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ABSTRACT
The benefits of additive manufacturing in architecture and construction are often considered in terms of material and time economy.
But digital fabrication offers potential for a more comprehensive value creation approach, creating benefits not only for the builder
or the designer but all the way to the end-users of the building. The opportunity to fabricate non-standard building elements allows
to inform the design process with constraints and objectives deriving from all stages of the lifecycle of the project. However, such a
comprehensive approach needs to be streamlined into a viable workflow.
This research paper aims at illustrating this proposition in the context of an openwork façade consisting of non-standard 3D-printed
concrete panels incorporating objectives based on end-users visual comfort, structural design and fabrication process. A generative
design algorithm is built, which incorporates all constraints into a fluid process.
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1. INTRODUCTION
The term “digital materiality” has been coined by Gramazio
and Kohler [1] to define the advent of a new era of architecture
in which information processed thanks to digital tools during
the design phase will permeate the fabrication process and
allow materiality to be “informed”, in a seamless process
between data and material objects. The tools of digital
fabrication and computational design allow indeed for an
integration of constraints and objectives deriving from each of
the stages, from design to implementation. However, as
Turunen notes in her 2016 paper Additive Manufacturing and
Value Creation [2] , the benefits of digital fabrication are not
yet fully understood by the architecture and construction
industry; for example additive manufacturing is often only
considered as a material-saving option compared to
traditional subtractive technologies. She posits that in order to
evaluate the full potential of 3D-printing technologies, one
should look at the various ways in which it helps create value:
for the designer, for the constructor, for the end-user. It is only
when these multi-scalar value-creation potentialities will be
fully understood that the technology will be able to spread.
The present research paper proposes to experiment with a
seamless design process incorporating multi-scalar objectives
in the context of a double-skin façade, the outer layer of which
consists of openwork 3D-printed concrete panels. As Gerber
and Pantazis [3] have noted, façade design is a good area on
which to experiment a comprehensive multi-scalar approach
as it touches environmental, aesthetic, structural and
construction issues. In order to highlight the need for an
approach that goes truly across project scales and lifecycle

stages, we propose to incorporate fabrication constraints,
structural constraints and environment-based comfort
objectives, the latter aiming at demonstrating the added value
of a design approach based on non-standard elements for the
end-users of the building. The main driver for the design
generation will be considerations of visual comfort, based on
the destination and usage of the indoor spaces. Structural
performance of the panels will then be considered, as well as
fluidity of the fabrication and implementation workflow.
We will start by recalling previous research and examples of
daylight filtering openwork façades and analyse their benefits
and limitations, then we will study how reference work in
computational design and large-scale 3D-printing can bring
value to the openwork façade panels. We will then expose the
experiments conducted with large-scale concrete 3D-printing
company XtreeE and the generative design algorithm designed
by the author to solve the announced objective.

2. PREVIOUS RESEARCH
2.1.
Daylight, shading and visual comfort
inside buildings
In order to create value for the end-users, daylight filtration
appears as an interesting choice as it touches basic human
needs and functions of the building while necessarily needing
to be adapted to geolocalization and orientation data.
Boubekri [4] recalls that the sun is the prime source of warmth,
energy and lighting and that human habitat construction
appears to have been influenced by sun path and orientation
as early as in prehistorical time. The positive impact attributed
to sunlight continues in modern-day architecture, especially

following the energy crisis of the late XXth century and in light
of contemporary concerns about the sustainability of
buildings’ energy consumption: daylight can appear as a
cheap and renewable substitute for artificial heating and
lighting. However, despite most research focusing on the
thermal and energy impact of daylight in buildings, studies
have shown that substituting daylighting to electric lighting has
a negative (increasing) impact on the construction costs,
creating negative value for developers and builders [5].
Rather, the added value of daylighting should be interpreted
in terms of benefits for human health and comfort [6]. Indeed,
the world’s longest established sustainability assessment for
buildings, BREEAM, incorporates daylighting in its criteria
under the “Health and Wellbeing” section [7].
Furthermore, Fontoynont [8] posits that daylighting cannot be
evaluated just like artificial lighting by simple uniform
illuminance measures and that the uneven distribution of
daylight and the patterns deriving from elements such as
stained-glass windows, shutter and blinds can become part of
the visual comfort evaluation. Comfort metrics in buildings are
hard to generalize, as they differ depending on the usage
which is made of the space by the occupants of the building.
The BREEAM referential differentiates 5 types of building
destinations for its Daylighting requirements guidelines [7],
which it then refines depending on the usage of each room.
Regarding educational buildings, Zoromodian and
Tahilsdoost [9] highlight the specificity of classrooms as spaces
lit from the side and occupied by a large number of occupants
facing in the same direction, in opposition to residential or
office spaces, while Winterbottom and Wilkins [10] highlight
the need to address not only the illuminance on pupils desks
but also contrast on projection screen and/or interactive
whiteboard, which can be negatively affected by ambient
daylighting.
One could generalise this approach and try to build a daylight
filtration strategy that would take into account not only the
location and orientation of the building but also the
destination of the indoor space as well as its interior planning,
identifying in each room which areas should be lit and which
should be kept dark.

