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ABSTRACT

From the perspective of a fabricator of custom components for buildings, one of the
key benefits of using Building Information Modeling (BIM) is for the purpose of
obtaining a seamless integration between Design and Fabrication; and this integration
is one of the key drivers for sustainable manufacturing within a mass customization
strategy. This paper presents the current stage of an Action Research proposing a
method to solve some problems faced by woodworking manufacturers trying to
implement mass customization. The method will enhance sustainability through 3D
models that will allow minimization of construction defects, design delay, and wastage.
The method will also improve sustainability as a result of clearer design
communications, and precision on a bill of material. An important result already
achieved in this research is that the designers and engineers of the company are already
working collaboratively and committed to the implementing of a new technology
towards Mass Customization.

Keywords: Mass Customization, Digital Fabrication, Prefabrication, BIM,
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INTRODUCTION

The manufacturing system has evolved from craftsmanship going through mass
production to lean manufacturing and Mass Customization (MC). Handcrafts were
unique but had a high cost. Mass production brought low cost and low variety. Lean
manufacturing minimized waste and MC came to increase variety, keeping the low-
cost and efficiency of Mass Production. Engineered-To-Order (ETO) is a product
designed and fabricated to meet customer requirements and is a typical operation of
Small and Medium Sized Enterprises (SME). Building Information Modeling (BIM) is
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a digital model and process that includes collaboration among disciplines in the
Architecture, Engineering, and Construction (AEC) industry. According to Eastman et
al. (2008), BIM provides the vast amount of information required for the fabrication of
customized building components. Eastman stated that BIM is an ETO enabler, but the
use of automated machines in ETO fabrication is still uncommon.

According to Hermann et al. (2014), MC is a combination of three principles: The first
is called modularization which allows a wide variety of products through the
recombination of parts. The second principle is the ability to quickly adjust the structure
of production. And the third principle is delaying the point where a product becomes
unique. In the opinion of Kieran and Timberlake (2004), MC is a hybrid process of
customization and mass production that proposes an automated fabrication of unique
products. And Farr et al. (2014) add to the MC concept, the efficiency and high volume
of mass production. In order to increase the potential for customization, Stralen (2015)
emphasizes the need to shift the project’s focus from the object to the process.

Digital Fabrication (DF) is a manufacturing technology through automated machines
and has evolved from the first machines programmed with G-Code to the web-based
Industry 4.0 paradigm. DF has been widely used in the production of standardized
building components, but not for the production of customized components. In the
opinion of Farr et al. (2014), Web-based databases and BIM can be helpful for the MC
strategy in the AEC industry. Luth (2011) states that the current interoperability
between softwares, adopted in the AEC industry, has excessive representations of
database objects. Farr et al. (2014) concluded that for the AEC industry, researches in
user-friendly web database applications are still needed.

Hermann et al. (2014), stated that the three dimensions of sustainability - economics,
ecology, and society - should be improved in manufacturing in four main aspects:
Integrated systems, adaptability, web-based production, and collaborative work.
Integrated systems keep the balance between efficiency and effectiveness. Adaptability
addresses the demand for an increasing variety and complexity of products. Web-based
production technology provides live information of the systems. Collaborative work
yields a friendly environment in SMEs. SME owners remain unconvinced that costs
can be reduced by making environmental improvements. They fear that the costs of
environmental improvements will affect their competitiveness.

According to Bruno et. al., (2013), some factors indicate that mass customized products
are less sustainable than standardized products, while other factors suggest the
opposite. Pedrazzoli et.al., (2011) suggested that additional investigations are needed
to conclude that MC is a driver for improvement in sustainability. The study of Trentin,
Forza, and Perin, (2015) found links between MC and sustainability and concluded that
research on this subject is still limited. According to Medini, Da-Cunha, and Bernard,
(2011), MC and Sustainability need to be assessed together in order to strengthen both
of them. Tyl, Lizarralde, and Allais, (2015) concluded that economic activities that use
locally available resources and generate products for the local community have a great
role to play in sustainability.



Hora et al., (2016) performed a theoretical conceptualization identifying five MC
enablers and six Sustainability enablers. The MC enablers are Co-creation, Modularity,
Platform, Build-to-Order, and Postponement. Co-creation is the involvement of
customers in the design process. Modularity stands for the modular combination of
components of an object. Platform denotes the interaction between stakeholders. Build-
to-Order means to start producing when an order is received. The Postponement means
to delay the point in which the product becomes unique. The Sustainability enablers
identified by Hora are Longevity, Eco-design, Efficiency, Circular economy,
Dematerialization, and Awareness. Longevity is to increase the lifespan of the product;
Eco-design stands for implementing strategies for continual environmental
improvement. Efficiency denotes increasing the usefulness of material and energy in
the product lifecycle. Circular economy means to circulate materials and components
among a broad production chain. Dematerialization is to create more value with less
material usage. Awareness means the knowledge of sustainable values and impacts.

