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Resumo

A reabilitacdo de espacos interiores, num contexto de personalizagdo em série, requer uma mudanga
na forma como os sistemas construtivos sdo desenhados, construidos e reutilizados. Recorrendo a
plataformas digitais para a participacao os arquitetos, em colaboragdo com outros atores na industria

AEC, podem desenvolver e oferecer solugGes personalizadas e desmontaveis a utilizadores genéricos.

Esta investigacdo propde o uso de sistemas de construcdo personalizada em série (CPS) para
fornecer sistemas de divisérias desmontdveis fabricadas digitalmente usando metodologias do
levantamento a producdo ligadas a configuradores online, em que os utilizadores co-projetam

solugdes para a reabilitacdo de espacos interiores.

A metodologia de investigacdao socorre-se de pesquisa e andlise tedrica para definir critérios e
objetivos a serem explorados em resolucdo de problemas de projeto. A partir destas experiéncias sdo
sintetizados principios e uma metodologia para a concecdo de sistemas CPS de sistemas de divisérias
personalizdveis e desmontaveis para a reabilitacdo. A metodologia clarifica os papeis dos atores,

passos, e arquitetura do sistema para implementar um sistema CPS do levantamento a producgao.

A investigacdo demonstra que a metodologia de levantamento proposta é utilizavel por
utilizadores especialistas e ndo-especialistas, com os ultimos a apresentarem em média melhores
resultados, e que estes levantamentos tém precisao suficiente para processos do desenho a produgao.
Também se demonstra que a metodologia do levantamento a produgdo, a gramatica genérica, e os
critérios sdo Uteis para os arquitetos conceberem sistemas de divisdrias desmontdveis e

personalizaveis para sistemas CPS abertos.

Palavras-chave: Desenho Paramétrico; Fabrico Digital; Reabilitacdo; Personalizacdo em série, As-is

Surveys; Metodologia



Vi



Abstract

Building renovation of interior spaces, in the context of mass customization, requires a shift in
how construction systems are designed, built, and reused. Leveraging digital frameworks for user
participation, architects in collaboration with other stakeholders in the AEC industry may design and

deliver customized and disassemble-able solutions to generic end-users.

The research proposes mass customization construction (MCC) systems can deliver cost-effective
digitally fabricated and disassemble-able construction systems using survey-to-production workflows

deployed in web configurators for end-users to co-design solutions in building renovation.

The research methodology uses theoretical inquiry and analysis to define criteria and objectives
to be explored in design problem solving. From these experiments generalizable principles and a low-
key workflow for the design of MCC systems of customizable and disassemble-able partition wall
construction systems for open building renovation are synthetized. The workflow clarifies stakeholder

roles, steps, and system architecture to implement an MCC system from survey to production.

This investigation demonstrates the proposed survey workflow is usable by non-expert and expert
instance-designers, with the former having on-average better results, and that these can survey spaces
with sufficient precision for design-to-production workflows. It is also shown the survey-to-production
workflow, the generic grammar, and criteria are useful for architects to design customizable and

disassemble-able partition wall systems for open MCC systems.

Keywords: Parametric Design; Digital Fabrication; Building Renovation; Mass Customization, As-is

Surveys, Workflow
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Introduction

Contemporary society is tightly connected, people are better informed and more demanding,
needs change more rapidly requiring faster, customized, sustainable and higher quality
solutions. In many European countries, building renovation has superseded new building
construction, due to several factors, and is expected to continue to increase as the building stock
ages (Vainio, 2011). Architects should strive to design solutions to this diverse context, enabling
rather than determining human activity, integrating time as a dimension of design, and
distributing control to the building end-users. Buildings should be capable of being adapted to
specific user needs in a timely and cost-effective way without burden to the environment.

This thesis argues that these challenges may be met if architects combine an open building
approach to building renovation with currently available digital design and fabrication tools
coupled with configurators. It is a departure from the methodology of designing large scale
standardized mass housing for generic clients. Replacing it for the design of open mass
customized disassemble-able construction systems in building renovation. The shift of focus to
building renovation empowers us to forgo the mindset of the new and different with that of
common, shared principles and values as a framework for difference to emerge (Habraken,
2017).

This idea of using digital frameworks to support user-participation in the design of the built
environment can be traced back to the sixties to the work of Yona Friedman (1971) or Nicolas
Negroponte (1976) and it is (re)gaining momentum with developments in mass customization
construction (MCC) systems, integrating computational design, digital fabrication, and online
configurators. In a sense it is the reframing of the modernist utopia of providing affordable
housing at scale, by replacing the traditional paternalistic top-down design method with co-
design methods implemented in digital systems to provide context specific solutions to generic
clients.

Covid-19 has contributed to accelerate digitalization trends, with consequences such as a
transition to homeworking, long foreseen by authors such as Alvin Toffler (1980). This transition
will affect all aspects of the built environment from the way cities and houses are organized to
very nature of construction. Moving work back to the home will likely increase the frequency of
interior renovations which already accounts for a large portion of the carbon emissions over the

building’s life.



The above trends and the contemporary context of climate emergency require a
fundamental shift in how buildings are procured, designed, constructed, (re)used and
demolished. The urgency of the matter calls for open innovation to develop building systems for
local contexts based on sustainability criteria. Open-source digital frameworks to enable the
design, fabrication, delivery and reuse of systems, components and materials must be imagined
and implemented (Ratti & Claudel, 2015)

The present investigation seeks to explore the potential of cost-effective digitally fabricated
construction systems to enable the design of disassemble-able partition wall systems for
building renovation of interior spaces by generic users. The research aims to develop a low-key
workflow to assist designers in designing open mass customization construction systems of

partition walls for building renovation.

Motivation

This investigation is motivated by the opportunity digital design and fabrication tools provide to
develop more adaptable and reusable construction systems, using widely available cost-
effective circular materials, such as wood-based products or insulation cork board, and digitally
fabricated joinery. For wood-based materials and cork to truly fulfill their potential as carbon
storage, increasing their reusability is key as are enabling more favorable end-of-life scenarios.
In fact, in the Inventory of Carbon and Energy (ICE) Database 3.0, timber and engineered wood
products, sourced from responsibly managed forests, are the only materials with negative
embodied carbon. Yet, Silvestre et al (2016) has reported insulation cork board also has a similar
profile as timber and similar limitations. These production methods can accommodate local
geometrical variability without incurring into significant production overheads, a fundamental
enabler of mass customization. Digital fabricated joints can be reversible, components and
systems demountable and reusable making them compatible with the principles of design for
disassembly (DfD) and open building.

The above opportunities are particularly relevant in the renovation of interior spaces where
partition walls are the most frequently changed components. Current solutions are not
demountable or reusable, and mostly depend on materials that are not circular. It is a conviction
of this thesis that cost-effective digitally fabricated systems proposed by researchers have not
adequately considered the intersection of the requirements and criteria of building renovation,
DfD, and mass customization. From the negotiation of these multidisciplinary contributions, it
can be possible to achieve a clearer framework of criteria for developing partition walls systems

that meet the aforementioned challenges.



Another important motivator of this thesis is the recognition that the integration of design-
to-fabrication workflows with web configurators presents an opportunity for designers, in
collaboration with the industry, to extend their practices to generic clients that could not
otherwise afford it. To explore this opportunity configurators must link specific solutions with
the physical, sociocultural, technologic, and personal context of each user. In building
renovation of interior spaces this implies considering the geometry of the envelope, frequently
not orthogonal, to be intervened. Yet, in practice there is a lack of simple methods meta-
designers can use to allow the instance-designer to provide information about their physical
context, which has limited the use of these methods to isolated objects designed by experts
such as pavilions, or to the customization of finishes in prefabricated housing. Thus, it is urgent
to fill this gap with research and innovation on semi-automated survey methods of interior
spaces based on the empiric methods traditionally used by architects, including triangulation
algorithms to assist the automation of the design of the plans and sections.

This thesis is also motivated by the opportunity mass customization as a business and
production paradigm provides to the AEC industry as whole. Although architects were pioneers
in exploring the consequences of the concept, they have mostly focused on issues of form rather
than process. Yet, this has concurred to the dissemination of the use of parametric design tools,
such as Grasshopper, and digital fabrication, leading to a new “material praxis” and fostering
the emergence of a new field of exploration for building designers to take the role of meta-
designer, developing meta-types for instance-designers — architects, builders, clients — to
configure. To operate in this context architects must add to their skills the navigational instinct

of entrepreneurs but also increasingly collaborate with other stakeholders in the design process.

Hypothesis, Questions and Objectives

The previous motivational context allows us to establish several research questions and specific
objectives to achieve. These (Q) questions and (O) objectives are enumerated in a sequential

order from which the main hypothesis is derived.

Q1. How can architects leverage mass customization to address the challenges of building
renovation of interior spaces? How can architects design cost-effective and disassemble-able
digitally fabricated construction systems of partition walls for building renovation and deploy
them in web configurators for instance-designers?

Ol1. Analyze the concept of mass customization and the various approaches to its

implementation in the AEC industry, identifying the levels of end-user control over the design



and production of buildings, the roles of the stakeholders involved in the process. The aim is to
propose a low-key workflow to develop survey-to-production configurators of partition walls for
building renovation, identifying the involved stakeholders and their roles, and generic design
principles to develop mass-customizable and disassemble-able partition systems.

Q2 What are the relevant criteria to consider when developing MCC systems of partition
walls for open building renovation?

02. Compare the theory, design guidelines and design criteria from the different fields,
building renovation, open building and DfD, MCC systems and the technical requirements of
partition walls to establish a framework of criteria for the design of open MCC partition wall
systems. The aim is to define a framework of criteria for the design phase of the research. These
criteria will guide the development of the solutions as well as their evaluation.

Q3 How can digitally fabricated partition wall systems be more reusable? How to transform
materials with digital fabrication into parts that can be assembled into components which in
turn must be assembled into a partition system?

03. Identify generalizable design patterns that can guide architects in the process of
designing open MCC partition wall systems to achieve a higher level of reusability potential.
These design patterns are hinged on the set of previously mentioned criteria but are also related
with the selected fabrication methods, the way materials may be joined into components and
components into systems.

Q4 How can end-users of web configurators do surveys with sufficient quality so they can
be used in MCC systems for customizable and disassemble-able partition systems?

04. Compare existing methods of collecting geometric survey information commonly used
by AEC professionals with currently available smartphone applications for surveying interiors
spaces. The aim is to determine if these semi-automated methods of capturing or generating
floor plans for non-expert users are sufficiently accurate to use as a basis for generating walls
for digital fabrication and if non-expert users able to use these methods reliably to produce
sufficiently accurate plans.

The answer to the above questions will allows us to formulate the necessary requirements,
methods, and processes to fully address the main question and propose a low-key survey
workflow that instance-designers can use effectively to survey their contexts and that provides

useful information for meta-designers to build design-to-fabrication workflows.

The main hypothesis of this thesis can thus be formulated. This thesis hypothesizes that
MCC unlocks new opportunities for architects to address the challenges of building renovation

of interior spaces. In collaboration with other designers and stakeholders in the AEC industry,
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architects can develop customizable and disassemble-able partition systems and survey-to-
production configurators for generic users to co-design solutions for their contexts.

To develop open construction systems for partitions walls, designers can use generic
patterns that increase the reusability and modularity of the product system. To implement
configurators for building renovation, collecting geometrical features of the context is a key step
of the survey stage. Therefore, this thesis proposes a low-key workflow for implementing an
interactive survey-to-production configurator, defining the key steps, components, and the

distribution of the roles of the actors in the process.

Methodology

This thesis adopted a design inclusive research methodology (Horvath, 2008), which has
been previously used by researchers in the development of typologies of joints for open systems
buildings (Nijs et al., 2011) and end user interfaces for mass customization of housing design
(Niemeijer, 2011). This methodology was adopted because of the need to synthetize basic
research from many sources while also evaluating and reflecting on the application of theory
through practical design experiments.

Research is divided into three main stages, theoretical research, design, and testing, that
were iteratively applied to each of the specific areas of inquiry involved in open building
renovation, i.e., design for generic users, MCC and DfD (Figure 1-1). It is from the cyclic process
of design, prototyping and observation that generalizable principles are extracted, and solutions

tested.

’ . \
, Design for
! Generic !
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K Mass \ © Design \
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\ / \ /
y

Figure 1-1: Main areas of research



The aim is not to design a product but to use the process of design to produce generalizable
knowledge for mass customization construction systems. According to Habraken (2003),
innovation in the construction industry cannot be developed in isolation from everyday practice
and living patterns. Construction is inherently social in nature, consequently the design of
products for that purpose cannot be the result of the direct application of disciplinary theoretical
knowledge, requiring a broader view and a consideration of context.

The research process was not linear but involved multiple feedback loops from literature
analysis to design experiments, prototyping, parameterizing, and user testing for the above
areas. The reflection on the achieved results at each cycle informed the increasing focus over
the problem. Figure 1-2 provides a diachronic overview of the research steps, identifying

research activities and specific research outputs such as papers and prototypes for each stage.
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Figure 1-2: Diagram of the research methodology

Although the methodology follows a mostly top-down approach the design stages reverse
to a bottom-up strategy where the systems are considered from the materials up to systems,
and from particular cases to a generalization of patterns. This modus operandi is used across the
design of partition wall systems, the development of iterative triangulation algorithms or
survey-to-production workflows.

Throughout the text, citations not originally written in English have been translated by the

author.

Contributions

The contributions of this thesis can be divided into practical and theoretical and are related with

the objectives defined in Hypothesis, Questions and Objectives.



Contribution 1 — is a Theoretical/Practical contribution and consists of a low-key survey-to-
production workflow for the implementation of configurators of partition wall systems for
building renovation of interior spaces. The workflow is primarily aimed at meta-designers,
whatever their background, but can also be useful to other stakeholders particularly those
involved in production and construction. The workflow can be used as roadmap of the needed
steps from survey to production, either for complete or partial automation of the tasks. It is
divided into modular components, each subdivided into a series of steps, that can be developed
independently, increasing the opportunities for open collaboration and contributions.

Yet, the workflow is more than a simple process flow and implies a specific organization of
roles and responsibilities, and possible organizational structures that are necessary for the
practical implementation of these systems.

Contribution 2 —is a theoretical contribution towards the definition of a rigorous framework
of design criteria and guidelines for assessing and developing open and disassemble-able
digitally fabricated partition wall construction systems for open building renovation.

The analysis of the designs considering the criteria is a contribution to future research
aiming to increase reusability of building systems.

Contribution 3 —is a theoretical/practical contribution. The generic grammar is a theoretical
contribution to the definition of a generalizable set of design patterns, such as subdivision rules
and modularization strategies, for digitally fabricated partition wall systems. These generalizable
rules have several practical applications. The first practical application is the use of the generic
grammar for developing more specific disassemble-able and mass customizable partition wall
construction systems by architects. The grammar enables the possibility of bottom-up design of
systems, from materials into components and systems, while keeping a holistic overview of the
relations and internal or external constraints of each part of the system.

A second practical contribution is the development of subdivision algorithms for each of the
identified patterns that can be used to populate the partition walls with specific systems
components. The developed partition wall systems are a third practical contribution that can be
used as examples of systems for further design iteration. The T-slot joint is a fourth practical
contribution to the toolkit of possible CNC fabricated joint details that can be used in the
development of partition wall construction systems.

Contribution 4 — is a theoretical and practical contribution. The iterative triangulation
algorithms described in this thesis provide a rigorous framework for developing interactive
algorithms for semi-automated survey of interior spaces by generic users. RoomSurvey

algorithms are a practical implementation of the algorithms described in this thesis in a
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Grasshopper plugin that allows the implementation of low-key interactive survey workflows in
online configurators. The resulting surveys are parametrical models of the existing spaces that
can be used in design-to-production workflows that depend on the geometrical context.
Furthermore, since the output of these semi-automated survey workflows is a parametric
model, there is the possibility of updating the survey and having the changes propagate to the
design and production systems.
A further practical contribution consists of the JavaScript apps that facilitate and exemplify

approaches for the development of configurators integrating survey processes.

Structure of this thesis

This dissertation intends to provide a concise but smooth description of the developed research,
providing the necessary illustrations and diagrams to clarify the argument. It is divided in three
parts (Figure 1-3).

Part | focuses on the theoretical framework of each of the areas involved in this research
organized in a top-down way: open building renovation, mass customized construction, design
for generic users. This part is divided into three chapters each of them focusing on one of these

areas, clarifying their scope and the interrelations between each of them.
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Figure 1-3: Structure of this thesis

Part Il consists of a more focused analysis of the aspects described in the first part and is
divided into two chapters which and lay the foundation for the work presented in last part.
Chapter 4 analyses in detail the contributions from the several different fields of building
renovation, DfD, mass customization and light interior partition wall systems to establish criteria
for cost-effective and disassemble-able digitally fabricated partition walls systems. Chapter 5
analyses meta and instance-designer roles in MCC systems and existing configurator platforms
and workflows that can be used to implement them. It also presents the practical design
experiments that fundament the main contributions of this thesis. First, the generic grammar

and then the partition wall systems design experiments that originated it are presented.



Part lll presents the main contributions of this thesis. Chapter 6 exposes the fundamental
research that underpins the proposed survey workflow, focusing in on the iterative algorithms,
and the way these can be used to implement survey-to-production workflows. A step-by-step
workflow for developing survey-to-production configurators for building renovation is described
in detail. This part finishes with chapter 7 where experiments to validate the proposed workflow
and generic grammar are described and result presented.

The thesis closes with a presentation of conclusions and achieved result as well as future

research directions.
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PART 1: THEORETICAL FRAMEWORK

CHAPTER 1 Open Building Renovation

There are multiple levels of intervention actions in the existing building stock, ranging from small
maintenance and conservation actions to works involving substantial demolishing and
replacement of building parts or adding new volumes to existing constructions. These levels of
action are generally related with corresponding levels of administrative control in buildings. A
building renovation project may involve many of these levels simultaneously. The processes of
transformation of unbuilt land into buildings, or even the demolition and reconstruction of
buildings are strongly controlled by municipalities, which require private parties to submit for
planning approvals before starting construction.

Across the world, and even between cities in the same country there is a profusion of terms
and concepts with similar meanings applied to the field, such as: renovation, remodeling,
retrofitting, rehabilitation, adaptive reuse, alteration, expansion, reconstruction, addition,
change of use (Lai & Kontokosta, 2019; Vainio, 2011). Most cities or countries deal with this issue
by classifying each permit application to be highest level of intervention present in each project.

In the case of Portugal, the taxonomy of types is defined at a national level and comprises
the following types: Alteration; Expansion or Addition; Reconstruction; and Conservation. With
the introduction of the 2009 legislation on urban rehabilitation (DL n2 307/2009), the term
Building Rehabilitation has been ambiguously used to encompass all the previous types
including also total demolition followed by the construction of new buildings. This scope of the
building rehabilitation stands in contrast with the prevalent definition of building rehabilitation
as a set of actions on the built stock that may contribute to improve its performance, safety,
functionality, and comfort while respecting the building’s architecture, typology, and
construction system (Freitas, 2012; Teixeira, 2013b).

In this text, building renovation is used as an umbrella term to encompass building
rehabilitation definition and hence specifically excludes actions that involve total demolition of
the existing building followed by a new construction, but includes actions that replace parts of
the existing building to update or improve their functionality by the introduction of new
construction systems, generally referred to as retrofitting, that are nonetheless consonant with

the existing structure (Vainio, 2011).

11



Building renovation accounted for 57% of the total construction market in Europe in 2015,
of which 65% are renovations of housing buildings. The annual growth of building stock across
Europe has been in the range of 1 to 3% for the past two decades. Durmisevic (2006a) reports
that a quarter of the new buildings replace demolished structures. Also, 40% of these buildings
were built in the sixties and nearly 90% until the 90s (European Parliament. Directorate General
for Internal Policies of the Union., 2016). This has led several researchers to point to the urgency
of promoting proper energy retrofitting strategies to reduce the energy consumption in existing
buildings (Mestre et al., 2016; Saheb, 2016; Veld, 2015). While other researchers have called for
a more carbon focused approach (Luscuere, 2017; Sturgis, 2017). Nevertheless, renovation of
buildings has been identified as a cornerstone of the European strategy to address
environmental and social challenges.

In Portugal, between 2002 to 2014, there has been an increase in the percentage of
renovation in concluded construction works from 18% to 37% nationwide (Figure 1-1), in which,
renovation of housing accounted for 56,6% in 2010 and 68,3% in 2015 of all renovation works.
This increase occurred in a context of decrease of the overall activity in the construction sector
(INE, 2016). The tendency of increasing relevance of building renovation in detriment to new
building construction is expected to continue, bringing Portugal closer to the European average

(Carvalho, 2013; Freitas, 2012).

Building Permits per type

100%
9
8
7
6
5
4
3
2
1

%

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

=]
ES

S
ES

S
ES

=]
ES

=]
ES

=]
ES

=]
ES

=]
xR

=]
ES

=3

W Construction % M Renovation %

Figure 1-1: Percentage pf building permits per type (New Construction vs Renovation) between 2002 and 2019.
Source INE
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In the last three years, the national level building permit data seems to indicate the
tendency has been reversed, with an increasing proportion of new building permits versus
building renovation permits issued by city halls across the country (Instituto Nacional de
Estatistica, 2020). The statistics for the transactions of buildings nationwide tell the opposite
story, showing a steady increase in the number and value of existing buildings vs new buildings,
with existing buildings representing 83% of all transactions in the 3™ quarter of 2020 (Figure

1-2).

Transations of Homes (n2)

Existing

New N.2
20000

10000

Figure 1-2: Number of transactions of homes between 2009 and 2020. Source INE

The discrepancy may be caused by many factors. Part of the transactions may not be for
end-use of the building but for investment. Of the transactions that are meant for end-use,
building owners may not conduct any renovation action, conduct those that do not require
permit or even conduct the renovations illegally.

It is important to note that not all renovations in Portugal are required to submit for
municipal approval. In fact, all interior changes that do not affect the structure or (infra-
structure) of the building can be conducted without it. Changes to the internal partitions may
occur in all the previous types of intervention except for Conservation works. Furthermore, they
may also occur without administrative control. Thus, the existing data on administrative control
of building renovation, both the open data and the national statistics, is just a proxy for the total
building renovation that effectively occurs.

Based on building permit applications it seems that building renovation is a geographically

asymmetric phenomenon. It is higher in the cities and particularly on larger cities such as Porto

13



and Lisbon, and within these cities it has been concentrated on city centers and 19th century
expansions, and to a lesser degree, on early 20th century expansions (F. Brandao et al., 2017,
2018). Consequently, building renovation spreads across different building typologies and
construction technologies, spanning more than two centuries, which have different
requirements and pathologies.

Design and construction in building renovation are piecemeal by nature, requiring high
levels of labor on-site and as such not prone to standardized construction methods (D’Oca et
al., 2018). The major impediments are the diversity of construction methods, alterations over
the life-span of the building, and the pathologies either caused by degradation, lack of
maintenance, or natural aging of the materials (Freitas, 2012).

In old buildings, rehabilitation actions are complicated by lack of technical know-how from
most of the stakeholders involved but in particular there is a lack of available workforce
knowledgeable of traditional construction methods (Freitas, 2012; Teixeira, 2013a). In modern
buildings the main obstacles to standardized methods are the division into horizontal properties,
which eliminates possible economies of scale. Other important aspect of the renovation work in
these types of buildings is the need to intervene while the building is in use. Which further
justifies the importance of light construction and disassembly methods that reduce
inconveniences such as noise, dust, and the removal of large quantities of debris.

Therefore, when designing a construction system for building renovation less assumptions
can be made about the properties and geometries of the interfaces with existing building
elements, compared to a system that is designed for new building construction.

At the European level, Veld (2015) states that there are several other industry related
factors that inhibit a leaner response from the AEC (Architecture, Engineering and Construction)
industry: The building sector is fragmented and unable to offer holistic, cost-effective, high
quality solutions; the construction process is layered, involving many actors onsite increasing
costs and errors; the building market is supply driven with a discrepancy between offer and end-
user demands; the building process is seen by building owners as bureaucratic, financially risky,
and long.

Previous research as suggested that a path to overcome these issues is to change the
renovation process to an off-site prefabrication process with the potential to reduce cost, waste,
time and disturbances while at the same time increasing performance and quality (Mestre et al.,
2016; Nijs et al., 2011; Veld, 2015). Further, moving the high-skill work from the site to the
factory and leaving only unskilled assembly work to be performed on-site may have several

advantages to workers (Kieran & Timberlake, 2003) and to users (Habraken, 1992, 2003).
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Recent research has aimed to develop solutions for retrofitting building facades using
integrated design-to-fabrication processes to provide high energy-efficient customized
prefabricated building components (Veld, 2015; Mestre et al., 2016; Barco et al., 2017) to
building owners.

Several European innovation action projects have attempted to tackle the complex issues
stated above, proposing either the use of innovative technologies or leveraging existing
technologies to build integrated design-to-production systems of plug-and-play construction
systems for deep building renovation (D’Oca et al., 2018) . In a review of the efforts of these
projects, D’'Oca et al (2018) conclude that renovation needs a participative approach involving
end-users early in the design process which can contribute to increase trust and reduce conflicts
and unexpected changes. They believe that these innovation efforts in building renovation have
mostly tackled the problem from a technological standpoint, frequently neglecting social and
financial aspects. They further conclude that aggregating demand is an important strategy to
reduce investments and social costs.

Building renovation is far more complex than new building construction for several reasons.
In contrast to new building construction, building renovation encompasses a diverse set of
activities and scopes of intervention on the built fabric. Even within the same country, there can
be multiple terms for each of the renovation actions or levels of intervention (Lai & Kontokosta,
2019). Cities have regulation and data collection mechanisms adapted to their specific contexts
which hinders information sharing, comparisons and stakeholder action within and across cities
(Ku & Gil-Garcia, 2018). Furthermore, Renovation actions are less visible than new building
construction, since it occurs at different stages of the building life-cycle and with different
depths it may not even be captured by city halls administrative processes (F. Branddo et al.,
2018).

Designing for building renovation is also riddled with complexity. If we accept Christopher
Alexander (Alexander, 1973) definition of design to be the process of achieving fitness between
context and form, the designer’s role in designing for building renovation is first determining the
form-context boundary. Not only there are multiple context-form boundaries, as Alexander
states that there are in any design problem, but the information on the properties of the context
is very imprecise.

If in any design problem designers must design “with a number of nested, overlapped form-
context boundaries in mind”, in building renovation form is not simply “the part of the world
over which we have control” (Alexander, 1973, p. 18), but might embed parts of the context of

which we have little knowledge of during the design phase. As construction work takes place,
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particularly during demolitions, relevant information may emerge that could lead to changes in
the design problem and consequently the form.

Hence, renovating buildings poses a different design problem. The aim is not to design an
object over which we have absolute control but to intervene in an existing one introducing
different systems to the meet current standards. In practice, this requires a thorough knowledge
of the building to be intervened. This knowledge may be obtained through empirical experience,
historical research and building surveys (Freitas, 2012).

The historical research, such as proposed by Freitas (2012), is mostly typological and thus
for building renovation design practice constitutes a probabilistic sort of information. Coupled
with the building survey knowledge it can constitute a very good, educated guess (model) of the
real as-is state of the building. Nowadays, most researchers converge to the need of the use of
Terrestrial Laser Scanning and/or Photogrammetry as necessary tools to increase the level of
detail, accuracy, and precision in the survey. Yet, as-is surveys have several objective limitations
(Patraucean et al., 2015): (1) High level semantic information such as cost and product
specifications are not possible to infer. (e.g., type of paint used); (2) The achievable level of detail
in an as-is survey is limited by practical considerations of data collection and can be cast as a
tradeoff between cost and sufficient detail; (3) It is not possible to collect geometric data of
occluded building elements. Furthermore, deviations between the planned and the as-built
geometry may still occur due to errors in construction or changes promoted by stakeholders
during the construction process (Tamke et al., 2016).

It is short-sighted to think of renovation as just a short-term goal to meet specific energy
consumption targets. Building renovation is a natural and ongoing process in the life of buildings.
As needs, technologies and culture changes, buildings are adapted and transformed to meet
new requirements or goals (Brand, 1994). It has been shown that more than half of the building
lifetime carbon emissions are caused by the materials used in its construction, maintenance,
and refurbishment and eventually demolition. Thus, efficient material use is crucial to reduce
carbon emissions (Durmisevic & Yeang, 2009; Sassi, 2008; Sturgis, 2017). For instance, Sturgis
(2017) demonstrates that deep retrofits of nineteen century housing can be more cost-effective
and generate less carbon emissions than demolishing them and building anew to Near Zero
Building standards.

Construction activity in general has a very strong impact on local resource consumption
such as materials and energy. Renovating or reusing buildings is generally more sustainable than
replacing them with new buildings, since less material and energy is used (Sturgis, 2017; Un

Vitruvio ecoldgico, 2007).
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Reorganizing interior spaces is one of the most frequent forms of adaptation to new uses,
thus partitioning and interior finishes are the most often replaced components over the life-
cycle of a building, however the partitions are usually constructed with overly permanent
constructive processes or that cannot be reused, either as a constructive system that maintains
its functionality but in new combinations, or as materials that can be reused for other purposes
(Durmisevic, 2006b; Durmisevic & Yeang, 2009).

Reusing partition walls in building renovation can have several advantages in terms of waste
generation, energy and resource consumption and cost over the building lifetime (Durmisevic,
2006a; Sturgis, 2017). For this to happen, partitions must be demountable, reusable, and
serviceable. DfD (Crowther, 2009a; Durmisevic & Yeang, 2009) is a strategy that addresses the
design of buildings, systems or components that are demountable and reusable with minimal
interference with the supports, and at a lower level can be decomposed into basic materials for
reuse or recycling.

These goals are in fact complementary to the proponents of generative systems and digital
fabrication, but as Habraken (2003) suggests, construction is both cultural and technical and to
successfully change it, the solutions must involve all actors, architects, builders, and users, and

focus not on the longer lasting layers, such as the building structure, but on the fit-out systems.

1.1 Open Building

Renovating buildings is more sustainable than to demolish and rebuild them to a higher standard
(Sturgis, 2017). Maintaining and reusing the existing structure, where possible, significantly
reduces the material and energy inputs in construction. Nevertheless, a greater focus has been
placed in the research of solutions to improve the efficiency of material use and waste
minimization in the construction process, or development of recycling processes at the
demolition stage of the building life-cycle (Crowther, 2009a; Durmisevic & Yeang, 2009; Sassi,
2008), than on solutions that are capable of disassembly and reuse during the use phase of the
building.

Embedding adaptability in building design through the separation of building components
according to their service life expectancy — support and infill - was proposed by Habraken and
the SAR (Sitchting Architecten Research) group in the sixties (Habraken, 2000) and evolved
during the eighties into what became known as the philosophy of open building (Habraken,
2003). For Habraken, open building is a response to the need for flexibility to in built

environment to accommodate changing user needs.
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John Habraken ideas where first laid out in his 1961 book - Supports: an alternative to mass
housing — originally published in Dutch and translated to English in 1972. In his book, Habraken
stated that the responsibility of the individual for his environment represents an essential
condition to the health of that built environment (Habraken & Teicher, 2000). Habraken
criticizes the strategy of simplification of construction with the aim of maximizing industrial
production, which leads to the exclusion of human social and psychological needs in housing
design (Habraken, 2000). For Habraken the problem is not industrialization of construction but
the dimensional standardization of components and design (Habraken, 1992). Based on these
insights, he develops the principle of separation of support and infill as a way of disconnecting
the diverse levels of action of the stakeholders in the built environment. He further stated that
the control over the design of that built environment should be distributed in a balanced way
between the community and the individual.

Frequently misinterpreted, Support for Habraken is not the building structure although it
includes it. Support includes all building elements which make up the common framework of
the building such as facades, structure, roof, common services, and distribution spaces such as
hallways, stairs, and entry halls. Infill includes all the elements that are exclusively private. In a
nutshell the frontier between support and infill is correlated with that of private and

condominium property (Figure 1-3).

SUB-SYSTEMS SUPPORT INFIILL

Concrete structure (walls, floors, etc)
facade system ( windows, panels, etc)
roof system

stairs + elevators

interior partitioning ( doorframes, panels,etc) |
kitchen equipment

bathroom equipent

heating

gas supply

electric supply

electronics

water supply

sewage lines

Support Infill

FIG.6
Figure 1-3: Support and Infill (Kamo, 2000; Habraken, 1992)

The SAR foundation, of which Habraken was director between 1964 and 1975, is a reference
for having established alternatives to urban land use and practical solutions to the design of
housing following the principles of separation of support and infill (Bosma et al., 2000). This
work is latter continued by the Open Building Foundation, founded in 1984 by 13 signatories
such as De Vries, Karel Dekker and Age van Randen, and whose manifesto is based on the ideas
of Habraken. Similarly, in 1986 the OBOM research center is founded at TU Delft, directed by

Van Randen, dedicated to researching building systems and technological solutions to increase

1 The original title is De Dragers en de Mensen, het einde van de massawoningbouw published by
Scheltema & Holkema

[
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the implementation of open building philosophy. In 1996, the Open Building Network was
created - the CIB W104 Open Building Implementation — part of the international Council for
Research and Innovation in Building and Construction (Kendall, 2015b).

Open building philosophy is based on several ideas (Kendall, 2015b; Kendall & Teicher,
2000): (1) There are distinct levels of intervention in the built environment; (2) There is a need
to distribute the control over the design of these levels amongst all stakeholders; (3) Having
interfaces between technical systems allows independent replacement over the building
lifecycle; (4) The built environment is constantly changing in a never-ending design process.

Similar ideas of separation of the building by layers where later proposed by Francis Duffy
(Duffy, 1990), and developed by Stewart Brand (Brand, 1994) into the six S’s: Site, Structure,

Skin, Services, Space plan and Stuff (Figure 1-4).

(Crowther 2001)

. Stuff
: Space Plan (3-10y)
‘i Services (5-30y)
i Skin (15-40y)
Structure (20-65y)
Site (eternal)

Figure 1-4: Shearing Layers of Change (adapted from Brand 1994) with layer change frequencies determined by
Crowther (2001)

Within this framework, partition walls are part of the space plan, which according to
Crowther (2009a) is replaced every 3-10 years. Furthermore, these components represent 41%
of the material inputs of all non-load bearing construction components over 60 years (Addis &

Schouten, 2004).

1.2 Design for Disassembly and industrialized partition construction

systems

From the previously described developments in open building and the theory of layers it is
possible to argue for a different approach to the design of buildings, that facilitates the
deconstruction process to decrease the impacts of the renovation cycles of shorter lasting layers
on longer lasting layers and to increase the range of possible outcomes for the layers that are

removed from the building (Crowther, 2001).
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DfD aims to provide evidence-based recommendations and strategies to be implemented
in the design process of products to increment first and foremost their reuse potential (Addis &
Schouten, 2004). As such, it prioritizes product and building designs that enable the reuse of
building systems, components, and materials, in this order, over recycling and down-cycling
(Durmisevic & Yeang, 2009; Sassi, 2004). It can be considered a subset of a model of
environmentally sustainable construction and requires understanding the building as set of
layers with different service lives, as it was proposed by Brand (1994).

DfD takes full circle a design philosophy that is commonly used in manufacturing of products
— Design for Manufacturing and Assembly (DfMA) — which has been pointed as a fundamental
next step for the AEC industry: "In future industrialized building processes, DfMA needs to be
applied methodically at early stages, because the development of prefabricated components is,
in fact, product design." (Scheurer & Stehling, 2020, p. 44). Ultimately, DfD can be considered a
strategy to close the material loop in the construction cycle and it aims to tackle the challenges
that the deconstruction process poses (Rios et al., 2015; Sassi, 2008).

Crucially, DfD aims to provide a design level strategy to increase deconstruction of buildings
versus their demolition, thereby increasing the range of possible outcomes at the renovation /
disassembly stage (Figure 1-5). Designers and the design process have been found to be a major
challenge to a wider adoption of deconstruction versus demolition (Srour et al., 2012). Other
important issues that hinder deconstruction are: (1) selective demolishing is more costly, (2)
requires more time and labour, (3) can be unsafe for workers and (4) it is difficult to be
performed by machines (D’'Oca et al., 2018; Rios et al., 2015), (5) and materials and building

components have increasingly complex or irreversible connections (Crowther, 2001).

extraction of

| processinginto || manufactureinto || assemblyinto
natural resources

e . !
haterials components buildings >»  buildinguse p-»  disassembly h» waste for dumping

_____________

PRI A

Figure 1-5: Possible End-of-Life scenarios if disassembly replaces demolition in the built environment (Crowther
2001)

Crowther (2009) identified a broad set of principles for designing buildings or construction
systems that are demountable. They can be summarized as: (1) reversibility of assemblies and
sub-assemblies into basic materials; (2) avoiding chemical connections between different
materials; (3) minimize the number and types of different components and connectors; (4) use

lightweight recyclable or recycled materials; (5) prefabricate subassemblies; (6) increase
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interchangeability; (7) use construction technologies that are compatible with standard building
practice and common tools; (8) increase serviceability; and (9) document the construction
process. Therefore, the essential feature of demountable systems is the nature of the interfaces
between systems, components, and materials.

Even if there is an increased initial cost to disassemble-able systems, Durmisevic (2006a)
demonstrates that these systems have significant economic advantages over the building life
time and that partition walls in particular can have a large reuse potential. This high reuse
potential is a result of the disproportion between the partition’s technical service life (i.e., the
durability of the materials, subassemblies, connections) and the use life-cycle of the spatial
systems (i.e., the layout of the building). Yet, these benefits are difficult to perceive by clients
and building stakeholders in general which makes DfD difficult to implement at the project level
(Adams, Osmani, Thorpe, & Hobbs, 2017; D’Oca et al., 2018).

Adams et al. (2017) states that clients have a pivotal and largely unexplored role in driving
the adoption of circular economy concepts, such as DfD, in the AEC industry, but for this to
happen support from the construction supply chain is necessary. Geldermans et al (2019) argue
that without including the end-user in the design process replicability of the these concepts
cannot be achieved on a larger scale. Andrade and Braganga (2019) claim that early design stages
are critical for implementing sustainable design strategies and it is important to integrate
adaptability criteria at these stages.

BAMB (Building as Material Banks) is a recent EU funded project whose central idea is that
buildings should be seen as material banks for future reuse. To achieve this goal the BAMB
project proposed the adoption of passports for materials, products and systems that may
contain information on value, characteristics, information on assembly and disassembly, etc.
(Luscuere, 2016, 2017).

Yet, the reuse potential is only effective if there is a second-hand market for building
components or the building owners reuse building parts as they move to new houses as if it
were furniture, i.e., partition walls, doors, etc. Several marketplaces for building products have

emerged in the last few years such as RotorDC? in Belgium, or Enviromate? in the UK (Figure 1-6)

2 Available in https://rotordc.com
3 Available in https://www.enviromate.co.uk
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Figure 1-6: RotorDC (left) and Enviromate (right) marketplaces

Among other important outcomes of the BAMB project is a roadmap of important changes
in design culture, value definition and collaboration that need to take place in the future to
achieve a circular built environment. Amongst the changes in design culture are: (1) the need to
redefine the role of building and product designers; (2) the need for industry wide convergence
on agreed standards of connections or interfaces; (3) An alignment of product and building
design; and (4) creation of design guidelines and tools to evaluate the transformation capacity
and reuse potential of the building and its components in early design stages®. Regarding future
action highlights are the need of an open industrialization and bringing the manufacturing of
building products closer to the building designer and the end-user using digital fabrication.

For these reasons, there has been substantial research on demountable infill systems
(Kendall, 1996; Lawrence, 2003; Nijs et al., 2011), yet these efforts have so far mainly focused
on new buildings, or in energy renovation of building envelops (Barco et al., 2017; Mestre et al.,
2016; Veld, 2015).

