Figure 6.8: Progressive diminution of clearance for a bevel angle of 5 degrees without offset and
with a chamfer of 5 by 5 mm. The clearance (C) is defined as the distance between the edges of
the tenon and the internal faces of the mortise hole. The distance is measured perpendicularly
to the vector of insertion.
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Table 6.6: Insertion completion and maximum load (F) as a function of the angle parameter

Angle Insertion F
(°) (%) (N)

1 80.52 2159
2 92.03 1883
3 86.18 2152
5 94.09 1984

10 93.33 1907
15 90.32 2111

6.5.4 Combined parameters

The bevel angle alone does not allow the full insertion of the joints. Therefore, we studied

if combining the offset and angle parameters could solve this issue. The angle was set to

5 degrees for all tests as it scored best in the previous series. Results for the insertion of 2 to

5 tenons with an angle of 5 degrees and an offset of 0.05, 0.10, and 0.15 mm are shown in

Table 6.7. Corresponding maximum forces are also reported in Table 6.8, and detailed graphs

are available in Appendix A.6.2. We observed that only a minimal amount of offset is required

as, with 0.05 mm, all tests were successfully inserted. Besides, the number of tenons no longer

seems to affect the performance of the insertion. While for 5 tenons and 0.15 mm offset, the

insertion was slightly under the threshold value, results for 0.05 mm and 0.10 mm showed that

5 tenons could be fully inserted with the same parameters as for 2, 3, and 4 tenons.

Table 6.7: Insertion completion as a function of the offset parameter and the number of
tenons with an additional angle of 5 degrees.

Insertion (%)
Nbr Tenons

2 3 4 5

Offset (mm)

0 94.09 - - -
0.05 96.12 96.16 95.76 95.69
0.10 95.50 97.98 97.14 96.45
0.15 97.66 97.48 95.58 93.31

Table 6.8: Maximum load (F) with an additional angle of 5 degrees.

F (N)
Nbr Tenons

2 3 4 5

Offset (mm)

0 1984 - - -
0.05 1716 1850 1723 1850
0.10 1716 1751 1666 1751
0.15 1621 1613 1669 1873
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6.5.5 Extrapolation to a box girder

Previous tests carried out on 80 cm long samples showed that an angle of 5 degrees and

an offset of 0.05 mm enabled the robotic insertion of 2 to 5 tenons. To determine whether

this would work for larger pieces, with a greater number of tenons, and for other robotic

configurations, the assembly of a 250 cm long box girder was performed with the robot (see

Figure 6.9). The girder was made out of two vertical webs and two horizontal flanges. Each

panel was connected by 8 through-tenon joints with chamfers of 5 by 5 mm, an offset of

0.05 mm, and an angle of 5 degrees.

The position of the bottom flange was manually referenced in the robot space. Then, both

webs were assembled following a similar protocol as for smaller samples. LVDTs were attached

to the first and last tenons of the plate (Figure 6.9, left). For the top flange, the situation was

different. First, mortises were inserted into the tenons instead of the opposite. Therefore,

LVDTs were again attached to the webs and placed in the upward direction on opposite tenons

(Figure 6.9, right). Second, the orientation of the reaction force compared to the vacuum

gripper was changed from tangential to normal. Third, two plates needed to be inserted

simultaneously.

Finally, while 8 and 16 joints needed to be simultaneously assembled for the webs and the top

flange, respectively, the robotic insertion of the three plates was successful. We noted that, in

this configuration, measured forces could reach 3000 N without triggering collision detection.

This is because the robot is working at a closer range and can, therefore, take higher loads.

However, as the last part of the insertion curves in Figure 6.10 is almost vertical, the effective

insertion of each plate actually required about half of the maximum force.

6.6 Conclusion

This experimental study allowed the identification of optimal design parameters for through-

tenon joints assembled by a robotic arm. The main issue at stake consisted in finding a

balance between the rigidity of the connections and the ease of assembly for the robot. The

augmentation of the required force when assembling multiple joints simultaneously was

considered a major challenge in previous research work. Standard industrial robotic arms are

indeed quite limited in the force they can apply before detecting a collision. The tests carried

out allowed the development of a precise protocol to compare the insertion performance for

different geometric parameters quantitatively. This included the influence of 3-axis offset and

5-axis bevel angles, as well as the presence of chamfers.

