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Computational design and digital fabrication have expanded the use of digital
manufacturing machineries for the realization of architecture, yet they have their
own limitations of material use. These limitations caused some materials like
cement, plaster and clay become marginal in this new digital context, despite
their vast use in the building industry. In this context, this paper will present a
research, focusing on the use of concrete through the development of a
custom-designed device, which is an adjustable digital mould. This digital mould
has been designed specifically for a project called Procrystalline Wall and has
been 'adapted' to the conditions of its agenda in terms of size, shape, typology,
and even technical matters. However, this adaptability means that the device is
not aimed to work for any other project and remain exclusive to this particular
design only. This paper will further discuss the validity and obstacles of the
presented method in a more global context.
Keywords: Concrete Fabrication, Digital Casting, Digital Adjustable Mould,
Cellular Concrete Casting, Cellular Solid Morphologies

INTRODUCTION
Access to aﬀordable hi-tech digital facilities and dominance of information technologies, have gradually
integrated into our daily lives, with the aim of improving our lifestyle, and ﬂuency and easiness of
workﬂows in everyday life. Architecture, as one of
the most physical phenomenon in human culture,
also utilizes digital media, to incorporate new design tools and new fabrication technologies in its processes. Such incorporation caused it to experience a

so-called 'paradigm shift' in its agendas, education,
practice and even theory (Schumacher 2014). There
are methods and tools for design and fabrication that
have been established already, and have been used
for a while, yet new researches, especially for the
realization of design products, would be needed to
widen the spectrum of applications and possibilities.
Extensive use of computation in architecture,
created a global tendency towards complexity in design, yet the question of materialization of such de-
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sign products in the real world has engaged lots of
practitioners and researchers (Menges 2015). Searching to answer this question resulted in the use of
digital machineries (i.e. CNC routers, industrial laser
cutters, robotic arms, 3D printers), for the fabrication of complex products. But these machines have
brought their own limitations when used with certain
materials such as cement, plaster, clay, and caused
them become marginal in this new digital context,
despite their vast use in building industry. Because
of the lack of proper machines to work with these
substances (especially in the paste form), they have
not been used more than some academic researches
and experimentations. It seems that because of the
integration of machine and material in this digital
realm, proper machines (and their respective methods) should be developed to facilitate the utilization
of such substances.
In this context, this paper will present a research
about using concrete through digital media of design
and fabrication. In order to have a comprehensive
understating of the context, in the ﬁrst part, research
background is studied and common achievements
and problems in the area are reviewed. This would
help to establish the main research questions, which
are addressed in part two. To study the methodology of the work in second part, experimentation on
a cellular concrete casting project with its relevant
custom-designed mould is described. Final evaluations, main obstacles in front of the system development, and conclusions are discussed in part three
where it would also address future developments
and agendas.

RESEARCH BACKGROUND
Research background would investigate the most established techniques of digital fabrication with concrete. Methods that are cited here are mostly from
academia and research projects to observe developments, and to further address the achievements as
well as shortcomings and technical diﬃculties they
face. This has been addressed in two categories:

Category 1: 'Concrete Casting' by Digitally
Fabricated Moulds/Formworks
Three types of methods are studied in this category:
- Mass-Customized Moulds/Formworks/Flexible
Formworks/Lost Formworks. Mass-Customized
Moulds/Formworks are group of similar, but nonidentical moulds which are made for casting every
single component of a project, with diﬀerentiated
parts. Here, instead of one mould for a singular
module, being casted repeatedly for several times,
there would be several customized moulds that each
would be used once. The use of mass-customized,
digitally fabricated moulds/formworks is now easily
achievable in terms of technicality. Digital design
platforms are capable of providing facilities to model
diﬀerentiated geometries and it is just couple of steps
further to convert them into moulds or formworks to
be fabricated. The main concern here is not the technique or process, but material use.
The very ﬁrst negative aspect of customized
technique is material waste. Moulds and Formworks
provided by these techniques are unique for any singular object and they are not intended to be used for
any other piece/project. The waste that they provide,
show more drastic negative impacts because of the
materials these techniques usually use: PVC, foam,
polyurethane, and other similar materials are 'smart'
selections when considering the cost, but leaving
them as (mostly non-recyclable) waste in large quantities, is noticeable. Another important issue that
should also be noticed is the machining time needed
for this processes (especially for methods like engraving) which is time/manpower expensive.
- Re-Useable Moulds. Implementation of re-useable
moulds in concrete construction seems promising to
solve the problem of material waste. The intention
is to use a ﬂexible material for moulding, getting it
formed each time for a new piece, and re-form it for
another use after casting (Gramazio et al. 2014b).
Clay and Wax currently exist as tried-and-tested deformable materials (McGee et al. 2014). In order to
prepare the set up, clay/wax should be formed inside
a container to make the negative geometry of cast-
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ing piece. This could be done using a robotic arm or
a customized CNC machine. While this process shows
smarter material use, there are certain shortcomings
as well.
Using ﬂexibility as the initial property might
cause deformations during casting. This would cause
inaccuracies in the piece. It would be more drastic
when the size of the piece becomes bigger and hydraulic forces of the fresh concrete become higher.
These inaccuracies would aﬀect the homogeneity of
the product, and if complex assembly is also included
in the ﬁnal process, would be a critical point. Material speciﬁc problems exist as well. For example in the
choice of wax, the amount of energy needed to form
it, and then melt it back, should be calculated. The
extra use of energy should not sacriﬁce the material
re-use.
- Adjustable Moulds. Using a mechanically adjustable mould, either being controlled by electrical
motors or actuated with an external robotic arm (Gramazio et al. 2014b), could potentially solve the problems of material and energy use. In this scenario, a
mould could get various forms and thus could provide various outputs. But it should be noted that
these moulds are limited in terms of geometrical output, mostly to one family of forms with capability of
diﬀerentiation in some features like length, angle or
curvature. This means that they are not generic solutions and should be designed for any speciﬁc project
separately. The cost of such operation, and time
needed to do so is considerable and sometimes a real
obstruction.

Category 2: 'Additive Manufacturing' of
Concrete Elements
Three main strategies are cited in this category:
- Concrete 3D Printing (Deposition). The idea of 3D
Printing concrete like 'Contour Crafting' (Khoshnevis
2004), or 'Deposition' technique, use this strategy to
deposit fresh concrete with a nozzle that is driven
by a computer-controlled machine. Inherent to the
idea are certain questions that are still under development. There is the problem of size and that de-

termines the maximum envelope of a structure that
could be printed. So far, large printers have been
developed to print in the scale of houses, but any
larger structure does not mean to enlarge the printer
(Skyscraper problem), and deﬁnitely other strategies
should be developed (Tibbits 2015). There still exist
the problem of making inclined geometries, curved
surfaces and so on, which without support for the already printed concrete, is not easily possible. There is
the question of consistency and cohesiveness of the
concrete, suitable for printing purposes. The question of reinforcement and how to implement it in the
concrete is also valid.
- Concrete Deposition using Mobile Robotic devices. The main idea behind mobile robots is to use
small robotic fabricators, which can deposit concrete
while moving. They could move on top of the layers that they have laid by themselves, so using the
already printed structure as the pathway (i.e. IaaC
Minibuilder project) (Gramazio et al. 2014a) (MaleAlemany and Portell 2014). If working eﬀectively in
groups through (mobile) communication, it is possible to use multiple robotic agents that are printing a building in a collaborative manner (an image
of agent-based fabrication). The idea of using small
robots to do building jobs, now gets more attention
in academic ﬁelds. Using multiple drones to assemble a building, follows the same logic. While most
of the problems from the previous section (concrete
deposition) would remain the same, there are certain
technical issues that should be researched in the ﬁled
of robotic devices, which is mostly related to engineering, computer science, robotics and other interdisciplinary ﬁelds.
- Cement 3D Printing using Powder-Based Printing Technology. While the earlier experimentation
and mainstream of concrete 3D printing focused
on the deposition of fresh concrete, there exist a
strategy of using cement in powder-based printers to print concrete. This idea has been tested in
the academic ﬁelds, but not through printer-making
companies to see the actual working capacity of
an industrial machine. The quality of the output
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product, its density, strength, modulus of elasticity,
etc. needs lots of laboratory tests and proves to
be considered as standard concrete. But in general,
this technique would be an interesting solution for
cellular/component-based 3D printing of diﬀerentiated building blocks.