The Matura System (Habraken, 1992; Kendall, 1996) is an early exception that was
developed specifically for the renovation of mass housing by John Habraken and the Ahrend
group, yet it revolves around a polystyrene tile — the Matrix tile - and a baseboard profile.
AdjustMEMBRANE (Mendonca & Macieira, 2014) or the smart partition system (Chien & Wang,
2014) are examples of modular demountable partitions, while not specifically developed with
building renovation in mind. These systems rely on modular coordination and many assumptions
are made on the dimensions and properties of the supports, either floors, ceilings, or existing
walls. Also, these systems are meant to be assembled by specialized construction technicians
and not building owners.

The Dynamic Wall (Paduart, 2015) is an example of a recently developed demountable and

reusable partition system for refurbishment of existing buildings. Dynamic Wall relies on

4 https://www.bamb2020.eu/topics/blueprint/vision/design/
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standard components and modular coordination. It uses simple construction methods with
mostly off-the-self solutions for connections. Yet it is not clear how adaptation to a variety of
different spatial configurations is achieved.

Open building encourages industrialization of building but also a direct relation of the
manufacturer with the building owner (Habraken, 2003). This implies a redistribution of design
control across all actors involved in the construction process. The distribution of design, and
consequently of production control, is also a characteristic of the mass-customization (MC)
paradigm. In fact, several authors have established a connection between open building
philosophy and MC (Kendall, 2010; Lawrence, 2003; Nijs et al., 2011), claiming that the use of
adequate reversible connections between materials and building subsystems is an enabler of
industrialization and MCC. Furthermore, Kendall identifies “designing the commons” as a future
challenge of open building, which can be related with the research conducted in the processes
of open innovation in general (von Hippel, 2005) and in particular with personal fabrication

(Gershenfeld, 2005) and open-source architecture (Ratti & Claudel, 2015).
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CHAPTER 2 Mass Customization Construction

As parametric design and digital fabrication become increasingly established in both the practice
and research, alternate paradigms of production, such as mass customization (MC) or personal
fabrication (PF), emerge as viable models for architecture and the building industry (Kolarevic,
2013, 2015) and specifically to building renovation (Barco et al., 2017). The application of the
MC paradigm in manufacturing has been extensively researched with the purpose of improving
customer satisfaction and brand fidelity, by allowing the user to participate in the design of the
product. For the building construction industry, whose products are mostly prototypical in
nature, it seems to be a fitting paradigm (Kieran & Timberlake 2003).

PF is an emergent alternative that is the result of widely available information and means of
production. It empowers users to take the design and fabrication of objects, and eventually
houses, into their hands (Gershenfeld, 2005).

A central issue to both concepts is the control of production and design. In the following
section we first review the state of both MC and PF concepts and then how these have been
implemented by architects and the building industry in theory and practice. To assist this process
a mapping method is used, that captures the production and design control level of both PF and
MC.

Joseph Pine Il (1993) believes that the MC paradigm requires different organizational
structures and values to the prevailing industrial paradigm of the 20t century. Stanley Davis
(1987) also speaks of opposing organizational structures, the industrial hierarchical organization
versus the network that promotes a flat organization, or the industrial product focus versus the
post-industrial client focus. Thus, the transition to MC requires systemic change to organizations

and products, and ultimately to the way customers procure products.

2.1 Mass Customization

MC is a production paradigm and also a business strategy that was introduced by Stanley Davis
(1987) in his book “Future Perfect”. He defined it as the possibility of mass-producing
customized goods, combining the advantages of mass production —low price, stable quality, and
availability — with craft production advantages — accommodating personal requirements or
preferences. The idea that there was a change in the production paradigm away from Mass
Production was already present in Alvin Toffler’s books Future Shock (1970) and more clearly in
The Third Wave (1980). The last book is noteworthy for introducing the concept of prosumer,

part producer part consumer.
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Historically, the main enablers for the emergence of MC paradigm were the digitization of
design, production, and sale of products, particularly over the web, and their integration with
CNC machines. The specific enabling technologies were the integration of CAD (Computer Aided
Design), CAE (Computer Aided Engineering) and CAM (Computer Aided Manufacturing) with
flexible automated machines on the factory, and the advent of Internet (Fogliatto et al., 2012).

Other important enablers of MC were manufacturing management advances such as Just-
in-Time manufacturing (JIT), a component of the Toyota Production System (TPS), introduced to
the West in 1977 (Sugimori et al., 1977). JIT eventually came to be known as “lean production”,
a term introduced by John Krafcik (1988) and later developed by Womack, Jones and Roos
(Womack et al., 1990). In fact, both lean production and MC share the same references in the
work of Peter Drucker ([1973] 2008) and his advocating for “flexible mass production”, and
previously on John Diebold’s book Automation (1952) where he labels the existing automated
production machinery as inflexible and unfit for small or medium production runs.

MC, according to S. Davis (1987), is not limited to manufacturing management. The
emergent possibility is that minute changes to the product, to satisfy a defined market segment,
are possible without machine downtime. This would emphasize the role of marketing and
customer relations in establishing customer’s needs. Stanley Davis foresaw a tendency to
“disintermediate” the relation between producer and consumer, which eventually was made
easier with the advent of the Internet. This disintermediation would allow that some of the final
decisions about the product or even some of the work could be handed down to the consumer.
In this he saw a parallel with Alvin Toffler (1980) prosumer. Pervasive information technology
and networks combined with an integrated file-to-factory process would allow “bring[ing]
customized products within the reach of the average person” (S. Davis, 1989, p. 19).

MC as originally proposed by S. Davis is considered visionary in the sense that he sees MC
as the ability to provide individually designed products to customers at mass production levels
of efficiency (S. Davis, 1987). In this sense, MC is understood as a complete combination of the
volume of mass production with the diversity and individuality of pre-industrial production
paradigms (Figure 2-1). A more practical definition was first proposed by Pine (1993) which
defines MC as the ability to provide diversity that meets specific needs of individual customers
(Fogliatto et al., 2012; Kaplan & Haenlein, 2006; Silveira et al., 2001). In the more practical
approach, concessions are made on the degree of variety and on the cost efficiency, grounded
on the fact that personalization is perceived by customers as a desirable feature (Piller, 2004;

von Hippel, 2005).

5 An idea which S. Davis attributes to Alvin Tofler
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Da Silveira et al. (2001) eventually proposed a dual definition model of visionary and
practical MC, which was further developed by Kaplan and Haenlein (2006). This model exposes
the provisional nature of the practical definition. Both definitions are similar in that they
consider MC to be a “strategy that creates value by some form of company-customer
interaction” (Kaplan & Haenlein, 2006, p. 176/7). The main difference between both definitions
is the stage of the operations level at which this interaction takes place — the design stage or
fabrication / assembly stage. Nevertheless, most researchers agree that MC influence is
systemic across all stages of the product value chain from design to sale.

According to Baranauskas et al (2020), there are three distinct stages in the evolution of the
practical implementation of MC coincident with the decades since its inception: traditional MC
1987-2000, electronic MC (e-MC) or mass personalization 2000-2010, and electronic mass
customization and personalization (e-MCP) 2010-2020 (Figure 2-1). These stages are
characterized by the emergence of different technological tools that enable increasing levels of
customization, bringing visionary MC closer to reality: pre-internet, web commerce platforms,

data mining and 3d printing.
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Figure 2-1: Historical background and mass customization. Adapted from Koren (2010), Baranauskas (2020)

The first period is characterized by a strong focus on manufacturing and engineering issues,
research on success factors and transition from mass production (S. Davis, 1987; Duray et al.,

2000; Gilmore & Pine I, 1997; Kotha, 1996; Pine 1l, 1993). The second period is characterized by
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the emergence of e-commerce, web platforms and product platforms and their combination
into configurators (Jiao et al., 2007; Kaplan & Haenlein, 2006; Piller, 2004; Piller et al., 2005; von
Hippel, 2001). While in the last decade there has been an increasing focus on personalization
techniques, involving Big Data, Machine Learning and Artificial Intelligence, and open-source
approaches to the design and personalization (Buffington, 2011; P. Jiang et al., 2016; Koren et
al., 2015; Tien, 2006; Zhang et al., 2019).

Over the last decade, MC has become more interdisciplinary, which coupled with ongoing
trends of digitization, globalization and sustainability, led to the emergence of new concept
versions (Baranauskas et al., 2020): Mass Personalization (Marsh, 2012), Electronic MC (Kaplan
& Haenlein, 2006), Generative Customization (Buffington, 2011), Mass-individualization (Koren
et al 2015), Smart Customization (Zhang et al., 2019). These concepts fit in the Practical MC and
Visionary MC continuum, attempting to provide paths towards the “market-of-one” objective
by bringing MC to the design level, either through purely technological (Buffington, 2011; Zhang
et al., 2019) or socio-technical means (P. Jiang et al., 2016). Despite that, as Baranauskas (2020)
bibliographical analysis found, the practical MC concept still has very strong grounding.

Furthermore, there is a wide agreement that MC is “customer centric”, that is, the
technologies are applied with the aim of better satisfying a more diverse set of customer needs
by involving the end-user of the product in its design or specification, as opposed to a focus on
a particular technology mix (Fogliatto et al., 2012; Kaplan & Haenlein, 2006; Piller, 2004). This is
effectively a co-design process in which manufacturers relegate design control and consequently
some fabrication control over the product (Toffler, 1980; von Hippel, 2005). Hence, there is a
strong basis to support the dual definition model as opposed to definitions based on enabling
technologies. Also, as we will soon show, the dual definition model is useful to clarify different

approaches to MC in architecture.

2.1.1 Levels of MC

From its dual definition, MC can be understood as a domain and, naturally, one of the
implications is that there is a relation between the level of customization that is possible for a
product in a given MC system and the point of the production cycle at which the costumer
interacts with the manufacturer (Duray et al., 2000; MacCarthy et al., 2003; Rudberg & Wikner,
2004; Tien, 2006).

The idea that there are growing levels of customization was put forth by Pine (Gilmore &
Pine Il, 1997; 1993), as a consequence of different methods to provide customized products.

Pine (1997) suggested that the methods may be classified according to the stage of the value
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chain they affect. The author used the Product-Process Matrix to map MC putting it into the
context of volume (low to high) and diversity (customized or standardized) of production.

Later Gilmore and Pine (1997) introduced four approaches to MC: (1) collaborative; (2)
adaptive; (3) cosmetic; and (4) transparent. These different strategies to introduce MC emerged
out of the acknowledgement that not all customers wish to fumble with options and that many
companies were facing increased costs while implementing a MC model. A collaborative
approach would introduce some form of support in selection, helping the consumer who would
otherwise be able to articulate what suits his needs. An adaptive approach standardizes the
design of the product in such a way that the consumer can customize it. In a cosmetic approach
the product is standard but presented differently. In the transparent approach the product is
customized without making it explicit.

Duray et al. (2000) argued that to achieve MC it is necessary to include each customer
specification in the product design. For this to be possible, they argue, the product must have a
modular design. They further concluded that higher degrees of customization are related with
specific types of product modularization and an earlier involvement of the user in the product
value chain (Figure 2-2). Modularity, as is understood by Duray (2000), is a property of products
that results from their subdivision into components that may be combined in different ways to
create customized assemblies of components. They borrow their definition from Ulrich and Tung
(1991) typology of modularity (Figure 2-3). Duray (2000) proposed a two-dimensional matrix to
classify the levels of customization, being its two axes the point of customer involvement and

type of modularity.

Modularity Types
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Cut-to-Fit Mix, Bus and Sectional
_____________________.3.7
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Fabrication Assembly > Use
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Figure 2-2:Relation of Modularity with the point of customer involvement in the value chain. Adapted from Duray et
al (2000), Rudberg and Wikner (2004) and Tien et al (2004)
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Tien et al. (2006; 2004) proposes a linear progression of level of MC in terms of the customer

Figure 2-3: Typology of Modularity. Adapted from Ulrich and Tung (1991)

order penetration point, that is at which stage the order interferes with the supply chain:
customer, retailer, assembly, manufacturer, supplier. Like previous authors, Tien (2004) sees
customization as continuous domain, whose level affects the design of the product and its

production.

Table 2-1: Comparison of MC levels and definitions across authors regarding the customer order penetration point

Customer Order Pine and Gilmore Definition of MC Levels of MC Buffington 2011 Koren 2215 Zhang et 2l 2019 Enablers
Penetration Point  (1987) (Kaplan 20@6) (Tien 2005) (cumulative)

Pure
Customer Mass Production
. Standardization

Customized Marketing
b=y Minor Customization Modularity

Retailer Standardization

Tailored Practical MC Partial MC MC w Traditional MC CAM, Robots,

useblor Customization CAD/JIT

Pure Practical MC Co-Design, Product

Manufacturer Customization w " Customer-Driven MC Platform (BIM)

Data Mining, AI,
8 Visionary NC 1- c rative MC " " . AR, WR
Supplier 1sionar: Real-Time MC Generative tass - pata-driven MC Open Demgnh R,
Individualization Generative Design
Cobots

Table 2-1 maps the previously discussed definitions and levels of MC to the level of customer
involvement in the product specification and specific enabling technologies discussed by the
authors. There has been an increasing focus on concept definitions that interfere with the
supplier level, i.e., the design level of the product, supported by technological developments in

enablers.

2.1.2 MC enablers
Enablers are methodologies, processes and technologies that can be used to put MC in practice
(Fogliatto et al., 2012). According to Fogliatto et al. (2012), processes can be divided into four
stages, related with specific subsystems of an MC system: (1) order elicitation; (2) design; (3)
manufacturing; and (4) supply chain coordination. Technologies can be described as solutions

for addressing specific implementation challenges of subsystems, automation of processes and
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their coordination into a larger whole MC system, and can be divided into Information, Design
and Manufacturing Technologies. The design and elicitation technologies combined create a
configurator (Fogliatto et al., 2012) , also referred to as a toolkit (Piller et al., 2005; von Hippel,
2001), that transfers design related activities to users, providing toolkits that enable them to
configure solutions for their specific problems engaging in a learn-by-doing process (Figure 2-4).
Lastly, methodologies mostly deal with approaches to the implementation of MC systems in

practice.

Configurator

/\

Design Elicitation
<= —

C - D =

> Supply >> Production >> Assembly >> Retail

I Inbound Logistics I I Outbound Logistics |

Value Chain

Figure 2-4: Effects of the outputs of a configurator in a value chain. Adapted from Tien et al (2004) and Kaplan and
Haenlein (2006)

The goal of order elicitation or personalization subsystem is to arrive at a product
specification that fulfills the client’s needs within the scope of the producer capabilities. The
goal of the design subsystem is to generate a valid product configuration. As explained in the
previous section, the outputs of a design system, and by extension of a configurator, may affect
the value chain on different levels. Furthermore, configurators are specific to a product/service
type and production system.

There are three important reasons why manufacturers transfer design activities to users:
(1) user need-related information is hard and costly to transfer to manufacturer’s designers; (2)
users can achieve faster learning by doing; and (3) users don’t have a clear definition of what
they need (von Hippel, 2001). A properly designed toolkit will allow users to leverage
manufacturer designer’s solution knowledge and apply it to their specific needs engaging in an
iterative process.

According to von Hippel (2001), properly designed toolkits or configurators will: (1) Allow
users to complete several cycles of learn-by-doing; (2) ensure the solution space encompasses

designs that respond to the user needs; (3) be user-friendly, that is, it uses a language the user
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is familiar with; (4) contain a library of commonly used modules so the user can focus on the
what is specific to his/her case; and (5) ensure that any product that is designed by the user
must be producible without the need of revision.

Introducing configurators, as well as MC, requires the product to be reconfigured and
several approaches have been proposed. Concepts such as product families, product platforms,
modularity and interfaces are often discussed as necessary approaches for the implementation
of MC Systems (Fogliatto et al., 2012; Khalili-Araghi & Kolarevic, 2020; Mikkola & Gassmann,
2003). Mikkola and Gassmann (2003) discuss product architecture as an arrangement of
functional elements into several building blocks with specified interfaces. As discussed in the
previous section, similar ideas have long been proposed by architects such as John Habraken
(2003), the open building philosophy, and the proponents of DfD methodology.

Configurators aim to go beyond simple elicitation strategies based on providing choices and
variables of the product. As product complexity increases these approaches can quickly led to
overloading the customer with options, thus increasing complexity, effort, and perceived risk
from the customer perspective. This effect is known in the literature as “mass confusion” (Pine
in Teresko, 1994) and may deter customers from engaging in co-design activities (Piller et al.,
2005). Piller et al (2005) identify three categories of problems a consumer might face in a co-
design process that may cause this undesired effect: (1) burden of choice; (2) difficulty in
matching needs with product specification; and (3) information gap® regarding product and
process. The authors identify three approaches to tackle the problem: (1) dedicated
configurators with appropriate interface design and usability, representation and visualization
techniques and the restriction of choice; (2) strong branding; (3) communities for customer co-
design around configurators. The first and third approach are contingent on deploying adequate
elicitation approaches to identify the context of the design problem to solve and cast it into the

configurator design domain.

2.2 Personal Fabrication

The emancipation of the artist from the artisan, that took place during the Renaissance, and
later the transformation of the craftsmen into unskilled labour, with the introduction of the
mechanized tools of the Industrial Revolution, sheds a different light on the history of

manufacturing. One of increasing specialization and separation of roles of using, designing and

6 Uncertainty in the process, difficulty in establishing quality and performance standards to evaluate the
product
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producing, and a devaluation of making into a mere mechanical procedure (Carpo, 2001;
Gershenfeld, 2005; Picon, 2016). The evolution from mechanization to automation led to
computers and from there back to machines directed by computers that manufacture other
machines. What these machines could do was only limited by the expressiveness of the
programs. As Gershenfeld (2005) points out, the literacy for the machine, the designer and the
user came to mean three different things.

Bringing a design into a digital representation, digitization of the drawing, either as a 2D or
3D representation provides access to either digital tools of production (e.g.: CNC, 3D printing,
etc.) or mass production. A machine can be Numerically Controlled (NC) or Computer
Numerically Controlled (CNC) and still only produce one product in large quantities. This process
can be personal if the design is only meant to be produced once, that is, the prototype is the
product. Traditionally, PF was only possible using manual crafts since the mechanized tools of
mass production required a certain scale to become cost effective.

The connection of a Personal Computer with the machine allows variation of the design to
be feed into the machine without stopping the production process. As this connection is virtually
instantaneous the only difference becomes the time it takes to produce the product (Kolarevic,
2001a). This is as we have seen an enabler of MC, where variation of a set of characteristics of
the product is possible without incurring in added costs. Yet in MC, there is still a mass
production volume of a product, developed by a producer, in which specific dimensional
properties, physical characteristics or specifications are open for the consumer to change. As
Gershenfeld (2005, p. 44) notes, “the expressive power of machines that make things has
remained firmly on the manufacturing rather than the consumer side”.

A completely different thing is to design and produce only one product. Originally the
production of one object with machines was the realm of prototyping. That is what 3D-printing
was originally called, rapid prototyping. Inevitably the first field of application of rapid
prototyping became product development. The development of multipurpose digital fabrication
tools, their reduction in price, their capacity to work with multiple materials in ever increasing
precision, started to change prototyping tools into short run production tools (Anderson, 2012)
and pave the way for truly personal fabrication.

In 2005, Neil Gershenfeld proclaimed a coming revolution of the digitization of fabrication,
bringing the programmability of the digital into the physical world. The conditions for its
emergence are increasingly affordable digital fabrication and open access to knowledge, made
easier and widespread by information technology. In the future, Gershenfeld (2005) envisions
material assemblers that will be capable of assembling and disassembling objects from and into

basic components — Personal Fabricators. A Personal Fabricator is a machine that can reproduce
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itself or other machines or objects with form, function, sensing and logic. So, Personal
Fabrication is the process of operating such machines, providing them with the descriptions of
objects and the digital materials necessary to produce or disassemble them. The capacity to
deconstruct objects into basic components (i.e.: the digital materials) from the information the
object contains sets the Personal Fabricator apart from existing machines (Gershenfeld, 2005).
Personal Fabricators are visionary machines, focus of the research conducted at the Centre
for Bits and Atoms (CBA), founded by Gershenfeld in 2001, at the MIT. Meanwhile, Gershenfeld

IH

proposes a practical approach using the “proto-personal” digital fabrication tools of today - CNC
routers, laser cutters, and 3D printers — which are already widely available, or large-scale 3D
printers capable of producing large size building parts which are becoming available. To spread
this vision, he started the FabLab project in 2003.

FablLabs (Gershenfeld, 2005) are currently a global network of local laboratories, run by
universities, city halls, or private companies, that seek to foster invention by facilitating access
to digital fabrication tools. They provide a set of activities involving teaching of technology,
developing solutions to local problems, startup incubation, research, and development in
diverse areas from architecture to robotics. To join the network the requirements are open
access, a minimum set of fabrication tools, participation in the global network and abide by the
Fab Charter. The network of FabLabs has grown exponentially?, into a global social movement
(Walter-Herrmann, 2013) convergent with the “Maker Movement” (Anderson, 2012).

The FablLab and PF concept open the possibility to question the separation of making and
planning by bringing 1:1 prototyping into the design stage. Designers can benefit from the type
of learning-by-doing activities that are enabled in its context by leveraging design research
methods, such as “design through research” (Cross, 2006), “design inclusive research” (Horvath,
2007) or “research by design” (Hauberg, 2011), that aim to bring user experience, design, and
idea generation together. Haldrup (2018) argues that these characteristics of FabLabs make
them right setting for engaging in dialogues across social spheres and disciplinary boundaries.

Architectural offices and design research groups alike have since increasingly adopted
digital fabrication tools, introducing prototyping into their workflows (Marble, 2012). The
increasing availability of digital fabrication tools and their connection with digital design allowed
the exploration of the expression of the digital on the material and vice-versa, through
programming and construction in what Gramazio & Kohler (2008b) call a new “digital
materiality”. In this process, other boundaries have also become blurred, the separation of the

traditional roles of architect, engineer and builder, the difference between the prototype and

7 by January 2020 there were 1998 registered on https://fablabs.io
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the product and consequently the questioning of the role of the architect as a provider of
services.

Stevens and Nelson (2015) contend that as digital fabrication and design technologies use
becomes widespread, they become a new form of architecture vernacular — a digital vernacular,
whose emphasis is on developing work with foundational origins on historical and present
vernacular context that evolves over time rather than complexity without limits or expression
without ethics. They further contend that only digital fabrication tools that are open-source,
economically viable and serve a diverse group of stakeholders with different backgrounds and
skills can be included in the scope of the digital vernacular. In their book, they exclude robotic
arms or large-scale 3D printing, but naturally that scope is a moving target.

Gershenfeld’s (2005) view is that eventually personal fabricators will be like the personal
computers of today, democratizing the means of production. These machines are still far from
reaching a mass market as the PC did, but 3D printing and other digital fabrication technologies,
combined with the collaborative nature of the Internet, are already making it easier for the
makers that Andersen (2012) speaks off to prototype businesses, evolving into niche market
companies or growing from its maker roots into mass-market companies.

But what Anderson (2012) speaks off is still far from the PF idea Gershenfeld (2005)
described. Digital fabrication technologies and open innovation, open-source hardware and
software combined with online collaboration, are mainly allowing to prototype businesses and
products faster and more democratically, kickstarting the successful ones into mass production
or mass-customization models. Truly PF only happens when the means of production are in the
hands of the consumer, either to print food or fabricate clothes. For that to happen intuitive
digital design tools must be developed instead of “state-of-the-art engineering software with
obscure “user interfaces” (Gershenfeld, 2005, p. 46).

In this context, PF and MC depart from opposing views regarding production control but
not necessarily so on the design control since both intend to achieve design democratization.
Both paradigms aim to provide end-users with more control of the design of their products. MC
systems seek to capture open innovation and PF aims to foster it by empowering users to solve
their needs. For both goals to be achieved design tools need to evolve, embedding the technical

complexities, so non-technical users can leverage them for design.
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2.3 Mass Customized Construction

Digital design and fabrication tools have been adopted in design practice and construction
(Clayton, 1995). Architects and other building professionals are increasingly working on
interactive digital representations of objects through information modelling software that gives
prominence to the collaborative and decision-making aspects of the design process (Carpo 2011;
Marble 2012). Parametric and algorithmic design methods have become more accessible and
widespread in architecture with the emergence of more intuitive design specific programming
languages connected with familiar CAD packages, e.g. Grasshopper or Dynamo. Also,
programming as a competence and skill has become more widespread (Blikstein, 2013).This in
turn has nurtured the interest in fabrication methods that are capable of materializing more
complex or highly variable forms (Naboni & Paoletti, 2015).

Digital fabrication tools have also became more pervasive as a result of a reduction in price
and of the development of open-hardware initiatives, such as RepRap (R. Jones et al., 2009),
Global Village Construction Set, or open-source robotic arms such as the AR3 (Annin, 2018),
which demonstrate a prevalent interest in these tools. Other important factors are the
increasing complexity of building systems and material types, the increasing cost of work and
the growing demands of environmental performance.

A set of conditions have contributed to the emergence of the paradigm we define as Mass
Customized Construction (MCC).

At the turn of the century, all the above aspects combined have led several authors to state
that the conditions are set for a larger adoption of design-to-production workflows, that connect
digital design and production in a seamless chain. These authors argued for the adoption of MC
by the AEC industry (Kieran & Timberlake, 2003; Kolarevic, 2001a; Larson et al., 2001).

The first reference of the MC concept by an architect is attributed to William Mitchell
(1999)8, but this author had long been convinced of the expressive power of computers for
design and its fabrication. In fact, although the MC term was not used before, through the 90s
several architects started using computers in design to their logical potential of designing non-
standard series of architectural forms (Carpo, 2017). Also, some architects, such as Greg Lynn or
Bernard Cache, had been promoting the idea that these non-standard designs could be
produced with existing fabrication tools in a file-to-factory process which could provide the

“ability to mass-produce irreqular building components with the same facility as standardized

8 Although Mario Carpo points to the text “Antitectonics: The Poetics of Virtuality”, also by William
Mitchell and published in the previous year, as the first instance, the text does not actuality contain the
MC expression.
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parts” (Kolarevic, 2001b). This was a new production paradigm for a new era where the standard
was no longer needed in architectural expression (Kolarevic, 2005)°.

Concurrently, Larson (2000), Duarte (2001), or Kieran and Timberlake (2003) were
considering that MC offered the opportunity to provide combinatorial variation in mass-
produced housing driven by client’s needs, bringing together the ideas of Habraken and
Negroponte. Implementing this paradigm in the AEC industry would require using digital design
and fabrication tools, coupled with the internet, to create design engines for instance-designers
(clients or their architects) to customize their mass-produced house. For these authors, the
challenge is not to produce variety but how to meaningfully connect variation with context
(Kolarevic & Duarte, 2019a) in an economic, social, and environmentally sustainable way. The
outcome would be design democratization (Kolarevic & Duarte, 2019a).

For architects to work on this paradigm they must design the system on a meta-level
(Duarte, 2008). Which entails some separation of the roles of design between the designer of
the system — system designer (Habraken, 2003) or meta-designer (Kolarevic, 2015) and the user
of the system — the instance-designer (Habraken, 2003; Kolarevic, 2015).

Most authors believe that MC can be applied to products and services (S. Davis, 1987;
Fogliatto et al., 2012; Pine Il, 1993; Silveira et al., 2001; Tien, 2006). Though, it is worth
mentioning Kaplan and Haenlein (2006) objection that services are inherently customized, since
two of their key qualities are perishability and inseparability, i.e.: they must be consumed as
they are produced and necessarily involve the customer as a co-producer. This objection is
important since architects provide services, not products, which are traditionally offered on a
personal one-to-one basis. While the architect work can involve or result in physical artifacts
which can be used to iterate or communicate the service, the actual product is built by others.
Thus, architects that engage in MCC have either acted as instance-designers, collaborated with
a manufacturer to become building sub-system/component designer, such as in the Instant
House (Sass & Botha, 2006) or integrated with engineers and contractors to develop MCC
systems such as Benros and Duarte (2009).

The adoption of MCC would also entail the change of roles to other stakeholders in the AEC
industry. Kieran and Timberlake (2003), provide the automobile, naval or aeronautical industries
as necessary organizational models. While, Larson (2004) provides the computer industry as a

role model, stating that builders should become assemblers, developers would become system

9 In 2005, Kolarevic, in his book Digital Morphogenesis, was already pointing to the correlation of the
digital with the “blobby” aesthetics as “sidetracking the critical discourse into the more immediate
territory of formal expression and away from more fundamental possibilities that are opening up”

37



integrators and manufacturers should “agree on interfaces standards to become tier-one

suppliers of components” (2004, p. 187).

2.3.1 Open-Source Architecture

Proponents of the adoption of MCC claim that this will bring about the democratization of
architectural design (Kolarevic & Duarte, 2019a). However, this democratization is limited to the
range of customization the manufacturers, or the designers of these systems choose to offer.
Open-source architecture (OSArc) (Ratti et al., 2011; Ratti & Claudel, 2015) seeks to overcome
these limitations extending the MCC theory with features of the community driven open-source
movement. Its supporters argue that the progress of digital technologies has put into question
the idea of authorship in architecture. Thus, there is a new opportunity for involving the user in
the design process and for the architect to influence the evolution of built environment.

They adopt the idea of incremental socially driven innovation in construction advocated by
Habraken (2003) and propose the adoption of a process inspired on the notion of vernacular
evolution of building solutions, accelerated by digital technologies that allow instantaneous
collaboration. They call for the development of a digital framework, a mixture of Wikipedia and
Amazon, to allow the actors in the AEC process to interact, evolve and deliver design solutions
(Ratti & Claudel, 2015).

Several other authors have taken cues from the hardware and software industry, such as
the House_n project led by Kent Larson which sought to model the prefabricated house industry
after the computer industry, the Open-Source Building (House_n, 2003). However, the idea was
brought to the fore by an Op’Ed Carlo Ratti was invited to write for Domus on the subject.
Instead, he decided to orchestrate collaboratively written Wikipedia article which is still
available today (Ratti et al., 2011).

OSArc aim is to completely revolutionize every step of the AEC process: design,
construction, funding, standards, and engagement. OSArc builds upon the body of experiences
and ideas generated since the sixties on user participation in architecture, urbanism, and
construction, with important references on Habraken, Christopher Alexander, Cedric Price,
Negroponte and Stewart Brand.

The OSArc movement derives from the open-source software (OSS) movement an
economic, funding, organizational and licensing model for architecture. Naturally driven by the
success of OSS movement in “incubating” many of the symbols of today’s society: Linux,
Wikipedia, Wordpress, etc. These projects have inspired the development of many similar

efforts in other areas from computer hardware to design.
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In fact, several open-source projects, such as the Wikihouse (Parvin, 2013) or Open
Structures®?, attest that there is a growing interest in leveraging digital fabrication tools to
develop open-source construction systems to solve real problems in the AEC industry. In the
case of the WikiHouse project the system is meant to be cut from flat panels with a 3-axis CNC

mill and can be used to build small houses.

2.3.2 Design and production control

From the preceding description OSArc shares methods, processes, and technologies with
MCC, extending it with a specific philosophical position on the openness of the systems. This
suggests an overlap with the visionary view on MC which promises design level user control.
Hence it is crucial to understand how architects surrender design control to arrive at what
visionary MCC effectively means. To achieve it we map the concepts and the most relevant
works in the field in relation to production and design control. As we have seen, design and
production control are continuous and orthogonal dimensions. Thus we use a bi-dimensional
map, based on Sanders (2006) methodology of mapping the design research, to chart along
these dimensions the concepts of MC and PF in relation to relevant research and practice (Figure
2-5).

Design control is mapped along the vertical axis and ranging from absolute control by
architects or the AEC industry, at the top of the map, to absolute control by building owners or
customers. Production control is mapped to the horizontal axis going from manufacturer total
control on the left-hand side (e.g.: mass produced housing), to user fabrication on the right-
hand side (e.g., self-built houses). This creates four quadrants: (1) Manufacture/expert designed
and produced; (2) Manufacture/expert design and owner produced; (3) customer designed, and

manufacture produced; and (4) owner designed and produced (Brandao et al., 2017).

10 https://openstructures.net
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Figure 2-5: Conceptual map of MCC (Branddo et al 2017)

There are several advantages of this mapping methodology: (1) the possibility to compare
the concept of MC with alternatives such as Personal Fabrication; (2) the possibility to expose
relative differences in degree of customization; and (3) and capture variations of design and
production control in industries where these activities are not vertically integrated, e.g., the AEC
industry.

The levels and the definition of MC can be related with the control of design and production.
In Figure 2-6, the levels of MC proposed by Tien (2004) are related with definition of MC as
proposed by Kaplan and Haenlein (2006) and with the level of design customization in the
building industry.

The practical definition of MC by Kaplan (Kaplan & Haenlein, 2006) is coincident with Partial
MC and MC levels defined by Tien et al (2004), while Real-Time MC (RTMC) is comparable with
the visionary definition of MC by the same author but with some limitations. For Tien, RTMC is
instantaneous production and delivery of customer designed products. Since design is a service,
real-time delivery of customized solutions is attainable by the adoption of digital design
methods, and consequently only limited by the complexity of the computational configuration

process and computational processing power available. Yet for building products, even if digital
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fabrication may significantly reduce the time involved from design to producing building

components, RTMC is still a visionary concept.

Customer Order Definition of MC Levels of MC Design Customization
Penetration Point  (Kaplan 2006) (Tien 2006)
Manufacturer/Expert
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Customer Mass Production Mass Produced
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Supplier Visionary Mass Real-Time Mass Customization within ‘]
Customization Customization multiple Design Spaces
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Figure 2-6: Design control levels (Branddo et al 2017).

Design customization in a mass-produced building occurs aftermarket - the customer can
only inhabit the building, and any renovation the inhabitant chooses to do is itself another
process. Customization at the retailer level is when the would-be end-user is offered different
types to choose from (e.g., apartments with different numbers of rooms in a multifamily housing
building or houses in different styles from a prefabricated building manufacturer). None of these
cases can be considered MC.

Relinquishing design control at the assembler level is giving end-users all the previous level
freedoms plus the potential to swap finishes or add components in a modular system (e.g.,
adding a window). While design changes that affect the fabrication stage are related with
alterations to the layout of the building. Which in turn have consequences on the manufactured
building parts but may only occur within a given building system. At this level MC design solution
space is finite and all possible solutions belong to the same design space (Kolarevic, 2013; Piller,
2004)%, Lastly, an end-user has design control at the supplier level if it is possible to choose
amongst design spaces and consequently different building systems and different rulesets.

There are two critical observations to understand how the production axis is organized: (1)
it focuses strictly on the core tasks involved in the production of products, specifically excluding

design or engineering!?; and (2) the midpoint is where the production control moves from being

11 |n theoretical terms, systems at this stage can already be infinite if continuous variation is allowed,
but in most practical applications this is generally constrained to a subset of discrete values.

12 |n a way the left part of the graph is a dually symmetrical version of the CODP map by Rudberg and
Wikner (2004). Naturally all the observations of these authors regarding the optimality of the diagonal
hold.
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on the manufacturer side to the owner/customer side (Figure 2-7). At that point, tasks that are
part of the manufacturer operations level start to be assumed by the customer: first the
assembly (i.e., joining or installing previously manufactured parts or components into a new
whole), then the fabrication (i.e., transforming inputs into outputs). On the left side, the
manufacturer loses absolute control of the manufacturing process when the customer is given
the possibility to make decisions that affect one of the stages of the operations level - first the

assembly then the fabrication. For clarity, a new map with the gradients of control is provided

in Figure 2-7.
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Figure 2-7: Gradients of design and production control

Using the map to position the concepts of MC and PF reveals that they do not overlap
(Figure 2-8). To contextualize the discussion, conventional construction and mass production
spaces are also identified. Any pure mass production system offers no real design control and
thus can be seen as a line from the top-left corner which may stretch to user assembled systems
following the logic of the kit-of-parts.

Conventional construction practice, as opposed to industrialized offsite prefabrication
(Smith, 2011), can span the domain of the design control. Since architects almost always work
for clients, buildings that are completely designer controlled are rare, likewise there will always

be some level of design control exercised by architects. On the other hand, multi-family housing
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is a perfect example of choice being offered at the retail level, where the architect’s client is not
the end building owner and the variation that is offered is based on some form of market

segmentation.
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Figure 2-8: MC and PF concepts compared with mass production and conventional construction processes.

Any MCC system requires company-customer interaction, thus there cannot be MC if the
building is owner-built and assembled or if there is no level of owner design and production
control. The opposite is true for PF, the tools of production are only on the owner side if these
are used for fabrication and assembly of products with some level of owner design control
(Gershenfeld, 2005, p. 4). Hence, PF is limited to the right forth of the production axis, but it may
span nearly all the design axis.

When there is a split between the architect and the client forms of delivering service
emerge. The three levels of MC of Figure 2-6 - (1) Partial MC; (2) MC; and (3) Visionary MC - are
roughly organized along a diagonal from the top-left corner to the middle of the bottom of the
map. Customization in Partial MC only interferes with the assembly stage of production, which
implies that building parts have lower ranges of variation, frequently limited to changes in
options or components from a predefined modular dimensional kit. Thus, there is less owner
design control. In MC, owner design control interferes with fabrication and assembly of parts,

since interference with the building dimensions has consequences on the fabrication of parts.
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While MC theory does not discuss the possibility of owner assembled systems, Sass’s Instant
House (2006) is an example of such a system, hence MC might extend beyond the middle axis.

To understand what visionary MC in architecture may be, it is crucial to understand how
architects may surrender design control. It is evident that the architect is in total control of the
design of a building when all the decisions are taken by himself. An example of this is the
architect's own house, where he is at once the client and the architect. At the other end the
client is in total control of the design decisions without any interference of the architect. It could
be argued that at this point if there is no service being rendered there can't possibly be a client
to begin with, so the owner is taking the role of the architect to himself. A self-designed home
could be an example of this. The similarity of the two ends of the spectrum is evident. The only
thing setting it apart is the expertise: the architect-client vs the owner-designer. It is what lies
between these two extremes that is of interest to this discussion of MCC.

Duarte's Malagueira Grammar is an example of MC in design that offers topological
customization. The grammar can change the topological relations of the rooms within a building
type — casa-pdtio designed by Siza. In this sense, Malagueira grammar is typologically limited. If
the customizer wants to step outside the bounds of this building typology, he will have to edit
the rules of the system. Furthermore, while programming Malagueira grammar, Duarte also
encapsulated the building system as well. This of course means that any valid design generated
by grammar can be built with a casa-patio building system.

If the design system could be capable of traversing the typological limits it might not be
possible to build the designs with the casa-pdtio building system. In that instance there would
be a need for a design system capable of at least searching existing building systems that could
build the design. Another possibility would be that the design system could be capable of
innovation, that is, evolving the building system to make the design buildable. This is the
ultimate capacity of designers: breaking rules and inventing solutions to their designs that meet
specific needs. If there can be visionary MC in architecture, that is, MC at the design stage, it
must be capable of taking the role of the architect in this sense.

Thus, as seen in Figure 2-6, Visionary MC can only occur at the lower quarter of the design
control axis, which in the context of architecture implies the owner is able to customize the
building across multiple design languages and construction systems, including the possibility of
generation of new hybrid or creative languages or systems. Over the production axis, it might
still be produced and assembled by a manufacturer or, like MC, have the assembly stage
performed by the owners.