The results indicate that the offset parameter alone considerably reduces the rigidity of the

connections. Nevertheless, it has the advantage of keeping the manufacturing process in

3-axis, which might be appreciated in smaller industries where 5-axis cutting is not always

available. In such case, our experiments show that, between 2 and 5 tenons, an offset of at

least 0.2 mm should be applied to ensure the robotic assembly. However, this number could
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Figure 6.9: Robotic assembly of a box girder. The four plates are connected by eight through-
tenon joints each.

Figure 6.10: Successful insertion of the three elements of the box girder.
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be revised upward for an increasing number of tenons as the reaction forces could increase

with the number of tenons.

Specific CNC milling bits with a 45 degrees angle can also be used to chamfer the edges of the

joint while remaining in 3-axis. A 5 by 5 mm chamfer will reduce blocking situations and help

to guide the tenon inside the mortise. It makes it possible to insert two tenons with an offset

of only 0.10 mm.

To insert a wide configuration of tenons without loosening the connection too much, we

investigated the tapering of the joints in 5-axis. We demonstrated that the offset parameters

could be reduced to 0.05 mm by combining a bevel angle of 5 degrees and a chamfer of 5 mm.

The conic shape eliminates friction forces during most of the insertion and ultimately reduces

the clearance. The assembly of a 2.5 m long box girder, with up to 16 joints that needed to be

assembled simultaneously, confirmed that this combination of parameters was optimal for

the robotic assembly of large-scale timber plate structures.

Further investigations would be needed to extend the design guidelines depending on the

types of panels, wood species, and the size of the elements. While the current study focused

on the insertion of spruce LVL panels, it is expected that the resulting friction forces will differ

for Cross-Laminated Timber (CLT) and Oriented Strand Board (OSB) panels which are also

commonly used in construction. The choice of panel types and tree species will influence the

texture and hardness of the wood. Using a softer wood will tend to increase the tolerance and

facilitate the insertion. Similarly, smooth surfaces will more easily slide against each other. A

quantitative analysis of these phenomena would, therefore, be an interesting complement to

this research.

Furthermore, the influence of humidity and temperature on the joints has been excluded from

the study so far. As the samples were assembled with the robotic arm right after being cut

with the CNC, potential deformations due to those environmental factors could be neglected.

However, future research could focus on assessing the validity of the findings if the samples

were affected by dimensional variations. Hygroscopic swelling could also be exploited by

performing the robotic insertion with a low humidity level and letting the joints expand

subsequently to increase the rigidity of the connections naturally.

To conclude, this research paves the way for the automated assembly of structures connected

by wooden joints. It provides an alternative to existing nailing and gluing methods for timber

framing. While further research needs to be carried out to extend this technique to industrial

processes and assess its performance, the establishment of design guidelines and the develop-

ment of a testing methodology is a substantial achievement toward its application to real case

studies.
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7 Research output

7.1 Summary of research achievements

7.1.1 Computational design framework

The first part of the research (Chapters 3 and 4) focused on the development of a computational

framework for the design of IATPS. A significant achievement concerns the establishment of a

general approach to the design of IATPS, as opposed to existing project-specific workflows.

This was attained by compiling the set of all possible contact situations between two panels

and proposing a topological classification for IATPS. This harmonization effort was continued

with the analytical parameterization of four types of timber joints. As a result, mathematical

equations have been derived and can be easily implemented in any software to compute the

3D geometry of those joints.

Furthermore, the research also addressed the complexity of the insertion constraints associ-

ated with modular assembly sequences. An innovative method relying on graph theory and

the geometric intersection of insertion domains has been introduced. It extends the capacity

of existing algorithms by allowing the computation of compatible insertion vectors for cases

where several plates need to be assembled simultaneously.

