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Figure 1: Many cities look the same, full of generic buildings



LT

>
g

_.- - '/. L _#_Hh

- - _I‘ll 'I_v"l"l

ot il 4

Eusaa——

ARRRERE
w,/- . 1_. -/.. A

- l_ =u pan _l_._llllril IW.I !I_

e

mE N e | IV'I

AR i B

tu



Introduction

When driving Israel’s roads, many cities look the same,
full of generic buildings, which are seen all over the
country - a duplication of each other (figure 1). While we
are not the same, our apartments share the same plan. The
environment changes from one place to another (figure 2),
but the buildings repeat themselves in every city (Dickinson
2018). Each place’s uniqueness has been damaged for
reasons of low-cost production of repetitive architectural
and construction elements by industrial techniques. Those
generic building methods were satisfactory until now.
However, future technology holds the promise to allow
the production of buildings with many advantages over
the old ones, such as uniqueness, adaptation to different
building’s uses, Climatical efficiency, and consideration of
the environment.

Many parts and elements of a building could be the core
of this project, including interior partitions, exterior walls,
photovoltaic systems, windows, balconies, and interior
designs (figure 3). Each of these components, and of
course, many more, can be the main building element to
examine, aiming to create it with the technology of additive
manufacture by a robotic arm. A building element that
would affect many aspects of the building, including its
exterior and interior design, is its facade (figure 4). This
element serves the inside of the building, where people live
or work, and the outside, where the city’s urban design is
influenced.



Figure 4: Fagade
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The potential in additive manufacturing by a robotic arm
and digital design may produce other alternatives for future
building (Paoletti 2017). The project’s research question
is: Given additive manufacturing by a robotic arm, what
climatic and aesthetics opportunities could be suggested to
the building’s facade design?

To address this question, a review of relevant literature
and precedents was conducted, resulting in an exploration
of alternative mixed-use building designs. Finally, one
alternative was chosen and demonstrated.
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Lack of  <climatic and aesthetic
consideration

The building’s aesthetic has significant importance.
One building’s design can completely change the urban
perception. For example, the Guggenheim Museum in
Bilbao transformed an industrial city into a popular
tourism site (Ockman 2018). The distinction between
cities worldwide is determined by their urban design,
monuments, architectural symbols, and cultural aesthetics.
Therefore, concerns about the aesthetics of the building are
significant to the city experience and atmosphere.

Nevertheless, aesthetics is not enough. In recent
years, architects and engineers promote principles of
sustainability (Del Grosso and Basso 2010) concerning the
extensive destruction of the environment and nature by
humanity. As Architects that lead the builders’ society, it is
urgent to stop this destruction (Yeang 1998). The awareness
of energy efficiency has increased following some ecology
crises; therefore, energy-saving, natural ventilation, and
sun protection have become more critical. Moreover,
principles such as lighting, human-building interaction,
and many more became the center of architectural thinking
(Del Grosso and Basso 2010).

While many architects attempt to address these challenges,
many buildings end up generic. One of the reasons for that
is the low-cost production by industrial methods (figure
5). The notion of industrialization is to speed up building
processes while reducing costs. The industrialization
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of building elements and construction materials allows
builders to supply many buildings in less time because of
the fast manufacturing of identical elements. When there
is a severe lack of homes and offices, low cost and time
become the leading construction principles to impact the
building’s design. As a result, the architectural quality of
the building’'s design is subtracted; therefore, buildings
are replicas of one another (Maas et al. 2017), and they do
not fulfill many principles regarding energy efficiency and
human-building interaction.

However, there are some climatic benefits in generic
buildings, such as air and light directions. For instance, the
building’s core of the H-prototype building, which is seen
a lot in Israel, is positioned in the middle of the floor and
arranges the apartments around it, so each apartment
receives two or three air and light directions. Still, there
is a lack of energy efficiency principles, such as solar
radiation and wind power consideration, which can shape
the building to work together with the conditions in order
to create a more sustainable and comfortable environment
for humans.

The first example of the lack of climatic consideration in
the generic buildings is their usual shape, which is mainly
orthogonal; therefore, they do not deal well with the wind’s
forces, especially on the top floors (Alaghmandan et al.
2016). Residents of such buildings, especially on the upper
floors, complain about the wind’s noises. If the building
had been rounded, they would have suffered less from the
wind because rounded structures let the wind pass without
feeling it (Alaghmandan et al. 2016). An example of such a
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building is 30 St Mary Axe, also known as the Gherkin, by
Foster and partners (Foster + Partners 2003). Different
architectural shapes affect the wind flow differently (figure
6) (Kormanikova et al. 2018); therefore, it should be a priority
when planning the building’s overall shape.