As seen in the previous section, OSArc shares methods with MC, but the requirement for

evolving solutions in tandem by all AEC stakeholders implies that owners must take a higher
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level of design control than is possible within a specific design language like Malagueira
discursive grammar. The number of design iterations the WikiHouse project has gone through
between 2011 and today is a good case in point. As the Foundation seeks to expand the scope
of the building system from small cabins to multi-story buildings, new systems have emerged to
respond to those specific needs. Thus, OSArc is likely coincident with Visionary MC along the
design control domain, although lower design control can also be possible (Figure 2-9).

Along the production domain, OSArc can allow owner fabrication and assembly but other
stakeholders must be involved, the same condition implies that owner control of fabrication and

assembly by manufacturers is needed (Figure 2-9).
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Figure 2-9: Mapping concepts and examples of research (circumferences) and practice (circles).

Lastly, some MC practical implementations in the housing that have been discussed in the
literature are included in the map as examples (Kolarevic, 2015). Research cases are discussed
and compared in the next section. Some examples are prefabricated housing manufacturers
such as Blu Homes?®? and Living Homes'* or design-build firms like Housebrand® or Resolution:

4 Architecture’®. Both BluHomes and LivingHomes offer prefabricated models which the

13 Available at https://www.bluhomes.com/

14 Available at https://www.plantprefab.com/livinghomes/
15 Available at https://www.housebrand.ca/

16 Available at https://www.red4a.com/prefab
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prospective owners may select and customize in a website. Changes are only possible to interior
or exterior finishes and thus these examples can be placed withing the partial MC domain (Figure
2-9).

The design-build firms use predefined modular “languages” either based on modular
components or modular spaces that can be recombined to fit specific owner needs. Housebrand
FAB system is design-to-fabrication modular system for the renovation of interior spaces of
North American suburb single-family houses (Brown, 2016). Resolution: 4 Architecture uses a
predefined set of modular space typologies, e.g. kitchen units, bathroom, etc., that can be
recombined into different spatial arrangements mostly to design detached single-family homes
(Tanney, 2019). The degree of customization of these systems fits into the MC area, but it is
important to note that the owner design control is mediated by the architects and is also not
clear what methods are used to implement the design systems (Figure 2-9).

In this section we have seen that OSArc is aligned with visionary MCC, which is the domain
where control over design is exchanged between users and designers. Since OSArc extends MCC
methods, processes, and tools it is crucial to expand the analysis of existing and proposed MCC
systems to determine how they may be extended to enter the visionary MCC space.
Furthermore, it is important to determine how the specific challenges of open building

renovation may be addressed with MCC systems.
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CHAPTER 3 Designing for Generic Users

Designing buildings for generic clients is a problem that architects have recurrently sought
to address since the beginning of the 20th century (C. Davis, 2005; Kieran & Timberlake, 2003).
The idea of design democratization using digital frameworks to provide context specific
solutions to generic clients has recently taken on a new life with developments in MCC systems
in architecture (Kolarevic & Duarte, 2019b). These authors have sought to leverage
computational methods to address these century old challenges, arguing that these systems can
produce context specific solutions that link variation with the physical, socio-cultural,
technological, and individual context of the user (Kolarevic & Duarte, 2019a).

A system in this context is understood as a set of interacting components that are
assembled to achieve a specific task, with clearly defined inputs and outputs, connections,
hierarchy and interaction with the environment (Aguilar, 1973). Designing a system is the
process of defining its architecture, characterized by a given structure, components, interfaces
and input and output data (A. Friedman et al., 2013). Thus, these systems are computational
models implemented in digital computers that automate the design and production of
architecture, and as seen in the previous section, the fact that systems are designed means that
a separation emerges between conceiving the system and the act of using it.

As argued by Von Hippel (2005, p. 147), the goal of the system is to embed specialist
knowledge to empower non-expert end-users to instantiate designs that are adequate to their
needs. End-users are thus prosumers that engage in co-design activities.

Larson, Tapia and Duarte (2001) established the main components of a MCC system, which
consisted of a preference engine, a design system and a production system. For these authors,
a preference engine is an interface that captures user preferences to produce a specification,
the design system generates solutions that meet the specifications and the site survey, and a
production system produces the components for onsite assembly or directly produces the
building onsite. More recently, Duarte (2008, 2019) redefined the preference engine as one of
the components of the design system, that seeks to “formulate” the problem from contextual
data. Other subcomponents are evaluation, search, and generation subsystems.

Larry Sass (2006; 2006) expanded the definition of a design system to include a design detail
sub-system, a construction grammar, that is capable of translating a concept design into a set of
components that are producible by 3-axis CNC mills or laser cutters. Sass’s system bound the
detail design system with a specific digital fabrication technology. Sass’s approach creates some

ambiguity in Larson et al conceptual model of MC by showing that construction systems can also
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be subject to design’. Is detail-design embedded in the Duarte generation system or a duplicate
sequential design system before production? Sass model follows the second approach.

As discussed in the previous chapter, the configurator is a tool to transfer design related
activities to users. One of those design activities is the collection of information regarding user
and design context, which in building renovation includes the survey of the existing building
location, urban and regulatory context, shape, preservation state, history, materials, etc.

Lastly, independently of the specific structure and architecture of the digital framework,
decisions will always be required about which designs it can generate and which methods are
used to empower the user to find solutions that meet his/her requirements by either directly or
indirectly manipulating the models. While there are interrelations between the methods used
to implement these design systems and the user interfaces that are possible, each of these

aspects is discussed separately in the following sections.

3.1 End-User Systems

The need for end-user involvement in the design of mass housing has been identified since
the sixties by authors such as John Habraken (1961, 1972), Christopher Alexander (1973), Yona
Friedman (1971; 1969), or Nicholas Negroponte (1969, 1972). Alexander theories in particular
have been influential in the development of computer languages, object oriented design, and
wikis (Cunningham & Mehaffy, 2013; B. Jiang, 2019; Salingaros, 2000). Negroponte or Friedman
specifically proposed the use of computer systems to empower the user to participate in the
design of his/her environment, which was a core aim of the research conducted at the
Architecture Machine Group (ArcMac) (Ameijde, 2019).

The most striking example of that ArcMac research is YONA: Architecture-by-Yourself
(Weinzapfel & Negroponte, 1976). It is a computer implementation of Friedman’s graph theory
applied to the design of housing®® (Y. Friedman, 1980, 2006). In YONA, the lightpen interface,
originally developed by Ivan Sutherland for the SktechPad, was replaced with a touch sensitive
display tablet allowing users to manipulate the graph nodes by touching the screen, thereby
“eliminating one of the more serious barriers between naive users and the machine” (Weinzapfel
& Negroponte, 1976, p. 75).

By a combination of an unobtrusive interface (tablet) and a flexible infrastructure (graphs),

Nicholas Negroponte aimed to provide a non-paternalistic process of design to non-expert

17 Other authors have also equated construction systems to production systems, such as Benros et al
(2011). We find this a fuzzy classification that mixes methods and tools of production with aspects that
related with the materialization of form.

18 Toward a Scientific Architecture was originally published in 1971, translated to English in 1980.
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designers. Yet, it recognized that since these users lack practical design experience, they require
some sort of assistance in the process of design by means of a workflow or a clear step-by-step
strategy. Negroponte goal was not so much to provide solutions for design democratization but
to use the specific case study as a limit condition for computer aided design techniques, because
“the user is demanding, the problem is hard and the product is personal, one-of-a-kind
design”(Weinzapfel & Negroponte, 1976, p. 74).

A similarly hard problem was taken on by Habraken and the Arend group with the
development of the Matura system, between 1985 and 2000, an infill system for customized
renovation of mass housing (Kendall, 1996, 2015a). Unlike Negroponte, the Matura system was
meant to be applied in practice and was composed of a construction system and a computer
system, the MaturaCAD.

The second iteration of MaturaCAD was a parametric design library and interface for
architects to operate in tandem with users to customize their apartments. When the design was
settled, the system would prepare the documentation for prefabrication and organize the
supply of components for onsite assembly, or at least that was the aim (Kendall, 2015b).

Both these early examples place the user in the designer role with a direct interaction with
the design by manipulation of graphic representations either mediated or not by an expert. In
the MaturaCAD these graphic representations are geometric proxies of building elements, much
like Building Information Modelling (BIM), while in YONA the objects are bubbles representing
spaces.

The idea of design democratization using digital frameworks to provide context specific
solutions to generic clients, was revived by the work of Duarte (2001) and Larson (2000). While
developing his PhD thesis, Duarte proposed a framework comprised of shape grammars that
encoded Siza’s Malagueira, an interpreter, and a website (Duarte, 2000a, 2000b; Duarte et al.,
2000). The framework was meant to enhance the architects’ ability to find solutions to client
requirements in a predefined design universe.

Between 2000 and 2003, Duarte participates in the House_n research project at MIT, with
Kent Larson and Jarno Suominem, whose main aim was to develop an integrated system for
designing and producing customized prefabricated housing. Likely influenced by this, his PhD
thesis starts referring to his framework as a mass-customization system, with which a user could,
unassisted by a designer, generate his own designs solutions. The elicitation of user preferences
for generation of the design was achieved with an extensive form regarding cost, typological,
morphological, spatiality, topology, and proportion requirements. The determination of urban
context is limited to the selection of 4 orientations and position of the plot in the block. The

geometry of the plot is predetermined (Duarte, 2001; Duarte & Correia, 2006).
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Later, Duarte and Correia (2006) develop an application — PROGRAMA - to generate design
briefs for Malagueira Grammar from user provided replies in a form. PROGRAMA had a web
version and PC version and was composed of 2 parts: the user interface and a rule system. The
rule system controlled the interactive workflow of the user interface and generated a design
brief based on user input. Thus, Duarte implementation only allowed indirect manipulation of
the design by the user and since search and optimization systems are used to select solution
candidates there isn’t a direct connection between parameters and the resulting design.

Likely due to Duarte participation, the first iteration of the preference system of the
House_n project follows Duarte’s template: an exhaustive online query that aims to reproduce
the client-architect dialogue (Larson et al., 2001). Later the interface solution was extended to
include a co-design environment involving an interactive digital table mixing virtual reality and
scale models of the building components. This environment was meant to be used after the
initial program was established using the questionary, and an initial solution was generated by
the design system. The clients could them iterate the solution by changing the design or start
the process again. Computational critics were also proposed to assist clients in designing their
houses using predefined components (Larson et al., 2004; Mcleish, 2003).

The i-Prefab Home system Ul was also based on an initial questionnaire to determine client
requirements, but unlike House_n, it tried to match those requirements against a library of
existing prefab designs in a specific geographical area. If a match was found the user was given
the option to do some customizations and view some images and the budget. Unlike the
House_n system, it was developed as a website (Huang & Krawczyk, 2006).

Both the House_n and the i-Prefab offer a much more constrained form of user control. And
while the co-design iteration of House_n seems to expand that control, profile building and
recommendation mechanisms counteract it.

Niemeijer (2011) retook the classical direct manipulation approach proposed by
Negroponte and Habraken. He argued that to achieve “true mass customization in the building
industry” (Niemeijer, 2011, p. 83) end-users should be able to modify their own solutions directly
on a design interface. He identified some obstacles for this to be possible: (1) users lack
knowledge of building regulations and codes; (2) users lack design experience; and (3) CAD
interfaces are not aimed at end-users. He argued that the first two issues are easily addressed
with constraint checking, i.e., albeit a user may not know if a given design is legal, an automated
constraint checking system can quicky verify the design against existing regulations or specific
design constraints.

Niemeijer (2011) tested constraint checking of a design and constraint creation from natural

language, either legislative or design based, using Natural Language Processing. He
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implemented a prototype of a design interface in a BIM software with a constraint checking
mechanism, but he only tested the prototype with researchers and not with end-users of the
intended system.

Khalili-Araghi and Kolarevic (2016, 2020) built on Niemeyer’s work and proposed a
dimensional customization system for prefabricated housing using dimensional constraints set
in a BIM model. The proposed interaction by non-expert end users is by dragging building
elements in a 2d plan or by editing their dimensions within a BIM software. Like Niemeyer the
system was not tested with non-expert end users. Yet the results of YONA research (Weinzapfel
& Negroponte, 1976) already suggest that non-expert users may need step-by-step guiding in
the co-design process, using toolkits or configurators to avoid the burden of choice (Piller et al.,
2005; von Hippel, 2005).

The Wikihouse project was started in September 2011 by Alastair Parvin and Nick
lerodiaconou, of Architecture 00, as a CNC cut construction system aiming to disrupt
“architecture’s economic equation” (Parvin, 2013, p. 94) that prevents a large chunk of the
world’s population from accessing architectural services. Several attempts of computer
implementations where made, the first as a plugin in Sketchup, then as grasshopper model of
the Wren version, and the latter as a JavaScript custom application — Buildx*®. Each of these
implementations has specific characteristics regarding interaction, but they mostly limit user
inputs to the overall dimensions of the building. Yet, contrary to all other cases, the parametric
models have been widely shared allowing anyone to use or change them.

John Brown (Brown, 2016, 2019) provided an interesting conceptual contribution on how
to address the mass-confusion problem. His Future Adaptive Building (FAB) system is a
reconfigurable infill system that caters specifically for seniors. The system is composed by
FABmodular, a system of prefabricated modular cabinetry, FABstudio, a web platform for
interior design, social interaction, house management and health monitoring and FAB+, a set of
medical addons that can be integrated into the FABmodular system. The FABStudio includes
community features that allow users to interact and assist each other in the design process of
their houses.

HOPLA (Kwiecinski & Duarte, 2019; Kwiecifski & Markusiewicz, 2018) is a design interface
for a shape grammar, that allows users to change and explore the organization of their house
by dragging markers on a touch table. The idea bears some similarities with House_n interface
implementation but has a different underlying design system. The authors conducted user

testing with non-expert users in two different contexts. Their results shown that non-expert

19 https://demo.buildx.cc
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users were mostly satisfied with the process of customizing their houses and obtaining
immediate design and cost feedback.

Another recent development is the emergence of configurator platforms such as
DynaMaker, ShapeDiver or Swarm. These platforms provide a base implementation of an
interface that is automatically customized for specific model’s inputs, thus allowing designers to
distribute their models online or insert them into webpages. ShapeDiver and Swarm are
specifically developed to allow the deployment of Grasshopper for Rhino visual programming
environment (VPL) models, on the web or inside other designer applications, respectively.

The map in Figure 3-1 positions the above cases in terms of the level of end-user design

control afforded by their design interfaces considering the previous analysis.
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Figure 3-1: User input systems design and production control in research (circumferences) and practice (circles).

In summary, we identify in the literature two approaches to allow users to manipulate
designs: (1) direct, by pushing and pulling geometry or physical surrogates; and (2) indirect by
picking options and dragging sliders in menus. YONA, MaturaCAD and more recently Niemijer
and Khalili-Araghi and Kolarevic try to follow a direct approach. HOPLA offers a less direct control
of geometry, replacing it with control of space markers, perhaps a contingency of the design
system being used, that clearly reduces the scope of design control. House_n interface sits

between HOPLA and the previous group, by using markers for infill components (Mcleish, 2003).
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A second level of control is exercised or not by establishing a direct correlation between
inputs and the resulting design. A degree of disconnect might always be needed because of
having constraints introduced by the meta-designer. Yet implementations that introduce search
systems, like Malagueira, HOPLA or House_n will necessarily amplify that disconnect. Another

lower level of disconnect is the use of modular components with standard dimensions.

3.2 Survey Systems

As stated in the introduction of the present chapter, design systems require information about
user context to generate valid and user specific solutions, which can be divided into user
preferences and context information. The previous section mostly focuses on user preferences,
yet geometrical and semantical information about the physical context is also critical. Most of
the previously reviewed cases deal with new buildings where the building context is simply the
shape of the plot, building orientation and urban insertion, e.g., Duarte Malagueira Discursive
Grammar (Duarte, 2001). In the Malagueira Grammar (2001) the allowed variations to the
geometrical context are limited since it was mostly intended to be used in the Malagueira
neighborhood.

In the case of renovation of the architecture of interior spaces, the geometrical
contextual problem is more complex and cannot be reduced to a set of quadrangular shapes. In
the MaturaCAD Infill System, the survey of interior plans was performed by the architects
involved in the customization process following the conventional methods of architectural
surveys. Later work in MCC systems dealing with configuration of infills, such Niemeijer or
Brown, also does not provide any advances regarding systematization of building surveys. In
fact, in the reviewed literature, we failed to find a reference to any solution to this problem.

Yet, observation of practical examples of simple configurators in use show examples of
attempts to solve the problem, e.g., in many IKEA’s configurators the first step is a survey of the
existing space. The process starts with selecting a similar shape and completes with some
measurements of the orthogonal walls. This process suffices for simple shapes where there is a
guarantee of orthogonality but for more complex contexts such as kitchens, the existing tools
cannot ensure the quality of the survey.

The succeeding question is whether end-users should do building surveys. Clearly, since
MCC systems automate design processes and in building renovation a geometrical survey is a
sine-qua-non first step to design, then the real question is how end-users can do these surveys
with sufficient quality so they can be used in MCC systems. Naturally, it is not sufficient to

determine if end-users can do surveys with meaningful precision. Instead, the methods to

53



achieve it must be capable of integration with existing configurators platforms and the

commonly used tools to develop design-to-production workflows.

3.3 Design Systems

Design systems are essentially machines that automate design using rules and formalisms to
describe potential transformations enacted in response to specific contextual data (Duarte,
2008). A design system is frequently a style-specific, context-specific or customized language of
designs described with a domain-specific language (Beirdo & Duarte, 2018), i.e., the description
of the process or the algorithm by which designs of a given family are generated. Alternatively,
Kolarevic calls them metadesigns (Kolarevic, 2019).

The process of developing metadesigns is widely referred to as computational design, an
activity which requires an intersection of computational thinking and doing, i.e., a specific
literacy in design and computation necessary to develop tools to be used by others (Denning,
2017; Oxman, 2006; Terzidis, 2006). Design systems for MCC by building owners or end-users
are a subset of design systems where the target community has little or no expert knowledge of
design. In this review, we specifically focus on design systems that are intended to be operated
by non-expert users.

Within the Design systems for MCC subset, researchers have focused on systems that
automate the design of mass-housing, apartments or single-family housing (Benros & Duarte,
2009; Duarte, 2001; Eloy, 2012; Khalili-Araghi & Kolarevic, 2016; Kwiecinski et al., 2016;
Niemeijer, 2011), or on cost-effective building solutions for specific contexts using digitally
fabricated construction systems (Brasil & Franco, 2019; Elsayed et al., 2017; Finch & Marriage,
2019; Gamez et al., 2015; Parvin, 2013; Sass, 2006; Stoutjesdijk, 2013; Vincent & Backheuser,
2019). Crucially, while the first group is also concerned with affordable housing solutions, it
leverages conventional or prefabricated construction systems to achieve cost-effectiveness. This
thesis is concerned with the second group while for completeness, the first group is included in
this review.

With a few exceptions, such as Benros and Duarte (2011; 2009), researchers of the first
group have focused on the house layout and organization and aspects correlated with the
concept design stage, while the second group dealt with considerations that are typical of the
detail design stage of traditional architectural design processes. To facilitate the discussion
about design systems we call the first Concept Design Systems (CDS), that generate a house
design from user contextual data, and Detail Design Systems (DDS), that generate building

specifications for fabrication and assembly. Evidently there are feedback relations between
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what is buildable with a given construction system and the spaces that may be designed; thus,
researchers frequently embed in CDS building systems constraints.

To create a functional design system for MC three steps are needed: (1) define its scope by
precisely identifying the type of objects on which the system is intended to operate; (2) identify
which types of variation are provided by the system, which should ideally match those that are
required by its’ users; and (3) select an adequate method to encode the required variation
(Kolarevic & Duarte, 2019a).

The first step can be achieved by focusing on a specific type of building or a specific building
subsystem. The second step requires defining on a metalevel the topologic relations between
the specific parts of the selected object family, e.g., a chair, a wall, a house, keeping in mind that
each part of that object may be itself an instance of another class of objects, e.g., a chair contains
legs which may be assembled with screws. Then, it must be decided what are the ranges of
admissible variation and how these are exposed to the user. The third step requires selecting a
specific method or combination of these to organize the dependencies and relations between
the parts of the system (Kolarevic & Duarte, 2019a). Two main methods of implementing these
systems have been described in the literature: parametric design (Woodbury, 2010) and ruled-
based design systems, such as shape-grammars (Stiny & Gips, 1972).

Rule-based systems allow for higher level of design variation, specifically topological
variation, but are harder to implement in practice because they can run into shape recognition
problems. A common way of circumventing the issue is to transform the rule-based system into
several parametric models thereby allowing for topological variation (Kolarevic & Duarte,
2019a). Examples of design systems in the context of mass customization of housing using shape
grammars are the already mentioned Malagueira Discursive Grammar (Duarte, 2001), the
Instant House (Sass & Botha, 2006), Relief Housing for Haiti (Benros et al., 2011), the Rabo de
Bacalhau Grammar for renovation of a specific apartment typology in Lisbon (Eloy, 2012), or the
Wood Mass Customized Housing (Kwiecinski et al., 2016).

Parametric design systems are widely adopted due to the development of design specific
programming or scripting languages, e.g., Processing, Grasshopper or Dynamo, and can provide
infinite variation within a specific topological structure. Examples of the implementation of
these systems using parametric design are the ABC+Kingspan (Benros & Duarte, 2009) Constrain
specification (Niemeijer, 2011), Khalili-Araghi and Kolarevic dimensional customization (2016,

2020) or the Wikihouse?°.

20 Several different versions of the Wikihouse system have been developed since 2011 and different
models of these versions have been implemented in Grasshopper or as a plugin for Sketchup.
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Positioning the identified cases in research on the map reveals that they are all in the first
forth below the production axis and all are roughly within the MC area except for the WikiHouse
(Parvin 2013a), which sits in the PF area, and the Instant House (Lawrence Sass and Botha 2006)
which is ambiguously placed between PF and MC (Figure 3-2). In fact, most DDS research could
be positioned similarly. CDS research mostly fits into the MC area right of the design control axis,
and we can identify 3 groups. The first group are parametric systems that only offer modular
variation, as is the case with Benros and Duarte (2009). The second group offers more user
design control by providing either topologic and modular variation with a limited envelope
(Benros et al., 2011; Kwiecinski et al., 2016) or dimensional variation within a fixed topology,
e.g. Kolarevic work (2016, 2020).

It is instructive to ponder on the differences between the cases in this group as they seem
to provide variation that is orthogonal. The first two are shape grammars that operate over a
constrained envelope, thereby providing houses that will be in the same cost range with
different topology. The latter case is a parametric system that could offer the same topology but
with widely different building morphology, surface area, and overall cost.

The last group contains cases that can offer dimensional variation and topologic variation,
as is the case with Duarte (2001) and Eloy (2012) shape-grammars and Niemeijer parametric
system. Niemeijer (2011) achieves topologic variation by allowing users to interactively add,
remove and move partitions in a design, while ensuring the designs are valid with a constraint
checking system.

In building renovation dimensional variation is required, since it is not possible to ensure
that the pre-existing building will fit to a specific modular system, thus only the cases in this

group provide an adequate model of CDS for MC in building renovation.
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Figure 3-2: User input systems design and production control in research (circumferences) and practice (circles).

A common feature of shape-grammar CDS implementations is that the user does not
directly design solutions but instead provides information that is interpreted by the system to
generate solutions. A small selection of solutions is presented to the user who may then iterate
by changing the initial parameters. Parametric systems have traditionally taken a more direct
approach allowing the user to directly manipulate geometry or continuously change it by
manipulating numeric values and options (Niemeijer, 2011; Khalili-Araghi & Kolarevic, 2016,
2020). Thus, contrary to most parametric systems, in these implementations of rule-based
systems there isn’t necessarily direct feedback between changing a choice and a specific output.

While none of the reviewed cases can reach Visionary MC space, we can foresee that
Niemeijer system could easily achieve that by removing architect-specified constraints, while for
shape grammars the concept of Generic Grammars (Beirdo & Duarte, 2018) could also be an
adequate solution. The rudiments of a generic grammar in DDS are already present in first
subdivision rules of the Instant House, although it is questionable if those specific subdivision
types are generalizable beyond simple small houses. Using a modular design system composed
of multiple independent CDS and DDS could further increase expressive power of the design

system.
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Most issues in the implementation of an MCC design system are related with the balance
of user design or production control. Increasing user design control is related with increasing:
complexity of the system implementation; increasing difficulty for computational designers to
ensure quality from aesthetic, functional, performance, environmental and structural point of
view across the domain of solutions; increasing difficulty for the end-user to select solutions
within the range (Kolarevic & Duarte, 2019a).

The first issue can be addressed with workflows and design system modularization, such as
separating the generation of a house concept design from the generation of the construction
components the building will be built of, as exemplified by Sass’s Instant House (2006; 2006).
The quality issue has been addressed with optimization and simulation systems (Duarte, 2005b;
Kolarevic & Malkawi, 2005), but also implementing constraint checking (Niemeijer, 2011). The
last issue has been discussed in the previous section.

Issues of sustainability are scarcely discussed by either CDS or DDS researchers before 2010.
Benros et al (2011) suggested that mass customized solutions are more sustainable while Parvin
(2013) pitched the Wikihouse as a sustainable and affordable solution to the housing problem.
Later, Hosey et al (2015) argued that digitally fabricated systems, particularly those with
reversible joints, can be a more adequate response to the construction energy problem if DfD
principles are followed. But they do not detail these principles or how they should be
implemented in DDS. Other authors that address the issue of the environmental impact of digital
fabrication have found that it is mostly negligible when compared to the material production
stage (Agusti-Juan & Habert, 2017).

In summary, the continuous dimensional variation that building renovation requires can be
achieved with rule-based systems or parametric systems. Also, it is possible to anticipate that
both types of systems could be used to provide design level control at visionary MCC levels using
a modular system architecture. Such system architecture can also reduce the implementation

complexity resultant from increased user design control.

3.4 Production Systems

A production system attempts to capture the processes involved in fabrication and assembly of
building components, systems, or entire buildings. Yet the choice of building production
technology and the level of automation is a design decision that is bound with technological
limitations, costs, and ethical issues (Sass & Botha, 2006; Kolarevic & Duarte, 2019a). In fact, as
is implicit from the map we presented in the previous section, design systems that generate

building descriptions may be coupled with automated processes of production and assembly,
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automated production and manual assembly or manual production and assembly. While DDS
can be implemented separately from production systems, most are developed for specific
production systems or in tandem with them.

Within fully automated systems of production it is worth mentioning the possibility that the
production and assembly steps are intertwined into a single indivisible step, as is the case with
3d printing (Duarte, 2019), or the result of a single universal machine with different end-
effectors that is capable of both fabrication and assembly tasks (Gramazio & Kohler, 20083;
Willman et al., 2017).

Production systems may be still separated according to the digital fabrication process
involved. A frequently used classification system is the type of transformation the machine
performs on the input material: (1) subtractive, for processes that change the input material by
removing parts of it; or (2) additive, for the processes that aggregate material to produce alarger
part (Burry & Burry, 2016). We call this a process classification.

Some authors have proposed adding two other categories: (1) formative processes, for
transformations that only change the shape of the material without adding or removing parts of
it; and (2) joining processes, for operations that join parts with long term processes such as
welding (Hauschild et al., 2011). Joining processes have seen a rise in interest by architects with
the increasing use of robotic arms, but these processes have been generally classified under the
additive category (Gramazio & Kohler, 2008a; Willman et al., 2017).

An alternative classification system was proposed by Iwamoto (2009) which categorizes
digital fabrication processes by type of tectonic technique: (1) Sectioning; (2)Tessellating; (3)
Folding; (4) Contouring; and (5)Forming. Sectioning is essentially a post rationalization process
that takes a 3-dimentional volume and extracts planar sections. The sections may be all parallel,
or some mix of 2d or 3d plane orthogonal or non-orthogonal plane intersections. Tessellating is
a method of subdividing a surface into pieces, frequently planar, that when jointed together
form a continuous surface without gaps or overlaps. Folding is the process of bending a 2d
material into a 3-dimensional form. Contouring is akin to carving but limited to 2-dimensional
subtractive operations. Forming or casting is producing objects by pouring liquids or deforming
solids into molds.

Another important aspect of digital fabrication technology is the number of axes a machine
may move on, which determines the geometrical complexity that is attainable with a given
fabrication process. The most common machines are limited to moving the tool in 3-axis, e.g.,
CNC mills or 3D printers, while robotic arms can move in either 6 or 7 axes.

A tectonic classification is illustrative and can be useful for understanding how digital

fabrication techniques relate to a particular design materialization or how these digital
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fabrication techniques may be leveraged to achieve specific material effects. Yet, it is reductive
since fabrication processes are best described by the capabilities of the used tool/machine and
multiple fabrication techniques may be needed to produce even a simple building. Furthermore,
the same machine can be used to produce several tectonic effects. A process classification is
particularly useful for describing fabrication affordances and may be related with sustainability
issues but is problematic when classifying robotic arms fabrication processes which are
dependent on the end effector. It also does not capture the limitations of the movement of the
tool. Thus, we adopt a process classification prepending the freedom movement, e.g., 3-axis
subtractive for 3- axis CNC mills or 6-axis additive for robotic arms with 3d printing end-effectors.

Although the classification above empowers designers to select appropriate fabrication
methods for specific goals, selecting a specific fabrication system should also be considered in
terms of the possible workflows integrating design, fabrication and assembly, and the
accessibility of the tools and materials.

The interest in integrating design and fabrication has grown significantly since the nineties,
kickstarted by the work of authors such as Bernard Cache, Greg Lynn, Frank Gehry or Gramazio
and Kohler, whose work is considered equally relevant to MC in architecture (Kolarevic, 2019).
Some of these authors established one-off seamless design-to-production workflows for MCC
of specific building components or building types. Creating digital workflows integrating digital
design with digital fabrication is frequently seen as a competitive advantage (Hauschild et al.,
2011) or a creative opportunity (Burger, 2012) for architectural offices. Yet, after almost 30 years
since the first experiments, the design-to-fabrication workflows are only now starting to go
beyond research pavilions (Scheurer et al., 2014).

Scheurer considers that simply adopting integrated project delivery and digital design tools
like BIM is not enough, and a revision of the workflow is needed to consider fabrication and
assembly at the beginning of the design process. Also, adoption of industrialized offsite
prefabrication requires changes to the conventional construction workflow to allow
parallelization of production processes, which in turn demands shared conventions on
interfaces between systems and processes. Expressing parametric models of building systems
in terms of their envelopes is key and eliminates the need to re-draw the model at each stage
of the building process as precision or site conditions change (Scheurer & Stehling, 2020).

Other more technical roadblocks pointed by Scheurer (2014) are technologic limitations,
e.g., automatic feature detection only being feasible for simple geometries, and workflow
limitations, e.g., more complex geometries require either manual work or custom CAD-CAM
interfaces for a-priori known fabrication machines. Lastly, developing systems for assembly by

end-users requires rethinking traditional design workflows to clarify how the steps may be
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divided between expert designers and non-expert designers, and which extra steps may be
needed to ensure the design outcomes are within a specific scope (Hoftijzer, 2017).

DDS systems identified in the previous section unanimously adopt 3-axis subtractive digital
fabrication methods coupled with manual onsite assembly, which can be considered a
reasonable option in cost-effective and do it yourself (DIY) contexts but fail to leverage the
opportunities for factory pre-assembly of parts thereby shifting the complexity from the
fabrication stage to the site.

The selection of materials is inextricably linked with the fabrication processes. Beyond the
fact that some fabrication processes are only viable with specific materials, it is important to
note that the cost and accessibility of the process are also important factors to consider when
selecting a given process / material combination (Stevens & Nelson, 2015). Regarding material
selection and fabrication process, Scheurer considers that building with wood-based products
should be preferred because it is a light and circular material with a long tradition of offsite
prefabrication and widespread use of digital fabrication (Scheurer & Stehling, 2020).

In fact, if wood materials are sourced from sustainability managed forests, they are in fact
negative in carbon emissions (C. Jones & Hammond, 2019). Yet, Hammond (2019) points that to
truly achieve those benefits the end-of-life is critical. Carbon storage can only be applied to
wood materials that effectively become end-products.

By using wood derivates, architects can also benefit from the tradition of wood joining
techniques adapted to be fabricated with CNCs (Menges et al., 2017; Robeller et al., 2014;
Schimek et al., 2010).

Naturally occurring materials have been, up until the beginning of the industrial revolution,
the main resources of building construction. Using manual labour and craftsmanship, knowledge
acquired by experience and transmitted from master to apprentice, these materials were
transformed and organized in material systems to suit specific applications within the built form.
There was an evident relation between the material, its properties, the available tools, and the
specific functions it played within the building. Wood, "the structurally most capable insulating
building material" (Menges et al. 2017), is a good example of this. This empirical knowledge was
iterated by generations of builders and its evolution is closely related with the evolution of
constructive systems. Form and mater were deeply intertwined.

The revolution in production processes - or in the tools to make things - brought by the
Industrial Revolution, progressively severed the relation of the building craftsman with the
sourcing and transformation processes of raw materials into building materials. This process

coupled with the evolution of material science, drove the material processes further away from
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the architect, the master builder, and effectively transformed the role of building craftsman into
skilled assembler.

As David Ruy (2016) points out, it can be argued, like the Rem Koolhaas 'Elements' exhibition
at 2014 Venice Biennale suggests, that architects themselves have been cornered into a role of
compilers of technologies and building solutions. In fact, the separation between material
science, building design and building construction has never been so acute. This specialization
of knowledge into different disciplines hinders the development of effective solutions to a more
sustainable way of building. These solutions will inevitably involve materials that are renewable,
recyclable and with low embedded energy such as wood and cork. And they will also require
rethinking the processes of design and building.

The integration of digital design and digital fabrication promotes an engagement with the
material which requires transdisciplinary approaches. Digital fabrication tools are becoming
increasingly accessible to the architectural practice, which in turn is bringing prototypes into the
toolbox of the architect and reducing the prototypical nature of the building site. This promise
of acting on "the stuff of things"(Gershenfeld, 2005), doesn't imply that the architect will be
redeemed from its current condition of assembler into a new world of originality. The very
transdisciplinary nature of the process and the need to comply with regulations or the building
code, stand in the way of invention. And as Picon (2016) correctly points out multiple paths lie
ahead both for the authorship / copyright or the nature of the relations between the
construction industry players. More likely than not the collaborative nature of construction will

intensify, motivated by increasing complexity and demands of the built form.

In this part it was shown that building renovation is a complex cyclic process within an
expanding and increasingly diverse corpus, and with a varied set of stakeholders. Researchers
call for involving the user in the design process to increase trust and reduce conflicts. However,
architectural design services delivered in the traditional sense for interior renovations are
frequently too costly and not legally required. Furthermore, delivering these design services in
building renovation requires added survey steps to better understand the design context. Yet,
added precision does not prevent the need for adjustments in the construction phase, which
are mostly caused by unforeseeable circumstances during the design stage. What is needed is a
flexible and updateable representation of context that can be linked with design-to-production
workflows to deliver custom co-designed solutions affordably.

Renovating, when possible, is generally more sustainable than demolishing and building
again since less material is used in the process. Researchers have argued for the adoption of

closed loop approaches in design and construction based on the principles of open building using
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strategies such as DfD. These authors have proposed principles for the development of
construction systems and have identified MCC as an adequate paradigm to enable
industrialization of construction. Yet, research and examples of digitally fabricated construction
systems do not seem to adhere to the principles of open building and DfD, particularly in what
regards to the reusability of non-standard systems. Also, the complexity of the assembly stage
seems to be increased rather than reduced in these types of systems. So, it is important to know
how the criteria of DfD, building renovation, and MCC can be reconciled to arrive at a framework
of criteria for customizable and disassemble-able partition wall systems for MCC systems.
Furthermore, this framework of criteria must be translated into actionable design principles for
architects to design upon.

It was shown that MCC is a paradigm evolving from developments in the integration of
digital design and fabrication processes. We have seen that to implement MCC it is necessary to
develop configurators that allow instance-designers to co-design solutions by providing their
preferences and information about their contexts to the MCC system. In the case of building
renovation, this implies providing surveys of the space to be intervened. Yet, how can the users
of these systems perform as-is surveys of their contexts with sufficient quality for design-to-
production workflows?

Researchers in open building argue for industrialization of buildings and a direct relation
between manufacturers and building owners. The redistribution of design control is the first
step towards systematization which is itself driven by social habits. In Chapter 2, MCC is posited
as systematic form of distribution of control yet to provide end-users with control at the design
level it is necessary to deliver MCC at the visionary level. OSArc suggests that to achieve such
goal a more open approach to MCC system architecture is required. In Chapter 3, some insights
are provided on how this might be achieved, namely selecting interactive methods that allow
continuous dimensional variation, direct design manipulation and can be assembled in modular
systems architectures.

Incremental innovation is according to Habraken the process by which AEC sector evolves.
Disruptive innovation or systems that attempt to capture the entire workflow from design to
production are extremely difficult to implement and have all historically failed. Most of the MCC
systems discussed in the previous section fall into the closed prefabrication category. Thus, for
MCC to be widely adopted in practice it needs to reconcile with existing actor roles and
processes in the AEC sector.

Open systems on the other hand, define specific interfaces through which the connections with
the context happen. Yet, designing the commons is a major challenge that cannot be addressed

by a single author. It requires shared frameworks and workflows to become generally accepted.
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PART 2: ANALYSIS FOR A SYSTEMIC VIEW OF BUILDING
RENOVATION

To answer the previously described questions, concerning the issues of implementing MCC in
building renovation, the integration of disparate views from different domains concerning the
design of systems and the implementation of MCC in practice, it is necessary to adopt a systemic
view.

Most of the concepts we will discuss are derived from a systemic view which all the cited authors
either explicitly or implicitly adopt. A systemic view argues that solutions to complex problems
are not the result of the sum of solutions to each of the multiple subproblems. Instead, a more
holistic approach which accepts the problem in all its complexity is adopted thus acknowledging
that systems have complex feedback relations at multiple levels.

We can think of all entities as hierarchical nested systems, which at any scale can be
separated into a set of components, which in turn are themselves systems (Simon, 1962;
Alexander, 1973; Schilling, 2000). Each component may be a part of multiple systems
simultaneously (Schilling, 2000) and each system exists in a context to which it responds and
adapts (Alexander, 1973). If a system is a solution to a problem, its context is the definition of
the problem. Thus, Alexander states that fitness is the degree to which context and system are
mutually acceptable. However, the definition of the context is itself a design problem for
artificial systems (Alexander, 1973). In any case, systems evolve to respond to contextual
pressures but may never actually achieve a perfect fit (Schilling, 2000). Lastly, as systems evolve,
they change their context (Alexander, 1973; Schilling, 2000).

The need for a more holistic approach in addressing the issues of developing systems that
seek to be more sustainable is acknowledged by several authors (Adams, Osmani, Thorpe, &
Thornback, 2017; Crowther, 1999b). It features preeminently in Durmisevic thesis which
proposes that design methodologies must consider all aspects of the problem from the onset,
instead of the traditional top-down progression (Durmisevic, 2006b). Those methodologies
frequently require integrating knowledge from multiple disciplinary domains.

Klein et al. argue that transdisciplinarity is a research strategy that can cross disciplinary
boundaries to achieve a holistic view. It is a “form of learning and problem solving involving

cooperation among different parts of society and academia in order to meet complex challenges
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of society”(Klein et al., 2001, p. 7). This strategy was adopted in the following discussion of
criteria to include diverse viewpoints from researchers and practitioners with different agendas,
stakes, and positions in the AEC industry.