Another achievement lies in generating and simulating robot trajectories directly inside the

design interface. A method for generating robot trajectories from the vectors of insertion asso-

ciated with each panel has been presented. Besides, a real-time simulation of the robot moves

in Grasshopper using the open-source plugin Robots has been introduced. A streamlined

data exchange process has also been established between Grasshopper and Unity to enable

connection with the workflow of an existing timber construction company. This work demon-

strated the ability of the developed framework to adapt to the industrial context. Ultimately,

all those achievements give the possibility to design IATPS while taking robotic constraints

into account.

Results from previous IBOIS theses on the digital fabrication and structural analysis of IATPS

105



Chapter 7. Research output

were also integrated into the workflow. Building upon the works of Dr. Hani Buri, Dr. Christo-

pher Robeller, and Dr. Petras Vestartas, it is now possible to generate, simulate, and export

CNC toolpaths from Grasshopper. In addition, a collaboration with Dr. Aryan Rezaei Rad led

to the implementation of a feedback loop to automatically assess the structural performance

of IATPS. The solver relies on the COMPAS framework to perform a Finite Element analysis

and display the results directly in Grasshopper.

7.1.2 Automated Construction workflow

The second part of the research (Chapters 5 and 6) focused on tackling the challenges associ-

ated with the robotic assembly of IATPS. One achievement of the research lies in the successful

collaboration with an industrial partner to develop a streamlined workflow from computa-

tional design to robotic construction. A custom programming language was implemented to

facilitate communication with the robot controller and could be transposed to other cases of

robotic prefabrication. Besides, several prototypes have been assembled with an industrial

6-axis robotic arm, highlighting two significant challenges of the robotic insertion of timber

joints: precision and friction.

Consequently, another research achievement lies in the enhancement of the robot’s precision

through the development of a visual feedback loop. Computer vision algorithms were imple-

mented to detect fiducial markers located on timber plates. This allows updating the position

of inserted panels before inserting the following panels. Further research also demonstrated

the benefit of combining laser range sensors with a camera to improve the accuracy of the

results obtained through image processing.

Regarding the challenge posed by friction forces, the research achieved the introduction of

design guidelines for through-tenon joints that minimize reaction forces during the robotic

assembly while maximizing the structural performance. A series of experiments allowed

the determination of optimal clearance parameters. The robotic assembly of a 2,5 m box

girder demonstrated that following those guidelines enables the insertion of many joints

simultaneously.

7.2 Impact of the research

7.2.1 Impact on the design team

One of the major outcomes of this thesis is the publication of a Grasshopper plugin for

IATPS. This interactive design tool makes IATPS more accessible to designers, architects, and

engineers. It allows them to integrate fabrication, assembly, and engineering considerations

in the design process. Besides, the tool is not limited to one structural topology (e.g., vaults,

walls, slabs,...). It can be used for a wide variety of applications as long as the initial design

consists of an assembly of timber panels.
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The developed tool proposes a paradigm change in the design of timber structures. Two ap-

proaches can be currently distinguished in practice. On the one hand, modular prefabrication

strategies focus on a standardized catalog of modules that are assembled following a repet-

itive process. On the other hand, bespoke architectural projects require custom geometric

algorithms and fabrication techniques. With this thesis, a hybrid "system-based" approach

is proposed by taking advantage of the geometric properties of IATPS. The advantage is that

custom architectural projects can be designed while relying on a fully automated workflow

that simplifies construction logistics (Figure 7.1).

Figure 7.1: Using the developed tool, custom IATPS can be built with a fully automated process
combining the advantages of modular prefabrication and bespoke architecture. (Credits for
left and right pictures: Blumer Lehmann AG).

Furthermore, as discussed partially in chapter 4, the framework facilitates collaboration be-

tween architects and engineers by reuniting the different aspects associated with the project’s

constructability directly inside the design interface. While conventional design processes

usually require frequent back and forth between engineers and architects, the developed

tool gives the possibility to discuss and negotiate the different design parameters to satisfy

fabrication, assembly, and structural constraints. From a broader perspective, the research

demonstrates that system-based approaches have the potential to increase collaboration and

efficiency through the development of integrated design interfaces.