2.2.

Openwork façades

Perforated screens offer a simple way to filter the excess of
light entering inside buildings. A typical example is the
mashrabiya, a traditional latticework known throughout
Middle-Eastern and Mediterranean architecture. As described
by Baker and Steemers [11], the size of the openings in the
mesh pattern was meant to block high angle sun penetration
(i.e. during the warmest hours) while allowing in some diffuse
reflected perpendicular light. Furthermore, a typical
mashrabiya consisted in two parts: a lower part with a tight
mesh pattern to filter light and prevent glare at eye level, and
a higher part with a more open mesh pattern aiming at letting
the wind in to cool the indoor atmosphere and letting some
light in towards the more interior spaces of the building
[11][12]. While preserving this function as an objective,
craftsmen developed the mesh patterns into intricate
decorative elements, often geometric or floral, which became
symbols of oriental and Islamic architecture [12].

Contemporary architects have often drawn inspiration from
these patterns to develop shading façade meshes at much
larger scales than the traditional balconies and windows
where mashrabiya were placed. As noted by Abdelkader and
Park [12], famous examples include the façade of the Arab
World Institute by Jean Nouvel in Paris and the Al Bahar
Towers by Aedas Architects in Abu Dhabi, which both include
kinetic elements which respond to the sun exposure to filter
more or less light into the building. While these offer exciting
perspectives for natural indoor lighting and shading, the
current cost of such technologies makes their spread to less
prestigious programs unlikely at the time of writing.
Static large-scale perforated façades also developed in recent
years, in part thanks to the development of new materials and
technologies. Stoeux et al. [13] describe the potential of of
ultra-high performance fiber-reinforced concretes (UHPFRC)
for the development of such façades, especially those with a
large perforation ratio (percentage of void > 50%). Thanks to
a compact cementitious matrix, UHPFRC is able to follow
extremely tightly the geometry of the mould it is cast in
(precision up to 1µm), allowing for thin and complex designs
while preserving strong structure and durability performances.
The façade of the Musée des Civilisations de l’Europe et de la
Mediterranée (MUCEM) by architect Rudy Riciotti is an iconic
example of the use of UHPFRC for façade lattice. The selfsupporting façade of the museum rests on the foundations of
the building and is linked to the curtain wall of the main
building thanks to horizontal double-joint poles. The mesh
consists of 6x3m perforated panels, all identical but
juxtaposed according to a random rotation pattern which aims
at avoiding visual repetition [14]. Another example, in the
context of a more moderate budget project, is the floralshaped panels installed by architect office Badia-Berger on an
apartment building in the ZAC Rive Gauche (ZRG) in Paris
[13]. The panels are perforated at 50% in a floral pattern
designed by artist E.Guilhem. Each measures 15sqm, weighs
1.8ton and is hung to the slab of the balconies thanks to
metallic supports developed by construction company
Betsinor. Here again, all panels are identical but rotated to
create an illusion of diversity.
The constraint of having just one type of panels per project
derives from the fabrication process: making a complex mould
for UHPFRC casting is costly. As a reference, the floral panel
mold for ZRG required 1000hours by a specialized company
[13]. Few projects can thus afford to have a variety in the
shape of façade panels. In both examples the aesthetic impact
of repetition in the patterns has been somewhat mitigated by
rotation of the panels, which helps create an impression of
variety. However, the constant size in the openings in the
pattern has an impact on the ability to customize the façade
pattern to its environment, and therefore limits the potential to
use it as an efficient light filtration tool.