In Part 2 we address the three questions that were previously identified in the theoretical
framework. In Chapter 4, the disciplinary views of the several identified areas of research are
clarified, compared, and reconciled into a common framework of criteria for the design of
partition wall systems for building renovation. In Chapter 5, we look at which workflows are
latent and emerging, amongst computational designers and proponents of design-to-production
systems and how these may be reconciled with practice. To address the issue of the integration
of as-is surveys in design-to-production workflows we compare several methods of survey with
semi-automated workflows available in mobile apps for generic clients, to determine if these
methods could be adequate for design-to-production workflows and if end-users can use them.
Lastly, we describe the design research with digitally fabricated joinery and partition systems
which was conducted with the aim of finding generalizable principles for disassemble-able and

mass-customizable partition wall construction systems.
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CHAPTER 4 Towards framework of criteria for customizable and

disassemble-able partition systems

In this section, we establish a set of criteria for designing and evaluating DfD and mass-
customizable partition walls for building renovation, that can be digitally fabricated and
assembled by generic users. Contemporary societal challenges dictate these systems must also
address the sustainability issues at the level of material waste, without forgoing cultural values
of the buildings that are renovated, rehabilitated, or refurbished.

To achieve our goal, we first look at the theory, criteria or design guidelines which have
been proposed in each area: building renovation, open building and DfD, MCC systems. We
briefly define the scope of application of disassemble-able partitions and their functional and
technical requirements, although these are already well defined in standards issued by the CEN
and guidelines defined by EOTA (2019). We aim to summarize a consensual set of criteria, or
identify trade-offs between them, and ultimately contribute to the definition of criteria for the
development of customizable and disassemble-able partition wall systems for MCC system:s,
focusing on architectural aspects such as their capacity for reuse, ease of assembly or
modaularity.

This analysis will allow us to define a preliminary set of criteria which is then tested in
exploratory interviews with industry and academia experts in each respective field. The 8
interviews have been conducted with experts with experience in different areas of the AEC
industry: construction, engineering, and architecture, both in academia and practice; to ensure
that a wider gamut of points-of-view is captured. From the analysis of the literature on these
concurring aspects, a framework of criteria is derived for the design phase of the constructive

system.

4.1 Building Renovation Criteria

Several authors have identified the need to develop building renovation methodologies and
criteria for common building stock (Casanovas, 2007; Eloy, 2012; Freitas, 2012; Teixeira, 2013a).
Either to ensure preservation of cultural and historic values or the commonality of intervention
strategies.

Portuguese authors identified several factors that should lead to an increase in relevance

of building renovation such as: (1) the abundance of the existing buildings, particularly housing,
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in need of rehabilitation; (2) the stabilization of population growth; and (3) existing houses far
exceeding the number of families. The tendency of increasing relevance of building renovation
in detriment to new building construction is expected to continue, bringing Portugal closer to
the European average (Carvalho, 2013; Eloy, 2012; Freitas, 2012; Teixeira, 2013a).

While the proposed methodologies and criteria were developed with specific case studies
in Lisbon (Eloy, 2012) or Porto (Coimbra & Romao, 2013; Freitas, 2012; Teixeira, 2013a) they can
be considered generic, e.g., Eloy’s methodology was applied in Kwiecinsky et al (2016) and
Teixeira’s methodology is closely related with Casanovas RehabiMed (2007) and the Cartas.
Coimbra and Romao (2013) only propose a methodology, using Shape Grammars as a tool, and
no explicit criteria are defined. Eloy’s methodology focuses on the concept design stage and the
needed reorganization of the floorplan in the rehabilitation of houses. Her methodology defines
evaluation criteria which are focused on the performance of the spatial organization. Thus, this
methodology does not contribute to the definition of criteria for construction systems, as
opposed to the work of Freitas or Teixeira.

Both Teixeira and Freitas propose intervention methodologies that start with a preliminary
survey stage, and whose output is a diagnostic report that sets the stage for the projects. This
preliminary stage must be scaled according to the type and scope of the intervention, but mainly

serves to build knowledge of the existing structure when this is not available.

4.1.1 Teixeira Criteria

For Teixeira, interior partition walls are considered a medium intervention on the building
which falls under the scope and type of a rehabilitation action. Teixeira’s criteria are not specific
to this type of intervention and should be viewed with sufficient flexibility to allow for
adaptation to particular cases (Teixeira, 2013a, p. 563).

Teixeira’s (2013a) criteria are based on a review of a large body of theoretical and
prescriptive knowledge?!. Although it was proposed as an intervention methodology for Porto
historical center, its’ authors consider the methodology and criteria as a generic tool for
intervention on built heritage, either monumental or common building stock (Teixeira, 2013b;
Teixeira & Pdvoas, 2012). Nevertheless, their recommendations are specific to buildings built

with traditional materials and construction techniques.

21 The prescriptive knowledge in this case refers to the recommendations of the Cartas and successive
congresses since the 1904 International Congress of Architects, such as the Athens Charter for the
Restoration of Historic Monuments of 1931, the 1964 Venice Charter, the 1975 European Charter of the
Architectural Heritage, 1983 Appleton Charter, the 1987 Washington Charter, the 1995 Lisbon Charter,
or the 2000 Krakow Charter.
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Teixeira (2013a) defines a set of 12 intervention criteria:

JT1.

JT2.

JT3.

IT4.

JT5.

JT6.

IT7.

JT8.

JTO.

JT10.

Knowledge of the pre-existing building: a survey including but not limited to a
geometrical, photographic, historical, structural aspects must precede the
intervention.

Preservation of the pre-existing: It is preferable: “to repair than to demolish,
but in case there is a demolition, it should be selective; to repair than to replace,
but in case it is replaced, it is preferable to reuse.” (Teixeira, 2013, p. 565).
Adaptation to the context: Any intervention should respect the typological and
morphological characteristics of the architectonic context. Thus, adjusting
spatial requirements to the existing structure and maintaining original uses is
preferable.

Integration with context: Harmonious integrations should be favored in
detriment to confrontation or rupture with context.

Improving existing conditions: The interventions should contribute to improve
or update the quality of buildings to current standards of comfort, hygiene,
structural and fire safety.

Proportionality of normative demands: proportionality between the scope of
the intervention and the normative and performative requirements
Reversibility of interventions and retrofits: Sufficient degree of reversibility of
the interventions must be ensured and to this end the adopted solutions must
be as close as possible to the existing ones in terms of material properties.
Irreversible solutions are those that cause damage to original structure if
removed. Reparations should be done with original materials and techniques
(this includes change of elements within a given system such as a beam in a
wooden floor)

Preservation of pre-existing interventions: If a previous intervention holds
historical value, it should be maintained.

Compatibility of materials and construction systems: Reusing existing systems
and materials should be privileged. If repairing or replacement is necessary, the
original methods should be privileged, otherwise compatible techniques and
materials should be used.

Visibility of the intervention: New elements or parts should be visibly different
from the original, in both materials and languages, nevertheless maintaining the

harmony of the ensemble.
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JT11. Population participation: participation of users should be encouraged in the
project decisions that affect them, and if possible, they should participate in the
renovation of their own houses conducting simple or small tasks.

JT12. Documentation of the intervention: all changes must be documented, stored,

or published

For the specific case of changes to functional organization of interior spaces, which requires
demolishing existing partitions walls and introducing new ones, Teixeira considers that the new
elements should be distinguishable from the existing ones yet integrate harmoniously and use
compatible materials. This recommendation is inherited from the Venice Charter (Teixeira,
20134, p. 581).

Teixeira does not define performance criteria, static, acoustic, or thermal, for partition
walls, yet admits those types of improvements are relevant for the exterior envelope of the

building.

4.1.2 Freitas Criteria
Freitas principles for rehabilitation of old buildings (2012, p. 24) are in agreement with those
proposed by Teixeira, and originate from similar sources, i.e., the cartas and ICOMOS
recommendations. Yet, for the sake of completeness these are summarized below:

VF1. Minimize intervention: Only indispensable interventions should be conducted,
and the scope of the intervention should be minimized while ensuring safety and
durability.

VF2. Proportionality of safety and functionality demands: Changes of use should
adapt functionality demands to the existing building. Normative safety demands
should be replaced, when necessary, with other methods to ensure safety
requirements.

VF3. Physical and chemical compatibility of materials: Materials introduced by the
intervention should be compatible with the existing materials.

VF4. Reversibility of interventions: The interventions should be reversible,
particularly on built heritage, allowing to reinstate the building to a previous
condition. The aim is to not compromise future uses, and the possibility of the
replacement of the current intervention in the future with more efficient and

durable ones.
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VF5. Respect for the pre-existing building, its history and original construction

techniques.

Freitas’ criteria can easily be mapped to Teixeira’s criteria: VF3 and VF4 are identical to JT9 and
JT7 respectively, VF2 maps to both JT5 and JT6, VF1 is related with JT2, lastly VF5 can be related
with the ideas expressed in JT3 and JT9. Hence, there is a clear agreement in terms of
approaches to the intervention on existing buildings by researchers in this area. Reversibility of
interventions clearly points to the need of thinking in terms of interfaces between systems and
their capacity for disassembly. Which combined with the visibility criteria (JT10) offers a
resolution to the apparent contradiction between open building and building renovation experts
regarding the evolution of the space plan building layers. Lastly, criterium JT11 emphasizes the
need of user involvement in the design process, and if the tasks are small, in the construction

also.

4.2 Open Building and Design for Disassembly criteria

The philosophy of open building evolved from John Habraken theories of the separation of
support and infill, which already lays out some criteria for the design of industrialized
construction systems, such as their separation by control and use life-cycle, the standardization
of interfaces between technical systems instead of dimensions of the components (Habraken,
1992).

For Habraken, open building is a response to the need for flexibility in the built environment
to accommodate changing user needs. The building is seen as a system whose parts must change
at different rates depending on the levels of control. Habraken proposes the separation of the
building into two layers, which he argues, is a strategy that is already present in vernacular
construction (Habraken, 1992).

As discussed in Chapter 1, Duffy (1990) and Brand (1994) have independently argued for a
division into an increased number of layers, related with the different functional systems of a
building and their differing changing rates. Brand specifically considered a functional division
into six layers, known as the six S’s: Site, Structure, Skin, Services, Space plan and Stuff (Brand,
1994). These authors argue that there is a need for a greater differentiation in the layers of the
building to respond to different use life-cycle of each system and its maintenance needs.

Crowther (1999a, 2001) proposed that the ideas of time-based building layers can have a
major impact on the design and analysis of building deconstruction and be a key piece in a model

of sustainable construction. He proposed the adoption of the concept of DfD in AEC as a strategy
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to achieve a circular economy in construction and defined design criteria to achieve it (Crowther,
2009a). Within this layers framework, partition walls are part of the space plan, which according
to Crowther (2009a) is replaced every 3-10 years. Furthermore, these components represent
41% of the material inputs of all non-load bearing construction components over 60 years (Addis
& Schouten, 2004).

Concurrently, ElIma Durmisevic devised systematic methodologies to evaluate and design
buildings and systems with increased capacity to change (Durmisevic, 2006b). Expanding on the
work of Age van Randen since the foundation of the Open Building Network, she proposes that
there is no fixed number of layers but instead these should be determined at the design stage
depending on the use scenario, its functional decomposition, the durability of the selected
materials, and the end-of-life scenario. Thus, the specification and arrangement of materials are
the critical issue to achieve DfD.

Even if there is an increased initial cost to DfD systems, Durmisevic (2006a) demonstrates
that these systems have significant economic advantages over the building lifetime and that
partition walls in particular can have a large reuse potential. This high reuse potential is a result
of the disproportion between the partition’s technical service life (i.e., the durability of the
materials, subassemblies, connections) and the use life-cycle of the spatial systems (i.e. the

layout of the building).

4.2.1 Crowther DfD criteria

Crowther proposed DfD as a strategy to increase the rate of reuse of building materials in
construction. This strategy implies implementing technological change at the design stage but
this must be accompanied by cultural change (Crowther, 1999a). He identifies 4 possible routes
for reuse in buildings: (1) reuse of the whole building in a different location; (2) reuse some
components of the building in another building or in the same building in a different
configuration; (3) reuse the materials and components in new products; and (4) recycling the
materials into new materials. The environmental impact reduces as the level of reuse increases
and there are different design criteria to achieve each of the levels of reuse (Crowther, 1999a).

Crowther proposes a set of design criteria for each level of reuse (Table 4-1) and
recommends aiming at the highest level possible, because future reuse scenarios cannot be
accurately foreseen (Crowther, 2009b, p. 229). To compile a list of criteria Crowther collected
information from several sources such as: guidelines in DfD in Industrial Design; architectural

technology experiments by authors such as Cedric Price, Habraken or the Japanese Metabolists
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and vernacular construction; research on buildability; research on building maintenance and

research into deconstruction.

Table 4-1: Crowther design criteria for Design for Disassembly in AEC. Adapted from Crowther 2001; 2009.

Material Component Component Building

Criteria ) )
Recycling remanufacture reuse relocation

PC1 Use recycled and recyclable materials O] O]
Minimise the number of different types of
material

PC2

PC3  Avoid toxic and hazardous materials
Avoid composite materials and make
PC4 inseparable subassemblies from the same

material

PC5  Avoid secondary finishes to materials

@®:®: ©® ®

PC6 Provide identification of material types
Minimise the number of different types of
components

®

PC7

@ © @ie® ©® i®

PC8 Use mechanical not chemical connections

PC9
Use an open building system not a closed one

PC10 Use modular design
Design to use common tools, equipment and
pc1y N touse autp . o
builing practice
Separate the structure from the cladding and
partition walls for parallel disassembly
Provide access to all parts and connection
PC13 P o o
points
Make components sized to suit the means of

PC14 ) . (e}
handling

®

PC12

(e]

PC15 Provide a means of handling and locating

PC16 Provide realistic tolerances for assembly and
disassembly

PC17 Use a minimum number of connectors . o

Use a minimum number of different types of
PC18 P ) o
connectors

PC19 Design joints and components to withstand
repeated use
PC20 Allow for parallel disassembly o o

PC21 Provide identification of component type . o

PC22 Use a standard structural grid for set outs

PC23 Use prefabrication and mass production

PC24 Use lightweight materials and components @® O]
PC25 |dentify points of disassembly

PC26 Provide spare parts and on site storage for
during disassembly

Sustain all information of component and

pPC27 )
materials

@©:@:@: ®O®: ®: ©® (®: ® (®: ©®: ®: ®; ® (® ©® ® ®
®: ©® i@: ® :® ©®: ®

[¢]

@i @ ®O®®®°i°

Reuse of building components is the focus of this work, yet criteria for lower levels of reuse
should also be considered, since these will necessarily be end-of-life scenarios eventually, e.g.,
criterium 1 using recycled and recyclable materials (Crowther, 2009b, p. 231). Furthermore,
Crowther states that these principles are generic and should be adapted to the conditions of the
project at hand, the evolving context of the industry, and, particularly when dealing with
contradictory criteria, they should be considered in the larger framework of the conceptual

model for sustainable construction (Kilbert, 1994).
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After removing criteria that are not relevant to component reuse or any of the lower levels
of reuse, a set of 24 criteria remain that are either highly relevant to component reuse or highly

relevant to one or both previous levels.

4.2.2 Durmisevic DfD criteria
For Durmisevic the goal of sustainable design should be to “design transformable building
structures made of components assembled in a systematic order suitable for maintenance and
replaceability of single parts” (Durmisevic, 2006b, p. 86). Thus, DfD is placed as the key
methodology by which sustainable design is achieved in its three dimensions of structural,
spatial, and material circular transformation. Independence and exchangeability are the crucial
design criteria that should be applied to all levels of the building.

The author claims that the concepts of exchangeability and independence are applicable at
several levels: the building, system, and component levels. More specifically, while the use life-
cycle of a given sub-system such as a facade may be 20 years, specific parts or materials may
have shorter technical life-cycles that may require maintenance or replacement actions sooner.
This implies a certain degree of recursiveness in the material independence logic as we descend
the hierarchical dependency tree. While this process could lead to indefinite number of
independent materials, ultimately design efforts should be concentrated on the systems and
components that exhibit a large disproportion between their use life-cycle and their technical
life-cycle (Durmisevic, 2006b).

To implement DfD in AEC, Durmisevic proposed a sequence of steps to identify
opportunities for redesign: (1) Determine the long and short-term use scenarios for the building;
(2) Identify the materials to be used to provide the desired functionalities; (3) determine which
parts of the solution are sensitive for disassembly using a life-cycle coordination matrix; (4)
establish the hierarchical tree of material levels determined by the frequency of change of each
of the parts; (5) design or re-design the integration of parts with different use and technical life-
cycles; and (6) evaluate the designed solution.

The above can be seen as a reconfiguration of the design process. Conventional design
practice follows a top-down sequence of stages, starting at the higher more abstract level of the
functional building configuration, ensuing to the technical composition of the system level, and
finishing at the physical aspects of the component level. According to Durmisevic (Durmisevic,
2006b), an integrated DfD approach should consider the physical and technical domains right

from the start.
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Durmisevic design criteria are integrated in the larger scope of the previously described
methodology and derived from the high-level criteria of independence and exchangeability.
Instead of relating them with the reuse scenarios, Durmisevic organizes the criteria according to
their relevance for the building, system, or material levels, for a given short- and long-term use
scenarios (Durmisevic, 2006b). Within the context of this thesis, we are concerned with systems
that have a shorter use life-cycle that their technical life-cycle, i.e., that are replaced before they
are technically obsolescent. Thus, they have a high reuse potential if they are designed to be

reused. Table 4-2 summarizes these criteria for the system and component levels.

Table 4-2: Durmisevic criteria for use life-cycle < technical life-cycle systems and components. Adapted from
Durmisevic 2006.
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Criteria System level Material level

ED1 Develop life-cycle coordination matrix in order to define the point of disassembly @®
ED2 Design complex strutures which can change functionality in the course of time @®
ED3 Design base element as an intermedier between systems, components and elements @® ®
ED4 Design base element of each system and components @®
Optimize the strutural grid to materials in order to make the most efficient use of material
ED5 . . ®
properties and therefore use less material
ED6 Provide sufficient information about the building/systems configurations, ther ® ®
reconfiguration possibilities and their capacity for reconfiguration, reuse, recycling
ED7 Define material levels following the functional decomposition ®
Cluster materials into subassemblies according to their functionality, use life cycle, material,
ED8 - ®
technical life cycle.
Create separation between the elements with different functional and life cycle expectances ®
EDS by using separate construction systems
Define an open hierarchical structure by avoiding functional and assembly relations between
ED10 . . ®
different functional groups.
ED11 Design and open building system whose elements are independent and exchangeable ®
ED12 Use modular dimensional systems that are compatible with other systems ®
ED13 Base element /intermediary should be the most durable elements with the clusters ® ®
ED14 Use pre-assembled asemblies for faster and easier construction on the building site, and two- ®
phase disassembly processes. (better material flow control)
ED15 Subdivide the building into sections that can be independently produced and assembled @® @®
Define building systems suitable for repetitive manufaturing processes while retaining
ED16 - . . @®
variation and irregularity (MC)
Connections between independent clusters should be suitable for easy decomposition and
ED17 P Y P ® ®
reuse.
ED18 Uselight weight components which are easy to handle and transport @®
Use small size components which are part of larger assembly in order to increase the
ED19 [ L O]
possibility for variations
Design connections between changeable components to withstand multiple disassembly
ED20 and reuse, by using well engineered base elements and intermediary between changeable ® ®
components
ED21 Use minimum number of diferent types of fastners and connection geometries @® (O]
ED22 Provide tolerances to allow disassembly of individual parts ® ®
ED23 Parallel assembly to allow disassembly of a single part or faster disassembly @®
ED24 Keep all components separated avoiding penetration into other component or system @®
ED25 Mechanical connections should replace chemical connections ®
ED26 Provide intermediary between base elements which belong to diferent clusters ®
The clusters should be assembled in a systematical order that is suitable for maintenance
ED27 . @®
and replaceability
Assembly sequences should be designed with respect to type of material, its performance
ED28 ) @®
and life-cycle
The connections within the Cluster should be suitable for recovery or recycling of a single
ED29 O]
part
ED30 Provide material information ®
ED31 Avoid composite materials unless recyclable (O]

4.2.3 Reconciling Design for Disassembly guidelines

DfD authors have proposed largely coincident design guidelines, yet there are some
divergencies in aspects such as the use of mass production, the way components and systems
should be separated and the level to which functional independence should be applied.

Crowther’s criterion PC23 specifically requires a “system of mass production”. Crowther’s
view on modular standardization is further reinforced by a requirement of compatibility both at
a functional and dimensional level (PC10 - (Crowther, 2009b, p. 232)). While Durmisevic also
expresses a similar requirement (ED12), ED16 directs to a MCC system. In the context of building

renovation, complete dimensional standardization is not possible, thus some level of
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dimensional flexibility will always be necessary. The key seems to be finding the appropriate
balance between dimensional standardization and custom component dimensions.

Durmisevic extends the concept of functional and material independence to the material
level. This requirement is not as clearly defined in Crowther’s guidelines, which proposes that
inseparable parts within components should be made of the same material (PC4). In the set of
Durmisevic criteria that are not present in Crowther, the majority is related with strategies
Durmisevic proposed to achieve such independence, specifically criteria ED1-4, ED7-8, ED13,
ED26 and ED29. Both approaches are in fact complementary and should be selected taking into
consideration which connections are site and factory (dis)assembled (ED14).

Yet, increasing material and functional independence has tradeoffs with some of Crowther
criteria which are not foreseen by Durmisevic such as reducing material types (PC2), reducing
number of different types of components (PC7), and number of connectors (PC17). Another
criterion with tradeoffs which is foreseen by both authors is reducing types of connectors (PC18
/ ED21).

Criteria ED19 and ED24 have no match with Crowther’s criteria. ED24 is slightly related with
the independence criteria but is more related with the ease and sequences of assembly and
disassembly. D19 directly relates component size with flexibility for adaptation. Maximizing
ED19 and making components as small as possible increases the number of reusable
components of standard size. Yet, there is a possible tradeoff with ED5 since reducing the
component size increases the proportion of production waste to finished component.

Beyond the previously identified criteria proposed by Crowther, there are 3 groups of
criteria related with information (PC21 and PC25) practical issues (PC15, PC26 and PC11) and
environmental issues (PC1, PC3, PC5), that have no direct equivalent in Durmisevic framework.
The information criteria proposed by Crowther in PC27 are already wider in scope, requiring that
information should be kept in a registry of assembly/disassembly sequences. PC21 extends the
requirement to physical component identification that should ideally be electronically readable
(Crowther, 2009b, p. 234).

Some criteria concerned with practical issues like PC26 and PC15 are already adopted in
specific areas of construction practice, e.g., PC26 is frequently applied in practice for ceramic
tiles. PC11, on the other hand is concerned with simplicity and compatibility of new systems
with low-tech tools and standard building practices. Lastly, within the environmental group are
included aspects such as favoring recyclable and recycled materials, avoiding toxic or hazardous
materials, which are nowadays part of Life Cycle Assessment (LCA) methodologies and

evaluation standards such as the EN 15804+A2 (Sustainability of Construction Works -
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Environmental Product Declarations - Core Rules for the Product Category of Construction

Products, 2019). PC5 can be mapped to Durmisevic material independence criteria.

4.3 Mass Customization Construction Criteria

MC is a “strategy that creates value by some form of company-customer interaction at the
fabrication/assembly stage of the operations level to create customized products with
production cost and monetary price similar to those of mass-produced products.” (Kaplan &
Haenlein, 2006, p. 176). This interaction is concentrated on the manufacturing point of a product
life-cycle, more specifically at its fabrication or assembly stage. To do this, manufacturers
relegate design control and consequently some fabrication control over the product. In practice,
it has been achieved by product modularization, which allows some level of interchangeability
of the product parts.

The product is no longer an indivisible whole but an assembly of independent components
that can be swapped at the assembly stage or customized at the fabrication stage to meet user
requirements. Thus, interchangeability and modularity of components are important criteria to
develop MCC systems. This was immediately understood by some of the pioneers of MCC, such
as Kent Larson (2000) or Kieran and Timberlake (2003) which defined criteria that construction

systems and production processes should have to be mass-customizable.

4.3.1 Modularity in product systems

Modularity as understood by researchers in MC does not necessarily imply component
dimensional and formal standardization. But it has been demonstrated that there is a
connection between higher component standardization and higher production efficiency even
in mass customizers (Duray et al., 2000). Conversely, interchangeability does imply
standardization of connections or interfaces, both dimensionally and formally. Components will
need to share matching features to be combined in different configurations. Higher
interchangeability implies that a given component may be replaced or connected with a higher
number of other components. Similarly, higher modularity is related with higher recombination
capacity (Schilling, 2000).

In fact, the concept of modularity is used across many different fields with slightly different
meanings (Salvador, 2007), so a rigorous definition of the meaning of modularity in MC is
needed. Salvador addressed this issue and proposed that modularity is a property of products
systems and not of a specific product (2007, p. 226), and thus is related with the capacity to

differentiate products by reconfiguring them.
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A module is then a part assembly or a singular component that can be either assembled or
fabricated first and independently of the product instance. Consequently, a module is by
definition separable (2007, p. 226) and for Salvador this also extends to the possibility of
disassembly. Component separability is a property of a modular system whose degree is related
with the ease of assembly/disassembly.

But component separability is not sufficient to define a module of a system since to form a
stable assembly it must have some form of establishing a connection with other components of
the system. A second property of a modular system is component combinability which is
maximized if (1) each of the modules is interchangeable with any other module of the system;
and (2) each module is a stand-alone version of the product (Salvador, 2007, p. 226). This leads

to the definition of modularity in terms of component separability and combinability:

“In the domain of tangible, assembled artifacts a product system is modular to the extent

that its separable components, or modules, are combinable.” (Salvador, 2007, p. 229).

Component combinability involves the concepts of interface standardization and packaged
function binding. As previously stated, a component is only “connectable” with another if they
share a common physical interface, but this requirement is not sufficient. They must also share
a common agreement on the set of functions each component performs. This problem is
frequently solved by matching interface standards with specific sets of functions (Salvador,
2007, p. 232).

Lastly, Salvador still admits the possibility of “weak modularity” for product systems that
have common components, usually referred to in the literature as component commonality
(i.e.(Ulrich & Tung, 1991)), but these cannot be easily disassembled (Salvador, 2007, p. 233). This
is the case when two components are glued together, or in construction, when tiles or bricks
are laid using mortar. The original components have a very high degree of commonality (and
combinability) but are no longer separable after they are assembled without damaging or

destroying the component.

4.3.2 Kent Larson Criteria
Kent Larson is one of the first authors to propose that MCC may be an appropriate paradigm to
address the challenges of productivity, quality, and user choice in building construction (Larson,
2000). At the MIT, he was the principal investigator of the House_n research consortium, during

which he published a series of position articles defining principles and methods for mass
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customization of housing (Larson, 2000; Larson et al., 2001, 2004). In these articles, he proposes
a systemic view of the building as a set of subsystems or components that are connected to a
common platform and between themselves (Larson et al., 2004, pp. 188, 199). The separation
of chassis and infill approach closely follows Habraken’s proposals of the separation of support
and infill (Habraken, 1972) and of industrialized construction (Habraken, 2003).

Larson and his team propose a “standardized platform”, the chassis, and a user
customizable infill which connects “in standard ways to the chassis” (Larson et al., 2004, p. 188).
These interfaces or joints of component-to-component and chassis-to-component should have
industry wide acceptance (Larson et al., 2004, p. 190). In the spirit of open-source, designers
and engineers across organizations and countries should “share knowledge and details and
agree on common design rules” (Larson et al., 2004, p. 189).

The above criteria are achieved by “principles of modularity (where interface between
systems are standardized)” (Larson et al., 2004, p. 198) and automation of fabrication processes
that seeks to address “a shortage of skilled construction labour” (Larson et al., 2004, p. 189).
Both criteria would also allow for “tighter tolerances and faster onsite assembly” processes,
further minimizing field labour (Larson et al., 2004, p. 189).

They recognize a balance must be established between integration of several functions in a
module (Larson et al., 2004, p. 189) and disentanglement of systems to facilitate change “during
design or use without affecting the performance of the larger system." (Larson et al., 2004, p.
188). Other identified criteria are the need for customization and “to efficiently accommodate

new technologies and change over time” (Larson et al., 2004, p. 188).

KL1. Separation of chassis and infill (Larson et al., 2001, 2004)

KL2.  Customization of infill / Standardization of platform (Larson et al., 2004, p. 188)

KL3. Interoperable components across manufacturers (Larson et al., 2004, p. 188)

KL4. Standardized connections component-to-component and chassis-to-
components (Larson et al., 2004, p. 190)

KL5. Open-source (Larson et al., 2004, p. 189)

KL6. Disentanglement of systems and components (Larson et al., 2004, p. 188)

KL7.  Flexibility - provide the possibility to upgrade (Larson et al., 2004, p. 188)

KL8. Speed up onsite assembly by minimizing field labour: (Larson et al., 2004, p. 188)
(Larson et al., 2004, p. 189)

KL9. Modularity (Larson et al., 2004, p. 198)

KL10. Automated fabrication processes: (Larson et al., 2004, p. 198)

KL11. Integration of several functions in one module: (Larson et al., 2004, p. 189)
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4.3.3 Kieran Timberlake Criteria
Stephan Kieran and James Timberlake book Refabricating Architecture (2003) can be read as a
manifesto for a more customizable and industrialized architecture, that departs from the
Modern Movement view of mass production. The book lays out principles, criteria and methods
that would allow the implementation of MCC in a quasi-propagandistic way, frequently drawing
comparisons with the design and production methodologies adopted in car, computer, aviation,
or shipbuilding industries.

A core design task for these authors is to reduce the complexity of the on-site assembly by
aggregating parts into preassembled modules. This would serve the purpose of achieving
“higher quality, better features, less time to fabricate, and lower cost: more art and craft, not
less.” (Kieran & Timberlake, 2003, p. 79).

The previous design challenge requires a clear subdivision of the building into modules.
Working with a modular system requires a framework for understanding the whole and this is
“the originating act of the design process” (Kieran & Timberlake, 2003, p. 64). Digital
technologies allow the coordination of these efforts across teams that may then focus on
designing specific modules, it would also allow the possibility of simultaneous production of the
modules, a process that the authors compare to quilting (Kieran & Timberlake, 2003, p. 56).

The key criteria to consider in deciding how to divide the building into modules are
exchangeability (Kieran & Timberlake, 2003, p. 77), that must be provided where there are: (1)
“difference[s] in life cycles in construction and technology, between dumb and smart” (Kieran &
Timberlake, 2003, p. 77); (2) reduce the number of components for final assembly at the site
(Kieran & Timberlake, 2003, p. 47); (3) reduce number of joints or interfaces, which will provide
“more precise tolerances and better working conditions with less accumulation of parts in the
final assembly area" (Kieran & Timberlake, 2003, p. 87); and (4) non-linear assembly (Kieran &
Timberlake, 2003, p. 75).

For these authors the purpose of modular joining is manufacturing efficiency, dependent
on “geography, on the location of the plant where the materials are actually joined" (Kieran &
Timberlake, 2003, p. 93), more than to reduce the number of parts in a module. Yet, they
consider that there is also the opportunity to redesign these modules into monolithic
components, thereby reducing weight and number of parts (Kieran & Timberlake, 2003, p. 80).

Another important criterion when considering the subdivision into modules is integration
of functions, instead of dividing the modules according to trades and functions (Kieran &

Timberlake, 2003, p. 91).
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This modular logic operates at several nested levels which in turn implies that there are
different types of joints depending on where these modules are assembled, the authors speak

of connection and system joints (Kieran & Timberlake, 2003, p. 101).

KT1. Reduce the number of parts per module by redesigning them into monolithic
elements (Kieran & Timberlake, 2003, p. 80)

KT2. Exchangeability (Kieran & Timberlake, 2003, p. 77)

KT3. Modules defined by life-cycle (Kieran & Timberlake, 2003, p. 77)

KT4. Reduce the number of components: (Kieran & Timberlake, 2003, p. 47) (Kieran
& Timberlake, 2003, p. 96)

KT5. Reduce number of joints or interfaces (Kieran & Timberlake, 2003, p. 87)

KT6. Modularity for manufacturing efficiency (Kieran & Timberlake, 2003, p. 93)

KT7. Non-linear assembly (Kieran & Timberlake, 2003, p. 75)

KT8. Simultaneous production of components (Kieran & Timberlake, 2003, p. 56)

KT9. Integrate functions (Kieran & Timberlake, 2003, p. 91)

KT10. Site and factory joints (Kieran & Timberlake, 2003, p. 101)

4.3.4 Merging Mass Customization Construction criteria

MCC enables the possibility of delivering customized solutions to specific contexts
efficiently. Its authors also have a large set of overlapping criteria. Integrating several functions
within one module is discussed by both authors (KT9, KL11), as is its' tradeoff criteria of
disentangling systems (KT3, KL6) for exchangeability in design, production, and future change
(KT2, KL7). Separation of chassis/infill (KL1), interoperable component across manufacturers
(KL3), standardized interfaces (KL4), open-source (KL5) and modularity (KL9) can be considered
strategies to achieve exchangeability (KT2). Likewise, reducing the number of components (KT4)
and interfaces (KT5), and defining site and factory joints (KT10) and non-linear assembly
sequences are all strategies to minimize field labor (KL8).

Although the concepts of open-source (KL5) and chassis-infill (KL2) are not explicitly
discussed by Kieran and Timberlake as a criterion, there really is no disagreement since open-
source for Larson is limited to the interface and chassis standards. Shared interface standards
are also discussed by Kieran and Timberlake, but instead of the chassis and infill approach, they
discuss several different strategies present in different industries to divide the products into
modaules, e.g., “grand blocks” or “smart modules” of the shipbuilding industry.

The term module is sparingly used by Larson and strictly to signify spatial structural units,

which is more in line with the conventional meaning within architectural circles (Rocha et al.,

82



2015). The term component is interchangeably used with module and is also used to signify
either complex assemblies of parts or the parts themselves. Kieran and Timberlake mostly use
the term module for the latter meaning, while the expression “grand blocks” is used to signify
large building components which offer support for “smart modules”. Thus, while the terms are
different the concepts behind them are the same.

The fundamental difference between both authors lies in how the decision on the modular
framework is made. For Larson this something that is arrived at by industry consensus, while for

Kieran and Timberlake this is something that the “tier 1” product manufacturer can decide.

4.4 Negotiating criteria for customizable and disassemble able

partition wall systems

In the previous sections we reviewed the criteria that have been proposed by different authors
in different research areas, and which represent a summary of different approaches to the
problem we set out to address. Clearly there are multiple points of contact between these
several views which are immediately evident. In this sub-chapter we analyze and reconcile the

differing perspectives and propose a preliminary synthesis of criteria.

4.4.1 Partition Wall Systems
Interior partition walls are one of the building sub-systems that is part of the space plan level.
Yet, partition wall systems perform several functions within a building and there are different
construction systems available in the market used both for interior and exterior enclosure. It is
thus necessary to clarify the functional and technical characteristics that are specific of interior
partition walls to be able to arrive at criteria for customizable and disassemble-able partition
wall systems.

There are several approaches, with various detail and complexity, to organize and subdivide
the building into systems, components, and parts. ISO 12006-2 provides a framework for
classification systems for the built environment which have been adopted by several
classification systems, e.g. OmniClass or UniClass. The OmniClass 2012 classification system
provides an elements functional classification table which is sufficiently detailed and congruent
with the layers subdivision logic proposed by Brand (Figure 4-1). An element is considered a
“major component, assembly or construction entity part which, in itself or in combination with

other parts, fulfills a predominant function of the construction entity.” (SO 12006-2:2015, 2015)
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Figure 4-1: Partition wall functional element classification OmniClass 2012 table 21

Partition walls are part of the interior (level 1), interior construction sub-group (level 2),
interiors partitions (level 3). The level 4 further disaggregates interior partitions into: interior
fixed partitions, interior glazed partitions, interior demountable partitions, interior operatable
partitions, interior screens, and interior partition supplementary components. The wall finishes
are not included in the interior construction group (level 2) but on the interior finishes group,
wall finishes (level3).

From the above classifications is possible to define in general terms the three main
interfaces of a partition system: (1) the building structure, either on the floor, ceiling, or walls;
(2) the external envelope; and (3) the internal finishes of the walls.

The above classification strictly positions the interior partition walls as non-loadbearing
elements and identifies the locus of disassemble-able walls in its level 4, yet it does not clarify
the basis for the functional distinction between the types of level 4. Faria (1996) provides a
functional classification of non-loadbearing partitions considering the use of partitions (Figure

4-2).

Lining
Partition

Distribution Separation

partition partition

Figure 4-2: Functional classification of non-loadbearing interior partition wall systems

Separation partitions divide different building functional areas, e.g., different apartments
or private and common areas. Distribution partitions divide a specific functional area into
several rooms and lining partitions duplicate external walls. Separation partitions are less likely
to change since they are the frontier between different owners or levels of control within a

specific building and correlate with a legal property status. Conversely, lining and distribution
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partitions are only subject to the control of the unit owner and thus more likely to change.
Hence, disassemble-able partition systems are particularly suitable for these types of functions.

Although lining partitions can be considered part of the group of non-loadbearing partition
systemes, it is important to note that these walls have implications on the performance of the
exterior envelope and are thus frequently studied in conjunction with external enclosure walls.

A functional classification is useful to characterize the scope of application but does not
provide information on the tectonic logic of the partition walls systems. To this end, Faria (1996)
proposed a classification based on groups of solutions by tectonic processes divided into 3 main
groups: Traditional wood frame partitions; Masonry partitions, light prefabricated partitions

(Figure 4-3).

Tectonic Classification of(lnterior Non-Structural Partitions ‘

Traditional Wood Frame Masonry Light prefabricated

A A

Figure 4-3: Tectonic classification of non-loadbearing interior partition wall systems. Adapted from Faria (1996)

The first group contains all traditional types of on-site assembled partitions such as those
traditionally used in 19th century Porto townhouse or the light-wood frame partitions common
in North American countries. The second group contains all wall systems composed of unit
masonry elements whatever the material type. This class contains hollow ceramic brick walls
which are still the most prevalent partition wall system in Portugal. Lastly, the light prefabricated
category includes all other types of industrialized partition systems, independently of their
disassemble-ability, including those that are digitally fabricated.

For each of these groups, Faria proposes a specific classification based on tectonic criteria
mapped to specific solutions. Hence there is a loose relation between the criteria used to classify
each group, but the classification is useful for designers to evaluate the range of available
solutions in a design process. Considering the scope of the present work, only the latter group

is presented (Figure 4-4).
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(1996)

Faria selects four main criteria to classify partition walls: Ease of assembly and disassembly,

types of joints between panels, structure type, and wall layer. The latter two categories are

subdivided into sub-categories related with the tectonic decomposition of the solutions into

layers for each specific function and the type of structural solution.

The ease of assembly category is the critical aspect for disassemble-able systems. The

partition systems are subdivided according to the degree they are demountable without

damage to the interfaces??. The fixed category includes solutions that cannot be disassembled

without significant damage to the partition materials or the supporting structure. Conventional

light steel frame solutions are inc

luded in this group.

The disassemble-able category includes all solutions that are demountable with negligible

damage? to the support and whose components can be reused in new configurations. The

22 Faria subdivides the solutions according to 4 categories, fixed, demountable, relocatable, and mobile,
yet the difference between demountable and relocatable solutions is purely one of degree of reusability

of constituent elements.

23 Damage such as screw/nail holes is admissible as negligible.
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degree of reusability is related with the durability of the constituent materials, connection types
between the components and parts, and modularity. Lastly, the mobile category includes
operatable partitions by means of rails or hinges. Both fixed and mobile partitions are outside
the scope of the present research.

Disassemble able partitions may exist in any combination of the remaining criteria which
constitutes a significantly large number of cases. The reader is directed to Faria (1996) which

provides a sufficiently detailed collection of solutions for each criterion.