Lastly, the developed tool could also be used by non-experts for the creation of smaller timber

structures such as self-built houses or furniture pieces. The intuitive interface fosters the

democratization of the design process by facilitating the 3D modeling of the connections and

automating the generation of fabrication and assembly instructions. Taking examples from the

models developed by Wikihouse [Ope] in England, EMARF [VUI] in Japan, or iWood.care [iwo]

in Switzerland, the cutting of the pieces could be handled by a distributed network of manu-

facturers. In conclusion, this research impacts wood construction on all scales, from domestic

furniture to the realization of large spatial structures, and can engage both the novice maker

and the experienced practitioner.
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7.2.2 Impact on timber construction companies

While the first part of the thesis focused on the computational design of IATPS, the second part

focused on the challenge of automating their construction. Timber construction companies

will likely benefit more from the outcomes of this second part. More specifically, this research

paved the way for implementing production chains where panels are assembled solely through

interlocking. This would simplify construction logistics by removing gluing and screwing steps.

The research demonstrated the feasibility of inserting timber panels into each other with

a robotic arm. However, it also highlighted the need to adapt the connections’ shape in

consequence and equip the robot with feedback loops to reach enough precision. In addition,

design guidelines that describe optimal clearance parameters have been established and could

be easily implemented by timber construction companies interested in using timber joints.

Similarly, the results obtained through the development of the visual feedback loop have a

high potential for industrial applications. The combination of cameras and lasers explored

in this thesis is an efficient solution to increase the accuracy of a robotic arm at a low cost.

The research on the detection of engraved markers also has promising applications that

extend beyond the field of automated assembly. While further developments are required,

the technique could be used to embed more data into a construction element than just its

location in space.

7.2.3 Impact on society

As stated in the introduction of this dissertation, increasing the use of timber in buildings has

the potential to reduce the environmental footprint of the construction sector. Furthermore,

digitization is a key to making timber construction more efficient and competitive. The chair

of Sustainable Construction at ETH Zurich identified four categories of interventions related

to the potential of digital fabrication, computational design, and construction automation to

build more sustainably [AH16]:

• Enriching structures with additional functions (thermal, acoustic...)

• Making construction processes more efficient

• Reducing materials quantity

• Fostering the use of more sustainable materials (reused, bio-based)

As far as sustainability is concerned, the impact of the thesis aligns with the last three categories

of interventions. First, automating the assembly of IATPS with a robotic arm increases the

efficiency of the construction process. Second, facilitating the use of timber joints reduces the

quantity of steel needed for the connections. Third, making available an intuitive design-to-

construction workflow for IATPS encourages the use of this construction system and, more

broadly, the use of wood as a building material.
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The energy consumption of the CNC and robot used in this research has yet to be quantified

and should be considered for a proper life cycle assessment of IATPS. However, studies have

shown that the environmental impact of digital fabrication technologies is almost negligible

compared to the production of building materials [AH16]. Therefore, in this thesis, digitization

is regarded as a means to spread the use of low embodied-energy materials, contributing

significantly to improving construction sustainability.

7.2.4 Impact on architectural education

The developed tool also has an educational vocation. The plugin Manis was tested by architec-

ture students at EPFL and in a workshop at the 2022 CAADRIA conference in Sydney. Some

structures designed by the participants are shown in Appendix A.3. It was concluded from user

feedback that the tool was intuitive enough to be adopted by beginners in parametric design.

Moreover, the tool has been used for very different projects in terms of scale and topology,

demonstrating the wide range of potential applications of this research.

At a broader level, this research contributes to reinstating fabrication and assembly issues at

the heart of architectural education. Although construction principles were once central to

the design process, technological advances in the 20th century have favored the emergence

of strong architectural shapes often detached from building considerations. However, the

challenges of the 21st century require us to rethink not only how we build but also how we

design and teach architecture. To create a more sustainable environment, it is necessary to

develop a more holistic approach integrating logistics aspects within the design process and

considering the entire life cycle of architectural projects.