Table 1 shows the cross-reference between MC enablers and sustainability enablers,
through which Hora et al. (2016), proposed a framework for integrating Sustainability
on an MC strategy. The framework comprises a set of seven generic patterns: 1- The
ability in defining the point from which the customer can choose to individualize a
product; 2-Incorporation of sustainable choices in the user interface; 3- Product
recyclable or upgradable; 4-Produce only what can be sold; 5-Product longevity,
efficient energy and material usage; 6- The manufacturer providing a solution for the
product at the end of its lifecycle; 7- Renewable energy. It can be concluded by the
analysis of Table 1, that among the MC enablers, Platform is the most strongly linked
to Sustainability. Platform means interaction between designer, manufacturer, and
customer and is one of the objectives in this research.

Table 1: Framework for integrating MC and Sustainability. Source: Adapted from Hora

etal., (2016)
Framework for Mass Customization Enablers
integrating Mass Co- Modularity | Platform Built-to-
Customization and Creation Order and
Sustainability Postponement
Longevity 2 2,6,and 7
o Eco-Design 1,3, and 1 3
= o 5
_c-é 2 | Efficiency 5 4
‘g & | Circular 2 2 and 6
2 W1 Economy
Dematerialization 6and 7
Awareness 3and5 3

The problem identification in this research comes from the interest to find solutions to
practical problems faced by manufacturers of customized prefabricated building



components. The main objective is through an action research, to develop a method to
implement BIM integrated to the MC strategy for small and medium enterprises.

METHODOLOGY

This study presents the current stage of an Action Research within the bigger scenario
of a Design Science Research of a doctoral thesis. The research aims to design, develop
and evaluate a method for implementing MC for fabricators of ETO products within
the SME sector of the AEC industry. The research has the objective to show that from
the perspective of a fabricator of custom components for buildings, one of the key
benefits of using BIM is for the purpose of obtaining an integration between design and
fabrication. As claimed by Hora et al., (2016), integration between design and
fabrication is a driver of MC. This study adopts the statement of Pourabdollahian et al.,
(2014), that customization that offers unlimited choices to the client, is economically
and environmentally unfeasible.

The Action Research is being conducted in the environment of an SME designer and
fabricator of ETO components, specialized in custom kitchens. One of the researchers
in this study has previous experience in software development for the design and
fabrication of kitchen and bathroom in an SME manufacturer. This knowledge has
allowed the researcher being more participative and interpretative in the Action
Research. The researcher plays an active role in the studied company because he has a
good knowledge of the roles of each specialist. The protocol for the research is
summarized in Table 2. In the first cycle of the Action Research, meetings were held
with key employees to draw guidelines. For the design phase, BIM models and a Web-
based interface were developed. The BIM tools used were Revit and Dynamo. The Web
application was developed using HTML / PHP / MySQL. At the fabrication phase, BIM
models were exported to CNC machines. The maker of the CNC machines is BIESSE
who developed a programming language called Biesseworks. Text files were exported
from BIM tools to Biesseworks.

Table 2: Protocol for the research Source: Author
Item Description
Research participants. The researcher, the firm’s CEO, design and production
engineers, the CAD manager, the database administrator,
and the CNC programmer.
Approach. Qualitative, verbal description of the phenomena observed.
Steps to be performed Plan / design;
Act / development
Observation / Evaluation
Reflection / lessons learned
Analysis and Participant observation, interviews, and project’s
interpretation of data  documents.

RESULTS



The research is being conducted in two cycles of four stages. Planning is the first stage
in which artifacts are designed. Action is the second stage in which artifacts are
developed. The third stage is called Observation, which means evaluation of artifacts,
and the fourth stage is called Reflection in which the lessons learned in the cycle are
pointed out. At the closing of the current study, the research is at the end of the first
cycle. The entire process in the first cycle was documented to form the basis for the
second cycle. The configuration of a very simple kitchen was planned. The layout
comprises five modules shown in Figure 1, whose sketches are shown in Figure 2 and
Figure 3. A box with two drawers under the stove, and a box with two doors under the
sink. Between stove and sink, there is a left-swing-door. On the far right, there is a box
with a door swinging right and a drawer on top. Beside this cabinet, there is a three-
drawer box.
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Figure 1: First cycle of Design aiming Mass Customization Source: Author
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Figure 2: Two-drawers under stove and two-doors under sink Source:Author



)

Figure 3: Three-drawers, left-swing-door, right-swing-top-drawer  Source: Author

The first stage of the first cycle was a reflection conducted through an analysis of the
results of a case study performed prior to this investigation. Meetings were held with
key employees of the company surveyed and research guidelines were developed. For
the design phase, BIM models and a Web-based interface were developed. In the
second stage, a method of design and fabrication of customized kitchens was proposed,
a BIM adoption strategy was planned, and tools were chosen. The method follows the
concept of Luth (2011) according to which there is a need for more simplified databases
in the AEC industry.

