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During the last decade, mass customization in developing countries has been
rising. The combination of conventional methods and materials with computer
numeric control technologies offers a possibility of merging established
craftsmanship to the production of personalized components with mass
production efficiency. This article aims to present the development of a facade
component prototype as a means to prospect possibilities for mixing parametric
design and digital fabrication to casting, especially in developing countries like
Brazil. This is an applied research with an exploratory and constructive
approach, which was a result of a graduate class structured on a research by
design basis. The conceptual development and prototyping of the artifact
followed iterative cycles, considering its performance, fabrication methods and
feasibility. The selection of materials that are commonly used in Brazilian
architecture, like concrete, facilitates the component adoption as as a facade
solution. The main conclusion emphasizes the need of involvement between
academia and industry for the development of innovative products and processes,
and highlights different levels of mass customization to include a range of
manufacturing agents, from major industries to local craftspeople.
Keywords: digital fabrication, mass customization, prototyping, facade
component

INTRODUCTION
The middle of the XX Century was marked by the
Third Industrial Revolution (Rifkin, 2011), with the automation of production, which allowed the introduction of the concept of mass customization (Bunnell,
2004). Pine II (1993) deﬁnes mass customization as

the possibility of increasing variety in goods and services without a corresponding rise in costs. Lampel
and Mintzberg (1996) identify that modiﬁcations according to customers’ needs can happen in four different moments: design, fabrication, assembly and
distribution. In the ﬁeld of architecture, the associa-
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tion between parametric design and digital fabrication is the key for developing mass-customized solutions (Kolarevic, 2005; Kolarevic and Duarte, 2018),
besides from allowing the exploration of geometries
that, previously, were diﬃcult to design and produce
(Kolarevic, 2005).
While in some areas and countries this concept
was rapidly introduced, in others it was a lengthier process. Among several reasons, the low availability of technology and its high cost, when compared to traditional methods, are highlighted. However, some authors identify that computer numeric
control (CNC) technologies have already been available in the construction industry for more than a
decade. In Brazil, Silva et al. (2009) have mapped several industries in the Federal District which own CNC
equipment. Similarly, Barbosa Neto (2013) found out
in the technological park of Campinas that industries do not make the most of the machinery available, utilizing high-tech equipment to perform simple tasks. Thus, this mismatch between digital fabrication and the construction industry seems to be
more related to cultural characteristics, such as a lack
of dialogue between architects and manufacturers,
both in academia and in practice (Silva et al., 2009).
In the last few decades, the enhancement in the
conception and production processes provided by
digital technologies resulted in a change on the traditional sequence of the architectural design process.
As discussed by Rivka and Robert Oxman (2010),
shared digital representations, combined with rapid
prototyping and digital fabrication, shifted the spotlight back to tectonics and allowed materiality and
structure to be in the genesis of design. Those authors called this movement New Structuralism, which
relates to the focus on material as a primary design
concern, followed by structure and lastly, by form.
This is exempliﬁed by the brick facades developed
by the Gramazio Kohler team, which combine the
digitally informed process of prefabrication with a
sustainable on-site construction, through a system
of masonry in a robot-based manufacturing process
(Gramazio and Kohler, 2014).

