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Additive Manufacturing (AM) offers the potential development of novel
architectural applications of ceramic building components that can be engineered
at the level of material to the extent of designing its performance and properties
by density variations. This research presents a computational method and
fabrication technique emulating complex material behavior via AM of intricate
geometries and presents components with photocatalytic and climatic properties.
It proposes an innovative application of AM of ceramic components in
architecture to explore potential bioclimatic and antipollution performative use.
Lattices are defined and manufactured with density variation gradients by tracing
rectilinear clay deposition toolpaths that induce porosity intended for fluid
filtering and to maximize sun exposure. The design method for photocatalytic,
particle filtration and evaporative cooling local characterization introduced by
complex patterning elements in architectural envelope slat components processed
with radiation analysis influenced design are validated by simulation and
experimental testing on specimens manufactured by paste extrusion.
Keywords: Ceramic 3D Printing, Paste Extrusion, Photocatalytic Filter,
Performative Design

1 BACKGROUND
Initially intended for Rapid Prototyping, Additive
Manufacturing (AM) technologies are increasingly
being adapted to functional component production
(Sass, Oxman 2006). Its application in architecture
has been quickly growing (Malé 2016, Bock 2015)
since the public release of patents of the most popular AM technique, Fused Deposition Modelling (FDM)
(Ngo, Kashani et al. 2018).
The process of 3D printing is founded on the
principle of stacking increasingly in height layer upon
layer of a given ﬂuid material, typically thermoplastic,

deposited through a numerically controlled mechanism. Typically, FDM systems work by applying
pressure to extrude a fused thermoplastic and subsequent vitriﬁcation along an addition of discrete
planes with continuous toolpaths, each toolpath
consisting of concatenated coordinates and electromagnetic commands (gCode) to approximate a 3D
modeled component by layers. Translating the virtual model into a stacked set of toolpaths is called
“slicing” where, for purpose of rigidity, the interior of
the model is inﬁlled with a constant geometrical pattern (Kulkarni, Marsan et al. 2000).
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Recent eﬀorts in AM for architecture focus in creating functional large scale components, requiring
the development of novel computational methods
and adaptations to the standard 3D printing fabrication techniques (Labonnote, Rønnquist et al. 2016).
The complexity and precision possible with AM and
with automated construction processes present potential to improve the architectural performance of
building components informed by simulation routines (Bard, Cupkova et al. 2019, Gospill, Shindler et
al. 2017). Inﬁll design and the optimization aspects
of slicing have been signiﬁcantly overlooked and represents an area of opportunity to engineer complex
performances of AM components (Gao, Zhang et al.
2015) and of introducing novel architectural applications. Implementing simulation and robotic construction workﬂows allows building components to
be architected at the level of material to the extent of
designing its performance and properties by density
variations (Loh, Pei et al. 2018).
The following article presents advances on computational models and fabrication techniques that
emulate complex material behavior via spatial AM
of intricate geometries and presents functionally
graded ceramic components with photocatalytic and
climatic properties. The ongoing research at Polytechnic University of Catalonia proposes an innovative application of porous ceramic components in
architecture to explore potential bioclimatic to antipollution performative use, embracing its intrinsic
properties given by materiality and fabrication technique, porosity, thermal mass and rough ﬁnish conduits (Pardal, Lopez 2019).
Lattice structures with variable inﬁll patterns induce properties and the result of the technique allows production of envelopes with climatic behavior.
This research uses the analogous 3D printing system
of extruding hydrated paste and subsequent dehydration in layers, commonly referred to as Paste Extrusion (PE), Liquid Deposition Modeling, Extrusion
Freeforming or Robocasting (Warnier, Verbruggen et
al. 2014, Cesarano 1998) and in order to produce
complex inﬁll geometries (Fig. 1) utilizes the cus-

tom gCode principles of spatial 3D printing lattices
(Borunda, Ladron de Guevara et al. 2019).
Figure 1
Ceramic Additive
Manufacturing of
complex spatial
lattices for
photocatalytic
architectural
envelopes

AM in construction and architecture is advancing towards design and production of highly sophisticated
form of highly complex behavior, which may integrate various functionalities (Chen, García de Soto
et al. 2018). The purpose of this research is to explore the potential of non-standard AM of functionally graded components by PE in architectural applications and to explore the combination of new manufacturing methods and traditional materials and
systems. By using AM and using clay as the base material, a façade element capable of ﬁltering and purifying the air of impurities and contaminants by photocatalysis is built.