4.4.1.1 Regulatory Requirements and Guidelines

The performance requirements for building materials and products at the European level
are defined by standards issued by the European Committee for Standardization (CEN) and
guidelines defined by European Organization for Technical Approvals (EOTA). According to EU
Regulation n2305/2011 (Construction Products Regulation, 2011), if a construction product is
subject to European norms or tested according to a European technical guideline it must bear
the CE marking, it is not required to be subject to further national approvals and can be
marketed across the European single market.

EU countries are still responsible to establish their own standards and regulations regarding
fire safety, mechanical resistance, stability, environmental, and energy performance applicable
to construction works.

Products and materials that are covered by CEN standards, must be tested according to the
relevant norm, which sets methods and criteria for assessing and describing the performance,
to obtain a Declaration of Performance, and have compulsory CE marking.

Some construction products that are considered innovative, such as internal partition walls,
have non-compulsory CE marking. These products can still obtain CE marking by testing if they
are covered by an existing European assessment document.

ETAGOO03 (EOTA, 2012) is a guideline for European technical approval for internal partition
non-loadbearing walls. It defines a set of requirements and the respective standard testing
methodology and technical evaluation criteria to access the performance of partition walls. In
March 2019, ETAG003 was replaced by EAD 210005-00-0505 (EOTA, 2019) which reorganized
the classification of the requirements, merging the safety in use and durability and serviceability
into a single category called Safety and Accessibility in Use. For briefness, Table 4-3 presents the
requirements of the latest technical assessment guideline. These technical guidelines already

are sound benchmarks for the structural, acoustic, thermal, hygrometric, and fire safety
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performance of partition walls. Yet, it is important to detail these aspects for an overall

definition of criteria.

Table 4-3: Essential characteristics of the product’s performance

Requirements EAD 210005-00-0505
Safety and Accessibility in Use Resistance to damage and functional failure from horizontal loads EAD -S1
Safety agains personal injuries by contact EAD -S2
Resistance to damage and functional failure from eccentric vertical loads EAD -S3
Resistance to horizontal linear static loads EAD -S4
Resistance to functional failure from point loads parallel or perpendicular to the surface EAD -S5
Rigidity of partitions to be used as substrate for ceramic tiling EAD -S6
Resistance to deterioration Physical agents  EAD -S7
Chemical agents EAD -S8
Biological agents EAD -S9
Fire safety Reaction to fire EAD -F1
Fireresistance EAD -F2
Hygiene, health and environment Release of dangerous substances EAD -H1
Water vapour permeability EAD -H2
Accoustic Airborne sound insulation EAD -Al
Sound absorption EAD -A2
Thermal Thermal resistance EAD -T1
Thermal inertia EAD -T2

The scope of the guidelines covers partitions walls of several types: frame and panel or
composite panels walls, that are fully opaque, partially, or totally glazed. The function of the
partition is the separation of interior spaces of a given functional unit, with or without fire safety,
and/or acoustic insulation, and/or thermal capabilities. Included in the previous definition of the
functions are the cases where a partition serves as a lining to interior or exterior walls or it
separates spaces with different floor levels (EOTA, 2019, p. 4).

The guideline defines methods and criteria for testing and assessing the performance of the
product for each of the identified characteristics. The compliance with safety against personal
injuries by contact is verified by visual inspection of the geometry of the wall, the absence of
sharp or cutting edges, and tactile inspection to determine the risk of abrasion. Water vapour
permeability may be either tested, deduced from tabulated values, or taken from component
specifications of the Declaration of Performance. Thermal inertia and reaction to fire
performance are determined from the specific properties of the systems’ materials. The
remaining safety, fire safety, acoustic, release of dangerous substances, and thermal resistance
requirements are tested using experimental methods.

It is the responsibility of the manufacturer of the partitions to define the scope of
application of the partitions and promote the certification process. The testing may only be
conducted by certified bodies, accredited by EOTA.

Since, thermal, acoustic, and fire safety characteristics are optional the critical design
requirements are Safety in use and Hygiene. At the design stage the fulfillment of hygiene
requirements may be foreseen if standard materials which have been subject to approval and

normalized testing for application in construction, such as plywood, MDF or cork, are used.
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On the other hand, the verification of compliance at the design stage for safety and static
performance requirements must be done by simulating the behavior of the designed system
according to the testing setup defined in the technical guidelines.

The partitions we are considering are, for the purposes of the guidelines, classified as non-
loadbearing, relocatable, solid partitions. Non-loadbearing means that these walls do not
transfer forces imposed by the structure and as such its contribution to the overall building
stability is not considered. Relocatable means that they can be installed and reinstalled with
minimal damage to the structure or itself. Lastly, the walls panels are opaque. These partitions
are destined to use category A of Eurocode 1, which are areas for domestic or residential

activities where users are expected to have a high incentive to exercise care.

4.4.2 Modularity vs Independence

Modularity means different things to different authors in three crucial aspects: function
binding, i.e., each product function is mapped to a specific part or module in the system,
material independence, and dimensional standardization.

For Salvador, a module may be an assembly of inseparable parts or materials as expressed
by his definition of modularity. Yet, Salvador is merely concerned with the definition of the
concept and makes no claims regarding the level of subdivision a product must contain. For
Kieran and Timberlake modules are equivalent to “fully assembled collections of parts” (Kieran
& Timberlake, 2003, p. 63) that are necessarily separable for assembly and disassembly
purposes. Thus, Kieran and Timberlake (KT) parts are equivalent to Salvador’s modules, or
conversely KT modules are in fact bundles of smaller modules nested inside.

Similarly, the idea of 1:1 mapping of functions and modules, or parts, is not something that
Salvador considers a necessary pre-condition for modularity (Salvador, 2007, p. 231). If we
consider Kieran Timberlake “nested modules” and KT1 design criterium, then Kieran Timberlake
agrees with Salvador. Likewise, KL11 and PC4 points to a similar understanding by Larson and
Crowther. On the other hand, Durmisevic states that to increase the capacity for change, each
material component must map to a specific function within the system. Furthermore, each
material component must be separable. Thus, in Salvador’s terms, Durmisevic understands that
each material component must be a module, and this is a crucial pre-condition for decoupling
systems and allowing for maintenance.

In Durmisevic terms, a module is a cluster of materials determined by the cluster
functionality and hierarchically organized according to use and technical life cycles of each of its

parts. Thus, another way to understand Durmisevic criteria is that material and functional
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independence of parts is an environmental requirement that must be extended into each
module, such that all materials are fully recoverable (Durmisevic, 2006b, p. 169). Consequently,
Durmisevic independence goes beyond a merely practical requirement of flexibility either in
manufacturing, use or reuse.

Lastly, dimensional standardization is important for DfD proponents for similar reasons: the
reduction of material waste in the production process that necessarily leads to a maximization
of the use of standard materials sizes or integer subdivisions thereof (ED5, PC22), which is
further reinforced by the recommendation of using compatible dimensional modular systems
(ED12, PC10). Conversely, ED16 points to an acceptance of the need for flexibility in dimensional
standardization to accommodate variation and irregularity while Crowther with PC23 suggests
mass production and prefabrication should be used to reduce site work, improve component
quality and conformity. While KT or KL would not necessarily disagree with the objective of PC23
design guideline, or the use of pre-fabrication, clearly, they disagree with the use of mass
production in as much as it dictates a reduction of choice for the end-user.

All the previously presented divergencies relate in one way or another with the concept of
modaularity, the definition of what is a module and at what scale there should be modularity.
Yet, module is a scaleless concept that may be applied to very complex assembled components
of a larger system or its smallest parts, i.e., it is a property of that level and not the classification
of a specific level within the technical arrangement of a building.

As an example, consider the layer decomposition of buildings proposed by Durmisevic
presented in Figure 4-5. The building is divided into several levels, each nested in the previous
one: Building (System)> Sub-system > Component > Materials. At each of the levels there may
be one or more product systems that may exhibit modularity. Focusing on a specific product
system at the sub-system level, such as partition walls, we may see that the system is
decomposable into parts, e.g., studs, panels, and screws. Each of the parts of the wall system is
amodule ifit is separable, including demountable after construction, and combinable with other

modules of the wall product system to produce different versions of the wall.
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If in the wall product system there is an electrical socket that meets the previous
requirements for modularity, then the socket is a module, even if the module “electrical socket”
may be separated into smaller constituent parts which may themselves be modules or not. In
fact, from the point of view of the wall product system, if the module wall plug is only offered
in one variant, it does not matter if the module wall plug is decomposable or not because it will
be equally separable and combinable.

Thus, from the above follows that material and functional independence are different
concepts than component combinability and separability and consequently modularity.

Durmisevic’s exchangeability is equivalent to modularity as defined by Salvador.

4.4.3 Limits of Independence

Since a building is an assembly of product systems which themselves may in turn embed
components which are part of other product systems, it follows that there are necessarily
modules that imbed several functions. Durmisevic proposed that all modules should be
decomposable into independent parts which are made of a single material and perform a
specific function. Figure 4-6 illustrates the concept of functional and material independence in
external wall systems. Yet, it is important to note that functions are not easy to be defined
unambiguously (Salvador, 2007). Functions may by defined with different levels of detail, may
be time-dependent, and contextual.

Each of the functions presented in Figure 4-6 may be further decomposed into other
functions and not all are necessarily technical, e.g., insulating may be divided into acoustic and
thermal, or finishing can be divided into watertightness, impact protection, architectural
character. Other functional requirements for walls, which are not considered in the example,
may also be hard to apply to any of the material elements of the wall because they are the result

of multiple layers or the whole solution, e.g., thermal mass.
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Figure 4-6: Integration of functions in external wall systems. Adapted from Durmisevic 2006, p 164

While most of the previous subfunctions could be mapped to specific layers of the wall,
doing so could result in an excessively complex building system to be assembled onsite, making
it impractical to build and maintain. Therefore, Durmisevic proposes that materials and
functions should be clustered according to their use and technical life cycle. Thus, it is only
reasonable to desegregate functions that cannot be performed by the same material in a co-
variant way through its use and functional life cycle. Similarly functional independence is
maintained by a cluster (or module) that aggregates functions iff all functions are co-variant.

The limits of material independence are related with the capacity of a given composite for
reuse, recycling, or composting. Thus, composite materials like plywood, which can be
processed with similar procedures as wood (McMahon et al., 2008; Sassi, 2008), meet the
criteria for material independence although the material is made of several glued layers of
natural wood. Yet, from an environmental standpoint is still arguable that using materials closer
to their raw condition is preferable since it directly leads to less industrial transformations
processes (Self, 2017). Nevertheless, is also true that engineered wood materials make use of a
larger portion of the raw material. This results in materials that are mechanically more efficient
which directly leads to less material use.

Nevertheless, the aim should always be to increase the number of materials that can be
used in infinite loops (Sassi, 2008). Thus, this leads to two independent design challenges: (1)
designing building systems that increase the reuse capacity; and (2) designing with reclaimed
materials. In this thesis we focus on the first one.

Despite specific disagreements between the several areas presented there are large
overlaps. A preliminary classification of design guidelines/criteria proposed in the literature into

a framework organized into five groups is presented in Table 4-4. Each of the five categories,
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Environmental criteria, (Dis)Assembleability criteria, Flexibility criteria, Performance criteria,

and Cost criteria, is further divided into subcategories of criteria.

Table 4-4: Mapping of literature design guidelines/ criteria to a Criteria Framework for Mass-customizable partition

walls systems
Criteria Subcriteria Design Guidelines/Criteria
Environmental ER Renewable/recyclable materials PC1,PC3,JT9, VF3
EIM Independence-material PC4,PCS5,ED24,ED25, ED29,ED31, KL1, JT7, VF4
EIF Independence - functional ED7,ED8, ED9, KL1,KL6, KL7, KT3,JT7, VF4
EEC  Low embedded carbon and energy =~ PC24,PC22, ED5S
Assembleability AS Simplicity PC2,PC17,PC18, PC23,ED10, ED14,KL8, KL10,
AP Praticality PC11,PC12,PC14, PC15,PCl6, PC20, PC24,ED10, ED15,ED18, ED22, ED23, ED27,
AC Comunication PC6,PC21,PC27,ED6, ED30,JTL,JT12
Flexibility FG Geometric flexibility ED16, ED19, T3
FS Servicesintegration KL6, KL11,
FMS  Modularity -Separability PC8,PC13,ED17,ED25, KL1, KL7,KL9, KT2,JT7, VF4
FMC Modularity -Combinability PC7,PC9,PC10, PC18,PC22,EDY,ED11, ED12,ED21,KL3, KL4, KL9
FP Personalization KL2, KL5, JT4,JT9,JT10, JT11, EAD-S6
Performance PA  Acustic comfort JT5, 76, VF2, EAD-A1/2
PS Safety and Acessibility in use JT5, EAD-S1-9
PJ Joint durability PC19, ED20
PT Thermal confort JT5,76, EAD-T1/2
PH Hygiene, health and environment 175, EAD-H1/2
PF Fire safety JT5, 76, EAD-F1/2

Cost Cl Initial cost
CR Reuse cost

Environmental criteria are related with the potential environmental burdens of the system
and used materials (ER and EEC), but also on specific system properties that foster and enable
reuse or recycling of the system materials (EIM and EIF) but not its components. Using natural
and renewable materials is only explicitly part of Crowther recommendations. Yet, using
materials which can form infinite loops is considered a critical criteria towards sustainable
construction and DfD (Sassi, 2008). Teixeira indirectly suggests the same in JT9, since most
traditional construction systems are built with renewable materials, such as wood, and thus are
compatible. Similarly, design criteria that map to reducing embedded carbon and energy are
few and indirect as a cause of reducing fabrication waste and using lightweight materials
(Mateus et al., 2013).

Most of the guidelines that map to the environmental criteria are about material
independence either at a physical or functional level, which all authors relate to larger capacity
for life-cycle adaptation or reversibility. Material independence (EIM) attempts to reply to the
question: are all parts made of a single material or a composite of materials that is circular?
While functional independence (EIF) answers the question: are the functions of each part co-
variant?

Assembleability criteria are associated with the ease of assembly and disassembly of
systems and components. The abundance of design guidelines that map to this group of criteria

indicate that these are crucial aspects of DfD. In fact, Crowther (2009b) states that aspects such
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as communication, simplicity and practicality are as important to assembly as they are for
disassembly.

Simplicity (AS) can be understood as minimization of the number and complexity of
assembly operations onsite, to which aspects such as reducing the number of different
materials, components, connectors, and types of connectors heavily contribute (PC2, PC17,
PC18, KL8, KT4, KT5). Clustering parts into pre-assembled components (ED14), also mentioned
by Kieran and Timberlake (KT10), also contributes to this aim. Indirectly contributing to the
minimization of onsite operations are design guidelines that suggest the use of open hierarchical
structures (ED10).

Simplicity achieved by proprietary means will make repairing, reusing and deconstruction
harder in the long term (PC11). Also, walls with equal number of onsite assembly operations
may have linear or non-linear assembly sequences. Clearly, a wall that can be non-linearly
assembled can be locally deconstructed (PC12, PC20, ED23, ED27, KT7). Practicality (AP)
measures operational aspects in assembly and disassembly process. It is the sub criteria with
the largest set of design guidelines or criteria in the literature: (1) non-linear assembly (PC12,
PC20, ED23, ED27, KT7) (2) simple tools (PC11) (3) weight and dimensions of components
adjusted to one person handling (PC14, PC15, PC24, ED18) (4) tolerances (PC16, ED22)

Communication (AC) is related with the extant information about assembly, maintenance
and crucially disassembly processes (ED6), about the materials used (PC6, ED30), and the
component types (PC21). Only DfD and building renovation authors contribute with guidelines
for this sub-criterium, with the largest concerns directed at keeping information in the long term
(PC27, JT12). Keeping information of the intervention for the long term also facilitates
information collection that is considered by building renovation authors as precondition for any
intervention (JT1).

Flexibility criteria assess the capacity of a system to be applied to a larger set of applications.
Geometric flexibility (FG) is the capacity of a system to produce a solution for a specific context
with system standard components. One way to analyze it is the percentage of non-standard
components that a given system requires to describe a solution for a specific context. Since this
property is relative to the context, we can consider specific levels of geometric complexity of
the product edge to generalize the analysis.

A possible description of the level of geometrically complexity can be found at component
edge. Intuitively, components with orthogonal wall faces are less complex and easier to produce
with 3-axis CNCs. As each of these angles becomes non-orthogonal the complexity of the

geometrical relation between each of the component parts increases (Figure 4-7). Also,
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describing curved surfaces with flat panel materials may require compromises in the design of
the components.

ceiling

-

partition wall
wall T

floor

Figure 4-7: Component edge complexity in partition walls

Based on the previous assertions five levels of geometrical complexity can be considered
regarding increasing angular complexity and one or two curvatures in the wall plane. Level | is
buildable with components with orthogonal edge faces, Level Il requires at least one non-
orthogonal angle, in Level lll there is at most curvature in one direction, Level IV there are two
or three non-orthogonal component faces and lastly in Level V the wall plane has a double
curvature or there are two different curvatures in different faces.

The prevalence of and the requirements for more complex geometries in partition walls is
likely small yet the need to adapt the wall to pre-existing conditions in building renovation
frequently dictates using more complex geometries, as will be discussed in As-Is Survey section
of Chapter 5. This need is recognized by criteria ED16, JT3 and ED19, although the latter one
proposes a different approach to solve the problem of adaptability, by minimizing the size of the
components.

Services integration (FS) is an aspect that is discussed by MC authors and enounced in
criteria KL6, KL11, KT1 and KT9, the latter three of which can be considered contradictory with
functional independence. Yet, some level of services integration is unavoidable in partition
walls. Durmisevic (2019) identifies five types of integration with decreasing level of spatial
flexibility for rearrangement of services, ranging from reversible to irreversible (Figure 4-8): (1)
No dependency between services and other functions; (2) Modular zoning; (3) Planned
integration, services and structural elements intersect at predefined holes; (4) unplanned

integration, services have ad-hoc voids integrated in the structure; and (5) total dependency.
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Component Separability (FMS) is one of the conditions for modularity and is identified by
all authors as an important criterium. It measures how easy it is to separate two modules of an
assembly. Generally speaking, mechanical connections are preferable to chemical ones (PCS,
ED25), and easy access should be provided to all parts and connections for disassembly (PC13,
ED17) which implies assembly and disassembly should be totally symmetrical. Building
renovation authors call this aspect reversibility (JT7 and VF4) and this is what MC authors mean
when they discuss exchangeability (KT2) or modularity (KL9) and correlate it with the possibility
to upgrade (KL7).

Durmisevic (2019) proposes a ranking of connection types, from Type | to X, with increasing
degree of reversibility (Figure 4-9). The first three types are chemical connections ranging from
no separability to mild separability: direct chemical connection, indirect connection with
irreversible chemical connection, direct connection with reversible chemical connection. Type
IV and Type V have direct and unidirectional connections with fasteners, with or without damage
to assembly parts respectively. All higher types cause no damage to assembled parts. Type VI
and VIl are unidirectional interlock connections with or without assembly dependencies. Type
VIl is a third element connection which is bidirectionally reversible, i.e., elements can be

disassembled independently. Lastly, types IX and X are connections that are sustained by gravity.
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Figure 4-9: Separability of connection types (Durmisevic 2019)
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Component Combinability (FMC) is the second largely discussed sub criteria and it measures
the number of possible combinations with the system modules. Many of the reviewed authors’
criteria, directly or indirectly contribute to increase the component combinability, such as
minimizing component types (PC7) or connection types (PC18, ED21), using modular and open
design (PC9, PC10, ED11, KL9), or standardizing connection types between building systems
(KL4) or even across manufacturers (KL3). Open-source design (KL5) of connectors or joints are
an indirect contributor to combinability as these increase the likelihood interface standards are
adopted across a large group of manufacturers, which may lead to increasing the offer of
modules with different designs. Similarly, adopting module dimensions that are compatible with
other systems (ED12) can also contribute to increased combinability. Yet, both KL5 and ED12
also increase personalization potential.

Personalization (FP) is an important aspect of flexibility, although we cannot identify a
specific criterion for personalization in KT, the authors dedicate a whole chapter of the book to
it. This is perhaps not surprising since maximizing modularity necessarily increases the potential
for variation in the product system and thus personalization. Yet, personalization is not variety
but meeting the exact needs of the users or building owners (Kolarevic & Duarte, 2019a), and
which in the case of building renovation also implies considering integration with context (JT4),
the possibility of selecting compatible materials and construction systems (JT9), and visibility of
the intervention (JT10). Another way to provide personalization is by ensuring population
participation (JT11) which open-source may enable or even be considered a form of.

Performance criteria are related with how well the system responds to the technical
demands it is expected to fulfill. These subcriteria are mostly established in the regulatory and
technical guidelines, except for joint durability which is a concern of DfD authors (PC19, PC20).
Although, technical evaluation guidelines define objective values for all aspects under
consideration, these aspects should also consider proportionality criteria (JT5, JT6, VF2). In that
regard, technical guidelines for partition walls are flexible, allowing for instance foregoing
acoustic or thermal considerations when these are not reasonable requirements.

Lastly, cost criteria evaluate the system economic cost through its life cycle. None of the
reviewed authors explicitly proposes criteria for this aspect, yet most of the above criteria that
increase assembleability and flexibility, directly or indirectly reduce complexity and cost of
assembly and disassembly by removing barriers, simplifying processes, reducing
interdependencies and interferences between different technical systems. The above costs can
be directly measured and disaggregated from production and assembly costs factors such as

material cost, machine, and labor times. Yet it is important to note that production and assembly
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costs may vary with time and thus are always going to be an imperfect forecast of future
disassembly cost (Sassi, 2008).

Criteria JT2, JT8 and VF1 do not evidently belong to one of our criteria and sub criteria
proposed above because these criteria are intervention specific and not characteristics of a

specific construction system.

4.4.4 Interviews

The 8 interviews were conducted during 2018 with AEC industry experts from different
areas of the industry, architecture, engineering, construction and building material
manufacturers, with the aim of including a wide scope of different views from different
stakeholders (Table 4-5). Similarly, the selected experts include members of academia, some
with experience in developing demountable partition walls systems, such as Professors José
Amorim Faria (JAF) and Paulo Mendong¢a (PM), others focused on research in building
renovation, such as Professors Vasco Freitas (VF) and Joaquim Teixeira (JT).

The practicing professionals group included architect Brimet Silva (BS), partner at Digitalab
with experience in developing mass customizable products with generative design, Joao
Miranda Guedes and Tiago Ilharco, two of NCREP partners, an engineering consultancy that
provides services in structural rehabilitation of common building stock and built heritage. From
the industry side we interviewed Antonio Rodrigues (AR), the CEO of Grupo Casais, a large
construction group present in several countries, and José Moreira (JM), engineer, and director

of LAMINAR, a plywood manufacturer of in Gaia, Portugal.

Table 4-5: Interview panel

Tiago Ilharco,
Antonio Joaquim José Amorim Paulo Jodo Miranda
Interviewee Rodrigues Brimet Silva Teixeira Faria José Moreira Mendonga Guedes Vasco Freitas
AR BS T JAF M PM NCREP VF
Date 02/02/18 16/05/18 18/01/18 19/01/18 15/01/18 16/01/18 22/01/18 20/11/18
Main Area Construction Practice Academia Academia Industry Academia Practice Academia
Profession Engineer Architect Architect Engineer Engineer Architect Engineer Engineer

The interviews were exploratory with 10 open questions around some of the aspects discussed
in this analysis:
1. What are major difficulties engineers, architects, builders, or the industry have in
moving towards an industry adapted to building renovation?
2. Do you agree that the tendency towards increasing relevance of building
renovation in Portugal will continue in the future?

3. How can automation and pre-fabrication be reconciled with building renovation?
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4. What are the obstacles to the adoption of demountable and reusable construction
systems?

5. Is independence between components and constructions systems with different
life cycles, and particularly partition walls from the rest of the building, an
important criterion to consider?

6. Is the integration of digital design and fabrication, with its instantaneous and
flexible links between design and production an adequate fit to the challenges of
building renovation?

7. Considering that the partition wall to be developed is meant to be assembled and
disassembled by users without previous construction experience, which criteria
should be included?

8. Which criteria make a demountable partition wall system more flexible?

9. Which performance criteria should be met by the partition wall system in
development?

10. Beyond production and building cost which other costs should be considered?

All authors agreed that building renovation will tendentially increase in relevance in the

medium term. In terms of difficulties in adaptation to building renovation, interviewees

highlight:

1.

AR

Need for site adjustments not compatible with rigid contractual and AEC procurement
process, i.e., the drawings are contractually binding (AR).

A model that includes builder and designers in the same team is more sensible (AR).
Lack of room for design experimentation (BS)

Low budgets make digital fabrication uncompetitive (BS)

Construction companies and sub-contractors were not prepared, lack technical know-
how and builders use construction methodologies for new buildings in the
rehabilitation of old ones (JAF, NCREP, VF)

The mindset to maximize the reuse of the pre-existence is not there (JAF, NCREP)
Speed in the process is not compatible with careful studies (VF)

Lack of sector specific regulation (VF)

In terms of reconciling automation and pre-fabrication with building renovation, VF, JAF and

BS agree that there should be separate solutions for the pre-existing building and the new

system. NCREP suggests that this prefabrication will be less standard and JM that lack of

standardization in existing buildings is an important obstacle. JT and PM discussed the need for

99



social, and environmentally balanced solutions. Lastly, AR stated that context-aware design-to-
fabrication models are the key.

Regarding question 4, most of the authors consider reusing building components is not
something society is yet ready to pursue, either because there is a lack of habits, are not
informed of the need, or construction tradition prevents it (AR, JM, JAF, PM, NCREP, VF). BS
points to some issues that are not specific to DfD but are a general problem of circular economy
solutions, e.g., lack of supply chain information, resistance to the use of recycled materials in
new products because of reduced technical performance and know-how. JT calls for taxation on
construction waste sent to landfill and argues for a mix of Design for Durability with high quality
design. PM further adds higher cost and barriers to the adoption of self-renovation in social
housing as obstacles of DfD solutions.

All but BS agree that independence of partition walls from the support is an important
aspect. JT extends the requirement to materials. Yet, JAF cautions that the aim of independence
is not to reuse components since these systems are hardly reusable in different contexts
because there is a lack of standardization. PM disagrees with JAF and argues that walls should
be more like furniture, further stating that even if users or building owners do not take
advantage of the extra flexibility it is always preferable to have it. While BS did not explicitly
disagree, he exposed a similar view as JT in the question 4, that good design can increase the
product lifetime.

All interviewees agreed that the integration of digital design and fabrication is an adequate
fit to the challenges of building renovation. AR stated that the advantage would be to shorten
the design to production cycle. BS talked of the capacity to respond to shorter production runs.
PM, BS, and JM discussed the capacity to respond to context specific variations. VF cautioned
that integration is easier in new construction and JT that digital fabricated solutions must
integrate with the pre-existing. Lastly, JAF stated the transition will have to start at universities
and progress to design stakeholders before it reaches contractors and subcontractors.

Table 4-6 summarizes the issues discussed with each interviewee and maps those issues to

the proposed criteria in the previous section.

Table 4-6: Mapping of discussed issues during the interviews to the proposed criteria
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Criteria Subcriteria AR BS T JAF M PM NCREP VF

Environmental ER  Renewable/recyclable materials X X X X X X
EIM Independence - material X X X
EIF  Independence - functional
EEC Low embedded carbon and energy X
Assembleability ~ AS  Simplicity X X X X
AP Praticality X
AC  Comunication X X
Flexibility FG  Geometric flexibility X
FS  Services integration X
FMS Modularity - Separability X X X X X
FMC Modularity - Combinability X X X X X
FP Personalization X X X
Performance PA  Acustic comfort X
PS Safety and Acessibility in use X X X X
PJ Joint durability X
PT  Thermal confort X
PH Hygiene, health and environment X
PF Fire safety X
Cost cl Initial cost X X X X X

CR Reuse cost

Regarding criteria for assembly / disassembly by users without experience the interviewees
highlighted the following criteria: Simplicity (NCREP, JM, PM, BS), Practicality (PM), Symmetry in
assembly/disassembly - Separability (JAF), Communication (PM, AR), and Combinability (AR).

Replying to question 8, interviewees discussed Modularity - Combinability (AR, JAF, JM,
PM), Modularity - Separability (BS, JAF, JM, PM), Independence - Material (BS), Personalization
(JAF, PM, NCREP), Simplicity (NCREP), Practicality (NCREP), and Geometric Flexibility (NCREP)

Regarding performance issues AR, JAF, JM, PM, and VF place safety requirements first as a
sine qua non condition. AR, JM identify acoustic as important, NCREP considers it is a
differentiation factor. VF considers acoustic, thermal, and hygrometric demands should be
characterized to allow a performative selection and not be criteria.

Lastly, replying to question 10, AR considers that automating production will reduce costs,
BS mentions all the product development (design, prototyping, optimization, certification) and
marketing costs. JAF and VF mentions LCA cost should consider initial cost, cleaning and
disassembly and further propose that the evaluation of reuse cost should consider a percentage
of global cost reduction. JM focuses on production and distribution costs. PM proposes the user
could be informed of the estimated assembly times even if those are not costs of the product
but only if providing this information is obligatory can it then be considered criteria.

Some interviewees observations which are not answers to any specific question are also
worth highlighting. AR stated that lack of labor is a current concern and a driver their efforts of
increasing pre-fabrication and automation. BS considers that architectural offices currently are
in position to offer architectural products ranging from building components to houses. He

further stated that the difficulty in adoption is related with education but also with the
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maturation of computational design knowledge by designers which must span from conception

to materialization of design.

4.5 Assessing and setting design goals

From the previous analysis and the literature review we could identify evaluation methods
for all the performance, cost, and environmental subcriteria (Table 4-7). Only PS performance
criteria is mandatory, which at the system design stage may be verified using simulation, codes,
or precedent. Regarding EEC is important to note that since the impact of digital fabrication has
been found to be negligible (Agusti-Juan & Habert, 2017), the crucial aspect in designing an MCC
partition wall system seems to be minimizing waste by maximizing input material usage. To this

end, tools like nesting can be helpful also at the design stage.

Table 4-7: Criteria Framework for Mass-customizable partition walls systems and specific evaluation methods

Criteria Subcriteria Method of evaluation Subfactors
Environmental ER Renewable/recyclable materials ~ Sassi 2008

EIM Independence- material percentage of independent parts per system (Durmisevic 2006)

EIF  Independence-functional percentage of parts with co-variant functions (Durmisevic 2006

| Salvador2007)

EEC Low embedded carbon and energy EN 15804+A2 (2019) material waste (ED5)
Assembleability AS  Simplicity Number of operations | number of different operations

AP Praticality Assembly sequence type (Typel - V)

Weight per component | Size of component to fit door
no tools | common tools | specialized tools | proprietary tools simple tools
tolerances

AC  Comunication Part identification
long term information about

materials and system assembly

Flexibility FG  Geometric flexibility percentage of non-standard parts per Type (Type| - V)
FS Services integration Levels (Type | - V) (Durmisevic 2019)
FMS Modularity -Separability Levels (Type I to X) (Durmisevic 2019)
FMC Modularity -Combinability Salvador 2007 number of connection types
number of component types
Fp Personalization Desigh solutions (joints, etc)are ™
applicable to a wide range of
meet typical renovation
requirements (non-standard
heights of doors, different
baseboards heights...)
Performance PA  Acustic comfort EAD
PS  Safety and Acessibility in use EAD
PJ Joint durability Number of cycles
PT  Thermal confort EAD
PH _ Hygiene, health and environment EAD
PF__ Firesafety EAD
Cost Cl Initial cost cost of materials + production +assembly time
CR  Reuse potential savings Percentage of reusable parts

ER and EEC are dominated by material choices yet since the purpose in this research is to
determine design principles for open systems with digital fabrication, we focus on wood and
cork composites of standard sizes commonly available in the Portuguese market: plywood,
oriented strand-board (OSB) and insulation cork board (ICB). In all instances there are national
manufacturers of these products, which in the case of eucalyptus plywood and ICB are known

to depend on local raw material sources.
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The choice of these materials is mostly determined by their capacity and precedent in cost-
effective digital fabrication processes, yet their choice is favorable when compared with
materials commonly used light prefabricated systems both in terms of their capacity for

circularity and carbon emissions (Table 4-8).

Table 4-8: Comparison of material properties and Cradle to Gate Embedded Carbon values obtained from the
Inventory of Carbon and Energy v3 (Hammond & Jones 2019)

Structural
Board EC § Member EC
Materials Density (Kg/m3)iEC (KgCO2/Kg} Thickness (m)§ (KgCO2/m2)i (KgCO2/m)
Plasterboard 15mm 800 0,39 0,015 4,680
Plasterboard 13mm 800 0,39 0,013 4,056
Electrogalvanized Steel* 7800 3,03 0,0006
M70 Galvanized Steel Profile 7800 3,03 0,0006 2,212
Mineral Wool 70 1,28 0,060 5,376
General Purpose Polystyrene 30 3,34 0,060 6,012
Insulation Cork Board (ICB) 110 0,19 0,060 1,596
Timber - OSB 640 0,46 0,015 4,368
OSB 70mm profile 640 0,46 0,015 0,612
Timber - Plywood 640 0,68 0,012 5,230
Plywood 70mm profile 640 0,68 0,012 0,732
Timber - MDF 780 0,86 0,012 8,012
MDF 70mm profile 780 0,86 0,012 1,122
NOUTE T-The values were oblained from the Inventory of Energy and Carbon (Hammond & Jones ZUTY). These

are Cradle-to-Gate values that do not consider the end-of-life scenarios for each of the materials. Also, for
wood and cork materials if CO2 capture and biogenic CO2 emissions are considered the EC values are in fact
negative. Furthermore, the electrogalvanized steel values provided by Hammond and Jones do not consider the
transformation of the steel into profiles.

NOTA 2: For comparison between galvanized steel profiles and possible alternative solutions in wood
composites, an EC/m is estimated for galvanized steel assuming the profile is 15,5cm width before bending.
For wood composites a double profile with 7cm width is assumed.

Assembleability criteria have the highest number of design guidelines. The AS sub-criterium
can be optimized by minimizing the number of different assembly operations. Practicality (AP)
issues are too diverse and as such need different evaluation methods. The first issue relates to
assembly sequences for constrained partition walls, these can be classified into types with
increasing non-linearity of assembly and disassembly: Type | — Each layer of components must
be assembled linearly; Type Il — assembly/disassembly is sequential in both dimensions; Type IlI
— assembly/disassembly is bidirectional horizontally and vertically unidirectional; Type IV —
Columns can be disassembled independently; Type V — Any component can be locally

disassembled (Figure 4-10).
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Type II - Bidimensional sequencial Type III - Bidimensional symmetric

Type IV - Column Local Type V - Local

Figure 4-10: Assembly sequence types

The second aspect, related with the size and weight of the components can be evaluated
guantitatively, and the aim is to minimize total component weight and ensure its dimensions
are adequate to enter the assembly site by a standard door. According to Faria (1996),
component weight should not exceed 30kg. For the third issue, related with the type of needed
tools, we propose a classification in 4 levels: no tools; simple or common tools — such as a
hammer or a Philips screwdriver; specialized tools — tools that are used by experts; to
proprietary tools — which are specific to a manufacturer. The last dimension of AP — tolerances
- has no specific method for evaluation suggested in the literature we reviewed. In fact, Faria
(1996) reports that this evaluation was done through prototyping. Sass (2006, 2007) details
methods of testing and prototyping friction-fit joints in digitally fabricated constructions systems
and embedding these as a parameter in the generative CAD model.

An important contribution to the evaluation of Communication (AC) criteria came from PM,
who stated that the need for assembly instructions should be minimized by making product
assembly as easy and failsafe as possible. To this end, traditional integral joining methods seem
more fitting since these have self-explanatory assembly methods. Yet, this aspect is already
evaluated by the simplicity criteria. Naturally, there are other levels to communication concerns
such as accessibility and long-term preservation of information about material, component
types, assembly/disassembly procedures and maintenance which cannot be addressed by this
type of design strategy. Engraving parts and components with an identification code is an
approach that has been widely used, alternatives range from an alphanumeric code (Sass 2006)
to a QR-code (Peng et al., 2019). Another approach is to address those issues at a different level
by introducing material passports. Yet, those issues are outside the scope of the present

research.
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Flexibility subcriteria FS, FMS and FMC can be deducted from the literature and for FG we
have proposed an evaluation method on the previous section. Yet, FMC cannot be evaluated
with Salvador method in a preliminary design stage since it is a system property. An alternative
approach would be to set a design goal of minimizing connection and component types.

The FP criterium is also a system property and we have not found a specific metric in the
literature. Yet personalization could be evaluated by considering several aspects that define the
scope of possible application for different functional requirements, e.g., the range of different
possible finishes, the possibility of transparency or translucency. Another dimension of
personalization is adaptation to typical requirements in building renovation, e.g., non-standard

door heights.

4.5.1 Cost-effective digitally fabricated systems

In this section, we assess the most relevant cost-effective digitally fabricated systems,
identified in Part I, in relation to the proposed criteria. Most of the systems found in the
literature and practice have been developed for small housing. Hence, they commonly focus on
the outer shell and structure of the building. This focus on the longer lasting layers of the
building implies that the dimensioning and design of these systems is optimized for these types
of functions. Which precludes a direct application of these systems to partition walls, which are
frequently thinner, have different types of assembly constraints, and structural requirements.
Most systems have a direct lineage with frame and panel and Wood Frame Grammar (WFG)
friction-fit joint design, with detail variation mostly aligned with the specific local vernacular
traditions from the contexts were these emerge (Table 4-9). Larry Sass systems (Sass, 2006; Sass
& Botha, 2006), perhaps because these are much better documented than the remaining cases,

are cited by almost all other cases as a reference.

Table 4-9: Cost-effective digitally fabricated systems

Authors System Name Date Country Type Precedent Joint Types
Sass WFG 2005 us Frame Frame/Panel Friction fit
Sass and Botha Instant House 2006 us Frame Frame/Panel Friction fit
Sass Shotgun House MoMa 2008 us Frame Frame/Panel Friction fit
Parvin and lerodiaconou WikiHouse 2011 UK Frame Frame/Panel | WFG Friction fit
Hiroto Kobayashi Maeamihama Veneer House 2013 P Frame WFG Friction fit
Stoutjesdijk ECOnnect Haiti 2013 NL Frame WFG Friction fit
Parvin (Architecture 00) WikiHouse (Wren) 2014 UK Beam and Post WH | Frame/Panel Friction fit
Elsayed et al Low Cost Housing 2017 IT/EG Hybrid WFG | Monolithic  Friction fit / snap-fit
Finch and Mariage X-Frame 2019 NZ Frame  Frame/Panel | WFG Friction fit
Vincent and Backheuser Digital Housing 2019 BR Frame WFG | WH Friction fit
Brasil and Franco 2019 BR Beam and Post WFG | WH Friction fit
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Elsayed approach is the one that is most distant from Sass both in terms of overall system
design and joining detail. He adopts a “modular parametric” approach to system components
instead of the frame and panel approach that is common to all other cases. Modular parametric
for Elsayed means defining modular components that are dimensionally flexible, yet no design
strategies are defined of how this should be achieved. WikiHouse several iterations have been
diverging towards a modular and dimensionally standard component approach; hence these are
encapsulated in the range of possibilities defined by the two previous systems. Thus, the
selected systems for analysis are Sass’s Wood Frame Grammar (Sass, 2006; Sass & Botha, 2006)
and Elsayed Low-cost Housing (LCH) (Elsayed 2017).