In the context of developing countries, this balance between digital and analog, mechanical and artisanal processes is even more relevant. Since some
digital technologies have not yet arrived in most construction sites, it is necessary to make the most of
materials and technologies that are already known
with low cost digital technologies, in order to apply
the New Structuralism principles. According to Yuan
(2012), digital fabrication technologies provide a different kind of transition in developing countries, with
the rise of CNC craftsmanship, where artisans can
make a smoother adjustment from low to high-tech
approaches since, unlike other countries, industrialization has not completely reached the construction
sites. They also redeﬁne the dialogue between architects and construction workers, as drawings start
to be no longer the main communication document
(Yuan, 2012).
In Brazil, despite those barriers, there have been
several attempts to explore complex geometries.
However, in many cases, the technology or specialized manpower required are not available. This has
been bypassed by mixing high technology (or concepts) with the development of an assembly process that could be automated or manual. One example is CoBLOgó, a brick facade developed by SubDV
that worked as a second skin to an oﬃce building in
São Paulo. The project used high technology during
its development (parametric modelling and environmental simulation) and traditional manpower for its
assembly, by using a non-specialized workforce and
digitally-cut templates (Celani, 2016; Sperling and
Herrera, 2015).
In Latin America, many other examples were
highlighted in both editions of the Homo Faber exhibition, in 2015 and 2018, which presented works produced in university and professional scenarios with
the use of parametric design and digital fabrication
(Scheeren, Herrera and Sperling, 2018; Sperling and
Herrera, 2015). The last edition, in 2018, also brought
a more in-depth perspective on the connections between this process and local culture. The Colombian
company Frontis3D was featured in both exhibitions
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with facade components for environmental performance. The proposal for Square 85, for instance,
combined environmental simulation and parametric
design, through an iterative process, to generate custom perforations in metal sheets. Panels were positioned in front of existing windows to enable natural
lighting and ventilation without compromising the
view to the outside (Scheeren, Herrera and Sperling,
2018).
Another example is the tile fabrication developed by students in the fabrication laboratory at Universidad Piloto de Colombia, which combined both
digital fabrication and artisanal techniques. Parametric modeling and 3D printing were used to design and fabricate a ﬁrst mold. Artisanal techniques
were then applied to create a clay negative mold,
where plaster was casted to generate the ﬁnal tile
(Scheeren, Herrera and Sperling, 2018). This approach allowed them produce several tiles with a
complex geometry in a reasonable time at low cost.
The present research is inserted in this scenario
as an outcome of a graduate class called “Design for
Innovation,” led by Dr. Gabriela Celani at the University of Campinas (Unicamp), in Brazil. The proposed brief was to rethink the concept of facade as an
opaque element with window openings, through the
design of a diﬀerent kind of facade that responded to
two or more environmental issues with the use of innovative techniques. The facade should be designed
for a building in Campinas, even though the solution
could later be adapted for diﬀerent locations.
The research began with the problem of controlling light, wind and sound with a facade element.
Currently, a window is used to control these elements, however, if a window is opened to provide
air circulation, there is no external noise control. This
problem was reframed with the question: does the
passage of light and wind need to be provided by
the same element? If these two functions were dissociated, could an element be developed to control
wind and sound, in order to simultaneously provide
air ﬂow and improve acoustic comfort?
This article will focus speciﬁcally on the devel-

opment and the production of physical prototypes
for a facade element, considering the technological
limitations and the non-specialized workforce available in the Brazilian scenario. Although environmental performance was an important design concern, it will not be explored in this paper. Therefore,
the goal of this article is to raise possibilities regarding the use of mixed technologies in the mass customization of facade components, through the exploration of this scenario in the literature review and
the development of a prototype. This facade element was conceived in this context, alternating between an automated and digital production mode,
and traditional construction techniques combined
with performance-based design (Oxman, 2008) that
considered ventilation, acoustic comfort and other
factors. Diﬀerent production methods were explored
in order to execute complex geometries within a
conventional medium, while maintaining the desired
precision and low cost.

METHODS
This research takes an exploratory and constructive
approach. The development of the facade component considered that the systematization of a design process can lead to innovative knowledge, going beyond the artifact itself (Simon, 1996). The research question guided the development of the component, which was achieved through practical experiments, integrating the design process with new
methods of production (Hauberg, 2011).
The design framework started from reconsidering the hierarchy of layers in a facade. Instead of
ordering distinct layers to solve issues of light, air,
moisture, view and moist ((Emmitt, Olie and Schmid,
2004)), elements were combined into a single layer,
with a focus on light, air, and the added layer of
sound. This conception of a merged layer guided all
modelling and fabrication processes.
The component was modeled using Rhinoceros
5.0 and Grasshopper, and the plugins RhinoCFD and
Diva were used for environmental analysis. The prototypes were digitally fabricated using a Felix FDM 3D
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printer, a Vitor Sciola 3-axis CNC router and a vacuum
forming machine.
As for the materials, styrofoam was used
for milling, polylactic acid (PLA) for 3D printing,
polypropylene for vacuum forming and concrete for
casting. In order to explore the reduction of costs
and the reuse of materials, in addition to the traditional polypropylene sheet, disposable plastic plates
and plastic folders were tested for vacuum forming.
Once the vacuum formed design was produced,
it was used as a negative mold and embedded into
the concrete component prototype.

etry (Figure 1), which was easily halved and each
half could be carved in styrofoam using a 3-axis CNC
router. The carved model was used as a negative
mold during the concrete casting. Initially, chemical dissolution was considered for removing the material from the casting, however previous tests had
taken too long for the material to dissolve and a large
quantity was consumed, therefore the negative mold
was removed manually. Both scenarios required signiﬁcant manual work to remove the styrofoam mold,
leading to a reevaluation of the method used
Figure 1
First prototype.
Source: Authors