2 PHOTOCATALYTIC DEPURATION AND
AIR FILTRATION SYSTEM
A photocatalytic process is a chemical photoreaction
between photocatalytic material and incident light
producing oxidation and reduction of diﬀerent pollutants and volatile organic compounds. Current advances describe photocatalytic depuration systems
where a ﬂow of ﬂuid, such as ambient air goes
through porous photocatalytic slats.
This research presents an air ﬁltration and depuration system integrated in an architectural envelope.
Mechanical ﬁltration is due to the deposition of particles suspended from air that passes through porous
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ceramic slats. Air depuration occurs by means of the
photocatalysis chemical reaction produced by a titanium dioxide compound (TiO2) applied to the ceramic piece as paint.
The roughness of the internal cavities of
branched passageways and at its surface increases
the contact between the ﬂuid to be treated and the
photocatalytic material. Small turbulences by the
non-ﬂat shapes of its walls is beneﬁcial for both purging processes.
The performance required from the slat changes
along its thickness, wherefore a spatial lattice locally diﬀerentiated densities is designed. The complex topology of the slats is not easily manufactured
with comparative traditional extrusion techniques
for which the AM process because of its uncanny precision and capability of producing complex geometries is an exceptional fabrication technique.
Table 1
Components and
factors that
inﬂuence the
photocatalytic
process

diﬀerent simulation routines to engineer anisotropic
architectural components by discretely determining
3D print inﬁll geometries. The deﬁnition of a paste
extrusion workﬂow that draws valid 3D printable bespoke patterns is required. Radiation, air ﬂuid dynamics and evaporative data are being evaluated
and considered in the inﬁll geometry layout to locally engineer the composition and architectural behavior of tokens changing their density for creating
functionally graded tokens inﬂuencing the pattern of
deposition by simulation results, a technique more
commonly used in optimizing topology for mechanical behavior improvement (Gospill, Shindler et al.
2017). The capability of establishing a positive feedback loop through simulation greatly enhances the
performance of ceramic 3D printed tokens by optimization. This research focuses on the development
of a computational method that traces optimal deposition toolpath by sequence of coordinates and fabrication method of stable spatial lattices that follow a
principle of incident radiation maximization porous
to air and water ﬂow.
The research proposes an architectural application of an integrated system of solar protection slats
with air puriﬁcation properties, based on the types of
pollutants and the puriﬁcation phenomena (chemical and physical) that act for this purpose.
1.

Ceramic photocatalytic slats produced for this research are organized in two main sections:
•

•

The upper section acts as ﬂuid outlet and consists of branching narrowing passthrough channels that maximizes radiation capture and microturbulences that allow deep incident light
penetration into the second side.
The lower section acts as ﬂuid inlet and consists
of a raft with discrete openings (pores), allows
mechanical support, impurities capture, evaporative canals and creates radiation transmission
micro canals (Fig. 2).
The proposed method uses results attained from

2.

3.

It opts for a slat of puriﬁcation by physical ﬁltering and oxidation by photocatalysis. The combination of both systems determines the type of
support and its draft.
The ﬁlter acts at the same time as sun protection
since the exposure of the photocatalytic material to the sun seeks to orient the slat according
to the maximum obstruction of direct radiation
to the interior.
No ﬁlter is disposable and therefore durability and maintenance (cleanliness) must be conceived.

The research presents a performative-design
methodology based on radiation simulation results
to maximize photocatalytic properties of 3D printed
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Figure 2
Photocatalytic
depuration system
for building
envelopes

slats and generate the spatial lattice toolpaths described. After custom slicing a 3D model into geometrically stable tessellations, a rectilinear discretization method is employed to avoid overlap of adjacent
toolpaths and better control the nozzle movement.
Subsequently, a connection criterion is established
to construct toolpaths based on augmenting photocatalytic properties. This process is employed on 6
experimental samples divided into several inﬁll geometry tests and one large scale application device.