Figure 6: Different architectural shapes affect the wind flow differently

The second example is expressed by the positioning of the
floors, which is not ideal to the light direction (figure 7).
Sometimes there is too much solar radiation on the wrong
window or balcony. One side of the building receives too
much radiation, while the other side receives too little. That
is because the architecture relates to different sides with
the same materials and architectural elements.

Figure 7: The positioning of the floors is not ideal to the light direction
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The third example is expressed by photovoltaic cells usually
installed on the rooftops of the generic buildings to heat
the apartments’ shower water. Using new technologies,
buildings with photovoltaic facades can allow solar energy
instead of electricity throughout the building, for instance,
EPFL Quartier Nord in Switzerland (figure 8) (Richter Dahl
Rocha & Associés 2014). Moreover, recent technologies of
micro solar cells that are smaller than 1 square centimeter
can be placed on the facade of a building (Cossu et al. 2016).

Figure 8: EPFL Quartier Nord in Switzerland (Richter Dahl Rocha & Associés 2014)

New technology developments may solve these issues.
Digital design could offer a new way to plan a building’s
facade by sustainability principles, such as wind impacts,
climate comfort, and energy efficiency. In addition, additive
manufacture by a robotic arm may suggest the method to
produce those designs.
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Related works

In the last two decades, there is a tendency to create
different forms of architecture. Architects shape buildings
in the aesthetics of the twenty-first century according
to new techniques of computational design. Those
methods have provided some of the missing things in the
industrialized era, but this technology is still incomplete.
In particular projects like Prada in Tokyo (figure 9), Herzog
and de Meuron have created concave windows, but they
are identical because they were made according to specific
molds (Herzog and de Meuron 2017).

PO

Figure 9: Prada in Tokyo (Herzog and de Meuron 2017)

Another example of the attempt to create irregular shapes
is Heydar Aliyev of Zaha Hadid in Baku (figure 10). However,
she had to optimize the number of different components
to produce to reduce the number of molds (Eigensatz et al.
2010). The production of many molds makes this kind of
architecture more expensive (Elkabany, Elkordy, and Sobh
2020). Robotic construction will produce irregular shapes
without molds and allow even more complex structures
(Paoletti 2017).
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Figure 10: Molds scheme of Heydar Aliyev by Zaha Hadid in Baku (Eigensatz et al.
2010)

In the new age of technology, when robotic arms replace
construction workers and tools (Horesh 2020), there will be
achange in building and its product. It will no longer have to
be industrialized because new technologies and production
methods will become cheaper and more accessible over the
years. Moreover, therehasbeenasignificant developmentin
robotic fabrication within architecture research worldwide
in recent years (Wit and Daas 2018). This new development
introduces new possibilities of complex geometries and
new materiality in architectural design with robotic arms
and additive manufacturing technologies (figure 11).

Advanced manufacturing techniques include various
3D printers that build objects in three dimensions, layer
above the layer on a horizontal base (Lu, Zhu, and F. Yuan
2018). Researchers and companies around the world have
developed large 3D printers on the scale of a building. For
example, with their project Olympus (figure 12), ICON aims
to print structures on Mars (ICON 2020). Others have already
printed houses on earth, for instance, Apis Cor (figure 13),
with their technology of 3D printing of horizontal structure
(Apis Cor 2020).
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Figure 13: The world's Biggest 3D printed building in Dubai (Apis Cor 2020)

Additive manufacturing is a technique that adds materials;
it includes 3D printings on a horizontal base, but not
necessarily. Additive manufacturing can be done by other
types of machines, for example, robotic arms. The robotic
arm has some advantages over 3D printers: It can print in
more directions than X, Y and Z, because it can move freely
in space and change direction simultaneously. It can be
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placed on a table, on a floor, or any surface one needs it to
be; therefore, it can print on any surface shape. Some large
robotic arms can print large-scale elements, such as the
scale of a building, for prototyping and production (Paoletti
2017).