DESIGN AND FABRICATION OF THE FACADE COMPONENT
The geometry of the facade element was developed
through the interaction between its performance
and the fabrication tests developed. Due to the complexity of the shape, the ﬁrst step in the development and production of prototypes was to select the
manufacturing process. Initially, three major methods were considered, according to references from
the literature: stacked 2D cut layers [1], 2.5D milling
(Iwamoto, 2009) and casting (Hensel; Menges; Weinstock, 2010; Dunn, 2012).
The stacked layers would simplify the complex
geometry, aﬀecting its performance, and also require additional eﬀort during its assembly, due to
the amount of layers. Considering the complexity
of the geometry, 2.5D milling would not be able to
accurately carve the desired shapes, requiring more
advanced machinery, such as a 5-axis robotic arm.
In both options, the geometry would be carved out
from the material, resulting in the empty space desired, however, in the casting approach, a negative
mold from the cavity would be created, placed and
then the material would be poured around it. This
allowed more ﬂexibility in the element’s geometry,
adapting the process to the machinery available at
the lab. Another advantage of the casting method
is its proximity with construction methods currently
used in Brazil.
The initial model consisted of a simple geom-

Figure 2
Second and third
prototypes. Source:
Authors.

The second and third models (Figure 2) underwent modiﬁcations based on sound performance,
presenting more complex shapes that couldn’t be
fabricated by the CNC router available (2.5D milling).
Potentially, those shapes could be milled on a 4-axis
CNC router or 3D printed, but would present the
same problem of the ﬁrst model: removing the material after the pour. Furthermore, the model would
be single-use. In order to address these problems,
the negative mold was used as a mold for polypropylene in vacuum forming. This created a positive mold
which worked as a skin that for the concrete to be
poured around. Tests regarding the same model
in milled styrofoam showed that the material deformed during the vacuum forming process, only en-
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abling the creation of one polypropylene object from
each styrofoam mold. Although the 3D printing took
longer than the milling, it allowed more geometric
possibilities and the mold could be reused. The following models were then 3D printed to scale (1:4).
The ﬁrst two polypropylene molds presented
problems regarding their accuracy to the original design. Suction channels and ﬂaps were added to improve the accuracy. As the models were to scale (1:4),
it was possible to explore the use of diﬀerent materials, thickness and temperatures during the vacuum
forming. Disposable plates and plastic folders were
tested as materials for the vacuum forming, which
presented a good performance for scaled models.
The digital model was modiﬁed according to performance, maintainability and fabrication issues. It
is important to note that the vacuum forming machine would not be able to accurately create a mold
from the whole model, requiring it to be divided. The
halves were 3D printed at 1:1 scale. Due to the increased scale, the disposable plates and plastic folder
had to conform to a larger area, and during the vacuum forming process they presented tears or areas
that were too fragile to be used. Therefore a standard sheet of polypropylene was selected. The two
halves of the new vacuum formed mold were glued
together and attached to a wooden box mold, into
which regular concrete was poured. Concretes with
a variety of aggregates underwent performance testing, analyzing factors such as thermal resistance and
weight. Despite regular concrete having been selected for the ﬁnal prototype, this process could be
repeated with diﬀerent materials that are best suited

to local conditions. The plastic vacuum formed mold
was incorporated to the ﬁnal prototype and the 3D
printed model could be reused to create other molds.
The ﬁnal prototype is shown in Figure 3

DISCUSSION
The technological evolution has led to major changes
in the way buildings are designed and produced;
however, due to limitations, it is necessary to embrace the technology and workforce available. For
the development of the facade component described in this article, other technologies could be
used, such as a 4-axis CNC router, 5-axis robotic
milling, concrete 3D printing and many others, which
were neither available in the lab nor common in
Brazil, as well as diﬀerent casting materials.
In the last few years, 3D printing technologies became more accessible, with the establishment of national brands, the availability of several DIY kits, and
the emergence of makerspaces and fablabs open to
the public. This movement reinforces the possibility
of a gradual adoption of these technologies in civil
construction. Additionally, in the component prototype, the main material used for the pouring was concrete, which is largely used in local construction. This
approach seeked to make the most of cutting-edge
technologies without neglecting conventional construction knowledge.
The combination of technologies was fundamental for the facade component development.
Complex geometries provided by parametric modeling could only be turned into a physical object after a