The analysis is limited by the available published information regarding the systems and
focuses on aspects that are divergent between systems. As such, performance criteria and EEC
subcriteria cannot be evaluated rigorously and ER subcriteria can be considered similar in all
cases since all systems are made of similar materials. Likewise, since all systems are composed
of a single material and joined strictly by mechanical means any combination that results in an
irreversible subassembly can be considered equal in terms of material independence to any

other reversible subassembly.

4.5.1.1 Sass Wood Frame Grammar

In WFG, and all frame and panel-based systems, all assembly operations are performed
onsite, which from the point of view of Assembly Simplicity (AS) is a negative aspect. The number
of operations will scale linearly with the number of parts, yet the number of different types of
assembly sequences is related with the number of connection types and different part types.
According to its authors the number of connection types is 8 (Figure 4-11)(Botha & Sass, 2006).
Regarding the number of different part types, we consider that geometric variation can also
introduce assembly entropy. So, although we identify at least 12 component types: panels, t-
braces, shim plates, 2 types of dogbones, 2 types of wall studs, 2 types of corner studs, 3 types

of corner braces; we estimate that the case-study presented in the original paper contains 260

Shim Plate Dog Bone
)

Figure 4-11: Joint types in Instant House (Sass and Botha 2006)

different instances of different parts.

Window . [Floor Notch Comer 1 Corner 2 Comer 3 |

Sass systems are vertically unidirectional and horizontally bidirectional in terms of assembly

and disassembly (Figure 4-12). The system only requires a rubber mallet for assembly and
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disassembly, which is a common feature to all WFG-based systems. According to Sass, the
largest part weights 20,67kg, which can be caried by a single person, although the component
dimensions make the transportation difficult in more constrained environments such as

interiors.
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Figure 4-12: Assembly and Disassembly sequences in the WFG (Botha and Sass 2006)

WEFG uses a labelling system that is physically marked on the parts. This represents both an
assembly time and a long-term solution to part identification within a specific design solution.
Yet, the label is not related with the shape of the part, hence knowledge of the system and
access to the digital model are always needed, both for assembly and disassembly. Furthermore,
formal variation affects all system levels with implication on communication complexity and
reduction of reusability of disassembled parts. The exposed joints contribute provide self-
explanatory disassembly points.

In WFG, structural functions are distributed between the panel and the frame. If the frame
is also considered finishing, then functional independence is low since finishing functions and
its” use life-cycle are not co-variant with those of the structure.

Geometric flexibility of type Il is possible. Although services integration is not accounted for
in the grammar, the system can be classified as Type Il in terms of services integration, since it
provides voids between the inner and outer sheets. The system parts are Type VIl separable
with unidirectional interlock connections without assembly dependencies.

Although Sass system is based on a subdivision grammar that identifies three generic
component types (wall, corner, end-wall) the system assembly logic and the panels subdivision
does not follow the subdivision grammar. This implies that from the point of view of
combinability, only the dogbones, t-braces and shims can be considered modules. Also, these
parts are not affected by variations in the building dimensions and thus have a high
combinability. The remaining part types are cut-to-fit and since frame and panel subdivisions
are not aligned, variations in one of the parts has implications in many other parts in non-
obvious ways. Although there might be some combinability of parts between different solutions,
this must be analysed on a case-by-case basis, which makes reusing specific parts unlikely.

From the point of view of Personalization, the examples that have been published (Sass
2006, p 67) and built indicate that a high level of personalization of the shape of the building is

possible. The types of joints are applicable to several classes of sheet material, not only wood-
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based, but cannot be used for connections with other building subsystems. The personalization
is mostly concentrated on the design phase. The system would require separate finishing
systems. For the reasons discussed above regarding combinability, personalization after
construction can hardly leverage the design-to-production methods used to originate the

building.

4.5.1.2 Elsayed Low-Cost Housing

Elsayed’s LCH system is composed of parametric elements, wall, ceiling, and floor, which
combine structural and skin functions, and a prefabricated core for wet spaces. Only the wall
system is detailed in the paper (Elsayed 2017). The authors consider the system to be “modular
parametric” meaning that the wall system components may be dimensionally adapted to
context specific circumstances.

A thorough analysis of the proposed wall system reveals that there are in fact two types of
straight wall components — male and female (Figure 4-13). We identify 5 different types of
connections: 2 structure-to-panel connections, 1 spacer-to-panel connector, stud-to-stud
connections, component-to-component connections; and 11 component types, assuming there
is axial symmetry: 2 straight wall components, 3 L-components and 4 T-components. If the
identified components are to be assembled onsite, as the authors propose, the system
complexity increases. Each L and T component has 8 panel and 2 stud variants, with two panel

and stud types for each straight wall section.

Platform 2

Modular Wall
Assemblies

== Female Component Joints

—_ ! i
Male Component Joints Platform 1

Figure 4-13: (Left) Assembled components with male straight wall, Male/Female T-Wall and female L-Wall, (Right)
Application of Female-Male logic to original diagram (Adapted from Elsayed 2017)
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The authors suggest the wall components are completely assembled onsite, which reduces
simplicity of onsite assembly. Nevertheless, the system has a smaller number of part types,
when compared to WFG, and there is potential for the components to be pre-assembled offsite.

Elsayed system assembly sequences can be classified as horizontally bidirectional for
component assembly, it requires simple tools for friction-fit joints and no tools for snap-fit ones.
The full heigh wall section is 700x2800mm. The selected material has a reported specific weight
of 720kg/m3. It is not clear how the assembly process is conducted but assuming the wall section
component is assembled on the floor, each fully assembled component weights 63,87kg and
requires two people to erect it and connect the wall sections together.

No information is provided regarding how assembly/disassembly sequences are
communicated to onsite assemblers nor if a specific part labeling scheme is used. Considering
the low number of component types, instructions would be significantly reduced as compared
to WFG.

The system provides level | geometric flexibility due to the selected connection types. It can
be considered a type Ill in terms of services integration. Obtaining access to the wall voids is
theoretically possible with local panel disassembly. In practice this should be difficult to achieve
since there is no points to grab and pull the panel apart from the structure, also it is unclear if
the system remains stable after the disassembly of the panels. Regarding separability, it is a type
VIl system, meaning that the disassembly sequences are still unidirectional. Removing a specific
wall section does not seem to be possible.

Assuming that the height is constant from house to house the system would have a high
combinability. But with changing heights only the connectors and the lower sections of the
external sheathing are reusable between system instances. The vertical runners would have to
be produced specifically for each system instance. Components can be combined in different
arrangements but are limited by the male-female component-to-component connection logic.

Elsayed system suffers from the same issues as WFG regarding both functional
independence and personalization. Although a more modular approach is adopted, the panels
still perform structural functions. Also, regarding personalization, the protruding joint
complicates adding different finishes to the system and the snap-fit joint is not as widely
applicable as the friction-fit joints.

We use the case-study reported by Sass, a room with 7,3 sqm surface area, and the diagram
presented in Figure of the LCH system, with 16,19 sqm building footprint, to analyze the systems.
Table 4-10 summarizes the analysis regarding the specified criteria with all scores normalized.

For simplicity and combinability, we chose to assume a theoretical optimal value of 1, which
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follows Salvador approach. LCH case is double the area of WFG case but only the number of

operations is proportionally affected by this change, all the other metrics are system specific.

Table 4-10: Evaluation of WFG and Low-Cost Housing according to the defined criteria

Criteria Subcriteria Method of evaluation WFG LCH
Environmental EIM | - material % of independent parts per system 1 1
EIF Independence - functional % of parts with covariant functions per system 0,84 0,59
A bleabili AS Simplicif 0,002 0,02
Number of operations (1/n) 0,00102 0,0019
Number of different operations (1/n) 0,004 0,033
AP Praticality 0,69 0,45
Assembly/Dissassembly Sequences (Type | to V) 0,4 0,4
Tools 0,75 0,75
Weight per component (Range 15-75kg) 0,91667 0,1855
AC  Comunication 0,6 0,4
Flexibility FG Geometric flexibility Levels (Type I, Type 11, Type I1l, Type IV, Type V) 0,4 0,2
Levels (Type | (embeded services), Type Il (Services on tracks), Type Il
FS Services integration (Planned integration), Type IV (Modular zonning), Type V (independent) 0,6 0,6
FMS Modularity - Separability Levels (Durmisevic 2019) - Type | to Type X 0,7 0,7
FMC Modularity - Combinability 0,0669 0,11725
Connection types 0,13 0,2
Component types 0,0038 0,0345
FP Per ization 0,65 0,45
Applicability of joining solutions 0,8 05
Applicability of solution to renovation 0,5 0,4

Thus, although the number of site operations in WFG is similar to that of LCH, the more
modular approach reduces the number of different operations by one order of magnitude.
Similar effects are seen in Combinability component types and in a smaller degree in connection
types, which contributes to a significantly increased overall combinability score for LCH. The
increased modularity in LCH comes at the cost of geometric flexibility, the joining solutions can
only be applied to orthogonal geometries, which might be an issue at the system boundaries in
building renovation. Regarding Practicality, there is no improvement regarding assembly and
disassembly sequences between both cases.

The analysis revealed that there are opportunities: (1) to explore the interrelations between
different criteria in practice, particularly those of Modularity (FMS, FMC), Simplicity (AS),
Practicality (AP) and Functional Independence (EIF); (2) to determine how specific system design
choices impact each of the criteria and ultimately influence the reuse potential; (3) to determine
which design patterns may exist in systems which are more open and reusable; and (4) to
determine how digital fabrication may meet the complex and diverging challenges of open
system partition walls.

Lastly, some aspects of the analysis beyond the framework of criteria should be highlighted.
Surveys are sine qua non first steps for adequate building renovation (JT1). Delivering context
specific solutions, as required by JT3, JT4 and JT9, on a global scale demands multiple building
systems. This requirement is also a corollary of EE criteria, it is not realistic to expect the scope
of a single partition wall system to include all possible variations of material combinations.

Hence, multiple customisable and disassemble-able partition wall systems of smaller scopes are
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needed, which underscores the need for criteria and design principles but also demands MCC

systems capable of addressing the design level.
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CHAPTER 5 Towards survey-to-production for an open system

for customizable and disassemble-able partition systems

Contrary to most other industries, the supply chains for design and production in the AEC
industry are frequently project specific, i.e., both the building and the process are prototypes?.
Different design teams, e.g., engineers and architects, work with different software, often
incompatible, hindering information flows or even forcing remodeling. If teams change from
project to project, there are little opportunities for increasing process efficiency from
experience.

Kieran and Timberlake argue that a “new vision of process, not just product” including all
stakeholders, from architects to users and builders, in the building process is needed (Kieran &
Timberlake, 2003, p. 107). The dissemination of this collective integrated process, replacing the
authorial individual vision of the architect is a precondition for industrialization of architecture.
The solution seems to be an integrated process, yet how should this process be? Vertically
integrated or a flexible web of workflows?

Computational designers have been making do by developing customized workflows to
assist in the delivery of large and complex projects with ad-hoc teams, bridging technological
and cultural gaps. Miller considers “inventing customized workflows are a necessary part of the
design process and have a profound impact on the delivery of the architecture.” (Miller, 2010, p.
144). These workflows can then be abstracted and generalized into open-source or commercial
plugins (Poinet et al., 2021, p. 4). In this process a large pool of computational design tools and
designers skilled in their workings has emerged. Making conditions ripe for similar logics to be
applied to smaller yet recurring problems like building renovation.

The possibility of continuous workflows from design to production is discussed by Fabian
Scheurer (2014), who say that barriers still remain at the transition from design to production.
Furthermore, the differing requirements of precision and accuracy of surveys dictates current
building practice that each actor during the construction process does its own survey. Scheurer
and Stehing (2020) state that this is the main obstacle to the adoption of lean, just-in-time and

prefabrication in the construction industry.

24 |n fact, in a recent and first ever interview, Bob McNeel details how this very observation was at the
origin of the development of Grasshopper.
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5.1 Design for a generic end-user and stakeholder roles in mass

customization construction systems

As discussed in the second chapter, the growing adoption of computational design in
architectural practice has made alternate modes of production, such as MC (S. Davis, 1987),
increasingly viable models for AEC industry (Kolarevic & Duarte, 2019b). The MCC paradigm
reconciles apparently contradictory goals of personalization and mass production, thus reviving
the century old idea of industrialized architecture (Kieran & Timberlake, 2003).

Sustaining these efforts is the idea that building owners want to buy houses customized to
their needs (Larson et al., 2004). As we have seen, MCC can offer building owners some design
and production control over industrial construction, which some authors claim will democratize
architectural design (Kolarevic & Duarte, 2019b). However, that democratization will be
restricted to the latitude of customization producers and designers of said systems choose to
provide (Vardouli, 2012).

OSArc (Ratti & Claudel, 2015) aim to achieve increased user control by integrating elements
of the community driven open-source movement into the MCC paradigm. Its proponents claim
that the notion of authorship in architecture has been challenged by the evolution of digital
technologies, thus opening a new prospect for including the user in the design process. OSArc
embraces N.J. Habraken ideas of incremental socially driven innovation in construction
(Habraken, 2003) amplified by a digital vernacular process of evolution of building solutions.
That digital framework would be a stage for the interaction, evolution, and delivery of design
solutions in the AEC process.

However, two central questions emerge: who might be the users of these MCC systems?
And what would the AEC stakeholder roles be under these paradigms?

To address these questions, we critically review four cases of MC in housing and building
components: (1) Malagueira Grammar by José Pinto Duarte (2001); (2) FABModular by John L.
Brown (2016); and (3) Chassis + Infill by the House_n research group at MIT led by Kent Larson;
and (4) one example of a OSArc framework, the Wikihouse by Architecture 00. The analysis
presents an insight of what should be the roles and actors under these paradigms.

It is important to note that although the main goal of architectural production is building,
architects are mainly providers of services who must lean on other professionals to achieve the
end product. Figure 5-1 depicts the typical relations in the most common modes of interaction

between stakeholders in the AEC industry, Design-Bid-Build and Design-Build.
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Figure 5-1: Common workflows and relations in the AEC industry, Design-Bid-Build (left) and Design-Build (right)

This section presents a comparative analysis of some of the major contributions to the
advancement MCC systems. The aim is to clarify if there are substantial differences in the roles
of the AEC stakeholders between MCC systems and OSArc systems. The methodology used is a
critical analysis of the proposed construction systems, design interfaces and theoretical
discourse of each author. The analysis is based on published journal and conference articles,
thesis, websites, magazine, and journal interviews, and on the Wikihouse online repositories at
GitHub. The Wikihouse plugin for Sketchup 8 and 2013 and the Leafcutter plugin for
Grasshopper were also collected from GitHub as these are no longer available from their

canonical sources.

5.1.1 Duarte’s Malagueira Discursive Grammar

Duarte’s discursive grammar follows the idea of Conversational Al by Negroponte and the
ArcMac in the attempt to put the computer in the architect’s shoes while having a dialogue with
the client. The architect is granted the role of the grammar designer, and eventually the role of
intermediary between the computer and the end-user.

The term MC was not present in Duarte’s work until 2001, but the intention of creating an
MCC framework to provide customization in mass housing using digital design was already
elaborated, at least as far back as, his 1993 MsC thesis at the MIT under William Mitchell. In that
thesis, Siza’s work at Malagueira and Habraken theory of supports are studied as examples of
the use of the module and type as strategies for the quest of variation in mass-housing. The idea
of automating the design process as a solution to the obstacles of providing diversity in modular
systems is already explored and shape grammars are the mechanism by which the design is

generated (Duarte, 1993).
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In 2000, during the development of his doctoral thesis, he presented a framework
composed of shape grammars, an interpreter, and a website?® (Figure 5-2), that allowed the
exploration of Malagueira discursive grammar design universe (Duarte, 2000a, 2000b; Duarte et
al., 2000). The framework was meant to enhance an architect/user ability to find a suitable

solution to the client requirements in a predefined design universe.

Figure 5-2: Malagueira website (Duarte 1999)

Between 2000 and 2003, Duarte collaborates in a research project at MIT, with Kent Larson
and Jarno Suominem. The goal of the project was to develop an integrated system for designing
and producing prefabricated housing, which may have had some influence on the work
developed by Duarte from 2000 on. In fact, in his PhD thesis he starts referring to his framework
as a mass-customization system, which could be directly operated by a non-expert user to
generate his own designs. A production system, first proposed in the joint article with Larson
and Tapia, is identified as a future development, which should “include computer aided
manufacturing and assembly process” (Duarte, 2001, p. 31).

Consequently, Malagueira Grammar only features a partial set of an MCC system
components, namely an interface and a design system, and as previously discussed the user
interaction with the design is limited to a form. Based on the previous analysis, Figure 5-3

exposes the effective stakeholder roles and workflow by Duarte’s Malagueira Grammar.

2 http://home.fa.utl.pt/~jduarte/malag/
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Figure 5-3: Malagueira Discursive Grammar stakeholder roles

The framework changes the traditional procurement process in mass housing by effectively
pre-designing the design universe, a role that is attributed to Grammar Designers and which will
likely involve all the designer stakeholders. This change enables the possibility of a more
informed decision by the client/user but does not necessarily imply a change to the construction

process.

5.1.2 Chassis + Infill: Open-Source Building Alliance

Kent Larson set out his vision for a mass-customized house of the future in a series of two
articles published in A+U between 2000 and 2001. Larson calls for universal open standards for
components interfaces, infrastructure, and protocols, drawing parallels from the PC hardware
and automotive industries. The second article, co-written with Mark Tapia and José Pinto
Duarte, establishes the basic components of a MCC system: the preference, the design, and the
production engines. The examples of components in the article are an assortment of previous
research: Jarmo Suominen Virtual Apartment System, a preference engine; Duarte’s Malagueira
grammar and Larry Sass’s PhD thesis, both design engines (Larson, 2000; Larson et al., 2001).

The preference and design engines follow the template of Duarte’s framework: the
preference engine is an exhaustive online query replicating a client-architect interview; the
design engine is Duarte discursive grammar. In later articles the preference engine is only used
to initiate the design process and co-design environment, involving virtual reality and smart
tables, is used for design development with prospective clients. To assist this process
computational design critics were included in the system to provide feedback to users on the
evolving design.

IM

A “chassis-infill” system construction system is presented and detailed later in the MsC
theses of Thomas McLeish (2003) and Tyson Lawrence (2003). It closely follows the open
building philosophy, considering building life-cycle adaptation by disassembly of infill

components. The “chassis” is built of mass-produced glass fiber polymer pultruded profiles,
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beams, and posts with mixed structural and infrastructural functions (Figure 5-4). The structural
system can be used for buildings with up to 3 floors but is limited to orthogonal structures with
a maximum beam span of 4,57m and with a fixed ceiling height of 2,74m. The structure had
connection points for infill panels, window frames, ceiling and floor panels and integrated
raceways for power, data, and HVAC ducts. The infill is divided into chassis structural infill,
chassis fagade and infill storage components., which double as interior partition walls, mixing

partition, storage, infrastructural functions.
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Figure 5-4: (Left) The chassis column. (Right) The beam has connection points for panels above and below, floor infill,
and an optional rainscreen. When assembled the beams create an HVAC distribution system, power and data
cabling raceways, and a system to connect power and signal to infill (Lawrence 2003).

The Chassis + Infill system and the design interfaces were meant to serve as templates upon
which the industry was expected to build, and with that in mind the House_n research group
created the Open-Source Building Alliance (OSBA). Its success hinged on the notion that all the
roles in AEC industry had to change: developers to integrators, architects to meta-designers,

builders become assemblers, and customers instance designers (Larson et al., 2004) (Figure 5-5).
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Figure 5-5: House_n Chassis + Infill envisioned stakeholder roles

The System integrators would be the key figure in a framework that included an array of
design engines, building components and assembly services supplied respectively by meta-
designers, component manufacturers and builders. The framework and the system integrator
would be the actual frontend for the client, which would bear the responsibility for the design

of the instance.

5.1.3 Brown’s Future Adaptive Building
Future Adaptive Building (FAB) is a reconfigurable infill system for an ageing population,
developed by John L. Brown during his PhD dissertation (Brown, 2016), and is largely based on
his professional experience. The system is composed by FABmodular, a system of prefabricated
modular cabinetry, FABstudio, a web platform for interior design, social interaction, house
management and health monitoring and FAB+, a set of medical addons that can be integrated

into the FABmodular system (Figure 5-6).
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Figure 5-6: (Left) The components of the FAB system (Right) the contexts to which may be applied. (Brown, 2016)

It follows the open building tradition of separation of support and infill (Figure 5-7) and
shares many of the traits of Habraken’s Matura Infill System, with some important exceptions.
In the Matura system, the infill includes all the interior partitions, floors, services (water,
electricity, and sewer), doors, kitchens, and bathrooms. In the FAB system, there are two “time
layers” of infill, one that is fixed: bathroom, kitchen, floors and ceilings, and another that is
reconfigurable, the FABmodular cabinetry that defines all the remaining interior spaces.

Brown claims his system can be adapted to either existing houses or new ones of any type:
apartments, townhouses, or single-family houses. Yet, it is likely that the system generality is
limited to the Canadian context composed largely of prefabricated buildings. To renovate a unit,
like the Matura precedent, it is necessary to strip the interior of the preexistent infill and to
prepare it to receive the new adaptive system. In the Netherlands, this step proved difficult to
implement in practice, requiring a perfect leveling of the support to receive the new fit-out
(Kendall, 2015a). Also, the system does not resolve the issue of non-orthogonality of the spaces.
While in the north American context these issues might prove not to be a problem, the

applicability of the solution to other contexts becomes questionable.
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The FAB system by itself, as an infill system, only partially changes the traditional
stakeholder roles. The typical design-bid-build procurement process of the AEC industry may be
kept or not for the support: the structure, fagade, roof, infrastructure, and bathrooms; but
introduces a reversed system in the infill. This is a logical option since the system is meant for

interior renovation (Figure 5-8).
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Figure 5-8: FAB system envisioned stakeholder roles
Evidently the end-users of the framework, i.e., the instance designers, are the inhabitants
of the house whether they are their owners or not, which will ultimately become the elderly
living in-place. What is unclear is who changes the layout? Does the elderly move the cabinetry
around? Or is it a service that is provided? Brown does not explicitly define this but since the
instance designers will eventually become elderly, one could assume that future renovations

will be provided as a service.
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5.1.4 WikiHouse

The Wikihouse project was created in September 2011 by Alastair Parvin and Nick
lerodiaconou, of Architecture 00%, as a 3-axis CNC router cut construction system. The aim was
to disrupt “architecture’s economic equation” (Parvin, 2013, p. 94) that prevents a large chunk
of the world’s population from accessing architectural services.

The original system had many resemblances with Larry Sass Instant House and Wood Frame
Grammar, with the structure reduced to repeated interlocking sections of plywood, interior and
sheathing panels. As such, it suffered the same limitations as Sass’s system. Firstly, components
can be disassembled and reassembled but reuse in other contexts is hard and only partly
possible due to dimensional customization. Furthermore, it shifts the complexity from the
fabrication to the assembly stage, requiring a good knowledge of the system to be able to
assemble it. In countries like Portugal, where conventional construction is cheap, labor costs are
lower than the EU or USA average, and plywood is expensive, the system is only cost-effective
if it is partially or totally self-built. Parvin acknowledged this limitation and stated that different
vernaculars might be needed for different contexts (Cicero, 2013).

Wren or Wikihouse 4.0 was introduced in 2014 and is the currently available version of the
system (Figure 5-9)%. It increases modularity compared to previous versions, which is a step
forward to solve some of the previously stated issues and uses a stronger structural system
suitable for 2-storey buildings. In May 2019, Blackbird beta or WikiHouse 5.0 was publicly
announced by the Open Systems Lab Foundation, the system was made more modular, moving
away from the previous section raising strategy to a more traditional post-and-beam approach.
Yet, development eventually stopped on the beta stage and was abandoned in favor of a new

design codenamed Skylark still in alpha stage.

26 |nitial contributors were Momentum Engineering, Espians and Beatrice Galilee.
27 Although it is the latest “stable” version with publicly available files it is no longer being actively
developed.
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Figure 5-9: Model of Wikihouse 4.0 or Wren by Clayton Preston 2017

The first attempt to provide an interface for users to customize the system was a Sketchup
plugin. This would allow an end-user to download a model from WikiHouse repository and
perform some dimensional customizations. Eventually, this workflow was replaced by
Grasshopper parametric model which is still available on GitHub.

Around 2017, there were some developments in the direction of creating an online
customization interface, Buildx. A simple interface that could provide dimensional customization
directly on a browser, foregoing the need of knowledge and access to software required to run
computational models. Some of these files have been made available at GitHub but have not
been updated since and a simplified version is still accessible?,

WikiHouse platform (Figure 5-10) compared to the goals set by Ratti is still rudimentary.
The designs, the CAD files and grasshopper parametric model are available online, but they still
require technical know-how on CAD and parametric modelling. The Buildx website is still a
prototype and cannot be used to generate a real solution. Furthermore, it can be challenging
and confusing for a generic user, or even an architect, to customize a design or even access the

information of previously built prototypes.

28 https://demo.buildx.cc
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Figure 5-10: wikihouse.cc online platform as of February 2019.
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Since the end of 2018, the WikiHouse Foundation was replaced by Open Systems Lab

Foundation, with a business model that is closer to Opendesk. Open Systems Lab became the

open-source R&D team responsible for developing Wikihouse construction system, parametric

model, and online configurator. The stated ambition is to reverse the building procurement

process by predesigning the construction system. In the process, it is creating a new category of

designers/engineers, the meta-designers, that in effect develop a customizable product for

other architects/customizers, the instance-designers, to customize together with their clients

(Figure 5-11).
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Wikihouse is being developed like the kernel of Linux: the templates are freely distributed;
improvement suggestions can be submitted by anyone but are ultimately included in the
canonical version by the foundation. This is still not an MCC system in the original sense but a
digital model that can be customized and locally produced. The advantages are that the system
success is not tied to its industrial scalability and may be improved by anyone, conversely it will
likely be more difficult and expensive to procure by a client than an industrially produced mass-

customized alternative.

5.1.5 Designer roles: Instance and Meta-Designers

To understand how MCC and OSArc shift the AEC roles it is necessary to analyze who are
their ultimate users. Except for Wikihouse’s Grasshopper model, none of the other cases
interfaces, design engines or production systems are available. Malagueira website is still online
but the design interface is nonfunctional. Brown’s FABstudio is not available as website or
application and none of the House_n software or website is publicly available. Therefore, it was
not possible to perform usability testing or any other method of evaluating the capability of non-
expert users to use these systems interfaces. However, it was possible to establish how each
case aims to rearrange AEC roles based on the literature.

In all the reviewed cases there is always a clear separation between the work and role of
designing the design and/or production system and that of using it to design the specific
solution. The role of designing the system, the meta-designer, is generally reserved for designers
with computational knowledge, which would eventually subsume different sources of
knowledge into a computational model. The meta-designer level of control over the whole MCC
system differs between the authors. For Brown and Duarte this role appears to encompass all
aspects of the systems, while in the other two cases the control is distributed to different
stakeholders. In House_n Chassis+Infill the control is centralized on the developer or system
integrator, while in the Wikihouse the control is more distributed, yet the canonical source is
ultimately the Foundation. Also, both cases foresee multiple meta-designers may possibly exist
and contribute to the development of the system.

For Duarte and Brown, the instance designer can either be an architect working for a client
or the client itself. Yet, since Brown system caters for lifelong adaptation, the inhabitants will be
a second set of users of the system. These users may not be involved in the initial instance design
step and may learn about the possibilities of the system collaboratively by experimenting with

the design interface or by exchanging ideas with other users.
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In House_n the instance designer is the building owner. The major shift in all three systems
is that the client no longer invests in the development of the instance anything other than
his/her time. However, Wikihouse still sees the need for the mediation of an architect in the
design of the instance. One could argue that what sets Wikihouse apart is the lack of a proper
design system. Which inevitably leads to the dependence on traditional CAD software
environments for the customization of the design.

Based on the respective authors claims, House_n Chassis + Infill is the only case that
implements a complete MCC system, including a preference and design engine, and a
production system. It would cause the most radical shift in AEC stakeholder roles.

Brown system is a partial MCC system focusing only on the infill, consequently it would still
require a traditional procurement process for building the support or at least striping the
existing structure off its infill. On the other hand, since it focuses on a specific part of the
building, it requires a more open-ended integration with other building systems.

Although Duarte announced the intention of developing a production system for
Malagueira, it never came to fruition. In fact, the grammar encapsulates the design rules used
by Siza, which could be argued, are adapted to conventional construction processes.
Consequently, Malagueira Grammar as it was proposed generates designs which could then be
used to build the house following the traditional AEC procurement process. Thus, the client must
find contractors to bid for the project.

Wikihouse, in its current incarnation, is a construction system that could be used in a MC
context. If coupled with the current parametric model, it could enable to automate the detailing
and production of architectural designs, removing some uncertainties in the construction
process, but it will not scale to mass production without a design system. With the currently
available models and visual programming skills, some formal customization of the Wikihouse
model, to adapt it to specific projects, is possible. Consequently, an architect will always be
needed at the beginning of the procurement to design the instance. Essentially, the Wikihouse
is an automated building vernacular, which would cause a smaller disruption to the traditional

stakeholder roles in the procurement process that the other cases.

5.1.6 Outlook
Architects have long sought to provide their services to generic and less affluent clients.
Throughout the last century this has commonly been achieved by providing standard mass-
housing where customization, if possible, is limited to market segmentation or after-market

customization. Digital design and fabrication combined with the development of IT and online

126



collaboration tools have set the stage for the development of frameworks, designed by
architects, for generic clients to design their spaces. These frameworks seek to address user’s
needs for customization of their homes by providing design systems that allow the controlled
generation of solutions within specific bounds.

In doing this, the authors of all studied cases introduce the role of the meta-designer,
separating the development of the system from its application. This entails some risks which are
more acute in cases such as House_n, which seek to provide a holistic closed system, namely,
the lack of capacity by the system or users to avoid unintended outcomes when applied to
unforeseen circumstances or cases. If a system like the Malagueira grammar is deployed without
a production system, ultimately providing a massification of service, there is the added risk of
de-contextualization.

More generally, complete, and closed MCC systems like House_n require that a large group
of companies adheres to the system for it to become economical and environmentally
sustainable. Arguably, the possibility of vertical integration is extremely risky due to the
complexity of the AEC industry?. Furthermore, the requirement of a complete change in the
stakeholder roles makes it unlikely to happen unless there is a disruption.

All the previously identified risks are less significant in partial MCC systems, such as in
Brown’s FAB, or in customizable construction systems like Wikihouse. Moreover, their approach
is more apt to the challenges of building renovation, thus making these types of solutions more
generic. Nevertheless, the general applicability of systems like the Wikihouse is questionable for
cost, cultural and sustainability issues. This further reinforces the need for the development of

workflows to be replicated and iterated upon.

29 Although a subject of strong debate, this appears to have been the cause of the recent demise of
Katerra, which was precisely an attempt of vertical integration in the AEC industry.
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5.2 Configurator Platforms: Survey-to-design in Mass Customization

Construction

Concurrently with the growing use of computational design in architecture there have been
several attempts to provide ways to increase the access and distribution of parametric and
computational models to users with less skills (Duarte, 2005a; El-Zanfaly, 2009; Huang &
Krawczyk, 2006; Kwiecinski & Markusiewicz, 2018; Mcleish, 2003). Directly distributing these
models to other designers faces several barriers, as it requires from end-users a great cognitive
effort and access to specific software or a specific version of it. Also, traditionally if meta-
designers were seeking to deploy their computational design models to generic users, they had
to develop a specific web application that would be the interface of the model for end-users.
Examples of this are the work of Duarte et al (2000) or Gramazio and Kohler (2002). As
frequently, designers would lack the skills for web development, deploying web configurators
was mostly relegated to large research groups or companies.

Several online platforms for meta-designers have recently emerged seeking to address
these issues. Contrary to traditional deployments of parametric, algorithmic, or generative
models on the web, where the web interface is developed specifically for a computational design
model, these platforms provide a base implementation of an interface that is automatically
customized for specific model’s inputs. The model and the interface together are a configurator.
A configurator is understood as a customization application that is comprised of an automated
design model that takes a set of expected inputs and returns a given output.

These platforms are thus a fundamental tool for the implementation of MCC systems since
they can provide the interface for a broader audience. So, it is critical to assess them to
determine if they can be used to implement the envisioned workflow. An important criterion is
the possibility of using existing tools for each of the components of an MCC system: survey,
design, and production. In this section we first review existing platforms to select one that is
adequate, then we briefly look at the necessary available tools and tentative workflows design
and production. As argued in Survey Systems in Chapter 3, research on MCC has not, to our
knowledge, dealt with the problem of collecting geometric information of the user context. Also,
geometric configurators lack a specific solution for collecting geometrical surveys that could
allow meta-designers to leverage them to deliver contextual solutions for building renovation.
Thus, this section finishes with a field review of existing tools to determine a workable approach

to this issue.
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5.2.1 Configurator Platforms

These platforms are essentially SAAS (Software-as-a-Service) platforms that allow the
transition between traditional CAD or BIM software packages and web browser contexts. In
general, they deploy the CAD application and the parametric model on the cloud. End-users may
access it via an interface either in a browser or directly inside another design application. They
are a step forward from the original experiences with bespoke configurators, enabling rapid
prototyping and deployment of web configurators for MC

Those platforms aim to provide solutions for designers seeking to offer their customizable
parametric models online to colleagues or clients or simply to collaborate with peers. One
example of such is DynaMaker, a complete cloud-based service for developing, publishing, and
maintaining parametric configurators from design to production. DynaMaker is a standalone
solution which requires the meta-designer to implement the model using DynaMaker own
scripting language, based on TypeScript, on their platform.

A much larger group of platforms for MCC have been developed around Rhino3D and
Grasshopper. ShapeDiver or Emarf by vuild offer the possibility to leverage Grasshopper models
to power online product configurators. Similarly, Paramate by Trinckle 3D, even though it has
its own CAD system - trCAD, has developed a workflow for importing grasshopper models to its
platform. All three platforms provide an automated process for creating a web interface for a
configurator.

Swarm by CORE Thornton Tomasetti, Speckle (Stefanescu, 2020) or GHShot (Cristie & Joyce,
2019) are in a different group that focuses on powering collaboration over parametric models.
Swarm in particular aims to be an app store for designers, allowing meta-designers to distribute
their parametric models to instance designers directly inside their design tools, such as Rhino,
Revit, or lllustrator as design apps. Swarm essentially offers an alternative to the existing
methods of packaging “definitions” as components for sharing and introduces a focus on specific
design tasks. Consequently, a user of a “design app” by default does not have access to the
specifics of its implementation, although the author may choose to provide access to the source
code.

GHShot takes a more open route, allowing all users to not only see the implementation, but
also its development process, the specific states of the parameters of the model and ultimately
to vote on each of these versions. In a nutshell, GHShot is a sort of visual version control system
for digital design.

Speckle takes the version control approach to different level providing a Common Data

Environment for a range of AEC applications, not only to Grasshopper (Poinet et al., 2021). It
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offers an open infrastructure for design collaboration between actors that does not impose a
specific workflow, allowing the exchange of data between multiple existing applications.

Lastly, while Rhino Compute is not a platform per se, it can be used to deploy a headless
Rhino on a server that responds to HTTP calls. In fact, it is the basis upon which Swarm is being
built. Naturally, this could be used to build the backend of a website. The advantage is that
Grasshopper and all the necessary plugins may be run without any further layers of translation.
But there are several downsides of this approach: it is more complex to implement; the learning
curve even for meta-designers may be too high; to offer the same functionality as in existing
platforms would require a good amount of programming effort. Table 5-1 summarizes the main

characteristics of the mentioned platforms.

Table 5-1: Summary of existing platforms.

Development tools End-users Model = Services / Capabilities
ShapeDiver Grasshopper Designers and Non- = SaaS Model hosting, compute, visualization
Designers
Paramate Grasshopper / trCAD Designers and Non- = SaaS Model hosting, compute, visualization
Designers
Emarf Emarf plugin for GH Designers and Non- = SaaS Model hosting, compute, visualization, fabrication
Designers
DynaMaker TypeScript Designers and Non- = SaaS Model hosting, compute, visualization
Designers
Swarm Grasshopper Designers SaaS Model hosting, sale, distribution and compute
Speckle Grasshopper / Dynamo / Visual Developers and Open- Design Development / Software Interoperability
Studio Designers source
GHShot Grasshopper Designers - Design Development
Rhino Compute Visual Studio Developers Open- Compute

source

Besides being a testament to the digital transition that is taking hold of the AEC industry,
these platforms are critical to establish a complete workflow from survey to production and
must be usable by meta-designers and instance designers alike. Naturally, these instance
designers may be other designers, non-designer professionals of the AEC industry or generic
users with no specific experience in the construction field. Thus, the platform must be:

1. Functional and ideally on production stage to avoid difficulties to users (meta-designers

or instance-designers);

2. Accept the most commonly used tools to develop models, and in particular those that

are required for our workflow;

3. Allow the implementation of the workflow and of the tools developed during the course

of this thesis;
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4. Allow easy integration with websites or Content Management Systems (CMS) such as
WordPress.

The previous requirements can be summarized by the following criteria: Functionality,
Interoperability, Ul Interaction and Website Integration. The first criterium involves not only
checking if the tool is in production stage but also the deployment of some model to the
platform to test if there are any unexpected limitations. More interoperability is interesting
because it increases the possibilities, but it must also be checked if the necessary tools for the
workflow are available: e.g.: design, optimization, nesting, simulation.

In Ul Interaction we must check if each platform allows the needed user interaction and
visualization modes required by the workflow, such as 2D and 3D modes, navigation, selection,
drawing, dragging objects to the scene.

From the previously identified platforms, Emarf was excluded since at the time this research
was conducted its website was only available in Japanese. GHShot and Speckle were also
excluded since these platforms do not provide solutions for workflows that start with non-expert
users, as is frequently the case with mass-customization workflows. Even though it might be
possible to develop a workflow where non-expert users are involved during the process this is
not sufficient. Similarly, Swarm announces a more limited scope of end-users, even though it is
possible to use the design apps on a browser. Since the research was conducted, ShapeDiver
and Swarm have announced they will merge into a single entity, combining their different
plugins and different scopes of deployment. While it is not entirely clear what the combined
platform will look like, it is probable it will combine the current features of both platforms. Since
the timeframe of the merge may coincide with the testing to be performed, we included Swarm
in the analysis.

Table 5-2 summarizes our analysis of the identified platforms according to the five

previously defined criteria.

Table 5-2: Summary of features of each platform according to the selected criteria

Functionality | Interoperability Ul interaction = Website Current  version
Integration 2020/11/20
ShapeDiver stable Rhino GH support, 24 navigation, embedding / API 1.7

plugins and scripts (C#, @ selection

VB and Python)

Paramate stable Rhino GH support + one | navigation HTML REST API unknown
plugin, trCAD
DynaMaker stable no support for 3rd party navigation, Wordpress / embedding / unknown
CAD applications selection, drawing, API
delete
Swarm alpha Rhino GH support, 17 | navigation no 0.23.8

plugins and scripts (C#,
VB and Python)
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All selected platforms follow a cloud-based model. The file containing the model and the
configuration interface are hosted on the server, which deals with the computation on end-user
demand. ShapeDiver is in production state and Swarm is in alpha stage. While it wasn’t possible
to determine the specific software versions of Paramate or DynaMaker, these seem to be in
production stage with sufficient documentation. Amongst the identified platforms all either
have plugins or methods to import grasshopper models except for DynaMaker which has no
support for 3 party development tools. Amid them ShapeDiver has the widest support of
Grasshopper’s plugin ecosystem, and the support of third-party plugins has been growing fast.
All the analyzed platforms, except for Swarm, provide clear and documented processes for
integrating the configurator on external websites. DynaMaker has the most complete set of User
Interaction modes, on the other hand ShapeDiver has a wider range of options when it comes

to input / output types and formats (Table 5-3).

