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Abstract. In recent years, a growing research agenda on the subject of
additive manufacturing for architectural design has been established
on the basis of jetting and extrusion technology. While jetting provides enough flexibility to print multiple digital materials in a single
run, extrusion has proven to be the most viable technique for largescale and on-site manufacturing. Because major contributions of both
research lines cannot be combined due to technological differences,
special attention has been devoted towards the development of printing strategies that could approximate similar material flexibility of jetting by means of extrusion techniques. In this context, this paper presents a computational design methodology for architectural
components that enables grading weight-strength ratio of cement
based materials through extrusion. Built upon the integration of modelling, analysis and fabrication, such methodology allows to optimize
material distribution and geometric definition on the basis of physical
and fabrication constraints. A case study is presented for describing
the design processes of a circular column and the fabrication of a section it.
Keywords. Additive manufacturing; cement based materials; computational design.

1. Introduction
Traditional manufacturing technologies dominated by economies of scale are
progressively losing ground against more democratized and digitalized technologies. Nowadays, designers have the capacity to produce in a way that,
until now, was considered impossible or non-viable. Because of that, manu-
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facturing is shifting from global to local, which is a promising condition for
more integral and ecological processes.
Additive Manufacturing (AM) is the key element enabling this move
from mass production to mass customization where the main problematic
does not relay anymore on materialization, but on what worth to be materialize.
Aiming to face this dilemma, this research interrogates about the feasibility of designing building elements where material and geometry could be optimized by embedding constrains taken from physical and fabrication logics.
A computational methodology is presented that facilitate the sequential
transformation of voxel based models in order to drive the gradation of material´s weight through extrusion.
In doing so, a composite material has been formulated by mixing a cement-based matrix with granular lightweight materials. Such composite results on a porous yet structural network with various degrees of performances. Gradations range from an extremely lightweight, to less porous mixture
with a high strength-to-weight ratio.
2. Background
AM has the potential to revolutionize current fabrication and design processes where main efforts for printing architectural pieces are established around
jetting and extrusion techniques. Differences relies on the fact that jetting
deposit droplets of material, either a binder or a photo-curable resin, while
extrusion deposited a continuous filament of material. Most important studies based on jetting (Dillenburg and Hansmeyer, 2014; Oxman, 2010; Palz,
2012) are oriented towards the development of computational methods enabling the gradation of local properties and resolutions through state-of-theart jetting machinery, where an exception is the D-Shape technology (Dini,
2015; Kestelier et al, 2014). On the other hand, studies built upon extrusion
(Buswell et al, 2007; Khoshnevis, 2004; Khoshnevis et al, 2006; Kwon,
2002; Le et al, 2012a; 2012b; Lim et al, 2012) are focused on the development of tools and machinic setups for large-scale operations. Due to technical differences concerning the mode of depositing material, computational
methods based on jetting cannot be directly used for driving material extrusion operations.
The main advantage of extrusion is the capability to operate in nonhermetic working volumes facilitating ideal scenarios for on-site construction through collaborative robotic setups. Additionally, it allows the usage of
common building materials (e.g. cement, clays, and plasters), the relative reduction of secondary structures (e.g. scaffolds, formworks) and the simplifi-
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cation of operations and mechanical devices. Because of this, the mainstream of studies for reliable large-scale fabrication are based on extruding
high performance cement based materials through low-controllable curing
techniques (i.e. wet processes). Because processes are extremely constrained
by the low tensile and flexural strength of such mineral materials, additional
studies have investigated design strategies for post-tensioning reinforcement
of 3D printed pieces (Lim et al, 2011).
However, since objects are printed layer by layer, operations are equally
restricted by the weight of each layer which is directly affecting the stability
of the entire structure. Although this condition is not so relevant when printing with polymer composites, it is accentuating when printing with cement
based materials. This is because each layer need to be strong enough to support the next upper layer without collapsing, and soft enough to allow old
and new material layers to be blend. Considering the relative lack of studies
on this subject, an interesting approach has been developed with the aim of
enabling the capability of grading material’s nominal through extrusion. As a
result, a composite material with cementitious matrix has been formulated
allowing to manage different values of strength-to-weight ratio.
3. Material experiments
Ordinary Portland cement was used in combination with varied amounts of
silica fume to formulate the matrix of the composite material, Different controlled mixtures combining such cementitious matrices with small lightweight aggregates of expanded polystyrene foam (EPS) have been tested.
Additional doses of super plastifier are required in order to reduce the
amount of water in the mix. Such characteristic is of vital importance since it
directly affects extrusion operations and blending quality with EPS. Because
curing processes only depends on mortar’s drying, machinic sophistication
are reduced. This means that simpler production methods can be achieved by
accurately controlling timing and ratio of components by setting specific
numerical values.
Large number of samples were manually fabricated by gradually varying
the quantity of EPS in the mix (Figure 1). From this, it has been stated that:
• Excess of water reduces the cohesion of components which is mainly manifested by the EPS floating on the surface of the mixture.
• Excess of cement leads to unwanted heavyweight mixtures despite having
high strength characteristics.
• Excess of EPS drastically reduces component’s cohesion and mixture’s
weights while its reduction will equally generate high-strength mixtures with
undesirable heavyweight properties.
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• Small doses of super plastifier reduces the requirement of water while guarantying mixture plasticity and cohesion with EPS.