METHODOLOGY AND IMPLEMENTATION
Research Questions
While investigating how digital media could form
concrete in two categories, it should be noticed that
the idea of 3D printing is out of the scope of this paper. On the other hand, casting techniques have their
own beneﬁts, but need to meet the requirements of
digital technologies and comply with its machines to
develop further. Casting concrete with digital media has diﬀerent variables like mould/formwork/lostformwork approach, pre-fab or in-situ strategy, continuous or discrete elements, solid or adjustable
mould, etc., where the focus of this work is on precasting of discrete elements. This would be possible
through customized or adjustable/reusable moulds,
and as already discussed, those techniques are dealing with issues like waste, inaccuracy, time/manpower/cost, and so on. The enquiry of this project is about
reducing the waste, time and cost of casting diﬀerentiated pieces, and the focus is on the development of
a 'custom-designed moulding device' as an alternative to 'customized moulds'. The methodology and
procedure will be discussed in this part.

Adaptive vs. Customized Moulding: 'Procrystalline Wall' Project
In response to the problems of customized mould
making, a new strategy has been developed to use
an adjustable mould, with digitally controllable geometry. In this scenario, digital mould could adapt
its geometry to a digital object, through direct communication of data with computer (design platform).
So instead of making one mould for each piece, there
is one digital mould, plus data for each piece, that
adjusts the mould for casting (Figure 1). In this way,
the demanding task of fabricating multiple moulds

would be shifted to design a digital mould. This
fabrication device could get the data immediately
from design and would facilitate casting a family of
forms by changing some geometrical features (implemented in the design of both mould and pieces),
so the device as adapted to the typology of forms
which is generated in computational design process. In order to test this new technique, a prototype project, the 2.2 meters high 'Procrystalline Wall',
with more than 400 diﬀerentiated concrete cells have
been designed and fabricated.
Figure 1
Digital Mould with
adaptable
geometry which
can communicate
with design
platform through
digital code.

Parallel Design Process
The design process includes designing the mould,
and the wall, simultaneously, both aﬀecting and updating each other. Challenge of the mould development was more into solving technical issues (Electronic, Mechanic, Programing), studying geometrical possibilities, improving performance (to be watertight, to maneuver easily, to be precise) and to reach
the point where data transfers seamlessly between
digital platform and machine. Challenge of the wall
design was to demonstrate diﬀerentiations, while
meeting the limitations, needs and necessities of the
simultaneously developing digital mould.
Cell geometry is the shared property between
the wall and the mould. While they should be aggregated and geometrically adapted to their speciﬁc
positions to build up the wall, each of them should
follow some guidelines to be able to cast by the variation of the same mould. Cells have been designed
with a kite geometry in their plan, and extruded with
constant height. Among various geometrical param-

86 | eCAADe 34 - FABRICATION | Design & Application - Volume 1

Figure 2
Cell diﬀerentiation,
based on the initial
state in the middle,
Top: Angle change
and Bottom:
Length change.

the kite wider or longer, yet the geometry would remain symmetric. As a result, the design of the wall
was limited to some trace lines, upon which, cells
would be generated and arranged to ﬁt automatically (Figure 3).