2.1 Paste extrusion custom inﬁll geometries
design principles and simulation workﬂow
The generalized process proposed for this research
follows:
1.

2.

3.

First geometries are modeled in Rhinoceros 3D
software and discretized in sections of polylines
susceptible of being 3D printed where material
behavior parameters will be evaluated.
The inﬁll designs traced by the polylines developed are evaluated and informed by subsequent optimization in Grasshopper Parametrical
Modelling tool with a simulation tool. Ladybug
plugin using Radiance and Energy Plus engines
for radiation analysis was employed in this research.
Toolpaths are validated to comply with fabrication limitation by testing the manufacturability
of layer in sequencing continuous or discontinuous toolpath.

4.

5.

Spatial lattices are translated into coordinates,
and coordinates are sorted into types referring
to their requirement of deposition so that electromechanical commands activate the correct
ﬂow, cooling and nozzle mechanisms of 3D
print, translating lattices to gCode.
Fabrication in PE 3D printer.

The PE technique is limited to the correct coordination of the following parameters: layer height, nozzle speed, pore spacing, nozzle ﬂow and dehydration
(Fig. 3).
Rhinoceros 3D is used to delimit a volume for the
general shape where inﬁll patterns are placed. It is
based on material behavior given by feedback loops
of previously printing trials where maximum deviation angles for overhangs were tested.
Inﬁlls are developed based on thread material
thickness to delimit a minimum and a maximum pore
size. These parameters are applied for maximizing
light incidence without compromising structural integrity or air ﬂow passing through.
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Figure 3
Informed inﬁll
pattern

movement is set to 25 mm/s with constant ﬂow for
the deposition extruder and 10% ﬂow for a ram extruder working as a paste material feeder.

Figure 5
Generalized Spatial
3D printing for
gCode output

2.2 Design for fabrication
Elements fabricated by PE method present postprinting contraction due to material properties and
points touching the printing bed tend to remain adhered what could derive in a non-uniform shrinking.
Coordinates from the points located in space are
extracted and labeled in types according to their location in the lattice, being adjacent to the extrusion
bed, knots in contact with previously printed knots
(intersections), kink with change in direction, or
lastly end of segment traveling movement (Borunda,
Ladron de Guevara et al. 2019). If points in the lattice do not fall into any of these categories these are
labeled as not 3D printable and do not comply with
stacking requirements.
Printing proceeds as described in Fig. 4, the xyz
print-head mobility for PE is the most common setup
and the extrusion may be continuous or discontinuous. Discontinuous extrusion is better for design
freedom, as it aﬀords more ﬂexibility to the process.
The printing has being carried out stablishing a
constant ﬂow between points in the space, setting a
waiting time and upon reaching a break in the continuity of a line, (make a turn), to avoid undesired
creep material depositions and dragging of previous
deposited threads when reaching to corners.
Silkworm plugin for Grasshopper in Rhinoceros
3D software and a custom python gCode parser are
used for creating custom gCode (Fig. 5) with a set
of basic 3D printer parameters. Speed of extrusion

2.3 Manufacturability
A custom extruder and 3D cartesian printer tested for
fabricating ceramic pieces. The extrusion system is
composed of a linear actuator ram for feeding material to an auger extruder for the deposition control.
Several geometrical constraints and material
properties must be taken into account for successful
reproduction. With the purpose of testing a workﬂow
that integrates simulation and consequent additive
manufacturing of performative design components
the clay deposition technique is tested in the production of 6 types of simulation-inﬂuenced spatial lattice arrangements. Clay tests were manufactured in
white stoneware 100-1250ª distributed by Collet Ce-
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Figure 4
Section Design

ramics, produced for casting slip in powder base with
a mix proportion of 100 gm of stoneware by 400 ml
of water. Although production for diﬀerentiated inﬁlls is possible, manufacturing constraints limit signiﬁcantly the geometrical freedom. The factors for
inﬁll design found to be most inﬂuential are:
•
•
•

Impossibility to vitrify/solidify bridges during extrusion.
No secondary structure is viable.
For highly complex inﬁll designs with overhangs
of 45º to 60º angles, up to 10-15% deformation
after curating in oven occurred.