The suitable material and the right equipment hold the
promise to create irregular forms. While most companies
print according to gravity forces, Mataerial has a radically
new additive manufacturing method - gravity-neutral 3D
printing (figure 14). By their method, 3D printed objects
can be created on every surface, with no additional support
structures and tools (Novikov and Jokic 2013).

Figure 14: Additive manufacturing method - gravity-neutral 3D printing by Mataerial
(Novikov and Jokic 2013)

Those researchers and companies have used additive
manufacture in various methods, which defines two robotic
arm printing techniques: one is similar to a 3D printer,
a horizontal print in layers from bottom to top, and the
second is a vertical print upright to the wall. The vertical
3D print uses the real advantage of a robotic arm over a 3D
printer (figure 15).
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The next level of additive manufacture would be to print
on a curved horizontal surface (figure 15). Schipper et al.
(2017) used a robotic arm additive manufacture technique
to print concrete on double curved, non-planar surfaces.
These surfaces were used as a support to the printed
concrete during the process of additive manufacture. The
surfaces were different from each other; however, there
was no wasted material in their creation (Schipper et al.
2017). On the other hand, Costanzi (2016) created adjustable
surfaces on a system of pins in different heights, which
communicates with the computer, so the physical surface
appears digitally; therefore, the robot can print in the exact
place of the three-dimensional space (Costanzi 2016).

Concrete was also added on a horizontal curved surface
which was 3D printed in advance (Weiguo et al. 2018).
Another team researching 3D printing of curved concrete
structures created the base to print on from reusable
aggregate. They shaped the aggregate with a robotic,
computerized tool and printed horizontally on this double
curved surface they have created (Battaglia, Miller, and
Zivkovic 2019).

This technology is not in the far future in a distant
world (figure 16). Beyond3D developed a catalog of a
new generation of concrete building products utilizing
robotic manufacturing technology in Israel. Beyond3D
offers various products that can be customized by shape,
dimensions, colors, and surface finishing. They claim
to reduce production machinery costs, manual labor,
manufacturing time, waste, and product damage and
prevent potential risks and hazards (Beyond3D 2020).
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According to automated manufacturing methods,
residential and office buildings will look different from the
buildings we know today. There are many possibilities for
these buildings, and they can be designed by parameters
we did not use before, such as sustainability properties. The
architecture of the future will not be shaped according to
the manufacturing methods of today.

The robotic arm’'s product shape is usually rounded; for
instance, the Blossom vase collection (figure 17), 3D printed,
demonstratesthiskind of curved form. Thisvaseimitatesthe
fluidity and movement of a fabric (Ai Build 2020). Moreover,
computational design and 3D printing technologies achieve
anaccurate and sophisticated production without formwork
or molds, for example, the 3D-print concrete columns
(figure 17), which were developed by Anton et al. (2019),
are nine individually designed columns, which indicates
the unique possibilities of horizontal 3D printing and the
potential of computational design and digital fabrication
for the future building (Anton et al. 2019).

The robotic arm can follow any kind of line, from straight
to curved. This line can change according to any parameter
and design. This line composes the robotic arm path,
which is computerized; therefore, it is a lot more accurate
than the human hand attempting to make the same path
(Després et al. 2020). For example, Thallus Installation
(figure 17), created by automated additive manufacturing
by six-axis robotic printing technology, “demonstrates
what can now be achieved in the architecture, construction,
and engineering industries” (Zaha Hadid Architects 2017).
Someday in the future, robotic arms will print almost any
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Figure 16: Robotic arms constructiéh_-._gompanies worldwide






Figure 17: The shape of robotic arms' creations






shape our architectural mind will desire. As a result, the
design possibilities are endless.

There are many buildings opportunities the future holds—
this project attempt to examine just a pinch of them. The
curved line promises some alternative designs, with
advantages we could not achieve before.
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Methodology

This project aims to answer the question defined earlier,
‘Given additive manufacturing by a robotic arm, what
climatic and aesthetics opportunities could be suggested to
the building’s facade design?’.

Design is a wicked problem (Rittel and Webber 1973)
because many solutions would provide an answer for it.
There are many possibilities for the design of the future’s
building, especially considering advanced technologies. The
methodology I chose to answer this question is Research
through Design (RtD) (Frayling 1993).

This section explains what Research through Design is, why
It is suitable for this question, how data was collected and
analyzed, and the tools and software. The section concludes
with the limitations of this methodology and ways to
overcome them.