Abstracted information of physical experiments serve to conduct design
of experiment studies where hundreds of digital mixtures were analysed.
Even though unlimited mixes can be calculated through digital packages,
physical mixes needs to be finite. Therefore, five individual mixtures are defined with the greatest desirable properties for building purpose and extrusion operations.
A material coding terminology was constructed similar to #C#EPS,
where C refers to the amount of cementitious matrix and EPS to the amount
of lightweight aggregate. Large margin of errors are not allowed for the
preparation of each mixture due to the advent of undesirable characteristics.

Figure 1. Gradation of EPS in a cementitious matrix.

4. Methodology
4.1. MATERIAL LOGICS
Digital and analogue material’s experiments aided us to formulate principles
for the development of generative techniques driving the gradation of material’s weight. A customized process of voxelization and voxel’s classification is then established. Through diverse structural analysis plugins, Beso2D
(Zuo, 2016) and Millipede (Panagiotis and Sawako, 2015) for RhinocerosGrasshopper, building elements are analysed with the intention of extracting
material densities when elements are subject to different forces. By horizontally and vertically slicing structural models, a collection of raster images is
generated from analysis which, in turns, is used as input for the construction
of a voxel based model.
Voxelization can be described as the three-dimensional extension of raster graphics where pixels are converted into voxels by adding the Z component to two-dimensional vectors defining locations. A voxelization algorithm
implemented through Python in Grasshopper was used to match raster information extracted from analysis, into three dimensional geometrical mod-
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els composed of voxels. Each voxel is geometrically represented by a box
with a side length equals to material’s thickness when extruded. Such condition allow to have horizontal layers of voxels equivalent on size to material
layers of 3D printed pieces. Furthermore, data regarding colour’s composition in each pixel is associated with specific materials properties in voxels.
Because these models contain information of a high number of materials, an
additional step for simplification based on sorting voxels is required.
In raster graphics, the colour of each pixel is typically symbolized by
components representing red, blue and green (RGB), or cyan, yellow, magenta and black (CMYK). In order to display different colours into an image,
a progressive linear transition from one colour to another is required. Depending on image resolution, this area could contain unlimited combinations
of pixel colours. However, pixels being part of this transition are quasi unnecessary for drafting the general idea of the image. Thus, they can be condensed into more predominant colour values in order to reduce image’s resolution.
Such approach can be equally applied for limiting the number of data in
voxel based models by regrouping similar materials into major clusters corresponding to the five previously defined optimum mixtures. Nevertheless,
these models continues to have a high degree of material resolution which is
only supported by jetting technology. Since extrusion cannot deposit droplets of material, printing paths need to be extracted from boundary curves or
regions.
4.2. PRINTING LOGICS
In the context of a two-dimensional orthogonal Cartesian system, each horizontal layer of our model generate a two dimensional irregular pattern with
different regions corresponding to clusters of voxels. For each region, the
centroid was calculated, and then converted into a seed for building a twodimensional Voronoi diagram intended for smoothing purposes.
Printing path is then defined through sets of contour curves extracted
from walls of Voronoi cells which means that layers are printed cell by cell
in a non-continuous run. If a cell is too small for printing then it can be
merged with the closest neighbour containing the same, or close to the same,
mixture data. Two-dimensional cells are then lofted with its corresponding
upper layer, creating an internal three-dimensional cell distribution.
As soon as one cell is manufactured, the nozzle stop extruding material
and goes to a stationary position before restarting the fabrication of the next
cell. For each cell, such position correspond to the centroid of the next cell to
be printed with a safety value for the Z axis. By inserting these constraints,
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timing of operations can be optimized, mixture’s volumes accurately calculated and machinic operations paused for reloading the nozzle. While timing
is correct, mixtures drying together shape a unique material system that supports various degrees of weight-strength ratio according to local positions.
5. Case study: single load case column
With the purpose of testing the methodology, we delineate an initial problem
for designing a column with circular base that is subject to a unique load and
a support region. The load expressing exclusively the self-weight of the material, is defined by a negative vector perpendicular to the horizontal plane
(Figure 2).