Continuous toolpaths expose signiﬁcantly betterquality results, avoiding running into traveling routings and the creep produced by overﬂow after end
of line. The use of perpendicular superimposed toolpaths while generating cavities generates better supporting structure.
To make the printing of semi-liquid material possible, it is necessary to ensure an adequate material consistency that promotes the dehydration of
the thread along the extrusion to support the subsequent threads. Tuning the ﬂow of material due to
variations on its consistency during printing enhance
better results.
Due to the lack of a retraction system, to prevent any stringing or dragging of deposited material
it is recommended to avoid kinks and curvilinear discontinuities in travelling routines at end of segment
deposition. non extruding traveling routines at end
segments Geometries presenting less overhangs and
having good supporting thread material under, tend

to have better stability during printing and shape accuracy.
In order to mitigate the eﬀect called “elephant’s
foot” where the ﬁrst layers maintain a major dimension than the subsequent layers, a piece of plastic ﬁlm
is added to the printing bed acting as a contraction
facilitator as it shrinks with the material.
Despite the limitations for clay 3D printing, the
technique shows an exceptional reproduction speed
and, if constraints are met, high ﬁdelity. Following
the limitations afore mentioning, locally diﬀerentiated pore geometries can be achieved by varying the
array of consequent parallel paths in a perpendicular
superimposed X or Y axis manner.
The approach is to divide the pieces in two differentiated sections, Rafting being under for ﬁltering
and support and Branching in the upper acting as the
principal solar radiation receiver and photocatalyst
(Fig. 6).
Figure 6
Varying porosity
along branching
section and raft
section

2.4 Slat material and internal structure
The pieces dimensions are 100x50x16.5 mm, divided
in 22 layers of 0.75 mm height (Fig. 7). Ceramic pho-
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tocatalytic slats produced for this research are organized in two main sections with diﬀerentiated behavior: the lower, “Raft section” of 14 layers, and the upper, “Branching section” of 8 layers.
Figure 7
Paste Extrusion slat

Figure 8
Optimized token
with continuous
toolpath

Figure 9
Optimized tokens
with discontinuous
toolpath

The lower section, ﬂuid inlet, functions as suspended
air particle collector (ﬁlter) and where the microcontainers of water would be located. This section
consists of a raft with discrete openings (pores). The
raft allows mechanical support at the perimeters and
gives rigidity.
The Raft or lower section is designed as series
of orthogonal reticules of superimposed perpendicular toolpaths. It has to meet diﬀerent requirements,
among them is to provide the structural stability for
the whole piece, therefore it has to have the suﬃcient
stiﬀness which is given by its higher density internal
structure and perimeter. The porous composition of
the material serves as particle capturer, this eﬀect assisted by the micro-structure given by the paste extrusion fabrication system and the inner graded organization, are beneﬁcial for the promotion of microturbulences that increase the eﬀect. Although on a
smaller scale, photocatalysis may result in this section
aided through the design of lower densities (bigger
openings) at its top and lower ends and densifying in
a gradient manner up to its core with a higher density (smaller openings). This gradient draft is beneﬁcial for maintenance and cleaning. This is also the
section to contain the micro-conduits as water reservoir for cooling evaporation.
The Branching or upper section, ﬂuid outlet, is
the portion dedicated mainly to photocatalysis reaction. It consists of branching narrowing pass through