Research through design

Research through design is a methodology that begins
with assumptions and follows with a process of ideas to
demonstrate them. The ideas are illustrated by iterations
andreplications, which can be shown as alist of alternatives.
There is a study process in each alternative — one leads to
the next, while the results are reported and analyzed each
time. This process is usually presented in a sketchbook,
describing the steps along the way. The result of this kind
of research method is a specific application or action that
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demonstrates understanding and new knowledge (Frayling
1993). Sometimes particular rules or principles are defined
at the beginning or along the process, and the solutions
attempt to follow them (Rittel and Webber 1973).

To address the research question, one ought to understand
that there are many possibilities for abuilding’s facade, built
according to robotic manufacturing methods. Advanced
technology provides many opportunities to design building
elements we could not create before. As a result, research
through design methods can be suitable for this mission.

Collecting and analyzing the data

In this ocean of possibilities, the research method
examines some of them until choosing one to describe. The
chosen one reflects the shape of the robotic design, and it
follows environmental parameters. In the beginning, some
planning principles have been defined, such as adaptation
to the program’s functions, climatical efficiency, and unique
aesthetics. Each time a building design, which attempts to
answer some of the principles, has been proposed. This
alternative was analyzed and reviewed by the instructors
and me untilitled to conclusions for creating the next one. A
dictionary of possibilities demonstrate this process and the
iterations along the way (figure 18). This building’s facade
could have many more iterations aiming to receive a better
shape. Many opportunities that did not reach exhaustion
are still available to examine, such as other shapes and
patterns, other human-building interactions, and other
climate-based designs. Eventually, one iteration has been
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chosen, and this is the one that is described in the results
chapter.

Tools and Software

Each iteration began with a list of old and new principles
accompanied by hand sketches inside a sketchbook. The
possibilities were created by Rhino and Grasshopper’s
parametric design. The review was written inside the
sketchbook to begin designing the next alternative. Some
iterations combined an architectural model, crated by
hand, laser-cutting machine, 3D printer, and a robotic arm.

Limitations

This research method is challenging because of the reasons
that make design a challenging task. Design could be a
never-ending process of answering a wicked question
when there can always be another alternative to create.
In addition, the evaluation system of the solution, which
can change from one reviewer to another. Moreover, the
beginning of each iteration is complicated and different
from the rest (Rittel and Webber 1973).
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Results: climatic and aesthetics building’s
facade

To answer the research question, ‘Given additive
manufacturing by a robotic arm, what climatic and
aesthetics opportunities could be suggested to the
building’s facade design?’, This project result is a design of a
building’s facade, which is based on climatic and aesthetics
guides. The building’s facade consists of two layers: the first
is curtain walls located in all directions of the building,
and the second is a parametric design print. This second
skin's design is affected by principles of environmental
consideration, such as solar radiation and wind power. In
addition, it affects different spaces in the building.

Different facade for every building use

The program of the building is a mixed-use one in order to
demonstrate different possibilities (figure 19). It contains
residence apartments, offices, restaurants, shops, a
kindergarten, events hall, gym, spa, pool, and lobby. The
mixed-use program has been chosen because this project
aims to explore the behavior of a computational designed
and robotic additive manufactured building’s facade in
different program'’s functions.

This chosen program aims to examine many possibilities
of the facade for different functions and various activities;
therefore, the program includes some kinds of areas that
require different treatment by the facade’s planning (figure
20). The space requirements of offices are different from a
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residence, a commercial floor, a restaurant, and a ballroom.
The facade also changes depending on the urban program
of the place where it is located. It is affected by a city’'s park
differently than a commercial street. Moreover, this kind of
facade impacts the space around it differently. Some rooms
receive privacy, while others have an extensive panoramic
view. The feeling of freedom and being secured may be
affected by the shape of the building’s facade.

The shape of the building’s facade was developed in two
different scales: the scale of the building and the scale of
a human. The planning by the building scale was used to
alter the program function's shape, size, and locations
(figure 21). For example, the events hall is placed on the top
of the building in order to receive the best view and unique
experience of an open sky between the facade’s lines (figure
22). Another example is the kindergarten, located close
enough to the ground for parents picking up their children,
with a large balcony as a playground, not on the ground
floor to avoid perverts and pedophiles without building a
fence blocking the children’s view of the landscape.