Figure 2. Problem definition of single (vertical) load column.

The design process starts with the structural analysis describing the deformation of the column and internal material densities. Voxelization is then
carried out with the subsequent voxel’s clusters classification (Figure 3).
From this, centroids are extracted layer by layer in order to provide a populations of seeds for generating Voronoi diagrams (Figure 4).
The resulting model shows a symbiotic relation between complex inner
structures and graded material’s properties. A principle already adopted by
bone’s systems where material’s properties are closely connected to geometry and topology in order to assure structural integrity. The column has revealed the emergence of patterns where complex cellular lightweight materials analogous to trabeculae bone, are strengthened by compact heavyweight
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materials similar to cortical bone. The methodology has also been tested
with different scenarios having multiple load regions (Figure 5).

Figure 3. Voxel’s clusters distributions according to physical mixtures.

Figure 4. Cell generation.

A section of the column (Figure 6) was manufactured through a custombuilt nozzle attached to a standard three axis CNC machine. An Arduino
Uno board connected to an electrovalve is used to control the air compressor
for extruding materials. Such nozzle has provided adequate control and precision for this step of the research even if it has displayed the impossibility
to automatize preparation of mixtures.
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Figure 5. Column with different load case scenarios.

Mixtures have then been prepared by hand and loaded into the nozzle in
order to initiate the extrusion process. Because printing process can be
paused for recharging the nozzle, mixtures can be arranged into layers inside
the nozzle. The amount of required material as well as the timing of operations is directly specified by the computational model.

Figure 6. Column section.
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6. Conclusion
This research began with the aim of investigating how material’s properties
of cement based materials can be graded on the basis of extrusion operations.
On this basis, a new methodology has been presented where voxel based
models are transformed into cellular based models facilitating the extrusion
of five types of cement based materials. This methodology has solely been
tested on compression-only structure giving the low tensile capacity of cement based materials. Special attention for upcoming studies demands the
incorporation of strategies for secondary support material enabling the fabrication of more complicated geometries.
In addition, efforts need to be equally directed towards the development
of highly specialized effectors (e.g. nozzles, mixers). Automatizing mixing
operations has proven to be an extremely complicated labour. Such process
is of vital importance for the research since a major number of physical mixtures could be produced without affecting timing of operations. A condition
that is essential for guarantying the integrity of the structure during the entire
manufacturing process.
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