channels that optimizes radiation capture by maximizing the surface in contact with incident light.
The contact between the air passing though the
piece touching the surface walls covered with titanium dioxide (TiO2) and in interaction with the UV
radiation causes the photocatalytic eﬀect, hence the
importance of the ratio of sun exposure and greater
contact surface. The spacing between the walling
patterning its of great importance because it also encourages sunlight ﬁltration to the opening geometries/pores in the composition of the Raft. The air will
cross it from the bottom to the top, leaving some of
the particles hooked on the walls of the channels by
friction. Even though the whole piece will be covered with photocatalytic material, is on the surface
where the chemical reaction of photocatalysis will be
greater. The air as it ﬂows through slats becomes increasingly sanitized.
The geometry in the branching section greatly
aﬀects the amount of radiation and deep incident
light capture tokens can achieve, two diﬀerent approaches are studied, a continuous toolpath strategy
with linear channel-like apertures (Fig. 8) and a discontinuous rectangular funnel-like apertures (Fig. 9).
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3 RESULTS AND DISCUSSION
Typical aluminum extruded slats are compared to ceramic slats fabricated by AM, exposed to solar radiation and obstructing air ventilation capable of ﬁltering particles from air passing through them while favoring its puriﬁcation.
To conﬁrm the photocatalytic capacity of
components 3D printed by the present radiation
optimization-based path strategy is higher than that
of components by traditional means, 6 types of specimens are designed for incident radiation tests. The
dimensions of these specimens are shown in Fig. 10.
In this paper, a radiation capture based path
planning algorithm in view of maximum photocatalytic capacity is proposed to improve the climatic
properties of models fabricated by PE. Grasshopper
Parametrical Modelling tool coupled with suitable
software able to perform cumulative solar radiation
analysis such us Ladybug, DIVA and ArchSim plugins
can be used to test, inform, optimize and translate
the path planning of optimal radiation capture into
gCode for custom 3D printing production. The calculation results and the results of performance tests
indicate that this algorithm can generate toolpaths
to extend the intrinsic properties of the current available printing techniques. To validate the eﬀectiveness of the proposed approach, specimens with different morphologies, continuous and discontinuous
branching geometries are printed by diﬀerent toolpaths and studied.
Compared to an equivalent aluminum extruded
slat alternative with 234 cm2 of surface (Fig. 2) initial
tests show that air ﬂow interaction with slat surface
are improved almost 10 fold in their 3D printed counterparts, with a total surface of 2100 cm2, creating an
improved airﬂow and allowing a better distribution
of incident radiation along the thickness of the slat.
3D printed tokens exhibit substantial opportunity of optimization varying pore and geometry dimensions in their upper section. The optimization
of the branching geometry towards maximizing radiation allows deeper radiation capture. Continuous
extrusion tokens (Fig. 8) exhibit less fabrication dis-

crepancies with the virtual model but capture less radiation than discontinuous extrusion (Fig. 9) counterparts.

4 CONCLUSION
The research studies an application of lattice structures with variable density patterns, to induce properties for innovative application of porous ceramic
components in architecture envelopes, to explore
potential bioclimatic and antipollution properties.
The photocatalytic, particle ﬁltration and evaporative
cooling characteristics introduced by complex patterning lattice structures with variable density patterns result of the custom Paste Extrusion (PE) additive manufacturing technique. The main agent in inducing photocatalytic activity in architectural envelope is incident radiation.
Based on radiation analysis of the series of tokens, one of the best approaches is to not generate
self-shadowing by promoting upright linear patterns
with a separation of at least one time the height of
the wall and pointing towards sun direction. The results indicate that the Radiation Capture capacity is
augmented if the ﬁlament experiences discontinuity, still this discontinuity is opposed to better fabrication quality for which an algorithm with corrected
motor jerk, acceleration and deceleration when approaching kinks should be implemented. Allowing
acceleration variances along the extrusion, coupled
with wait digital outputs will allow for the ﬁlament to
dehydrate enough and to fuse with base to reduce
creep and pulling during travelling times. Anyhow,
specimen production results show that the currently
proposed path satisﬁes the required printing precision of functional slats.
Although implementation of the proposed toolpath planning and paste extrusion technique improves radiation capture for photocatalysis, this
methodology is still in a preliminary stage and requires further exploration. For instance, measuring the speciﬁc performance on the architectural
slat envelope system, optimize with generative positive feed loops strategies meeting maximized perfor-
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mance and minimize material waste, and to evaluate
mechanical performance and shrinkage for correct
functionality with larger scale tokens. These challenges will be a focus of future research.
This research presents a novel PE method of 3D
printing complex spatial lattices with paste materials that improves the printability of ceramic building
components performance by optimizing path orien-

tation varying density and porosity to maximize photocatalytic performance of architectural envelopes.
The current computation method and manufacturing technique improves ﬁdelity, printing time and
material use in PE 3D printing a exploring novel application in architectural envelope design.