Digital Adaptive Mould
Digital mould was developed as in integral part of
the design process. The aim was to keep mechanical/electrical parts as simple as possible and the cost
of production as minimum as it could be. The operation of the device was observed through animated
model to make sure all pieces are working seamlessly
together. After modeling, all pieces have been derived (Figure 4), either went through the fabrication
process to be cut, or ordered. Pieces include side
walls of the cells' negative geometry, gears, supports,
ﬂaps, base and also electronics, which were a microcontroller (an Arduino board), two Servo motors, Serial communication cable and power supply. After assembly, micro-controller was set in direct serial communication with computer, so it could receive its data
from the model in order to run servomotors immediately. One servo used for the angle variation and another one for the length. The steps of workﬂow (Figure 5) comprised of:

Figure 3
Final design of the
wall, where cells
being generated
with diﬀerentiated
angles and lengths
to ﬁt into each
other.
eters to make variations, two of them have been chosen, in order to make all cells' diﬀerentiations: one
was the 'angle' between the ﬁrst two equal-length
sides, and the other one was the 'length' of the other
two equal-length sides (Figure 2). So both changes
would happen across the diagonal of symmetry of
the kite geometry, either changing the angle at one
end or changing the length at the other end, making

1. Select a cell
2. Read its Angle/Length data
3. Remap data into the numeric range that is
suitable for servo motors
4. Send the data to the Arduino board to run
servo motors
5. Motors would adjust mould to adapt to the
geometry of the selected cell
6. Mould cavity should be lubricated for casting
In order to work faster, based on the number of
pieces but limited with the budget, three separate
digital moulds have been made. They were slightly
diﬀerent from each other because each one of them
was capable of maneuvering for a diﬀerent range of
values (for angle and length). This has been decided
in order to make their movement more accurate by
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Figure 4
Extruded diagram
of mould parts.

Figure 5
Data ﬂow in the
process of
fabrication.
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limiting the angular range that each servomotor operates on. So all cells have been categorized based
on their angle/length values (Figures 6 and 7), each
group associated with one of the three moulds (Figure 8). The process has been carried on by labeling
all the pieces, setting the moulds, and casting pieces
accordingly, letting them get their initial shape for
about 7 minutes, taking them out for drying and curing process, cleaning the moulds and starting everything again. It took up to 25 minutes for each batch
of three moulds/cells to be set and cast.

mould faster. Since the method of using concrete
was moulding, especially with sharp edges and small
cavities, plasticizers also added to simplify the movement and forming of concrete. Finally, expansion
polymers have been added to the mixture to reduce
the weight of the cells. All material strategies, percentage of ingredients in the mixture, and quality of
the output were consulted with experts in order to
have the ﬁnal product lightweight with sharp, clean
edges (Figure 9).

DISCUSSION

Figure 6
Cells with smaller
angle values but
larger length (sharp
types).

Figure 7
Cells with larger
angle values (wide
types)

The concrete mixture that has been used in this
process was reinforced with ﬁbers for extra consistency. Since cells should have remained clean and
sharp at their edges, this ﬁber reinforcement was
necessary for extra cohesiveness. Chemical admixtures have been added to the concrete to reduce the
time of drying, in order to take the pieces out of the

Ideas of using adjustable moulds have been around
for some years, but they did not become widespread.
There are various reasons like cost, feasibility, validity,
and technicality that might describe some obstacles.
This section will broaden the discussion on pros and
cons of the digital mould project for further evaluations. The fact is that studies and observations show
three main concerns: project-device speciﬁcity, technical complexity and procedure diﬃculty, which are
discussed in this part.
Being 'speciﬁc' to one project only, devices that
are made for such non-universal solutions become
economically ineﬃcient. The digital mould of this
project has been made by using simple electronics and low quality parts and pieces to remain costeﬃcient. But it showed the problem of accuracy and
vulnerability in high-demand jobs, because the quality of its parts is not assured in this instance. It has
been proved that this strategy is aﬀordable while using non-expensive materials/electronics, but at the
same time it should be considered that such devices
are not industrial, heavy-duty machines, suitable for
high-demand works. They will lose their consistency
after a while, especially when working with a high viscosity material like concrete. However upon conversion into a more industrial-type device, there would
be a consequential increase in cost. Here the evolution from maker-quality device, to an industrialgrade machine would ﬂaw the current discussion, as
the assumptions are fundamentally diﬀerent. The
idea of maker-quality moulds might be applicable
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Figure 8
Cell distribution
between three
diﬀerent moulds
based on their
angle / length
range of values.