Besides, computational tools like the one introduced in this thesis provide students with means

of dealing with the growing complexity of architectural projects. More generally, developing

a computational mindset in the architecture cursus is essential to foster systems thinking

and move away from traditional linear workflows. Furthermore, as for practitioners, this tool

encourages students to adopt an interdisciplinary approach by bridging the gap between

disciplines and bringing knowledge from different fields into the design interface.
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8.1 Limitations and future research needs

8.1.1 Computational design framework

This research focused on expanding the scope of IATPS and assumed that the structures

considered were exclusively composed of panels. However, concomitant research carried out

at IBOIS by Petras Vestartas on the digital fabrication of round wood structures showed many

similarities between panels, beams, and logs regarding the parametrization of the connections.

Therefore, it is possible to consider a generalization of the methods developed in this thesis

to other building elements and other connection types. First, the automated 3D modeling

of timber joints could be extended to any geometry of wood pieces. Second, it would be

interesting to study how the algorithms developed to solve assembly constraints for IATPS

could be used to optimize construction logistics for more standard construction systems.

Another limitation of the computational framework is its dependency on the Rhinoceros-

Grasshopper environment. This restricts the use of the plugin to a specific piece of CAD

software. Furthermore, there is a considerable risk that future program updates will make the

plugin obsolete in the long term. Although it is conceivable to transpose the algorithms to

another software, future research could also focus on establishing an independent solution

relying entirely on open-source libraries.

The current framework places the responsibility on users to adjust the various design pa-

rameters until the structure satisfies architectural, fabrication, assembly, and engineering

requirements. Although this gives a lot of design freedom, going through this iterative process

may take a long time, especially for large structures with many different pieces. Therefore, it

would be interesting to investigate the implementation of a multi-criteria optimization tool to

assist users in the design phase. As a first step, assembly sequences could be computed by au-

tomating the trial and error process instead of requiring input from the user. As a second step,

optimal assembly sequences that ensure structural stability during all construction phases

could be investigated. In this regard, it would be relevant to complete the developed frame-
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work with an algorithm that can compute self-supporting assemblies, such as introduced

in [Wan21].

Moreover, the generation of robotic trajectories could benefit from recent research in robotic

path planning to reach a fully automated workflow. For example, the current algorithm could

be enhanced with a collision solver to optimize robot trajectories and automatically compute

a suitable path. This particular issue has notably been addressed in the thesis and publications

of Yijiang Huang [Hua18; Hua+21]. However, further research is needed to facilitate the

generation of robotic trajectories for non-expert users.

8.1.2 Automated Construction workflow

Although this thesis demonstrated the feasibility of assembling IATPS with a robotic arm, it

also highlighted challenges that should be addressed in future research. First, robotic assembly

experiments carried out in chapter 4 and 5 have shown the difficulty of inserting panels when

the insertion force is not perpendicular to the ground. While temporary supports can help

provide a sufficient reaction force, another option would be to use a second robotic arm to hold

the pieces during the insertion. Cooperative robots were notably used in Stefana Parascho’s

thesis to assemble structures made from welded steel tubes [Par19]. A similar setup could be

developed for IATPS. One challenge would lie in accurately synchronizing and calibrating the

robots. Motion planning algorithms, such as Choreo [HGM18], should also be investigated to

avoid collisions between the robots and the panels.

The experiments in chapter 6 have also emphasized that the force required to insert tight-fit

timber joints quickly reaches the force threshold of standard industrial robotic arms. Therefore,

although this thesis has introduced guidelines about the amount of clearance required for the

robotic assembly of IATPS, another solution would consist in increasing the robot’s force. For

example, this could be achieved by adding a jackhammer on the robot end effector to provide

additional pulses during the insertion of the joints. Christopher Robeller et al. [Rob+17] also

explored the use of a vibrating device as a solution to overcome friction forces. As promising

results were obtained with oversized tenons, this should be further investigated.