The facade was designed on a human scale to support
planning decisions, such as the view amount to each
function and the amount of privacy each activity requires.
The facade shape created a difference between the feelings
in various spaces by changing the place’s height and the
closeness to the facade itself. It is not feasible to touch
the facade in some areas, whereas the facade is used as
a security fence in others. Those changes of the facade’s
shape occur according to the human needs, the activity, and
the function of each particular space (figure 23).
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Figure 19: Mixed-use program
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Climatical efficiency

For the building to reduce the negative impact on its
environment and supply the best climate comfort to its
users, the facade ought to follow some principles. The
radiation and wind’s power settings influence the design of
the facade.

The radiation level on each facade area determines the
patterns that allow various natural lights to enter the space
(figure 24). When the radiation is too low, the facade allows a
better light's entrance while filtering the light in areas with
high radiation levels. The robotic arm enables the creation
of various prints with different densities of material. The
print’s dense and spaced areas are determined according
to the radiation levels of the building's facade: The red color
relates to a high level of radiation. Therefore, the print is
very dense. The blue color relates to a low radiation level;
thus, the pattern is a low-density one. The yellow color is a
level between the two of the above.

In addition to controlling natural light, the facade’s density
can be used to collect solar energy (figure 25). In areas with
a large amount of solar radiation, the facade is denser; as a
result, it is sensible to add micro solar cells to the facade.
Cossu et al. (2016) have developed a semi-transparent
photovoltaic module for a greenhouse. They had embedded
micro solar cells in this module and proved that they
could provide energy to the greenhouse (Cossu et al. 2016).
The same micro cells can be combined in the additive
manufactured material. The building’s facade is composed
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of long printed lines, holding millions of these cells and
providing renewable energy to the building.

Wind also influences the building’s design (figure 26).
There are methods to assess pedestrian level wind comfort
and wind danger (Moonen et al. 2012), such as a wind
rose calculation for a specific site of the location of the
building. Different architectural shapes affect the wind’s
flow. For example, the aerodynamic shape will promise its
fluency (Kormanikova et al. 2018). As a result, the shape
of the building has been designed according to rounded,
aerodynamic shapes.

Another solution to avoid uncomfortable wind and
maintain natural ventilation is the use of louvers (Franco
2018). Louvers are usually a system of horizontal panels
on the facade that prevent unwanted wind and radiation
entrance due to the louvers’ angle (figure 27). The robotic
manufacture of the facade can create as many layers of
material as the architect desires. In this case, more layers
have been piled up in the direction of the uncomfortable
winds and high solar radiation, according to a wind's power
and solar radiation analysis code.

Creating more outdoor spaces

This climatic facade provides the balconies of the building
a climatic comfort - outdoor places to enjoy the breeze
without feeling the uncomfortable winds and solar
radiation. Therefore, the terraces are extensive — creating
recreational and workspaces at the office’s floor, private
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Figure 24: The radiation level on each facade area determines
the patterns that allow various natural lights to enter the space
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and public outdoor spaces for the accommodation levels,
and a large space for the children in the kindergarten to
enjoy the clear air (figure 28). The advantage of this facade
is those exciting places between the two layers of the facade,
inside and outside.

Uniqueness aesthetics

New technologies can create new ways of design
thinking; as a result, different products and outcomes are
willing to appear. Because this facade was designed by
specific technology-oriented thinking, which is additive
manufacture with a robotic arm, its aesthetics is different
from the generic building (figure 29). Moreover, because
the design of the facade was based on climatic parameters,
which are different at each side of the building, the building
looks different from any point of view and in any direction
(figure 30). The robotic arm’s additive manufacture
technique created a unique aesthetic.

The aesthetics of the facade is composed of amorphic parts
(figure 31). Those parts are located where there is a large
amount of solar radiation on the facade. According to the
amorphic shape of the difference between the radiation
analysis parts, they are parted because of a changing
radiation level. They are distanced from each other because
oftheplanningdecisions ofthehuman-buildinginteraction.
Sometimes, although radiation is high, a human being
would like to see the sky. The radiation analysis parameters
determined each part’s density based on a code that created
the pattern accordingly (figure 32).
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There are many alternatives to the pattern of the facade.
All options are created by parametric design code, which
considers the climate - the density and the amount of layer
changeaccordingto the solarradiation and the wind’'s power
at each facade area. All variations of patterns can be sort on
arange between random to linear (figure 33). There are grid
patterns with distortion of the intersection points where
there is less amount of radiation. There are biomimicry
patterns of corals’ growth and the human gastrointestinal
tract. Many more patterns can be created to follow these
planning principles in the future.
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West elevation