2.3.
Parametric and generative design for
daylight-filtering façades
The literature review by Eltaweel and Su [15] highlights the
number of initiatives aiming at improving daylighting in
buildings thanks to recent simulation softwares and
computational design tools. Most projects focus on using the

computation power to run simulation and optimization
algorithms aiming at selecting the best performing variation
on a given pattern principle. Some work with complex shapes
which they break down to extract parameters, such as
kaleidocycle rings in the work of Elghazi et al. [16]. Other
prefer simple pattern generation principles, such as the tilted
extrusion in the work of Narangerel et al. [17]. Mohamadin et
al. [18] use strict rules deriving from Islamic geometric patterns
to densify a 2D façade mesh and create an optimal
mashrabiya screen. In all cases, the geometric principles
behind the patterns are modelled in a computational design
environment such as Grasshopper, an algorithm is built to test
them for daylighting performance thanks to solutions such as
Diva or Ladybug, and then an optimization algorithm is run.

revive the mashrabiya tradition in Bahrain, finding additive
manufacturing an opportunity to reconnect with traditional
craft and cooling techniques. In a more prototype-oriented
work, students of the Digital Fabrication Course at ETH Zurich,
working with senior researcher M.A. Meibodi, have recently
unveiled a project called Deep Façade [24] which consists in
a 3.5m high wall made of 26 panels whose geometry vary in
a 3-dimensional way to allow for more or less transparency
depending on the point of view. The panels are made of cast
metal, for which 26 different moulds were 3D-printed in sand.
This is an interesting approach to additive manufacturing,
where it is not the object itself which is 3D-printed but its
negative matrix; thus the object retains all the material and
structural properties of a direct cast [25].

This approach is interesting but does not seem to exploit fully
the potentials of computational design. In a 2012 issue of
Architectural Design dedicated to Material Computation,
Achim Mendes laments that traditional architecture
understands material information as “facilitative rather than
generative” [19]. The same criticism could here be applied to
the use of environmental data and daylighting goals metrics.
Instead of twitching geometric patterns to make them match
the data, we could imagine a generative design strategy where
the data itself generates the pattern. In the context of
daylighting-oriented design, the generative process defined by
Caldas and Santos for their project Painting With Light [20] is
therefore interesting because it starts with defining gradients of
lighting objective to generate and adapt the geometry of a
skylight.

2.5.
Large scale concrete 3D-printing for
openwork façade panels

2.4.
Digital fabrication
filtering façades

for

daylight-

Computational design tools allow to design complex, nonstandard shapes which are hard to fabricate using traditional
industrial methods such as above described concrete casting.
Digital fabrication technologies allow for renewed versatility in
the fabrication process, in what Carpo describes as the
overturn of the modern paradigm of mass production and the
advent of mass customization [21].
An interesting example of customization of a perforated
façade to the destination of the indoor spaces is the outer skin
of the façade of the Chiarama Spa building in Bogota,
Colombia, by plan:b and Mazzanti Arquitectos. It consists in
aluminium panels, laser-cut with a pattern of holes designed
to recall rock strata [22]. The perforations create a relaxing
atmosphere indoors thanks to the admission of natural light,
but their density vary according to the destination of the
various rooms of the spa, in order to accommodate for the
need for privacy. Subtractive technologies such as lasercutting can indeed appear an obvious choice for the digital
manufacturing of perforated façades. However, their main
drawback is the substantial amounts of material waste, which
makes them less attractive in the case of low density patterns
with high percentage of voids.
Additive manufacturing technologies such as 3D-printing offer
interesting alternatives for mass customization with limited
material waste. Almerbati et al. [23] have evaluated the
potential for using a sand-based 3D-printing technique to

We have shown above the potential of concrete for perforated
façade panels, as well as the potential of digital fabrication for
non-standard elements. In a 2016 technical letter entitled
Digital Concrete: Opportunities and Challenges [26],
Wangler et al. list a few high potential innovations combining
digital fabrication and concrete. The main limitation of direct
3D-printing (extrusion) of concrete, they say, lies in the lack of
reinforcement in the 3D-printed object (rebar implementation
as well as steel fiber would conflict with the extrusion
mechanism). However, great potential is identified in the 3Dprinting of stay-in-place formworks, or 3D-printing of the outer
shell of the object, to be filled with a reinforced concrete
including steel rebar or steel fibers depending on the
application. This technology allows for nearly unlimited
customization and variation of the object, as it rids the process
of the need to amortize the cost of fabrication of a mould
matrix.