Figure 10
Annual radiation
capture simulation
results

D1.T2.S1. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1 - eCAADe 38 | 105

REFERENCES
Bard, J, Cupkova, D, Washburn, N and Zeglin, G 2019,
’Thermally Informed Robotic Topologies:Pro ﬁ le3D-Printing for the RoboticConstruction of Concrete
Panels, ThermallyTuned Through High ResolutionSurface Geometry’, in Willmann, J, Block, P, Hutter,
M, Byrne, K and Schork, T (eds) 2019, Robotic Fabrication in Architecture, Art and Design 2018, Springer
Nature Switzerland AG, Basel, pp. 113-125
Bock, T 2015, ’The future of construction automation:
Technological disruption and the upcoming ubiquity of robotics’, Automation in Construction, 59, pp.
113-121
Borunda, L, Guevara, MLd and Anaya, J 2019 ’Design
Method for Optimized Inﬁlls in AdditiveManufacturing Thermoplastic Components’, eCAADe 37 /
SIGraDi 23, Porto, Portugal, pp. 493-502
Cesarano, J 1998 ’A Review of Robocasting Technology’, 1998 MRS Fall Meeting & Exhibit Symposium V ,
Boston, pp. 133-139
Chen, Q, Soto, BGd and Adey, BT 2018, ’Construction
automation: Research areas, industry concerns and
suggestions for advancement’, Automation in Construction, 94, pp. 22-38
Gao, W, Zhang, Y, Ramanujan, D, Ramani, K, Chen, Y,
Williams, CB, Wang, CCL, Shin, YC, Zhang, S and
Zavattieri, PD 2015, ’The status, challenges, and
future of additive manufacturing in engineering’,
Computer-Aided Design, 69, pp. 65-89
Gospill, JA, Shindler, J and Hicks, BJ 2017, ’Using ﬁnite element analysis to inﬂuence the inﬁll design of fuseddeposition modelled parts’, Progress in Additive Manufacturing, 3, pp. 145-163

Kulkarni, P, Marsan, A and Dutta, D 2000, ’A review of process planning techniques in layered manufacturing’,
Rapid Prototyping Journal, 6(1), pp. 18-35
Labonnote, N, Rønnquist, A, Manum, B and Rüther, P
2016, ’Additive construction: State-of-the-art, challenges and opportunities’, Automation in Construction, 72, pp. 347-366
Loh, GH, Pei, E, Harrison, D and Monzón, MD 2018, ’An
overview of functionally graded additive manufacturing’, Additive Manufacturing, 23, pp. 34-44
Malé, M 2016, El potencial de la fabricación aditiva en la arquitectura : hacia un nuevo paradigma para el diseño
y la construcción, Ph.D. Thesis, Polytechnic University
of Catalonia
Ngo, T, Kashani, A, Imbalzano, G, Nguyen, KTQ and Hui,
D 2018, ’Additive manufacturing (3D printing): A review of materials, method’, Composites Part B: Engineering, 143, pp. 172-196
Sass, L and Oxman, R 2006, ’Materializing design: the implications of rapid prototyping in digital design’, Design Studies, 27(3), pp. 325-355
Warnier, C, Verbruggen, D, Ehmann, S and Klanten, R
2014, Printing things : visions and essentials for 3d
printing / edited by Claire Warnier, Dries Verbruggen,
Sven Ehmann, Robert Klanten., Gestalten, Berlin
[1] PARDAL,C.andLOPEZ,J.,May5,2019-lastupdate,Filteri
ngandphotocatalyticslatstobeintegratedinventilationfa
cademodules.Available:https://futur.upc.edu/24254717
[April15,2020].

106 | eCAADe 38 - D1.T2.S1. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1