Figure 3
Final prototype.
Source: Authors.
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Figure 4
Summary of the
iterative cycles in
the prototype
production. Source:
Authors.

series of iterative experiments with materials and machinery. Form was a result of a performance-based
design that took into account materiality and production processes, as shown in Figure 4.
Mass customization of the component could be
achieved in several ways. The geometry of the component can vary in diameter, depth, number and distribution of recesses, according to the desired performance. Furthermore, the material to be poured into
the molds can be chosen according to climate speciﬁcations.The prototyping of the component in an
academic environment also raised a discussion about
possible ways of creating a large-scale manufacturing product, with two main possibilities being identiﬁed (Figure 5). The ﬁrst one is the manufacturing
of individualized components, prefabricated oﬀ-site
and assembled one-by-one in the construction site.
Considering the cost drop of digital fabrication machines and the growth of distributed manufacturing,
the components could also be produced in less centralized circumstances.
The second alternative is the fabrication of complete modular walls, similar to Gramazio Kohler’s
(2014) brick facades and the prefabricated modular units in Brazil. An example is the manufacturing
of some building modules, in which the walls and
ﬂoor are cast in concrete at the same time, with predeﬁned ducts for electric and hydraulic installations.
After that, the ﬁnishing processes are completed oﬀsite, and the prefabricated pods are transported by

truck to the construction site (Teribele, 2016). This
second approach converges to the modular strategy
for mass customization proposed by Kieran and Timberlake (2004). According to them, oﬀsite fabrication combined to the subdivision of a problem into
smaller parts makes it easier for each part to be customized through an integrated process, which also
leads to better work conditions.
Figure 5
Two possibilities of
mass customizing
the facade
component with
mixed
technologies.
Source: Authors.

Even though the model is parametric, which allows
its customization through changing determined variables, it would not be feasible to 3D print hundreds
of molds for a singular wall or building. However,
producing at a small series scale could allow a determined variety of models (such as ten diﬀerent iterations) for creating all the components to be distributed along the wall or building. In the simplest
approach, one single 3D printed model could be optimized for a speciﬁc situation or site and then used
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for generating all the components for the whole wall.

CONCLUSIONS
To think about the mass customization of a facade component with the use of mixed technologies
has some implications for the moments when userdriven modiﬁcations can happen, according to the
chosen kind of production chain. As seen, customization can happen in the design, manufacturing, assembly and distribution of a product or service (Lampel and Mintzberg, 1996). The identiﬁed strategies
imply diﬀerent processes. For the production of an
individualized component, customization could occur in the design and fabrication stages; however, as
the components would be delivered similarly as isolated bricks, its assembly would happen in a more
traditional way. Using strategies like the digitallycut templates applied by SubDV (Celani, 2016; Sperling and Herrera, 2015) could improve this process.
If the manufacturing of the individual components
happens directly at the construction site, the range of
customization is even more restricted. In this sense,
although it is possible for the design of a component
to be mass-customized for a given building or wall, its
fabrication and assembly will be closer to an artisanal
scenario than to a massiﬁed one.
The second approach presents the possibility of
mass customization during the design, manufacturing and assembly phases. As the components will be
embedded into complete walls with industrial precision, assembly takes advantage of a modular approach with a combination of eﬃciency and variety.
The product development process described
above was carried out with a mix of high-tech and
conventional construction methods and materials
from Brazil, during a graduate course. On the other
hand, this prototyping process could also be optimized with the introduction of new technologies that
are not available on the Brazilian construction market. This scenario reinforces the assertion that, while
in Europe and in the United States the introduction of
new technologies in construction arises from the professional practice, in Brazil the innovation is emerg-

ing from schools of Architecture (Celani; Lenz, 2014).
Future work could encompass experiments with
diﬀerent molding materials, such as silicone, to allow
its removal from the component. Tests with diﬀerent materials that are more traditional in the Brazilian
context, such as ceramics, and also more appropriate
to warmer climates, would also be important to evaluate the component’s feasibility for diﬀerent weather
conditions, in addition to playing a central role in a
New Structuralist approach.
In summary, all the possibilities highlighted are
not mutually exclusive; instead, they illustrate a
range of opportunities for gradually incorporating
mass customization of a facade component by taking advantage of the technology and workmanship
available in a given situation. In that sense, partnerships between universities, architecture professionals, industries and craftspeople could foster this process through the establishment of integrated strategies.
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