Future research could also focus on further developing feedback loops to assist the robotic

insertion. In addition to the visual detection of fiducial markers through computer vision,

haptic sensors could be coupled with deep learning algorithms, such as those introduced

in [Apo+21b; Kra+22; Ode+19] to facilitate the insertion of the joints. Machine learning

techniques could also be employed with a camera tracking system to locate timber panels

around the robot and remove the need for any marker. Moreover, further work is necessary to

combine the results obtained in Chapter 5 and 6. Future robotic insertion experiments should

integrate both the visual feedback loop and the optimized joint shape.
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8.2 Perspectives for robotic timber construction

To place this thesis in a broader context, it is first necessary to recall that it was funded by

the National Center of Competence in Research Digital Fabrication (NCCR DFAB), supported

by the Swiss National Science Foundation (SNSF). The NCCR DFAB is a cross-disciplinary

research initiative aiming to accelerate the integration of digital technologies in the Archi-

tecture, Engineering, and Construction (AEC) sector. Since its launch in 2014, more than a

hundred researchers from various disciplines have collaborated through different research

clusters to move forward on this issue. This research is part of the cluster "Spatial Timber

Assemblies", which tackles the development of computational design, digital fabrication, and

robotic assembly strategies for timber structures composed of beams and panels.

In June 2022, the NCCR DFAB entered its third and final funding period, focusing on defining

a straightforward approach to feasible research implementations and ensuring innovation

transfer into practice. While the short-term prospects of the research have already been raised

in the previous sections of this chapter, the longer-term prospects for further digitizing the

timber construction sector are discussed here. Considering ongoing works at the NCCR DFAB

and other leading research centers in the field (e.g., IntCDC in Stuttgart, IAAC in Barcelona...),

two significant trends can be distinguished. The first prospect consists in moving toward

automated on-site construction, while the second consists in moving toward human-robot

collaboration.

8.2.1 Toward automated on-site construction

Automating on-site construction has several benefits, such as reducing the risk of accidents,

increasing building precision and efficiency, and reducing the risk of errors and associated

material waste. Mobile robotic platforms have been developed by several research insti-

tutes [Wag+20b; Gif+17]. Well-known applications consist in stacking bricks or stones for

autonomous wall construction. However, as wood is particularly adapted to off-site prefabri-

cation, there is currently limited research on automating timber structure assembly on-site.

Working in a closed and controlled environment offers many advantages. However, perform-

ing the assembly on-site simplifies the logistics as flat-packed construction elements can be

transported instead of larger modules. Besides, it avoids the need to segment the buildings

into smaller parts that can fit the width of a standard truck and allow a single continuous

assembly sequence.

Therefore, future research could expand upon the processes described in this thesis to tackle

the robotic assembly of IATPS on-site. This will not necessarily involve standard industrial

robots, like the one used in this thesis, but more likely automated cranes and gantries with a

more extensive range. For more accessibility on the construction site, a robotic manipulator

could also be coupled with an elevating work platform. A significant challenge is that working

sites are unpredictable environments that may be difficult for robots to navigate. Consequently,

efficient haptic and visual feedback loops must be developed to allow for more tolerance
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during assembly.

8.2.2 Toward human-robot collaboration

The progressive automation of the timber construction sector questions the place and role

of human workers. The development of automated construction chains has led to a reduc-

tion of 25% in employment in wood products manufacturing between 2000 and 2020 in

Europe [Eur20]. Meanwhile, round and sawn wood production increased respectively by 21%

and 11% [Eur20]. Overall, the number of small companies has also significantly decreased in

favor of larger companies capable of investing in the digital transition.

However, the lack of flexibility in fully automated solutions has led to the reintroduction

of more manual work alongside robotic chains. In addition, the inherent variability of ar-

chitectural projects demands a certain level of adaptability, which usually requires human

intervention. Therefore, researchers and industries are increasingly investigating how robots

and humans can collaborate in the same work environment.

Human-robot collaboration can take multiple forms and operate at different levels (from

working asynchronously to working together on the same task) [Mat+19]. For example, a

worker can teach a robot to perform a task using hand guidance functions. A robot can also

be equipped with sensors to slow down when a person approaches, enabling the worker to

work safely in the same space. Augmented-Reality (AR) devices are also becoming increasingly

popular in assisting workers in assembling or stacking structural elements. In this situation,

the worker is at the center of the action, and the machine helps him by providing visual

guidance.