North elevation

Figure 30: The building looks different from any point of view
and in any direction
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Figure 31: The aesthetics of the facade is composéd of amorphic
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Figure 33: All variations of patterns can be sort on a range
between random to linear
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Manufacturing

The generic building process begins with excavating
and leveling the ground, building the floors, core, and
constructive walls, floor after floor until it reaches the
top (figure 34). The following steps are the finishes which
include the windows and the interior walls. A project
based on a particular construction technology ought to
suggest a solution to the manufacturing process because
new technologies raise questions about their construction
feasibility, manufacturing process, and the materials
they are built from. The facade is composed of layers
connected to the balconies’ floors, the outside layer is
additively manufactured on the building site with dedicated
technology, and there are various options for the facade
material.

Connection to the building

The building’s facade is composed of three layers, creating
its construction feasibility and suggesting a way to connect
it to the building (figure 35). The building, like many generic
ones, is built from concrete floors. To the edge of those
floors, a grid system of round tubes is connected. This
system can be made in a steel factory that rounds the tubes
according to the plan. The next layer is connected to the
rounded tubes by an adjustable facade fixing component.
This layer is a thin steel mesh that also arrives from the
factory the specific shape it planned to be. The third layer
is the additive manufacture one which is connected to the
second layer. The additive manufacturinglayer has different
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layering in various areas of the facade, considering the
radiation amount and the level of wind power.

Building site

After everything else is done at the building site, the first
and second layers of the grid tubes system and the thin steel
meshes are placed and connected to the floors (figure 36).
The next stage is connecting light scaffoldings to the floors
outside the balconies beyond the thin steel meshes. Rails
are placed on those scaffoldings, and robotic arms surf on
them, making them capable of printing all over the thin
steel meshes. The robotic arms are located precisely on the
spot they have in the manufacturing code to create the same
print planned. In addition, a responsive sensor is connected
to the edge of the robotic arm in order to add material only
when it feelsthe meshtoavoid any minorinaccuracies. After
the robots finish the additive manufacture, the scaffoldings
are dismantled.

Materials for production

Eight materials have been examined to find a possible
material for additive manufacturing of this building’s
facade. The analyzed materials are concrete, ABS plastic,
copper, steel, glass, polycarbonate, carbon, and Daika
wood. Precedents of architectural projects that used those
materials were reviewed beside precedent of 3D printing
and additive manufacturing. This examination focused
on the robotic head tool suitable for each material, the
printed results, and the raw material available to purchase.
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Figure 34: The generic building process






22,

Cemented plaster |
Glass mesh [4E
Cement and sand s
Mastigum é' o |3
Primer 106 19 o %
: ¢ {EENDES
Concrete (o)
(3p]

Figure 35: The building’s facade is composed of three layers

Section



200/30 mm steel
Steel mesh

a
. * /457“ 400/400/15 mm
/a 3D printing 100 mm
(1

Coping

Flooring
5 Drainage sheet
A Glass mesh

3D printing 100 mm
Steel mesh 400/400/15 mm
Adjustable facade fixing
Round tube 200/30 mm steel
Concrete

Coping

AA



= - - L =
1) 1) 18 M = { % )
|\_.v—\ﬁ_.'—u—\..'—‘_t—._r—\n'—u—\37)r 1} - 4 ° 7
e e Y
s = g




N
W

I~
X




Eventually, each material analysis led to a company that
supplies the material. The purpose was to find the suitable
material for manufacturing the building’s facade and find
the right one for the additive manufacturing of a small-
scale model of it (figure 37).

Concrete is a well-known construction material used for
3D printed buildings (PERI 2021; Apis Cor 2020), but it is
too liquid and heavy to use or additive manufacturing on a
vertical surface.

Steel is possible to use as a building's facade, and it is
feasible to use as an additive manufacture material (MX3D
2019), but it is too complicated for a short-term project such
as this one to build its robotic head tool (Novikov and Jokic
2013).

Copper is 3D printed by companies such as Systematics
(Systematics 2021) and Impact labs (Impact Labs 2021).
It is the proper material for an elevation of a building
(OVO Grabczewscy Architekci 2015; LCR architectes 2014).
However, it was not additive manufactured yet.