French company XtreeE has developed a 3D-printing process
using a UHPC formula with properties close to that of UHPFRC
[27]. They recently unveiled prototypes of non-standard
façade panels made of a 3D-printed outline and a cast
concrete infill, to which the author of this paper contributed
[28] (Figure 1). The 3D-printing process of the outline uses a
2.5D strategy – or vertical extrusion of planar curves, resulting
in a short fabrication time of about 20min for each panel’s
stay-in-place formwork. For each panel, at least three steps
needed to be conducted: (i) 3D-printing, (ii) infill casting and

(iii) finishing, which consisted in a sanding of the asperities
deriving from the layered extrusion process. Various types of
designs were tested, some of which generated many defects
during the extrusion phase, which consequently made the last
step very difficult and timely. More details about these tests are
given in section 4.1.1.
In order to evaluate the complexity of building processes
involving concrete 3D-printing, the classification of building
systems developed by Duballet et al. [29] can be interesting,
as it takes into account not only the 3D-printing itself but also
additional steps such as assembly.

and a controller [27]. At the time of writing the XtreeE facilities
are equipped with a six-axis robot ABB 8700. This robot has
a reach of 3.50m [31]. Due to the dimensions of the XtreeE
printing head, this means that the working space for the 3Dprinter has approximately 3m in horizontal radius. We will
assume that the panels need to fit in a rectangle of
3.5m*2.5m.
The extrusion strategy for the stay-in-place formwork is a
simple 2.5D design (vertical extrusion of a base curve). The
minimal dimensions of the stay-in-place formwork system
should be as described in Figure 2 and in Table 1:

3. PROBLEM FORMULATION
Thanks to 3D-printing manufacturing of stay-in-place
formworks, we can design a series of non-repetitive elements
in concrete, benefiting from the geometric versatility, structural
performance and durability of this material without having to
accommodate the standardization deriving from traditional
casting processes. This possibility of having unique elements
allows to inform the design of each of them with functional
objectives. We wish to apply this strategy in the context of an
openwork façade consisting of non-standard concrete panels,
designed to filter daylight with indoor visual comfort in mind.
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It appears obvious that such a project would not be
economically feasible with traditional casting methods, when
each panel variation would need the fabrication of a different
negative formwork. However, one needs to pay attention that
the material gains from not having to produce matrices can
quickly be offset by design costs, should all panels need
separate design, optimization, testing and fabrication
preparation time. For this reason we aim at developing a
comprehensive algorithmic process for the generation of the
panels design, integrating all constraints from performance
objective to fabrication.

w

4. METHODS AND RESULTS
The proposed methodology is to construct a generative design
algorithm which will use as its input the building location and
sun exposure data, the building indoor spaces destinations
and daylighting objectives, and the façade geometry. The
algorithm will generate a pattern that will satisfy (i) daylight
filtration performance, (ii) satisfactory structural behaviour,
and (iii) easy fabrication workflow. The algorithm will be
developed within the Rhinoceros3D+Grasshopper (McNeel)
environment.

4.1.
Definition
objectives

of

constraints

According to the classification established by Duballet et al.
[29], the complexity of the process can be defined as
x01x10e²a²a3s0r0, as explained in Table 2.

x01

and

x10
e²

The fabrication process for the panels is assumed to be similar
to the one used by XtreeE for the prototype façade panels
described above [28], that is to say a concrete 3D-printed
stay-in-place formwork in which a concrete infill is cast.
The technology used by XtreeE consists in a 3D-printing head
(extrusion head) mounted on a six-axis robot, a concrete
preparation unit connected by a pump to the extrusion head,

a²
a3
s0
r0

*

The complexity of the process (noted by letters with high
exponent) stems mostly from the need to have several steps to
the fabrication. In order for the fabrication process to be as
smooth as possible, and especially in order to limit the
duration of the finishing step, the extrusion needs to generate
the smoothest possible surface aspect. The objective is to look
for a system which generates the least possible surface defects.
Two constraints deriving from the specificities of the fabrication
process need to be kept in mind, which may come in the way
of this objective:
(i)

(ii)

Start-and-stop: due to the complex pumping
system in the extrusion head, concrete
expulsion usually starts slightly before the
extrusion head moves to the toolpath start
point, and stops slightly after the end of the
toolpath.
Setting speed: the setting time of the concrete is
accelerated in order to allow for vertical layer
superposition. As a result, the exterior of a
deposited layer of concrete will start drying as
soon as it is expulsed from the extrusion head.