While this thesis focused on developing a fully automated robotic solution, the challenges

raised in the previous sections suggest that human intervention could also be beneficial for

assembling IATPS. For example, the vector of insertions of the pieces could be displayed

through an AR headset to guide workers during the assembly. In addition, providing the exact

direction for the insertion would reduce friction forces and make it easier to insert the panels.
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A.1 UML diagram of the joinery solver
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A.3 Examples of structures designed with Manis

A.3.1 Projects of Master students from the architecture studio at EPFL)

Figure A.1: Using Manis for a renovation project in a Swiss castle (student: Nicolas Otti, Spring
2020).
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Figure A.2: Using Manis for a bespoke timber shell (student: Nicolas Otti, Spring 2020).

Figure A.3: Using Manis for prefabricated housing boxes (student: Tomohiko Nakamura,
Spring 2020).
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A.3.2 Workshop at the 2022 CAADRIA conference in Sydney

Figure A.4: Using Manis for a bike shelter (participant: Jacinta Alves, April 2022).

Figure A.5: Using Manis for a reciprocal structure (participant: Rin Masuda, April 2022).
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A.3.3 Architectural investigations

Figure A.6: Using Manis to design a boxed vault.
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Figure A.7: Using Manis to design zome structures (spiral-shaped domes).
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A.4 Pseudo-code of the indexing algorithm for the macro model of

the structure of Annen
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A.5 Global overview of the robotic insertion test campaign

Table A.1: List of tested samples (each sample was tested three times).

Test
number

Number
of tenons

Offset
(mm)

Chamfer
(mm)

Angle
(°)

Insertion
(%)

1 2 0.00 none 0 1.06
2 2 0.05 none 0 1.97
3 2 0.10 none 0 3.59
4 2 0.15 none 0 2.26
5 2 0.20 none 0 97.74
6 2 0.25 none 0 98.67
7 3 0.10 none 0 74.45
8 3 0.15 none 0 97.07
9 3 0.20 none 0 97.96

10 4 0.10 none 0 51.73
11 4 0.15 none 0 59.57
12 4 0.20 none 0 97.51
13 5 0.10 none 0 46.30
14 5 0.15 none 0 50.96
15 5 0.20 none 0 96.19
16 2 0.05 5x5 0 36.87
17 2 0.10 5x5 0 95.53
18 2 0.00 5x5 1 80.52
19 2 0.00 5x5 2 92.03
20 2 0.00 5x5 3 86.18
21 2 0.00 5x5 5 94.09
22 2 0.00 5x5 10 93.33
23 2 0.00 5x5 15 90.32
24 2 0.05 5x5 5 96.12
25 2 0.10 5x5 5 95.50
26 2 0.15 5x5 5 97.66
27 3 0.05 5x5 5 96.16
28 3 0.10 5x5 5 97.98
29 3 0.15 5x5 5 97.48
30 4 0.05 5x5 5 95.76
31 4 0.10 5x5 5 97.14
32 4 0.15 5x5 5 95.58
33 5 0.05 5x5 5 95.69
34 5 0.10 5x5 5 96.45
35 5 0.15 5x5 5 93.31
36 8 0.05 5x5 5 96.47
37 8 0.05 5x5 5 97.85
38 16 0.05 5x5 5 96.39
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A.6 Insertion graphs for different joint parameters

A.6.1 Offset only

Figure A.8: Influence of the offset parameter (mm) on the insertion of 2 tenons (angle parame-
ter: 0 degree, chamfer: none).

Figure A.9: Influence of the offset parameter (mm) on the insertion of 3 tenons (angle parame-
ter: 0 degree, chamfer: none).
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Figure A.10: Influence of the offset parameter (mm) on the insertion of 4 tenons (angle
parameter: 0 degree, chamfer: none).

Figure A.11: Influence of the offset parameter (mm) on the insertion of 5 tenons (angle
parameter: 0 degree, chamfer: none).
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A.6 Insertion graphs for different joint parameters

A.6.2 Offset and angle

Figure A.12: Influence of the offset parameter (mm) on the insertion of 2 tenons (angle
parameter: 5 degree, chamfer: 5 by 5 mm).