Table 5-3: Inputs and outputs types and formats by platform

input types data types output types file types output file types
input
ShapeDiver geometry, text, image, booleans, numbers, geometry, text, 3dm, stl, dxf, dwg, step, txt, csv, json, xml,
sliders, toogles, value strings, points, surfaces, image obj, txt, csv, g, gcode, json, | jpeg, gif, png, bmp,
lists, color curves, BREPs and meshes xml, ifc, jpeg, png, bmp, tiff, tiff, dxf, obj
gif, pdf
Paramate sliders, value lists, booleans, numbers, geometry, text stl, 3mf not stated

boolean toogle, digit strings, points, surfaces,

scroller, control knob curves, BREPs and meshes

DynaMaker sliders, dropdowns, numbers, booleans, geometry, text stl, ply, pdf, dxf, txt, xml not stated
text boxes, color, vectors, images, text, line,
binary dropdown arc, plane, mesh

Swarm geometry, image, booleans, numbers, booleans, numbers, not aplicable not aplicable
sliders, toogles, value strings, points, surfaces, strings, points,
lists curves, BREPs and meshes surfaces, curves,

BREPs and meshes

Currently, only ShapeDiver and Rhino Compute provide clear paths to the integration of to-
be developed tools. ShapeDiver, presently supports a good number of GH plugins and provides
a guide on what needs to be done for a plugin to become supported.

Presently, Grasshopper VPL is the most widespread development platform for the design
community, in terms of users, developers, and available plugins. Within Grasshopper ecosystem
it is possible to gather most of the needed tools to implement the proposed workflow.
Furthermore, while a subject of strong debate, is arguably less intimidating or more accessible

to designers unfamiliar with programming.
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The appraisal indicates that currently ShapeDiver provides the most straightforward path
to implement our proposed workflow. Yet, it is important to note that none of the reviewed

platforms are open-source, but at the time of writing there is no open-source alternative.
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5.2.2 As-Is Survey

In this section we address the first question regarding the processes by which instance-designers
may provide necessary information about their contexts. Relevant contextual information for
design can be divided into user preferences and context information which can be collected
independently. In this section we focus on the context information, which can be further divided
into geometrical and semantical properties. Semantical properties relate to the nature of the
building elements enclosing the space, e.g., wall, floor, door. While geometrical properties
identify the geometrical relations between building elements and their specific dimensional
properties.

The process of acquiring geometrical and semantical information of a given context and
converting it CAD/BIM primitives is studied and described in the literature as As-Is Survey
(Becker et al., 2019) or As-Built Survey (Patraucean et al., 2015). Becker et al proposed that the
concept of As-Built be reserved for the process of updating existing design models, e.g., the As-
Designed BIM, during or after the construction process. Thus, an As-Is Survey occurs when there
is no pre-existing digital model, and all the information is inferred from a survey and/or
documentation of an existing in-use building.

As-Is surveys have several objective limitations (Patraucean et al., 2015): (1) High level
semantic information such as cost and product specifications are not inferable (e.g. type of paint
used); (2) The achievable level of detail in an as-is survey is limited by practical considerations
of data collection and can be cast as a tradeoff between cost and sufficient detail; (3) It is not
possible to collect geometric data of occluded building elements.

There are several approaches to deal with the problem of producing As-Is Surveys and all of
them depend to some extend on user intervention, i.e., the surveyor, at the very least to collect
the data to be processed. Since there is a need of user intervention in the collection process, the
limitations of minimum required user expertise and required tools must also be considered. We
identify three main groups of workflows which can be distinguished by the methods that are
used to collect the relevant geometrical data (Figure 5-12): capturing point-clouds, assisted plan

generation, and sketching / measuring.
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Automatic As-Built BIM )

3D Point Cloud As-Built
Caphiice ;[> Reconstruction I> Preprocessing D Modelling
Semi-Automated As-built plans )
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REALITY :{> Conretion > Measure > v el ———> MODEL
Traditional manual methods '
Sketch |> Measure D Draw

Figure 5-12: 3 commonly used workflows to generate as-is surveys

According to Tang et al (2010), the first group of workflows involves a data collection, data
preprocessing and modelling stages. Patraucean et al (2015) further divides the data
preprocessing stage into 3D Reconstruction and Point-cloud preprocessing. The most common
methods for data acquisition are Terrestrial Laser Scanning (TLS), with time-of-flight or phase-
shift laser scanners (Tang et al., 2010; Yue & Krishnamurti, 2007), or Photogrammetry (PHG),
with digital cameras (Pollefeys et al., 1999, 2004b; Remondino et al., 2012; Yue & Krishnamurti,
2009), each requiring specific 3D reconstruction algorithms. The 3D reconstruction stage output
is point-cloud and a preprocessing stage is generally deemed necessary to improve modelling
accuracy, and may involve removal of outliers, reduction of noise, segmentation, or down
sampling (Patraucean et al., 2015). The last stage is the process of converting the point-cloud
into a model, either 2D or 3D, that is usable for design, maintenance, or documentation process.

The previously described workflow may be conducted in a semi-automated (Jung et al.,
2014; Quattrini et al., 2015) our completely automated fashion (Brilakis et al., 2010; Tamke et
al., 2016). Semi-automated workflows have gained popularity in the architecture, engineering
and construction industry for BIM modelling (Jung et al.,, 2014; Xiao & Furukawa, 2012).
Although extremely precise and rich in detail, these methods are computationally intensive,
time consuming, mostly manual, require advanced modelling knowledge, and access to specific
expensive equipment (Brilakis et al., 2010; Tzedaki & Kamara, 2013). Research on completely
automatic processes to obtain As-is BIM models from point-clouds, Scan-to-BIM, is mostly

ongoing (Becker et al., 2019; Patraucean et al., 2015).
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Photogrammetry is a cost-effective alternative of generating point-clouds from existing
buildings using off-self cameras (Pollefeys et al., 1999, 2004a) or mobile phones (Poiesi et al.,
2017; Tanskanen et al., 2013). However, 3D reconstruction pipelines using smartphones still
require cloud processing to generate dense 3D models (Kolev et al., 2014) or meshes (Muratov
etal., 2016). Furthermore, the quality of the output of photogrammetry-based methods is highly
susceptible to quality of the network, which can be adversely affected by user skills and a
number of issues common in building interiors: homogeneous textured areas, room clutter,
mirrors and reflective surfaces, repetitive patterns, windows, etc (Erickson et al., 2013; Kolev et
al., 2014; Remondino et al., 2012). Most of these problems are only visible after the system
builds the model.

The last workflow in Figure 5-12 is the traditional empiric methods used by architects and
construction professionals. The first steps are to sketch the existing space and take the needed
field measurements. Lastly, this information is used to geometrically reconstruct plans, sections,
and elevations. In orthogonal spaces is enough to measure the length of each wall of the
perimeter of the space and register the turn, left or right, at each corner to accurately
reconstruct the space.

Smartphone applications, such as Magicplan (I0S 12.1, version 7.2.2) or RoomScan (10S 12),
leverage these empiric methods to provide semi-automated workflows for generating as-is
models onsite involving user interaction, smartphone sensors and camera (Figure 5-12, middle).
These methods are fast and cost-effective for as-is surveys of a few rooms or spaces.
Furthermore, these methods are multiplatform since they do not depend on specific platform
capabilities, such as cameras or smart-phone sensors, and can generate 2D plants and 3D
models which might be integrated or exported to configurators, or vice-versa, the configurators
might be delivered to these apps as services.

In this context, two questions emerge: Are these semi-automated methods of capturing or
generating floor plans for non-expert users sufficiently accurate for MCC systems for
customizable and disassemble-able partition systems? Are non-expert users able to use these

methods reliably to produce sufficiently accurate plans?

5.2.2.1 Two As-Is Survey Experiments
To reply to the preceding questions, we conducted two experiments: a comparative test of the
two applications with reference surveying methods used in practice, and a usability test (Molich
& Dumas, 2008) with expert and non-expert users. In the context of this research, an expert user

is a person with professional experience in doing building surveys (Brandao & Paio, 2019).
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5.2.2.2 1st Experiment: Comparative Test
The first experiment was conducted by the researchers, using several surveying methods to
produce as-built plans of three rooms. In the second experiment, a group of non-expert users
and a group of expert users were asked to survey one of the rooms using phone application-
based methods.

The objective of the first experiment is to collect insights on the accuracy, time, and usability
of the different methods, and for researchers to become acquainted with the workflow of each
app. The goal of the second experiment is to evaluate the usability of the applications by carrying
out usability testing to ultimately determine if these users can produce sufficiently accurate
plans.

Usability testing was selected since it will allow us to observe the users in action and
specifically answer the following questions:

1. Isthe user aware of the room’s relevant geometrical properties such as the number
of sides?

2. Wasthe user capable of using the app(s) to draw a polygon with the correct number
of sides?

3. Is the user confident that the result faithfully represents the space and its
dimensions?

4. How good are their tape / laser measurement procedures?

Two applications were selected to conduct the experiment: Magicplan (I0S 12.1, version
7.2.2) (APP 1) and RoomScan (I0S 12) (APP 2). The selection criteria were the user and download
ranking, free availability at the time of selection (September 2018), and the possibility to survey
rooms. At the time of testing, these were highest ranking free apps with a complete feature set
for designing room plans on the App Store. Both applications were designed to be used by
experts and non-experts alike, provide several different workflows and used a freemium model
having all features available to use except for the ability to export the plans, which was subject
to payment. The selected expert survey methods were Terrestrial Photogrammetry (PHG),
Terrestrial Laser Scanning (TLS) and manual survey techniques (Manual).

TLS is used as primary reference to compare the performance of the remaining methods,
since it has been found to be more accurate than PHG when compared to topographic surveying
methods (Nuttens et al., 2011). Yet, it is important to note that TLS phase-shift scanners,
accuracy can be influenced material properties, such as color and reflectivity, and angle of

incidence (Alkan & Karsidag, 2012; Kersten et al., 2009).
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Three rooms in a to-be renovated building, part of a larger group of four buildings, were
chosen to conduct the experiments (Figure 5-13 and Figure 5-14). The selected rooms are in a
19th century building in the historical city centre of Braga in Portugal, which is representative of
the common building typologies found in Portuguese city centres. Distinctive typological
features are stone fagades and party walls, wooden floors and roofs, a central staircase with a

skylight, located in a narrow plot. The rooms were selected for the challenges they present to
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Figure 5-13: Case-study buildings street facades (drawing by PARQUR)

surveying, but also because they represent the usual situations which are found in building
renovation in Portugal, particularly in 19th century buildings.

These challenges are higher geometric complexity, such as rooms with more than four sides,
containing non-orthogonal corners, uneven walls, floors, or ceilings; (1) cluttered rooms with
furniture or objects; and (2) challenging wall finishes, such as black painted or high reflective

surfaces, and high contrast situations. Some of these characteristics can pose problems to the

Figure 5-14: Case-study rooms in to-be renovated buildings
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users’ perception of the space, others can be challenging to some surveying methods (Alkan &

Karsidag, 2012; Kersten et al., 2009).

Table 5-4 presents some of those characteristics of the selected buildings, such as the
proportion of rooms with five or more sides and the proportion of rooms with one or more

internal angle that deviates more than two degrees from orthogonality.

Table 5-4: Number of rooms per number of sides and angular threshold.

Rooms Sides Angles

4 > 4 % Bellow T Above T
Building 1 (N2 Rooms) 12 5 29,4% 3 14
Building 2 (N¢ Rooms) 11 7 38,9% 5 13
Building 3 (N¢ Rooms) 16 5 23,8% 5 16
Building 4 (N° Rooms) 16 6 27,3% 2 20
Total 55 23 15 63
% 70,5% 29,5% 19, 2% 80, 8%

Angles Bellow T: All internal angles deviate from orthogonality less than the Threshold of 2 degrees

Angles Above T: At least one of the internal angles deviates more than 2 degrees from the orthogonal

5.2.2.3 Data Collection, Processing and Analysis

For the TLS survey a FARO FOCUS S120 phase-shift scanner, a Leica GPS 1200 GNSS station and
a Leica 1203 TCRP total station were used. The survey encompassed the 4 buildings interiors,
the street and backwards facades, and the backyards of each building. It took 3 days to complete
and generated a point-cloud composed of 258 scans grouped in 23 clusters. The average interior
scan took 2 minutes to finish, not including the machine setup time, and an exterior one 8
minutes. Scanning Room 1 required 3 stations, and Room 2 and 3 required two. The point clouds
were aligned in SCENE with an average error of 2,36 mm. Lastly, horizontal sections of the rooms
at 1,8m distance from the floor were then exported in DXF format to AutoCAD and the 2D plans
drawn to compare the plans with the other methods. Since there were only three plans, we
opted for a manual drawing process that mimics semi-automated workflows (Andriasyan et al.,
2020): the points of each side of the room were selected and a best-fit line was found. Then
these were extended to their respective intersections at the corners.

The photogrammetry survey followed a similar workflow. Photographs were taken inside
the three selected rooms with a Nikon D700 camera equipped with a 25mm manual focus lens
in RAW format. The images were post-processed in Lightroom and exported to JPEG. These
images were then imported to PhotoScan to produce a point-cloud for each room, which was

exported to Cloud Compare to create sections for drawing the 2D plan of the room.
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The rooms were also surveyed using traditional empirical methods of survey. Starting with
a sketch of the room plan, measurements are then taken 1.8m from the floor, with laser distance
meter or tape measure and annotated on the plan (Figure 5-15). These measurements and

sketches were later used to design the planin a 2D CAD program.
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Figure 5-15: Sketches of the rooms and onsite measurements (Branddo & Paio, 2019)

Each app provides several workflows for surveying rooms. App 1 has four workflows: (1)
survey by capturing the corners of the room using the phone’s camera; (2) Draw a rectangle
room using the editor; (3) sketch a free shape using the editor; and (4) draw the space plan using
an underlayer plan. App 2 offers three workflows: (1) survey by touching walls; (2) survey with
camera; and (3) draw manually. We selected two workflows that represent the most common
types available across multiple applications.

The first method from both apps was selected. On APP 1, this first workflow uses
Augmented Reality, orientation sensors and user input to map the room corners, which must be
captured in a clockwise or anticlockwise order. On APP 2 the first workflow requests the user to
place the phone against all the walls in clockwise or anti-clockwise sequence, the same method
can be used to place doors or windows. The phone’s accelerometer and orientation sensors are
used in combination with user movement, to determine the shape and dimensions of the space.
Both APP 1 and 2 allow the room plan to be edited after the survey process is completed, i.e.,
changing wall lengths, adding/subtracting walls, or corners. The generated plan and the
manually edited plan, with the wall measurements obtained with a laser distance meter, were
recorded, and reproduced in CAD for comparison purposes.

The plans were compared using two metrics: (1) the difference of side lengths; and (2) the
angular difference. The time it took to complete each of the workflows was also registered at

each step of the process. Since the TLS scan campaign was not conducted specifically for these
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3 rooms only the last two tasks were measured specifically for each room: exporting a section
and drawing the 2D plan. The remaining task were estimated as a percentage of the number of

scans stations per each room.

5.2.2.4 2" Experiment: User Testing
The second experiment was conducted in 3 separate sessions, between 10™ and the 18" of
November 2018 (Brandao & Paio, 2019). The experiment was completed with a group of 5 non-
expert users and 4 expert users, in line with usability tests for an iterative development process
(Molich and Dumas, 2008), of which were 33% female and 66% male with ages between 33 and

41 years old (Table 5-5), on one of the previously selected rooms.

Table 5-5: Participant’s profile and results

Age Gender Education Profession Experience
Public Materials

User # 1 41 Male Administration Procurement 2
"User # 2 37 Female Nurse Nurs;emm 1
i Environmental Student /
User # 3 37 Male Engineering Electrician 2
"User = e - Med1c1neDoctor1
"User #5 38 Female Physic;m Researche-r 1
"Expert 2 2 e e Arch1tect5
"Expert # 2 38 Male Architecturéﬂmmm. Architec{w 5
. e A Ty
Expert # 3 39 Male Planing Urbanist 3
"Expert # 4 33 Female Architecturgmwm Architec;cnw 4

In the non-expert group, two participants worked in construction companies but do not
have experience in surveys. One of them is an accountant and the other is a student of
environmental engineering and an electrician who stated having experience using two CAD
software packages. Thus, although they do not have specific experience in surveys, they should
be considered more proficient than a generic user and be classified as a prosumer sub-group
within the non-expert group. Similarly, although Expert # 3 has previous experience on
surveying, he has worked mostly as an urban planner. While Expert # 4 only has 5 years of
practice.

The participants were invited to survey Room 1 with the selected mobile phone applications
to produce an as-built plan of the existing space. The aim of the survey was not explained and
none of the users had previous experience with these applications or has acquainted with similar
applications. The participants were free to use one or both applications, using any of the
workflows available, consequently, they had at their disposal all 7 workflows to survey the room.
We provided a laser distance meter and a tape measure, and the users were instructed on how

to use these tools but no information regarding good measurement practices was provided.
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The process was recorded in video by the researcher, and the participants were told to
terminate the experience when a satisfactory result was achieved. To the determine the user
perception of the room and results a few questions were asked at the end of the session.

To evaluate the user measurement procedures, i.e., the quality of measurements (QoM),
we selected 3 evaluation criteria, whose assessment was done by observing the users in action:
measurements taken at a constant height, distance of the laser from the corner, and number of
walls measured. The first criterium was evaluated using the participant body as a frame of
reference to determine a range of heights. The second criterium was evaluated by estimating
the distance from the corner using visual cues of know objects, such as the laser distance meter.
A classification was attributed to each of metrics following the levels in Table 5-6. The plans

produced by each of the users was recorded and reproduced in 2D CAD.

Table 5-6: Levels of Quality of Measurement (QoM)

QoM value Constant Height Distance from Corner

5 +/-10cm against the corner
4 +/-20cm <1@cm
3 +/-50cm 10<X<50cm
2 +/-80cm 50<X<100cm
1 +/-floor more

5.2.2.5 Testing Results
This section presents the results both experiments starting with the first experiment workflow
timings, then the geometric accuracy comparisons between plans, and an exemplification of the
consequences of using one of the APP plans for designing partitions for digital fabrication. Lastly,

we present the results of the user testing.

5.2.2.6 Comparison Tests
The time it took to complete each workflow is presented in Table 5-7. Clearly the App methods
are the fastest, followed by the Manual method which takes slightly under twice the time. TLS
and PHG take several orders of magnitude longer to complete and are both dominated by the
data processing stage. This indicates that increasing computational power and improvements in
algorithmic performance may significantly reduce the difference between these methods in the
future. Also, automation in the drawing stage, i.e., automatic methods of extracting 2D and 3D
geometry from point clouds, is also an important avenue for improvement. This is especially
relevant since the Data Collection stage is similar between all methods, with TLS data collection

time being related with the number of stations and PHG with the number of photographs.
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Table 5-7: Workflow times per stage and room

TLS PHG MANUAL APP 1 APP 2

time (s) time (s) time (s) time (s) time (s)

ROOM 1 Data Collection 900 703 435 395 406
Data Processing 3284 8233 = = =

Drawing 1139 1060 365 - N

TOTAL 5323 9996 800 395 406

ROOM 2 Data Collection 360 260 373 390 400
Data Processing 2189 1581 - = =

Drawing 650 990 241 = =

TOTAL 3199 2831 614 390 400

ROOM 3 Data Collection 360 304 365 263 262
Data Processing 2189 5970 _ - -

Drawing 640 1000 117 _ —

TOTAL 3189 7274 482 263 262

For length and angle comparisons between the workflow plans, the TLS and PHG output

were simplified to a polygon of 4 or 6 sides, depending on the room. For clarity all the windows

and doors have been removed, only the inner outline of the space is kept. This process

demonstrated that important details that would have impact on fabrication are not captured,

e.g., in Room 3 a bulge of 4 cm is eliminated. The plans produced in first experiment are

compared in Figure 5-16, together with the Standard Deviation (SD) of angular dimensions of

corners and length of walls. TLS is used as a reference for calculation of the standard deviation

TLS PHG MANUAL APP1 APP1+ M APP2 + M

- . . . . .

SD Tength (m) ~ 0,051m 0,0155m 0,3658m 0,0155m 04421m 0,0155m

SD Angle (°)  2,4642° 03439° 6.5926° 8,2282° 3,5088° 5,8688°
ROOM 2

SD Length (m) _ 0,0157m 0,01%6m 0,3586m 0,01%6m 0,2038m 0,1191m

SD Angle (°) 19863° 49769° 6,4596° 4,9769° 82132°
ROOM 3

SD Length (m) _ 0,0532m 0,02%6m 0,5495m 0,02%6m 0,4620m 0,0400m

SD Angle (°)  0,4991° 0,0%48° 6,1628° 10,310° 6,1628° 3,6906°
ALL ROOMS  SD Length (m)  0,0390m 0,0148m 0,3845m 0,0148m 0,2515m 0,0716m

SD Angle (°) 1,7011° 1,1850° 5,5082° 7,5984° 4,4673° 6,0572°

Figure 5-16: Matrix of plans by surveying method and room with Standard Deviation of angles and lengths per room.

143



(SD). APP 1 + M and APP 2 + M are the plans of each of the apps after the side lengths
measurements are introduced.

TLS and PHG output plans have more detail than the remaining methods, particularly in
Room1 where their respective polygons have more sides. Automated app-based methods are
significantly less accurate than the expert methods. Introducing onsite measurement to correct
the plans does increase the accuracy of the side’s dimensions, as would be expected, but

decreases the accuracy of the angles of the polygon (Figure 5-16).

The Manual workflow has a smaller SD than PHG. This can be attributed to the PHG
sensitivity to bad lighting conditions, lack of detail, or reflective objects such as mirrors. In the
experiment a full-frame DSLR was used which improves signal to noise ratio, but the low room
lighting required the use of a large aperture, thus decreasing the depth of field. Room 1, which
has the highest SD on angle and length measurements amongst the rooms surveyed with PHG,
has half of its’ walls painted in white and the other in black. The high contrast between white
and black walls requires a compromise on exposure. Using high dynamic range images may
possibly improve the quality of the results but this was not tested. However, all expert methods

of survey presented significantly better results than app-based methods.

Table 5-8: Angle and Area variation of the plans from workflow APP 1 + M on Room 1 by varying the starting side

Room1 APP 1 +M APP1+M APP1+M APP1+M APP1+M APP1 +M TLS
version 2 2 3 4 5 6

Angle 1 (°) 90 90 107,83 95,96 90 90 99,2
Angle 2 (°) 90,01 100,73 79,67 90 90 90 87,36
Angle 3 (°) 56,26 72,38 90 90 90 90 84,87
Angle 4 (°) 313,81 269,78 270 270 290,99 290,98 275,13
Angle 5 (°) 89,93 89,99 90 74,94 57,18 57,19 81,59
Angle 6 (°) 79,99 97,12 82,5 99,11 101,83 101,83 91,53
Area (m2) 23,9886 28,4205 26,8691 27,9219 25,9616 25,9621 27,4764

It was also noted that the final plan of the Apps workflows (APP 1 + M and APP 2 + M) can
vary significantly depending on the side where the introduction of the manual measurements
starts (Figure 5-17). As an example, Figure 5-17 presents all the possible outcomes of APP 1 + M
on Room 1 and Table 5-8 the respective internal angles and area. The onsite wall length
measurements were inserted on the application clockwise, beginning on the side marked with
the arrow for each of the plans. This workflow produced 5 significantly different plans of the

same room.
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Figure 5-17: Outcomes of the workflow APP 1 + M on Room 1 by varying the starting side (Branddo & Paio, 2019).

The observed behaviour of the applications is: (1) the application automatically locks the
user introduced dimensions and scales the remaining unlocked dimensions to maintain the
angular properties of the space; (2) The shape of the space is kept constrained to an ortho-
polygon until all the lengths of the “third side” are introduced; (3) When the total dimension of
a wall where there is a door is changed, the dimension of the door is kept, and the wall’s partial
dimensions are changed; (4) The form of the room polygon is the result of the introduced
dimensions; and (5) It is not possible to edit the angular dimensions or to add diagonal
measurements. The issues outlined above and observed behaviour are present in both
applications. App 2 introduces one further problem, when the second last side measurement is
introduced, the last side can be split in multiple segments. This behaviour was observed in Room
2 and 3.

To determine the consequences of using each of the surveyed plans as a starting point for
planning the subdivision of the space and the partition walls production with digital fabrication,
several possible subdivisions of Room 1 were considered. Since the space area is below the
minimum for a housing unit in Portugal, the space would have to be used as part of a larger
whole. Figure 5-18 shows the position of the space on the first floor and the floor above it.
Expanding towards the opposite facade is not possible since there would be no way to create a
private connection while maintaining the current communal staircase. Clearly there are two
more likely scenarios either the space is part of a larger whole that occupies the whole building
or there must be some internal stair that connects it independently to the upper floor.
Independently of the chosen scenario, since the space has a small fagade and is below the

backyard ground level a likely possible use would be a bedroom.

145



For briefness we present a subdivision solution for the first scenario, Sub 2. In Sub 2, the
space is divided in three functional spaces: a double bedroom with a en suite bathroom and a
corridor connecting both spaces, the entrance door, and the exit. This is a common trait of the
renovation interventions in these building typologies, since many of these 19th century

buildings do not have interior bathrooms as is expected in contemporary housing in Portugal.

LEVEL 1

Figure 5-18: Plan of first and second levels of the studied building

To design the subdivision the TLS plan and following rules where used: (1) subdivide the
space with a wall running parallel to the party wall with an offset of 1.42m; then (2) subdivide

the larger space by creating a wall parallel to the stair partition wall with an offset of 1,8m.
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The first rule places the wall between the interior window and the door on one side and
next to the exterior door on the other. A minimum of 1,1m is required by law, but in this instance
the corridor cannot be made thinner because of the existing doors. There are visible remnants
of a wall in this position, both on the walls and ceiling, that was demolished at some point. This
position is optimal but there is space on both sides to accommodate some rotation, while this
is not desirable since it would imply a misalignment with the wall remnants.

The second rule is meant to create a bathroom with a bathtub, with 1,80x0,8m standard
dimensions, a toilet, a wash basin, and a bidet. The parallelism of opposing walls should ideally
be kept, particularly because of the bathtub, however that it is not mandatory, as it would still
be possible to install the standard bathtub if the shortest distance between walls is larger than
the length of the bathtub.

These rooms would naturally require doors but as these are generally within the partition
walls, the impact of dimensioning errors of the walls would only affect the doors if these were
at the extreme edges of the partitions. Thus, this is not considered relevant for the present
purposes and the doors are not presented in the plans.

Figure 5-19 presents the outcomes of applying the proposed rules to each of the as-is plans.
Hereafter, for briefness we will refer to the walls generated by applying the rules to each as-
built plan by the name of the respective method used to survey it. PHG walls are shorter and
have a 0,26 degrees larger internal angle than TLS walls. This indicates that the assembly of the
walls onsite would not be constrained by the existing walls. The Manual walls have a smaller
angular error, but the longer wall is 3 cm longer. This could cause fitting problems if the

construction system has no length tolerance.
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TLS PHG

APP 1 APP1+ M APP 2 APP2 + M

Figure 5-19: Outcomes of the application of rules of wall generation to each of the plans (Branddo & Paio, 2019).

In all the App cases the differences are larger both in wall lengths and internal angle. App1
plans are meaningfully different in terms of shape. App 1 +M plan might lead the user to change
the design rules or select an altogether different design solution to avoid spaces with acute
angles. App 2 and App 2 +M are the most similar to the walls generated in the TLS plan.

From the previous results, it is evident that using any of these as-is plans for designing a
subdivision solution will have some onsite consequences in fitting the digitally fabricated
solution. To test this, we used the TLS as-is plan as a ground truth to position the Manual, APP
2 and APP 2 + M generated walls (Figure 5-20).

To position the walls, we tried to follow the design rules, which was only possible with the
Manual walls. In the other cases, if the parallelism of the bathroom wall to the stair wall is kept,
the longer wall would overlap the interior window on one side and the exterior door on the
other. Otherwise, if the parallelism of the longer wall to the party wall is kept, it would not be
possible to install the bathtub. Yet, the most important issue in both cases is that the longer wall

is 6,2 to 22,2 cm longer than the existing space.
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APP 2 APP2+M MANUAL

exterior exterior

interior stairs

interior stars

interior stairs

Figure 5-20: Application of walls generated in APP 2, APP 2 + M and Manual plans to TLS plan (Branddo & Paio,
2019).

5.2.2.7 User Testing
The results of the user testing experiment are summarized in Table 5-9 for each of the initial
questions and evaluation criteria. 89% of the participants started with a Camera workflow and

78% of them used the Camera workflow of App1.

Table 5-9: Summary of results from user testing experiment on Room 1

User #1 User #2 User #3 User #4 User#5 Expert #1 Expert #2 Expert#3 Expert#4
Experience 2 1 2 1 1 5 5 3 4
1. Perception of Morphology Yes Yes Yes Yes Yes Yes Yes Yes Yes
2. Produced a Plan Yes Yes Yes No Yes Yes Yes Yes Yes
2.1 Number of Atempts 1 4 1 3 2 2 7 2 1
2.2 Number of Completed
Plans 1 2 1 ) 1 2 2 2 1
2.3 Morphological Similarity Yes No Yes No No Yes Yes Yes Yes
3. User perception of Medium
results High Confidence  No Confidence High Confidence NR  No Confidence Low Confidence Low Confidence Confidence  Low Confidence
4. QoM: Average 3,3 2,0 3,7 2,7 2,3 4,7 5,0 3,3 3,3
4.1 QoM: Constant Height 3 1 2 4 4 3 4 4 3
4.2 QoM: Distance from
Corner 1 1 3 2 1 5 5 5 1
4.3 QoM: Measured Walls 6 4 6 2 2 6 6 1 6
Total Time 1053 1974 550 842 516 813 1990 567 691

All participants were aware of the geometrical shape of the room. Even if they could not use
one of the Apps to complete the survey, at the end of the session, they were all able to express
what were the limitations of the plan they had produced.

All users except User # 4 produced some plan using one of the available application

’

workflows, independently of its’ morphological similarity with the existing room. This
participant, out of frustration, decided to draw a plan of the room with some measurements on
the blackboard. The plan he drawn showed both a morphological and a strong geometrical

similarity with the room (Figure 5-21).
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Figure 5-21: User 4 drawing room plan on the blackboard

In the expert group, all participants successfully completed the task and created a plan with
morphological similarity. In this group the confidence was low, with Experts #1, #2 and #4
questioning the accuracy of the angles generated by the app. Expert 1 and 2 mentioned the
need for triangulations to validate results. Despite only measuring two walls, Expert 3
understood that results were not accurate but felt these were sufficient for a preliminary
assessment.

In the non-expert group only two participants, User #1 and User #3, were able to draw a
morphologically similar plan to the surveyed room, i.e., a polygon with six sides. Both users
completed the task using only the camera workflow in App 1. This sub-group had the highest
confidence on the produced results. The other participants of this group faced several issues
using the Apps, such as workflow and interface misunderstandings and had no confidence in the
results.

User # 2 experimented with two workflows in App 1: sketch a shape and start with a square
plan. With the first method the blocking difficulty was to close the polygon and with the second
workflow the user could not find a way to add the two missing sides. Lastly, User # 2 also tried
App 2 using first the square method, in which she found the same roadblock as in App1l, then
the camera method. In the Square method, the user designed two 4-sided rooms because she
could not find a way of designing a six sided one. With the Camera method in App2, the user
could not understand what the required inputs to capture the walls were.

User # 4 used the camera workflow of App 2 first but faced similar difficulties as User # 2

and switched to App 1 camera workflow but also gave up without drawing any plan. User # 5
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made two attempts with App 1 Camera workflow. In the first try she did not understand there
was a need to click to confirm the corners. On a second try, User # 5 realized it was required to
point the camera at the intersection of the floor with two walls and to click a button to confirm.
When going around the space in sequence User # 5 missed one corner.

The plans produced by the expert users and non-expert users were compared with the TLS
plan. Figure 5-22 presents these results with the Standard Deviation of angle and length
measurements. Expert #2 produced a second plan, but it was omitted since is very similar to the

first.

User # 1 User # 2 User # 3 User # 5

SD Length 0,1977m SD Length -m SD Length 0,30m SD Length -m
SD Angle 6,33° SD Angle -° SD Angle 6,30° SD Angle -°
Expert # 1 Expert # 2 Expert # 3 Expert # 4

SD Length 0,0374m SD Length 0,0172m SD Length 0,3785m SD Length 0,3092m
SD Angle 5,31° SD Angle 22,01° SD Angle 6,59° SD Angle 6,12°

Figure 5-22: Participant generated plans with Standard Deviation of angle and length measurements to the TLS plan
(Branddo & Paio, 2019).

Only experts #1 and #2 have shown sufficiently meticulous method on conducting the
measurements of the space both with the tape measure or the laser distance meter. This is
visible both in the SD of lengths (Figure 5-22) and the QoM results (Table 5-9). In fact, there
appears to be a correlation between the standard deviation of lengths and participant average
QoM, but as seen from the previous experiment there is no relation between the angular error
and both being able to use the app workflow and measure properly.

Several users expressed frustration with the number of steps required before starting to
measure the space, particularly with the requirement to add information about the space being

measured.
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5.2.2.8 Assessment
From the results of first experiment is safe to conclude that these App workflows do not produce
accurate plans of non-orthogonal rooms. This limitation is not related with user experience or
perception of the space morphological and geometrical properties, as the second experiment
demonstrates. In fact, there is no relation between angular accuracy and higher experience
and/or quality of measurement.

The sample size is not statistically significant to draw conclusions on average angular errors.
Yet, this is irrelevant when these app-based workflows display the angle control problems the
experiments uncovered. The polygon perimeter is not sufficient to accurately draw an irregular
non-orthogonal polygon, more information is required such as angular dimensions or diagonal
measurements. Also, as the wall planning exercise demonstrated, even small angular deviations
have a high impact on the partition walls lengths.

These findings are generally applicable to any conventional construction workflow, but
these are particularly taxing to design-to-production workflows that require higher precision
and offsite fabrication.

The App workflows, when the user becomes proficient, seem to be significantly faster than
any other method we compared mainly because of the automation of the drawing process. In
fact, the Apps workflows data capturing stage does not include the time spent to measure the
room sides. When this time is considered, there is no difference between the manual method
and the app-based ones.

Furthermore, since the automated methods of data capturing, such as the Camera or Touch
Wall methods, are not very precise, there is in fact a duplication of the measurement steps to
obtain a precise plan which expert users where keen to point. But the camera data collection
steps do not seem very intuitive to users with little to no experience, and expert users see them
as a waste of time compared to simply sketching a plan.

Automation seems to be applied in the wrong place. While in theory it seems better to have
a simple workflow to guide the user and simultaneously perform the measurements, thereby
eliminating the need for experience and reducing the margin for error, the method is not
sufficiently precise. Thus, experts don’t trust it. And since it is so different from the traditional
process, non-expert users lack a frame of reference to allow them to easily understand what it
is they must do.

Nonetheless, these methods require simple inputs from users which makes them an
appealing option for MCC systems that run on the web. A new workflow must be developed that
solves the problem of surveying any room using simple drawing metaphors. We believe this

issue can be overcome with better polygon drawing algorithms that include diagonal

152



measurements, which could be informed with architect’s practical knowledge in surveying
building interiors. Directly measuring angles on site is error prone and requires specialized tools.
Surveyors circumvent this by measuring diagonals. The process is like subdividing a shape into
triangles. By measuring all the sides an accurate position is obtained. In practice, it is hardly ever
necessary or possible to measure all diagonals of a space, so a classical triangulation would be
unwarranted, triangulations in this case are a means to define the polygon, i.e., close it.

Non-expert users experienced difficulties in using the workflows. While some of the
usability issues are app design specific the recommendations can be generalized: introduce clear
and concise stepwise workflow instructions, introduce ways of guiding the user, namely better
initial tutorials, and contextual interface hints. Also, the interface and workflow should be
unobtrusive to allow the user to focus on the room.

MCC requires a link between the product variation and the features of the user’s context,
physical and social. Thus, a MCC system in architecture should offer ways for users to provide
the needed contextual information on the physical environment. Tested methods of generating
floor plans for non-expert users are not adequate. We will focus on ways of improving the
accuracy of these methods. In conclusion, better methods of capturing context by building
owners are needed to allow the implementation of a MCC system of partition walls for building

renovation.

5.3 Partition Walls: design—-to-production of a customizable and

disassemble-able construction system

Frame and panel partition systems require that all parts are assembled onsite. Partition systems
made of composite elements address this issue, but the materials are not independent and
frequently do not meet circularity standards. Our hypothesis is that a hybrid between composite
and frame systems with integral digitally fabricated joints could address the issues of material
and functional independence and modularity. These composite components would need to
have reversible connections between each of its constituent parts and other components of the
partition system. The interfaces of the partition system with the supports must be defined to
address issues of safety, comfort, tolerance, and reversibility. Lastly, the materials and the
functions they perform must be specified. The above goals must be negotiated with
architectural and construction constraints, habits, and standards.

In a nutshell, the question is how to transform materials into parts that can be assembled

into components which in turn must be assembled into a partition system.
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The above question requires considering five different levels. In heed of a place to start we
recognized that using a modular system requires thinking on how to subdivide the wall element
into components and deciding which dimensions and functions these components can have. A
simple subdivision grammar emerged upon which construction systems were designed. In turn,
the reflection about the design experiments led us to hone it into generic principles that may
assist meta-designers in developing and analyzing modular partition wall systems.

We name it a generic grammar, that is applicable to modular partition wall systems that
separate spaces, although the principles might be applicable to other types of partitions.
Although this grammar is a consequence of the design experiments, it is presented first to
simplify the discussion of the systems’ advantages and shortcomings.

We developed several partitions that attempt to address the matrix of criteria identified in
Chapter 4 and further focused on the following specific goals and constraints:

1. Minimize the number of components to assemble onsite

2. Increase modularity by maximizing the number of standard components onsite and
by minimizing the number of different connection types.

3. Minimize waste of input materials

4. All components must enter through a standard 200x90 cm door.

5. All components must be digitally fabricated from standard flat wood composite or
cork panels.

6. Only single sided fabrication should be used

7. Reduce visible joints

The presentation of the partition walls systems is organized by the chronological order.
ORW v1 was developed during the first half of 2015, in the context of the 2" edition of Advanced
Course in Digital Architecture (CEAAD) under the association of ISCTE-IUL and FAUP (Brandao et
al., 2016), and was our first attempt to address the issues discussed in this thesis. The ensuing
construction systems were developed between the end of 2017 and the middle of 2018. At a
certain point in time, some cross fertilization of systems started happening as the experiments
with less common router bits revealed a new class of digitally fabricated joints that could
address some of the limitations of the more common friction-fit joints.

The process was necessarily messy, but the emergence of the systems mostly aligns with
the introduction of divergent classes of joints. Hence, ORW v2 started with friction-fit joints,
ORW v3 with snap-fit joints and lastly ORW v4 is built around T-slot joint, a new class of digitally
fabricated joinery specifically developed during this thesis to address the issues of partition

walls.
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5.3.1 Generic Wall Grammar
The following simple subdivision grammar can be used in the development of the partition wall
systems to identify typical dimensional and functional subdivision patterns. This grammar is not
so much a new solution to an existing problem but the reinterpretation of our previous
experiments and the cases in the literature. The aim is to subdivide the partition into
prototypical components for further development. Thus, it is generic in the sense that it does

not specify particular solutions to each of the identified types.