In the opinion of Farr et al. (2014), researches in user-friendly web database
applications are still needed in the AEC industry. According to the method developed,
the customization of kitchen cabinets begins with designers completing a web-based
database containing information and design constraints. According to Khalili-Araghi
and Kolarevic (2016), the integration between geometry and data could match customer
preferences with product specification and technical constraints. This integration began
in the first cycle and is deepened in the second cycle of the research. In first cycle the
system was developed in VisualBasic. The web database application was developed
using HTML/PHP accessing a MySQL database. The web application was planned for
the second cycle. Figure 4 shows a sample of this system which was developed by the
researcher in the NetBeans IDE8.1 environment. The database administration was
performed with the XAMPP Control Panel V.3.2.2. Due to the fact that designers in the
studied company are already proficient with the VisualBasic tool, this language was
used in the first cycle of the Action-Research for the development of the project
information system. VisualBasic is a text-based programming language commonly
used by software developers. This action aims to simplify the current interoperability
among software in the AEC industry, which, according to Luth (2011), contains
excessive representations of database objects. The next step was the creation of a
schematic three-dimensional model. In this research, Revit and Dynamo were the
selected tools. Revit is a modeling software for the AEC industry, and Dynamo is a
visual programming language native in Revit.
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Figure 4: Web database application face-NetBeans IDES.1. Source: Author

Due to the varying nature of a custom product, the method being developed is aiming
to facilitate the update and maintenance of the cabinetry Library. It’s been applied here
the principle of hierarchy, under which each component inherits geometry, parameters,
and constraints. At the top of that hierarchy, there is a group called Category. Categories
are the macro elements of a building such as walls, doors, floors, furniture, and
appliances. The cabinetry library will be built under a Category called Component.
Each Category has groups of Families associated with it. A family is a group of
elements with a common set of Parameters (properties), identical use, and similar
geometry. But Family is still a very broad level in the hierarchy. So, each variation of
a Family is referred to as a Type. Finally, the actual objects in a building model are
called Instances. So, one can say that an Instance belongs to a Type, Type, in turn,
belongs to a Family, and Family is part of a Category. For example, in the Kitchen
cabinetry library, there will be, among others, one family called Base-One-Door. Under
this family, there will be the Base-One-Door-Left-Swing and the Base-One-Door-
Right-Swing Types. Figure 5 shows six cabinets from the same family. Only the types
are different.

| | _______'::_'::__:::

Figure 5: Cabinetry from same family, only different types Source: Author



The project information transferred to the model encompasses, among others, interior
parts material, exterior parts material, paint or stain finishing, and drawer type. Dynamo
is a visual language that has a friendly interface that can be easily understood by
professionals with more knowledge of woodworking than computer skills. Dynamo
was used in this research to generate fabrication parameters like length, width, edge
banding, and finishing. Figure 6 shows the interface of Dynamo used to export
geometry and parameters to fabrication.

Figure 6: Dynamo exports Revit geometry and parameters. Source: Author

The machines used for Digital Fabrication evolved from the first G-Code programmed
CNC machines to the web-based Industry 4.0. At the fabrication phase of this cycle,
parameters from the BIM models were exported to the CNC machines. The maker of
the CNC machines in the studied company is BIESSE which has a proprietary
programming language called Biesseworks. Text files were exported from BIM tools
to Biesseworks. Biesseworks can read DXF, CIX, CID, and NC code files. Figure 7
illustrates the simulation of the fabrication of a door. In the opinion of Farr et al. (2014),
Web-based databases and BIM can be helpful for the MC strategy in the AEC industry.
This simulation is part of an effort to smooth the process of interoperability between
BIM models and CNC machines. According to Newman (2014), a fully interoperable
system is still a long way to go.
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Figure 7: CNC simulation of the fabrication of a door Source: Author

According to Schneider (2014), a Product Family is a combination of a generic
structure with a set of variables and constraints designed to allow flexibility in the
creation of a product. A Product Family must be consistent with the customer
requirements while ensuring that no constraint is violated. Product Families are being
created in this research, using the advanced algorithm concepts of Object, Class, and
Method. These concepts are embedded in the Revit software. It will be a library of
components suitable for future maintenance and its creation will be guided by careful
planning, the choice of the right template, and parameters and constraints following
predefined patterns.

The third stage of the first cycle comprised preliminary testing of the method and tools.
It was accomplished through the design and digital fabrication of a limited scope of
kitchen components. Only some floor cabinets with parameterized drillings. This
research focuses on the concept of Bock (2015), where automation in the AEC industry
is still in the innovation phase, occurring extremely slowly due to complexities of
products and low R&D budgets. Therefore, the researcher has set as the main goal for
the first cycle of the Action-Research to be a phase dedicated to the unleashing in the
company of a movement towards adaptability to the new technology. For a Robot-
oriented concept design be applied to use Digital Fabrication in Mass Customization
strategy, product and process must be able to be easily changed.