ABS plastic is a prevalent 3D printing material, and it can be
made from leftovers of plastics and recycled plastic bottles.
It was additive manufactured by a robotic arm for a store
interior design (Krause Architects 2018), and it has been
used to create terrazzo interior design (van Middelkoop and
Dingemans 2020). In addition, it was used as an exterior
(PTW Architects 2008; Playze 2011) but not as a 3D-printed
facade.
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Polycarbonate is feasible for 3D printing and additive
manufacture, likewise ABS plastic, and it is used as an
exterior material for an architectural project (SARL
Architects 2011).

Glass could also be 3D printed (Oxman 2015), and it is a
well-known exterior material (Herzog and de Meuron 2017).
However, it could have been very complicated to produce a
robotic head tool to additive manufacture glass with.

Carbon fibers have been used for several pavilions (Menges
and Knippers 2015; Menges et al. 2017) and as an exterior
material in Dubai Expo (Khan 2020). In addition, an
exhibition at Venice Biennale was made from carbon and
glass fibers (Menges and Knippers 2021). It has not been
used as an architectural long-lasting exterior material and
not as an additive manufacturing material, although it was
used by robotic arms, which enwrapped and weaved the
fibers on dedicated construction elements.

Daika wood is “a wood waste product which is “glued” with
extracted wood products, to be a substitute for pristine
wood. The final products are exhibit visual, textural, and
physical properties of natural timber” (Kam et al. 2019). Its
raw material is perfect for additive manufacture because it
is wet and soft for a simple robotic head tool (Layani 2020).
As anatural timbre material, it would not be appropriate for
a building’s facade on its outer side. However, it can be an
interesting material for the small-scale architecture model.

There is enormous potential in additive manufacture, not
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Figure 37: Eight materials have been examined to find a possible
material for additive manufacturing of this building’s facade
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Figure 37: Eight materials have been examined to find a possible
material for additive manufacturing of this building’s facade
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only a technological potential, but it can also open the gate
to a whole new world of materiality, such as ecological and
environmental materials. Soft material can be printed easily
with an appropriate robotic head tool. Many new companies
and researchers worldwide invent and investigate new
materials, such as bioplastics, natural wood, and natural
clay.

The Daika wood was chosen for the laboratory part of this
project because of its sustainability and softness. The
properties of this material were examined by hand and
home devices until it was sure to be the proper material for
additive manufacture technique.
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Figure 39: Horizontal additive manufacturing on a flat surface simulation

Figure 40: Horizontal additive manufacturing on a curved surface simulation
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Figure 41: Vertical additive manufacturing on a curved surface simulation

Figure 42: Vertical additive manufacturing on a curved surface simulation
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Figure 43: Horizontal additive manufacturing on a flat surface, by a robotic arm, with
Daika wood
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Figure 44: Horizontal additive manufacturing on a curved surface, by a robotic arm,
with Daika wood




Figure 45: Vertical additive manufacturing on a curved surface, by a robotic arm,
with Daika wood

102



Figure 46: Vertical additive manufacturing on a curved surface, by a robotic arm,
with Daika wood
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Figure 47: The experiments results
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Conclusion and Discussion

New technologies hold the promise to create architectural
elements we have not seen before. Those architectural
elements suggest many new opportunities for future
buildings (figure 48). As architects, we should use
those technologies to diverse our cities, give humans a
comfortable place to live in, and reduce environmental
damage. If we embrace those technologies, the design and
plan of the following buildings will change accordingly.

Additive manufacture with a robotic arm is only one
technology that could help diverse architectural planning -
there are many more. This project leans on this particular
technology to demonstrate its advantages and the
opportunities it could supply. By proving the ability to create
such architectural elements, this project implies many
more new technologies that will be used in architecture.
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This project develops a unique building’s
facade planned by digital design accoxrding
to environmental parameters. This facade
is produced by additive manufacturing
techniques using a zrobotic arm. It
provides climatical efficiency, more
outdoor spaces, and unique aesthetics.
This facade is different for every
building use, according to the program's
function. The fagade contains cuzrved
surfaces with changing thickness;
therefore, other building techniques could
not produce it. It is possible to create
this facade by additive manufacturing with
a robotic arm, proven by models developed
in this project. Many other possibilities
for building’'s elements will be possible
to create in the future with digital design
and advanced technologies such as this
one. The project’'s research question is:
Given additive manufacturing by a zrobotic
arm, what climatic and aesthetics
opportunities could be suggested to the
building's facade design?