5.3.1.1 External Interfaces
The starting point is to recognize that any interior partition has interfaces with other
building systems of different types and possibly different functions, we name them external
interfaces (Figure 5-23). Those interfaces will enable or prevent the transmission of energy, e.g.,
the transmission of structural stresses or sound, and the flow of energy and matter by allowing

or disallowing connection of services like electricity and plumbing.
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Figure 5-23: Interior partition wall external and internal interfaces

Other issues that frequently emerge at the interface is the joining of different materials.
Hence, there is a continuity problem that must be resolved ideally considering the temporal
order of assembly, the use-life cycle of the systems and their hierarchical order in the building.
Another aspect of the discontinuity is that the differential behaviors of systems must be
accounted for by providing tolerances. These tolerances are also important for assembly and

disassembly purposes.
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Figure 5-23 presents some of those interfaces and Table 5-10 some of the typical problems
that may emerge. Some problems must necessarily be solved at all interfaces, such as tolerance
and continuity, others are optional or may happen at only one of the interfaces, e.g., electrical
services only connecting to floor or ceiling. Structural connections will at least happen on the
floor and may also happen on other interfaces, while on doors and windows the structural and

assembly dependency may be reversed.

Table 5-10: Typical problems at external interfaces

External Interfaces

Floor Wall Ceiling Door Window
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The external interfaces may be with building systems with a longer use-life cycle, e.g., floor
or ceiling slab, or shorter use-life cycle, e.g., a dropped ceiling, or a decorative baseboard. Doors
and windows should be considered an external interface with components of shorter use-life
cycle if they are embedded in the partition wall. Yet, if these are self-standing the use-life cycle
of both systems can be independent.

The assembly and disassembly dependencies should be defined by the above hierarchy,
since components with shorter use-life cycle will have to be disassembled first. Yet, in built
heritage these hierarchical orders may be changed to abide to the reversibility criteria of newer
interventions. In the types of interfaces where there is a clear hierarchical order of assembly
and disassembly, and lack of control over one of the systems, a unidirectional connection from

shorter to longer use-life cycle system is the only option.

5.3.1.2 Internal Interfaces

Since the aim is to develop a modular system, internal interfaces will emerge because of
the subdivision of the system into components and parts. Unlike external interfaces, internal
interfaces exist between components or parts of the same system, and hence are totally
controllable by the designer. Thus, bidirectional connections are possible.

We first focus on modular subdivision of a planar wall. Since partition walls are necessarily
higher and longer than what might enter a standard door, and heavier than what might be
transported by a person, these will have to be subdivided into smaller components. The
geometric subdivision may have any conceivable pattern, e.g., quadrilateral, triangular,

hexagonal, etc. Yet we focus on regular quadrangular subdivisions, because we are aiming to
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minimize the number of different components onsite, increase the compatibility with existing
systems, and we will be using standard rectangular materials.

There are three basic types of quadrilateral dimensional subdivision: parametric or integer
subdivision and modular linear and modular symmetric subdivision. Integer subdivision
essentially divides the plane into a given number of parts with equal dimensions in length and/or
height (Figure 5-24). Modular linear subdivision divides the plane into parts of a given dimension
and the remainder will be left to an off-standard component (Figure 5-25). The symmetric
modular differs from the previous subdivision by symmetrically distributing the remainder of

the subdivision by the two ends of the plane (Figure 5-26).
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Figure 5-24: Integer or parametric subdivision of a wall into components
Whatever the chosen subdivision, since the modules are made from standard materials and
must be transported by a person through a standard door, there will be an upper size limit on
the component dimensions. Conversely, there will be limits to how small a component may be
because of the material thicknesses, properties, fabrication method and assembly sequence.
Within the previous domain, it is necessary to decide if the dimensions should be minimized,

maximized or if there is one or more local optimum within the domain.
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Figure 5-25: Modular linear subdivision of partition wall into components
For each subdivision type there will be edge cases that must be solved (Figure 5-24, Figure

5-25, Figure 5-26), and since there is a limit to the size of the components, even the integer

subdivision is more complex than simply dividing the surface dimensions by a given number.
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Figure 5-26: Symmetric modular subdivision of a partition wall into components
Whatever the selected geometric subdivision type, the components will have different
functions depending on their position in the system. Clearly, components that are adjacent to
the boundary of the plane have different assembly limitations and geometrical boundary

complexity than components that only have internal interfaces. Within those components with
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boundaries with external interfaces there are corner cases, i.e., two adjacent edges, and edge

cases, with only one edge (Figure 5-27).
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Figure 5-27: Functional subdivision of a planar partition wall

There is a functional symmetry between components, e.g., D and G. Similarly, it could be
argued that in certain circumstances there might be double symmetry, e.g. Aand C, or rotational
symmetry, e.g., D and I. Yet, as implied in Table 5-10, assembly, structural, infrastructural
constraints may force different solutions for each of the types shown. For instance, since ceiling
components will necessarily be assembled last, they will have different and more complex

assembly constraints, which might result in different solutions for the component.

5.3.1.3 Doors and Windows
As previously stated, embedded doors and windows are external interfaces with lower-level
components which may have dependencies with the partition, i.e., structural stability or
electrical wiring. We identify two patterns to deal with those elements: isolating the sub-plane
containing the element with full partition wall height or isolating only the element. The first
pattern typically introduces structural reinforcement members surrounding the element. The
second will only rely on the wall capacity to distribute the loads over the hole and the impacts

to the surrounding wall elements.
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5.3.1.4 Wall intersections

Independently of their dimensions or whether they are visible, angular shifts and wall
intersections are special internal interface cases within the overall system where two or more
wall planes meet. In fact, both cases are really particular cases of the general problem of n walls
meeting at a specific edge, yet there are architectural peculiarities of the L-shaped and T-shaped
cases. A third special case is the end-wall where the wall plane finishes before meeting any other
building element.

Any n-shaped intersection may be solved either by isolating the intersection as a specific
module or by using a specific combination of external interfaces and system modules. Yet,
converting the intersection into a module reduces the disassembly dependencies of walls that
meet at the intersection. Consider Figure 5-28 left, all walls are independently demountable if
the internal interfaces with the T-shape module are bidirectional. It follows that any possible
reconfiguration of the 3 spaces into two can be done by only disassembling one wall and the T
module. Yet in the case on the right, the interface of B with A is unidirectional from B to A,
Hence, while disassembling B was no implication on A, disassembling any part of A can only be

achieved by partial or total disassembly of B.

Internal interfaces
I

)
A BN A >
> External interfaces External interfaces

Figure 5-28: (left) T-shape intersection is a module with internal interfaces with walls A, B and C, (right) T-shaped
intersection is an external interface of wall B against wall.

From the preceding example it is clear why it is desirable to have bidirectional internal
interfaces between wall components. They can reduce the assembly interdependence between
components, allowing the possibility of local disassembly.

Independently of the type of separability that wall intersection components may have with
other internal components, solving the intersection may done in multiple different ways. We
identify two main types: component intersection, the intersection is solved by morphing one or
more standard wall components; third element intersection, a special component is used at the

intersection to connect standard components together (Figure 5-29). Within these larger types
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there are subtypes with different rules to solve the intersection, e.g., in mitre joint all

components that meet at the corner are customised to solve the intersection.
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Figure 5-29: Different types of intersection component solutions that solve the continuity problem. Non-standard
components are painted in blue.

Clearly, some types are better at decreasing the number of non-standard modules across
all the geometrical intersection cases. Third-element n-arm cross exposed types can do so with
only one component but there are geometrical conditions and architectural criteria that may
lead meta-designers to select other solutions.

As previously stated, L-cases have some peculiarities. Evidently, L-cases will always have
one reflex angle, and whatever the type of intersection used, since the components will be
assembled from flat materials using 3-axis CNCs, miter joints between parts at the reflex angle
will not be possible. In fact, for very large reflex non-ortho angles even butt joints may be
undesirable either for aesthetic or safety reasons, since it will not be possible to cut the parts at
non-orthogonal directions. Although less likely, any n-wall case can exhibit reflex angles and
these considerations are equally applicable.

A peculiarity of modular partition systems is that both sides of the wall share the same
subdivision. This can be problematic in 3-wall intersections with two directions, when the wall

that terminates at the intersection is not aligned with the selected dimensional subdivision of
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the longest wall. Using component intersection butt joint types might solve this issue, another

alternative is to have two parallel walls.

5.3.2 ORW v1.0
ORW vl is a frame and panel digitally fabricated partition wall system developed during CEAAD.
It aimed to reinstate the use or traditional materials in the renovation of 19th century
townhouses, implementing generative design and digital fabrication to overcome the loss of
traditional building techniques and craftsmen.

The system (Figure 5-30) uses similar assembly logic as Sass WFG (2006), yet with
completely redesigned frame friction-fit joints due to the small wall thicknesses. The frame is
cut from OSB and the panels are a composite of plywood and ICB with three customizable
patterns: horizontal bars, Voronoi pattern and Ice-ray pattern. As with Sass system, the panels
also perform structural functions bracing the studs, and hence have mixed structural and

finishing functions.

Edge stud

Interface board 0SB 15mm —%
Edge connector —|

ICB interface 20mm

Middle stud

Bottom stud

Base blocking -
Floor interface OSB 15mm

ICB interface 20mm -|

Figure 5-30: (Left) Exploded Axonometry of frame and interface components (Right) Assembly sequence of
composite panels

The panels have a vertical and horizontal unidirectional assembly sequence (Type 1) while
the frame is slightly more flexible. Both the panels and the structure have 9 functional
subdivision cases for a simple straight wall. The combinability of the panels is contingent on the
selected pattern, with the horizontal line pattern being the only one with some level of
intermutability. The panels are preassembled offsite, yet all the frame parts must be assembled

onsite. Figure 5-31 shows the number of part types involved in a small wall section.
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Figure 5-31: (Left) Frame Parts sorted by type before assembly (Right) Assembled frame at Vitruvius FabLab in 2017

5.3.3 ORW v2.0
The first iteration of the ORW v2.0 system was developed strictly with friction-fit joints.
Important challenges were: (1) creating structural connections between pre-assembled
components; (2) creating reversible yet sufficiently stable connections between panel and
structure; (3) developing components that could be used for more than two functions, e.g., A
and D; and (4) creating non-linear assembly / disassembly sequences.

Since the main goal was to create a hybrid composite system that avoided chemical
connections, a secondary internal structure is necessary to connect the panels and hold the
insulation in place inside the component. The connections between the parts must be
sufficiently strong to withstand manipulation and transport, but sufficiently easy to disassemble
for maintenance if necessary.

The effectiveness of friction-fit joints relies on the surface contact area between parts. Thus,
attempting to hide the joint reduces its effectiveness which is further compounded by the
requirement of easy disassembly. Since placing the joint at the edge of the panel could further
reduce the contact surface of the joint, in ORW v2.0 the structure is offset by 4 cm of the
component edge, a design feature that is common across all iterations of version 2 (Figure 5-32).
Therefore, the ICB infill must be offset from the panel on all sides where the structure connects
to the panel. For this reason, an asymmetric design was chosen to attempt to coordinate

material dimensions to the minimum denominator, the ICB standard dimensions (Figure 5-32).
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Figure 5-32: Exploded axonometry of ORW v2.0 type A component

Using only a vertical stud and a horizontal blocking has the added advantage of reducing
the cost of the internal structure. The component is oriented with a horizontal aspect ratio
following the observation that this aspect ratio reduces the ratio of non-standard parts to
standard parts as the wall length increases.

ORW v2.0 asymmetric component design addresses the problem of structural connection
between components but also implies a bidirectional assembly. The component-to-component
connector design (Figure 5-32) further reduces the assembly directionality to unidirectional. This
creates the need for a special edge floor and wall connectors and precludes the possibility of
adding connectors to the ceiling.

The wall external interfaces with the existing wall, floor and ceiling are solved with a layer
of 30mm ICB and a OSB 15mm slab screwed to the perimetral surfaces. ICB is used for sound
insulation purposes, as a compression layer to absorb surface irregularities, and as tolerance
buffer, leveraging ICB’s Poisson coefficient. The OSB slab is used to distribute the pressure
evenly across the ICB and as an intermediate between the wall system and the existing structure,
enabling friction-fit connections between the system components and the interface (Figure

5-33).
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Figure 5-33: Elevation of an assembly of 4 ORW v2.0 components against a corner

Since assembling, and disassembling ORW v2.0 is a layer-by-layer unidirectional process
(Type 1), consequently ORW v2.0 must have special edge components at one wall and on the
ceiling (Figure 5-34). Furthermore, it can only have integer or metric subdivisions and to remove

a type A3 component all the layers above it and type G1 component must be removed.
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Figure 5-34: ORW v2.0 typical elevation with metric dimensional subdivision and functional subdivision
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On a system level, introducing services inside the wall must be done at the factory, although
ICB is easy to cut onsite with simple tools allowing for site adaptations. Yet, these adaptations
cause material waste onsite where is harder to recycle it. Thus, in terms of service integration
the system can be at best of Type 2.

On the maintenance level, removing the panel with the wall assembled is not too difficult
but no visual cues are provided as to how this should be done. Placing the panel back in place is
hard since there are no visual cues of tab alignment and force must be exerted in the normal
direction to the wall plane. Making the panel reassembly easier with friction-fit joints can only
be achieved by either increasing tolerances or exposing the joint, both undesirable features.

Safety concerns dictate that panels should not fall when the wall is subjected to a soft body
impact. In ORW v2.0, this is can only be guaranteed by increasing the friction in the panel-to-
structure joints. Thus, the performance in those impact safety tests is determined by the degree
of ease of disassembly of these joints.

The component aspect ratio is a system design decision with implications on the wall
structural performance, percentage of non-standard components and architectural design. The
first two aspects are inversely related, i.e., the third is optimized allowing any component aspect
ratio thus increasing the flexibility for the instance designer to adjust the component dimensions

to the specific context of application.

5.3.4 Joints

The first iteration of ORW v2.0 demonstrated the limitations of friction-fit joints: they do not
constrain the sheathing in the normal direction and joints are visible from the outside. The first
aspect is desirable from the point of view of disassembly and assembly yet warping of the panels
produced by variations of moisture and temperature might cause connection problems
(Cardoso & Sass, 2008). The latter aspect might be considered a design feature, but it can be
aesthetically undesirable, particularly in interior walls. Adding extra layers to the wall is a
possibility that is unwelcome in interior walls because it increases costs, wall thickness and
reduces the disassemble-ability of the system.

The above findings kickstarted a joint design process to attempt to find designs that could
have more adequate properties for partition walls and specially to panel-to-structure
connections. The process was divided in two stages, the first focused on experimenting with
joints that have been reported in the literature and the second on experimenting with different

inexpensive bits that could be used to develop new typologies of joints.
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In panel-to-structure joints for partition walls it is desirable that there is the least number
of visible joints, for aesthetic reasons, to reduce sound transmission, and tolerance problems.
Conversely, these connections should be reversible for two sets of requirements: (1) to allow
changes and maintenance during the system service life; and (2) to allow material reuse when
the components are no longer useful for their original purpose. Regarding the first requirement,
the needed changes should ideally only require local disassembly which means that panel-to-
structure joints play a key role in providing access to the interior of the wall.

Hence it is useful to consider two types of reversible connections. Type | joints can be
disassembled at any moment in the system service life while the latter type, Type Il is only
assembled at the fabrication site or disassembled during deconstruction stages. The latter has
lower tolerances and better overall performance while the first type trades structural
performance for ease of assembly on site.

Considering joint designs is critical because the types of joints attainable with a given
fabrication or construction process dictate the possible material assemblies and consequently

the form of a construction system and its expressiveness.

5.3.4.1 Snap-fit Joint
The first experiments focused on snap-fit joints, that have already been reported in the
literature by Robeller et al (2014) for use in panel-to-panel edge connections in shell structures
and structural members and Elsayed et al (2017) for cost-effective housing construction. The
original snap-fit joint design by Jochen Gros (1999) in his digital wood joints catalogue (Figure
5-35) was used as a base to produce a joint design that would fit the requirements of partition
walls, particularly by removing the protruding tab and reducing the cantilever to be able to use

the joint on thin vertical studs (Figure 5-36).
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Figure 5-35: Typical Snap-fit joints appropriate for 3-axis CNC adapted from Jochen Gros (1999). Parts for cutting
(top), assembled section (bottom left) and elevation (bottom right)
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Figure 5-36: Modlified Snap-fit design. Assembled wall section (left) and parts for cutting (right)
Even before testing functionality several problems were already visible in the design. The
cantilevers significantly reduce the section of the stud, and their dimensions prevent a
symmetrical design on both faces of the wall. Furthermore, holes in the surface are needed for

the joint to be functional. Still, the modified design was fabricated and assembled for testing,
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yet the prongs of the OSB cantilevers could not resist the assembly process, which can partly be
attributed to the material.

An alternative approach, where the snap-fit joint is applied in panel-to-panel connections,
was used as a basis for ORW v3. To prevent previous issues of prong breakage, plywood was
used for the cantilevers also. The joint design was tested with the system prototype, whose
overall design is presented in next section (Figure 5-37). Despite using a stronger material,

similar problems of prong breakage emerged. In this instance caused by sanding the parts during

post-production.

1 .
% | . 1 -

Figure 5-37: Panel-to-panel snap-fit joint prototypes

5.3.4.2 T-Slot Joints
Snap-fit joints solve the issue of constraining the sheathing in the normal direction, but the
geometry of the joint can introduce safety issues (EAD-S2) and sound insulation issues by leaving
gaps to the interior of the wall. Solving these issues with further layers of materials is even more
problematic than friction-fit joints.

Thus, the second stage of the research into joint design considered the use of different
types of router bits to overcome the limitations of 3-axis CNC regarding creating features that
constrain parts normal to the surface of the material.

The T-slot router bits are inexpensive tools commonly used with 3-axis CNC routers to cut
grooves in MDF panels for metal profiles or keyhole slots for screws (Figure 5-38). The former
slots are cut with full immersion milling starting and ending on opposing sides of the board,
whereas the latter requires symmetrical exit and milling strategies, a combination of a boring
operation with a full immersion milling. These types of slots are not useful for wood-wood joints
produced with a 3 axis CNC, since matting tabs would have to be machined on both sides of the

board, but they illustrate the possible sequences of assembly steps.
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Figure 5-38: T-slot grooves for profiles (left) and for keyholes (right)

A T-slot joint will necessarily be composed of female and male parts: a slot with one
overhang and a grooved tab. To connect the parts a sliding movement parallel to the slot length
is the most natural solution, but other strategies should also be considered. Also, owing to the
special features of the t-slot bits, designing joints for this tool requires meticulous attention to
the tool geometry, path and exit strategy. Important dimensions are the tool overhang and the
height of the cutting edges, on the neck and head of tool (Figure 5-39a).

Frequently, a flat end mill is used for routing a groove prior to using the T-slot bit. Exploring
the combined use of the two bits to produce asymmetrical slots with only one overhang (Figure
5-39b), we were able to produce the mating feature of the structure to the sheathing on the
flat-bed CNC. A 6mm flat-end mill was used to carve a pocket or groove on the panel with the
thickness of the structure minus the overhang, then the T-slot bit was used to create the mating
feature. The overhang is limited to the difference in radii between the neck and head of the T-
slot bit. The height of the mating feature (Figure 5-39b) is defined by the depth of the pocket
with an upper limit on the overall flute height, 9,5mm with our tool. The mating tab is grooved

at the required distance from the edge with a 4mm flat-end mill.

/s @ /s O 7

7/ A /

Figure 5-39: 1) T-slot bit parts: A) Head diameter - 9,7mm (B) Head height - 4,6mm (C) Neck height - 4,9mm (D)
Overhang - 2,35mm (E) Neck diameter - 5mm; b) Modified T-slot groove for flatbed CNC
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Following the logic outlined above, several joint variants were designed and prototyped.
Figure 5-40 presents two versions of Type | joints that require small vertical or horizontal
movements to be disassembled. A horizontal version of Slot + Tab A was also tested. These can
be demounted while the system is completely assembled making use of the gaps between the
panels. The T-slot bit is used to create an overhang along the top edge of a vertical or horizontal
slot. A mating hook is created on the top of a tab of vertical or horizontal structural member.
Since this joint must be assembled and disassembled without visual guidance while holding the
panel against a wall, a larger tolerance is needed. Therefore, the panel contribution to the

overall structural performance of the wall is significantly reduced.
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Figure 5-40: Type | T-Slot joint with a vertical slot and two tab variations

An alternative design with a cantilever was explored to stiffen the connection. To dimension
the cantilever, first an overall design was defined with coarse approximations. Care was taken
to minimize the length of the cantilever, as it reduces the section of the structure. Then the force
required to bend the 25mm cantilever was determined using BASF (2007) design guidelines for
snap-fit joints, which allowed to adjust the thickness of the cantilever beam. There are some
differences between this joint design and snap-fit joint, particularly the point where the force is
applied. However, the general or the improved formulas for the beam deflection still apply.

Based on the calculations several versions of the joint where prototyped to test the
assumptions and fine tune the adequate force for assembly. A 3mm thickness was found to be
adequate for easier assembly. The design of the tab was adjusted to act as a limiter to the
bending of the cantilever.

A simple Type Il joint is a full or half panel length slot, but one such joint creates a continuous

fragility line along the length of the joint. An alternative is to create discontinuous connection
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points, which requires a slot with an entry area with the thickness of the structure members
(Figure 5-41). The number of assembly movements increases but these are shorter and thus less
effort is required to assemble the parts. Several alternative designs for the slot were evaluated,
Figure 5-41 presents two alternatives, Slot A and B, the former being easier to assemble and the

latter trading ease of assembly by improved structural resistance of the overhang.

— 12.00 ~— —+ 12,00 #—

Tab Slot A Slot B
Figure 5-41: Type Il T-Slot Joint with a vertical tab and two variations of slot design
Figure 5-42 presents another design of Type Il with a shorter overhang and a lateral
assembly movement which makes it adequate for situations where there is no constraint to

lateral disassembly, such as reflex corners of 2-wall intersections.

64.8
70.8

Tab Slot D

Figure 5-42: Type Il T-Slot Joint variation
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Prototypes of the above joints and other alternative designs were produced to test the
design assumptions and the assembly sequences (Figure 5-43). Some prototypes were produced
with birch plywood and others with eucalyptus plywood. These boards are available in a range
of thick- nesses: 9, 12, 15, 18, 22 mm. We have selected plywood with 12mm nominal thickness,
a good compromise for structural and sheathing uses, with 7 plies and an overall thickness
tolerance of +0,3mm.

The prototypes were milled with an Ouplan 3-axis router with the following tools: a solid
tungsten carbide flat bit with a radius of 6mm, operated at a feed rate of 32mm/s and a
rotational speed of 14,000 rpm; a T-slot bit with steel body and brazed tungsten carbide teeth
operated at a feed rate of 15 mm/s and a rotational speed of 18,000 rpm.

Variations of +0,4mm on the Z-depth of the cut were found to occur and were attributed to
warping of the panels and flatness of the CNC bed. These variations can impact he assembly of
the joint as the height of the overhang is determined by the plunge of the T-slot bit. To overcome
these differences, other than flattening the table, a reduction in 0,4mm of the distance of the

groove to the edge of the tab was found sufficient.

Figure 5-43: Prototypes of several alternative T-Slot joints

The first versions of the Type | tab B were found to be too stiff to be disassembled without
damage to the slot (Figure 5-43 top right). Other alternative designs were completely

irreversible such as the second joint from the top in the middle of Figure 5-43.
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5.3.5 ORW v2.1
Following the first experiments with different types of joints described in the previous section,
several changes were introduced to ORW v2.0, with the aim of reducing some of its
shortcomings. Yet, the overall design of the system was kept for consistency with the following
major system changes: a component of functional type B was introduced, and the connection
detail was changed to increase Practicality to type Il assembly sequences. The component-to-
component structural connection is achieved with a sliding brace that is locked by two

connectors (A and B in Figure 5-44), which avoids the need for special edge components.
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Figure 5-44: Exploded axonometric view of four ORW v2.2 components
Continuous panel-to-structure T-slot type Il joints are used, which make the component
modules easily transportable and stable, yet panels cannot be removed while the system is
assembled. Furthermore, services must be embedded offsite inside the components (type 2 —

unplanned integration) and no maintenance is possible after the system is assembled.
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Regarding Combinability, there is an increase in the number of standard components for a

simple straight wall, 9 including external interfaces, but the requirement for extra asymmetrical

edge pieces is eliminated, and connection types are reduced (Figure 5-45).

The special edge components require several changes from the standard component

design. C components must have the cork infill protruding upwards or at least level with the top

edge of the panel to be assembleable. In the first case, the horizontal bracing must be removed

which fragilizes the structure, in the second there must be an edge-edge structure to panel

component joint. In both cases, the ceiling interface must have a different design to allow

hanging the T type panels that close the system. Unlike, the G component type, components |

and H cannot be vertically assembled. If any of the previously described solutions is adopted for

C components, | and H components must have different panel-to-structure joints that are either

friction-fit or, if there are gaps between the panels, T-slots of type I.
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Figure 5-45: ORW v2.2 typical elevation with metric dimensional subdivision and functional subdivision
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Another limitation of the system is the need to interrupt the wall interfaces to allow the

interference of the retracted horizontal bracing of the type A component (Figure 5-46, top right

1). This is problematic since there would be the need to provide large tolerances to

accommodate the adjustments provided by the floor interface.
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Figure 5-46: (Left) ORW v2.2 prototype of 4 assembled components; (Top right 1 to 3) Component to component
assembly moves; (Bottom right) Connector slots

A small section of the wall was prototyped and assembled to validate and test the design

assumptions (Figure 5-46 Left).

5.3.6 ORW v3.0
ORW v3.0 emerged after the experiments with snap-fit joints and later was revised with the
introduction of T-slot joints in some panel-to-structure connections. These were introduced to
improve the handling of the pre-assembled components. For brevity only the latest version is
presented.

ORW v3.0 is based on pairs of male-female standard components, A-D respectively (Figure
5-47), E-B, F-C (Figure 5-48). A and C components have a horizontal bracing offset by 40mm from
the lower side of the panel which is not present in E-B and F-C pairs. All component types have
vertical studs that ensure vertical structural continuity using different means. In female
component types A, B and C the vertical studs are connected to panels with T-Slot type Il joints
and structural continuity is ensured by a connector. In male component types, D, E and F the
vertical studs are connected to the panels with an edge friction-fit male-female slot (Figure
5-49). Component type E studs protrude bellow the line of the panels and slot vertically to panels
of type D components.

Component-to-component connections are ensured vertically by the previously specified
means, and horizontally by panel-to-panel edge snap-fit joints. The slot of the joint is on female
components A, B, C and the cantilever on the remaining D, E, F. Since, the male type B and C
components have both vertical and horizontal interferences, the system must be assembled

column by column, i.e., after the complete assembly of a column of A, B and C components, a
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column of D, E and F components must be pushed horizontally to connect to the previous

column.

12mm plywood panel type A component

60mm ICB infill

Edge snap-fit cantilever

12mm Plywood
connector

2x 30mm ICB infill

By

LAY

12mm plywood panel of
type A component

12mm plywood panel
type D component

12mm plywood stud

T-slot joint Type II

Figure 5-47: Exploded axonometric view of two ORW v3.0 components of type D and A

Since the system is based on horizontal in-plane assembly movements, the last column of
components to assemble must be of a different type, i.e., the structure-to-panel connections
must be site-disassembleable on at least one side to allow a normal to plane assembly
movement. Hence, |, G and H components need to have friction-fit joints between the panel and
the structure, since the panel gaps do not have a sufficient size for panel disassembly with T-
Slot joints.

Another important limitation of this system that results from its pair component logic is the
need for two different designs for end components, or alternatively, enforcing off-standard
dimensions in the last two components of the wall to ensure a wall is always divided in odd

number of components.
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In ORW v3.0, panels perform finish functions but also structural function in connection with
the internal component structure. Practicality wise, the number of operations and different
operations is reduced compared to ORW v2.0 or v2.1 but the system remains unidimensional
sequential in terms of assembly (Type I). Regarding flexibility, services must be embedded offsite
inside the components (type 2 — unplanned integration) and no maintenance is possible after
the system is assembled. Component separability is of type VI, always unidirectional, and there
are three different component-to-component connections and two types of panel-to-structure
joints. A simple straight wall requires at least 11 component types, including 2 different types of

external interfaces (Figure 5-48).
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Figure 5-48: ORW v3.2 typical elevation with metric dimensional subdivision and functional subdivision

Considering the discussed limitations of the edge components in system ORW v3, the
combinability and hence the reusability of the components is lower than in ORW v2.

Column assembly was not difficulty to achieve with the samples, but we estimate that in
normally sized components the added weight would significantly increase the difficulty. Yet,
column disassembly is not practical for several reasons: (1) it requires simultaneous release of
at least 6 pairs of snap-fit locks, (2) the disconnection of each lock requires a simultaneous push
in the cantilever and a pull on the column, (3) D-E-F columns holes for snap-fits may be used to
assist in the pull movement during the disassembly operation but A-B-C columns have no points

to grab.
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Figure 5-49: ORW v3.2 (left) prototype of 4 assembled components, (top middle) A component slots, (top right)
broken prongs during post-production, (bottom right) first prototype of ORW v3.

As already discussed, we found edge snap-fit joints have important limitations in plywood.
During the sanding of the parts after fabrication, several prongs were broken. Since these joints
are important for horizontal load transmission in soft-body impacts, it is very likely that ORW v3

would not perform adequately in safety tests.

5.3.7 ORW v4.0
ORW v4.0 was the developed after the experiments with T-Slot joints and the findings on the
limitations of the previous systems, particularly those emerging from the use of asymmetric
assembly component designs. In fact, the main goal in the development of ORW v4 was to
eliminate the need for special components for any of the edge and corner functional types. Thus,
a symmetrical design for the component was adopted, with the structure offsetting equal
distances from the edges on all sides (Figure 5-50).

Figure 5-50 presents the type A component design, consisting of plywood structure,
plywood panels and cork infill. The T-slot joints were used for panel-to-structure connections.
In v4.0, Type | T-slot connections were used on all panel-to-structure connections. The
experience from the protypes led us to adopt the Type Il T-slot on one of the panels to provide
a more stable connection for easier component handling before assembly. Hence, front, and
back panels use different types of joints to allow access to the inside of the component during
the assembly process and after the wall is built.

Edge T-slots were used for corner connections between all structural members in the
original design but where later dropped, since these would interfere with the assembly of Type

Il T-slot joints. Therefore, one of the panels has mixed functions of structure and finish. To make
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a bidirectional assembly between components possible a standard rotating connector is used

on all sides.

” Back Panel
“.. Type Il joints

N

Component to component
connector

1200mm (max)

|

Insulation Cork Board infill

Component structure in plywood

Component to component joints'"' .

Front Panel
Type | joints

Figure 5-50: Exploded axonometric view of ORW v4 component of type A

Component pre-assembly can be performed on the factory as in (Figure 5-50), while
component-to-component assembly is performed onsite by inserting and rotating the
connector. To connect the components with the proposed connector only one panel must be
removed, but to fill the gap between the structure with infill both component panels must be
removed. Yet, since the connection is bi-directionally reversible it can be removed while the wall
is assembled, which means any component may be removed while the wall is completely
assembled (Figure 5-51).

The external interface components follow the same logic as in previous systems, with a
cork compression layer and baseboard for screwing to the walls, ceiling, or floor. The

connections between the internal structure and the baseboard can either be achieved using

tabs, using the connector slots, or screws (Figure 5-51).
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Layer + 0SB

Floor interface
Cork compression
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Figure 5-51: Exploded axonometric view of four ORW v4 components and external interface solutions

Regarding Simplicity of assembly/disassembly operations, since there is only one type of
component, there is only one set of operations, comprised of component-to-component
connection steps, infill placement steps and panel hanging step. The other set of operations is
the placement and adjustment of floor/wall/ceiling interfaces which are all the same.

As implied from the previous system descriptions, components are locally demountable.
The symmetrical design implies that integer and both metric dimensional subdivisions are
possible. The maximum dimensions of the components are set to 1195x595mm, which
corresponds to a weight of 21,6kg, and the minimum to 295x295mm. The relatively large
minimum dimensions are a consequence of the symmetrical offset of the internal structure.

Concerning Services Integration, ORW v4.0 offers unplanned integration but can easily
provide planned integration by reducing infill panel thickness to 20mm per panel, thus providing
at least a 20mm thick area the size of the component.

About Modularity, structure-to-panel joints and component-to-component connections
can be classified as type X and type VIl respectively. Since there is only one type of component

connection, all components are interchangeable and reusable in different arrangements or in
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other contexts, if they are dimensionally coordinated, which results in a high level of component
combinability. In Figure 5-52, components A2, A3, and A4 have non-standard dimensions, hence
these are less likely to be reusable in different contexts. But as the components are
parametrically defined and have standard connections, new components can be generated to
complement parts that have been taken of existing walls to be installed in new configurations
in the same space or in other locations. Yet, since opposing panels have different joint types,

these cannot be interchanged.
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Figure 5-52: ORW v4.0 typical elevation with metric dimensional subdivision and functional subdivision

Lastly, Figure 5-53 presents designs for 2, 3, and 4 orthogonal wall intersection components.
These components maintain the asymmetric panel connection reversibility logic of the type A

system components.
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Figure 5-53: Exploded axonometric views of 2, 3 and 4-wall orthogonal intersection components.

A prototype of the proposed system was fabricated and assembled at the VFabLab to test
the assembly and design assumptions (Figure 5-54). Local disassembly/assembly of panels
(when the wall is totally assembled) with Type | T-Slot joints presented some limitations. Owing
to the small size of the panel gaps, 10mm, it is difficult to insert fingers between the panels,
hence helping tools are required for the task assembling/disassembling the panels. For
disassembly, a screwdriver is sufficient to lift the panel, assembly is more complicated since it
requires holding the panel while aligning the slots with the tabs, which are not visible. Suction
cups, frequently used to lift glass panels are a professional tool that can be used to easily

assemble/disassemble panels with Type | joints.

Figure 5-54: ORW v4.2 prototype of 4 assembled components
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The ORW v4.0 system demonstrates that with thoughtful use of digitally fabricated integral
joints it is possible to design partition wall systems that are fully reversible and reusable. T-Slot
joints open the possibility of digitally fabricating composite components without visible joints
which can be decomposed into the different material parts, thus increasing the recyclability,
modularity, and serviceability of the product. The latter two aspects determine the degree to
which a product can be repaired and thus have its life cycle extended.

Still, the ORW v4.0 system presents some limitations which are all connected with the offset
of the structure from the edge of the panels. In fact, placing the structure at the edge of the
panels would simplify local panel disassembly, reduce the number of infill small parts, and

eliminate the gap between the structural components which complicates assembly sequences.

Table 5-11: Comparison of the design systems according to the criteria defined in Chapter 4

Criteria Subcriteria Method of evaluation ORW 1.0 ORW 2.0 ORW 2.1 ORW 3.0 ORW 4.0
Envir | EIM di | - material % of independent parts per system 0,61 1 1 1 1
% of parts with covariant functions per
EIF  Ind - functional  system 0,86 0,88 0,89 0,88 0,92
A bleability AS  Simplici 0,0246 0,0351 0,0388 0,0377 0,0563
Number of operations (1/n) 0,009 0,018 0,019 0,023 0,013
Number of different operations (1/n) 0,040 0,053 0,059 0,053 0,100
AP  Praticality 0,65 0,65 0,70 0,70 0,88
Assembly/Dissassembly Sequences
(Type I to V) 0,2 0,2 04 04 1
Tools 0,75 0,75 0,75 0,75 0,75
Weight per component (Range 15-75kg) 0,75 1 1 0,96 0,89
AC  Comunication 0,6 0,4 0,4 0,6 0,5
Flexibility FG ic flexibili Levels (Type | to V) 0,4 0,2 0,2 0,2 0,4
FS  Services integration Levels (Type | to V) 0,6 0,4 0,4 0,4 0,6
FMS Modularity - Separability  Levels (Type | to Type X) 0,39 0,6 0,64 0,67 0,77
FMC Modularity - Combinabili 0,075 0,1 0,135 0,1 0,235
Connection types (1/n) 0,11 0,14 0,2 0,14 0,33
Component types (1/n) 0,04 0,06 0,07 0,06 0,14
FP  Per izati 0,75 0,7 0,65 0,5 0,75
Applicability of joining solutions 0,8 0,8 0,7 0,5 0,7
Applicability of solution to renovation 0,7 0,6 0,6 0,5 0,8

Table 5-11 summarizes the results of the developed systems considering the proposed
criteria in Chapter 4. The results demonstrate that it is possible to achieve hybrid partition wall
system designs with digital fabrication and that these can improve the reusability of the
components and the simplicity of site assembly without an impact on functional independence
or services integration. Combining parametric and modular approaches can provide clear
advantages in the reduction of site assembly complexity. Approximating the partition wall
system design from the clear subdivision grammars enabled the increase in the combinability

which suggests the usefulness of the generic grammar as design tool for meta-designers.
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In section 5.1 we have seen that partial MCC systems are more adequate to the challenges of
building renovation since they imply less disruption to existing stakeholder roles. Partial MCC
systems require open approaches since their context of application is more generic. Yet, the
general applicability of any construction system is questionable since cost, sustainability and
cultural factors vary from country to country. Hence multiple solutions to different contexts are
necessary which reinforces the need for generic principles for the design of customizable and
disassemble-able partition wall systems and a workflow to implement them.

Section 5.3 presents the design research which was conducted with the aim of finding
generalizable principles for developing partition wall construction systems for open building
renovation. The generic grammar provides design principles that are a corollary of the
framework of criteria for mass-customizable and disassemble-able partition wall systems
discussed in Chapter 4. This enabled the developed partition wall systems that achieve a better
balance between modularity and adaptation to context, while abiding to the design principles
set by DfD.

The analysis of configurator platforms for MCC revealed that only a few integrate with
widespread computational design tools used by architects and fulfill the interoperability
requirements necessary for computational designers to develop MCC systems.

In section 5.2.2 we have seen that existing low-key workflows for non-expert users are not
sufficiently precise for digital fabrication. Furthermore, these workflows are confusing to non-
experts with low experience and experts do not trust them. Thus, it is necessary to develop a
low-key workflow for surveying interior spaces that instance-designers can use, whether they
are expert or non-expert users, to reliably survey interior spaces. Also, this workflow would
ideally integrate with the tools computational designers use to develop design-to-production
systems. Which would enable them to deliver survey-to-production configurators for interior

spaces on the web.
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PART 3: OPEN reWALL: OPEN BUILDING RENOVATION
SYSTEM

CHAPTER 6 Designing Open System Workflow for Building

Renovation

As analyzed in Part | and Il an open system is required to fully address the challenges of building
renovation. In the previous section we have seen there is a gap between the practice and theory
of MCC systems in architecture. Kolarevic and Duarte (2015; 2019b) argue that all the
technologic pieces have been developed, what remains is “a broader cultural shift in society in
how products are acquired” (Kolarevic & Duarte, 20194, p. 4). We argue that the prevailing view
of MCC in architecture fails to consider the open nature of the AEC industry, in which innovation
is mostly socially driven (Habraken, 2003). Thus, it is not that society must evolve to meet the
technology, but technology that needs to be revised in a socially meaningful way.

We have shown that most theoretical experiences of developing complete systems of MCC
have taken the form of closed prefabrication systems, attempting to capture the entire
construction process in a designed overarching system. These attempts were based precisely on
the premise that a radical shift in the construction process and the stakeholder’s roles was
needed (Larson et al., 2004). So, it is not at all surprising that most of the practical examples of
MCC inthe building industry (Kolarevic, 2015) are precisely from manufacturers of prefabricated
housing, whose business was already vertically integrated. The early experiences of Habrak