The fourth stage of the first cycle was the assessment of the whole cycle. This
evaluation was carried out with the team of the company studied. At this stage,
information about the actions taken in the previous steps was collected and compared
with the initial plan in order to find out what went wrong and what went right. At the
close of this study, corrections are being made to feed the planning stage in the second
cycle.

The second cycle begins with the expression of the lessons learned in the first cycle.
Then a new action plan is designed based on the techniques and tools tested in the first
cycle. In addition, the requirements and desired characteristics of the artifacts are
reviewed in conjunction with the context in which they will operate, as well as their



limits and relationships with the external environment. In the second cycle, the
researcher, working with some of the selected employees of the company, will improve
the BIM models, and the web-based database. In the last stage of the second cycle, the
behavior of the artifact in relation to the solution of the problem in the real environment
will be measured and evaluated.

The BIM adoption strategy contains four stages that intersect, beginning with goal
setting, planning and development, and training. The first stage encompasses the
definition of desired benefits, the level of detail required for design and fabrication, and
how, when and by whom the component library will be created. The second stage is
the planning and scheduling of activities, the effort to get staff committed, and the pace
of change. The third step includes creating product families and developing and
customizing the software. The fourth step is dedicated to team training to be able to
assign the right person to each new role.

In order to smooth the process of adoption of BIM among SME, the choice of Revit for
the BIM models, and HTML / PHP and MySQL for the web database application, is
mainly due to two reasons. These are tools used around the world with many resources
available for staff training and there are many experts on these tools, which facilitates
the hiring process. HTML / PHP have a short learning curve, and MySQL is a
Relational Database Management System that uses SQL languages.

DISCUSSION

Hermann et al. (2014), stated that the three dimensions of sustainability - economics,
ecology, and society - must be improved in manufacturing in four main aspects:
Integrated systems, adaptability, web-based production, and collaborative work. This
research addresses Integrated systems through BIM modeling towards Digital
Fabrication. The adaptability aspect is sought through the creation of families of
components. Web-based production is achieved through an application developed
using widely used web tools, and the collaborative work aspect through engaging
designers and manufacturers from the outset of the design process.

In the opinion of Hora et al., (2016), the interaction between manufacturing process
specialists, customers, and other stakeholders is an enabler of MC strongly linked to
Sustainability. This interaction, made possible through BIM models and Web-based
application, is part of the MC method that is being developed in this research. The study
of Trentin, Forza, and Perin, (2015) found links between MC and sustainability and
concluded that research on this subject is still limited. Pedrazzoli et.al., (2011) stated
that additional investigations are needed to conclude that MC is a driver for
improvement in sustainability. In the second cycle of this research, measurements will
be made to verify if the MC process has reduced material consumption and waste.

Tyl, Lizarralde, and Allais, (2015) concluded that economic activities that use resources
available locally and generate products for the local community have a great role to
play in sustainability. Web database applications and BIM models allow the design to



be done in one location and manufacturing elsewhere, addressing the three dimensions
of sustainability — economics, ecology, and society. Longhui (2018) identified 47
obstacles to the implementation of BIM, most of which are human-related and not
related to technology. Therefore, the implementation of BIM is linked to social
sustainability. An important result already achieved in this research is that the designers
and engineers of the company are already working collaboratively and committed to
the implementation of MC. This is one of the objectives in this research that is being
conducted in two four-step cycles. All actions in the first cycle were documented to
form the basis of the second cycle.

The company studied is an ETO that provides highly customized products. ETO
products require a more detailed specification. The BIM model provided more detailed
and reliable information for fabrication. Benefits are expected in assembly because the
parts fit better. The primary goal of the first cycle was to get the specialists to work
collaboratively. The goal was achieved. In the second cycle, it will be used a web-based
database developed with HTML / PHP and MySQL to provide information to design
and fabrication.

In current practice, many parts of a building are already manufactured off-site, and
digital fabrication is increasing. The contribution of this research is the formulation of
a solution that allows the reconfiguration of the manufacturing process. The designs
will be made according to customers’ specifications who may make changes late in the
process. The solution is BIM-mediated MC for SME by providing insight on how to
determine the appropriate level of customization for a specific product. Manufacturers
will set the optimal level of customization according to customer requirements and will
check the system’s ability to provide this level of customization. These two apparently
conflicting issues will be combined. The formulated solution will impact the design
and fabrication process and the people, reducing design coordination conflicts and the
necessary efforts in programming CNC machines. The solution involves committed
designers and customers from the design stage.
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