for a small-scale project, yet maintenance would be
needed during the work and some room should be
considered for inaccuracies and error prooﬁng.
Issues related to technical complexity are less
problematic today, because of the availability of
open-source knowledge and instructions for similar
works. It is easy to have access to ingredients like
electronic and mechanical parts and also fab-labs to
fabricate pieces, and it is as easy to ﬁnd instructions
and tutorials to work with, program, assemble and
run them. Although the challenge of expensive facility is still valid, it should be noticed that aﬀordable
components and machines become more and more
available.
Graphical
interfaces
and
node-basedprograming languages are among the computational improvements that help to reduce the problems of procedure diﬃculty. These tools/services
are helping to facilitate the use of computers, programing languages, electronics, etc. for non-expert
users (like architects), and for interdisciplinary applications. This type of work would be really complicated with manual procedures but digitalization

helped to simplify it for easier implementation. This
means that upon certain research and development
of systems, it could be strategic to implement such
methods in the design schemes of speciﬁc goals.
While elaborating on techniques of digital fabrication with concrete, especially the case of adaptive
mould, one should know that choosing any method
of fabrication is a multi-criteria task that needs diﬀerent information to be evaluated in order to come to
a decision. This information are ranging from managerial and authoritative aspects, up to technological
and detailing. All such parameters have certain impacts and could aﬀect the methods of construction.
It is the design-research team's responsibility to consider all possible approaches and select one that best
suits the project's situation.

OUTLOOK: COMPLEXITY IN DESIGN, SIMPLICITY IN CONSTRUCTION
The objective of this paper was to use all current possibilities and technologies available in DIY/Maker domains to see how they could help to develop simple techniques for fabrication. The budget of each
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of the moulds in this project was less than $80, yet
each of them managed to get more than 130 diﬀerent positions and provided quite accurate results as a
digital fabrication device. While the complex part of
the process has been done in the studio, it was aimed
to make the production simple, clarify and minimize
the interface, and complete the task without experts
during the casting and assembly. The idea is to work
with communities of 'non-specialized people' who
can perform such tasks, in order to build 'specialized
design' products, yet with simple workﬂows.

There are two main lines of research to further
progress this project. The ﬁrst one would focus on
the geometry of the mould/cell: while keeping it simple, what types of complexities could be implanted in
the design phase, to get more diverse outputs. This
should be also accompanied by more clariﬁcation on
the platform and simpliﬁcation of the interface, using data visualization, visual geometry analysis and
so on. The other line of the research would focus
more on the qualities of the material systems (concrete/cement, plaster, clay), which were examined in

Figure 9
Final assembled
'Procrystalline Wall'
project.
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the scope of this project but has not been addressed
in this paper.
Although the usage of complex robotic arms,
or high-end additive manufacturing machines, indicates one end of the digital fabrication spectrum,
there would be interesting outputs via DIY fabrication robots and custom devices at the other end.
There are examples of the methodology of the work,
namely in the ideas of Neil Gershenfeld at MIT's
Media Lab (Gershenfeld 2011), or similar design
approaches by Marta Male Alemany at Fab-Robot
project in IaaC, Barcelona (Male-Alemany and Portell
2014), and many more. These schemes are aiming to
be easily accessible, open-source, relying on community work, and targeting public domains (Kuznetsov
and Paulos 2010), so not only showcasing a diﬀerent
type of operation, but diﬀerent type of human interaction with technology as well. This mixture of digital with manual would ease the access to complex
design products through simple procedures and devices.
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