Figure A.13: Influence of the offset parameter (mm) on the insertion of 3 tenons (angle
parameter: 5 degree, chamfer: 5 by 5 mm).
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Figure A.14: Influence of the offset parameter (mm) on the insertion of 4 tenons (angle
parameter: 5 degree, chamfer: 5 by 5 mm).

Figure A.15: Influence of the offset parameter (mm) on the insertion of 5 tenons (angle
parameter: 5 degree, chamfer: 5 by 5 mm).
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Glossary

• Adjacency list: List of lists containing all neighbors of each cell of a graph.

• Assembly sequence: List of integers describing in which order building components must

be assembled. Integers can also be grouped in subsidiary lists to express intermediary

steps in a modular assembly process (see Subsequence). If the panels are inserted one

after another without intermediary steps, the assembly sequence is linear (as opposed

to modular).

• B-rep (Boundary representation): Solid represented by its envelope.

• Clearance: Tolerance in a timber joint. For tenon and mortise joints, the clearance is

defined as the distance between the faces of the mortise and the faces of the tenon.

• CNC (Computer Numerical Control) machine: Milling machine that can be controlled

by a computer to automate the cutting of flat panels allowing the realization of bespoke

structures from standardized elements.

• Contact type: Topological relation between two plates describing if two plates intersect

each other or are juxtaposed and, for the second case, which of their faces is in contact

with the other plate (e.g., if the top face of plate A is connected to a side face of plate B,

the contact type is labeled “Face-to-side”). The contact type directly impacts the type of

joints that can be created between both plates.

• Contact vector: a local vector of insertion associated with a contact zone between two

plates. Contact vectors are determined according to the contact type.

• Contact zone: Planar surface resulting from the intersection of two juxtaposed plates.

• Fabrication toolpath: Pair of curves representing the trajectory of a cutting tool. The

lower curve gives the position, while the upper curve gives the orientation.

• G-code: Standard programming language which can be interpreted by most CNC ma-

chines to execute a fabrication toolpath.

• IATPS (Integrally Attached Timber Plate Structures): Structure composed of standard

timber panels connected by timber joints. The joints are integrated into the shape of

the elements and prefabricated using a CNC machine.
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Glossary

• Insertion domain: Set of vectors representing all possible directions to assemble two

pieces. Timber joints geometry constraints the insertion domain to specific directions

of assembly. Insertion domains can be described in the 3D space as pieces of spheres.

• Insertion vector: Vector representing the direction of the assembly of one element or

one group of elements (module).

• Instantiation: In object-oriented programming, construction of a distinct object based

on a class containing specific methods and attributes. All class instances share the same

data structure but store different values.

• IRA (Industrial Robotic Arm): Articulated robot composed of a chain of connected links

which can be programmed to perform actions similar to a human arm.

• Plate (class): A python class that stores the plate geometry and other attributes such as

the plate contour, the plate thickness, and the geometry of the associated joints.

• Plate (geometry): Closed polyhedron with its two largest faces parallel to each other. In

addition, all vertices must be trivalent, and each vertex of the top face should also be

directly connected to exactly one vertex of the bottom face and conversely.

• Plate faces: Top and bottom faces of a plate, parallel to each other and larger than all

other faces.

• Plate model: A Python class representing a collection of plates. The adjacency graph

and the assembly sequence are its main attributes.

• Plate module: A Python class representing a portion of a plate model. In addition to

the model attributes, the module is characterized by a subsequence and a vector of

insertion.

• Plate neighbor: Adjacent plate sharing a contact zone (surface or volume) with another

plate.

• Plate sides: Faces forming the edges of the plates between the top and bottom plate

faces.

• Robotic trajectory: Series of robot positions expressed as a list of frames.

• Subsequence: Part of an assembly sequence defining the order of insertion for the plates

of a specific module in the plate model.

• Timber joinery: Technique to connect two pieces of wood solely through their geometry

(form-closure) and without the use of mechanical (nails, screws) or chemical (glue)

fasteners.
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