With this objective and these constraints in mind, experiments
were conducted within XtreeE facilities to test different designs.
4 types of base curves were generated for the extrusion, all
stemming from the same base pattern design. These 4
methods and the observations made during the scale 1:1
experiments are summarized in Table 3.

Method N°1 worked on an offset principle. All the inner
regions of initial pattern are thus materialized by closed
curves. As a result, the base curves for extrusion consist in a
number of closed curves, which will generate several
extrusions. This is interesting for fidelity of the panel geometry
to the original pattern, but this creates many defects due to
constraint (i) above. The transition from one extrusion to the
other created bulging and imprecision due to the difficulty to
control the moment when the concrete expulsion starts and
stops. (Figure 3). Furthermore, having several extrusions to
handle for one single object complicated manutention,
especially when moving the object towards the concrete
casting workshop. This aggravated the weight of parameters
a² and a3 in the complexity evaluation of the process. These
were considered valid reasons to disqualify method N°1 and
to try and favour methods with continuous base curves.
Method N°2 aimed at minimizing the risk of defects coming
from constraint (i) by reducing the number of extrusions to 2,
with one outer base curve reproducing the hull of the panel,
and one inner base curve following the geometry of the inner
regions of the pattern. This was interesting in terms of fluidity
of fabrication, but the lack of connection between members
was creating structural weakness in the object.

Method N°4 sought to keep the benefits of the previous
method (one single toolpath curve, contact points for
structural stability) while getting rid of the issues stemming
from intersections. It consists in one single base curve going
around the pattern geometry, and getting close to itself in
order to create contact points which will create closed regions
for the cast filling. We observed that, due to the width of the
3D printed concrete layer (w = 20mm), the contact point
should not be designed as a direct contact between the base
curve folds, but rather a proximity with a diameter δ = w/2 =
10mm (Figure 5).

Method N°3 aimed at creating a lot of connection points for
structural stability, while at the same time simplifying the
toolpath by creating one single base curve. It consists in one
single curve intersecting itself in various points to generate
enclosed regions, allowing a 2-color filling strategy for the
casting. The intersections were thought to provide interesting
structural performance for the contact points, however due to
constraint (ii) above, we observed during fabrication that the
path of the extrusion head through the already drying concrete
layer created defects and could potentially damage material
cohesion (Figure 4).
Method N°4 created satisfactory results in terms of fluidity of
the process, in terms of structural stability and in terms of visual
finish as it created very few defects. It is therefore the preferred
method to be implemented in the algorithm for the base curve
generation.
The panels will be hung to the building façade thanks to
supports. The supports will consist in metal fixation systems to
be set in the concrete during the casting process, similar to
those elaborated by French company Betsinor for supporting
UHPC perforated panels [32].
The supports grid will be attached to the main façade of the
building according to a regular grid (Figure 6).

The material cast inside the stay-in-place formwork will be
UHPFRC.
The properties of the cast filling are based on the properties
of Lafarge Ductal® FO [30] (a ultra-high performance
concrete formulation reinforced with organic fibres, commonly
used for latticework and perforated façades) and summarized
in Table 4.

In each room we can define the location of areas which should
be kept dark for the comfort of users in the building. These
dark areas correspond to zones in which sunlight should be
absolutely minimized. For example, in a classroom or a
meeting room equipped with a large projection screen, the
direct sunlight on the screen wall should be minimized. In the
dormitory room of a kindergarten, all the floor plane should
be kept dark during nap time. On the other hand, for comfort
and vitamin D intake of the building users, a lunch room can
allow for maximum sunrays to enter towards all areas during
lunch time. For each volume representing a room in our 3D
model, we identify the surfaces which correspond to the dark
areas (Figure 7).
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These parameters will be used for the structural analysis of the
panels.
The daylight filtration qualities of the openwork façade will be
evaluated thanks to a modelization of the building and the
façade and a simulation of the daylighting inside the building.
This will be done using Rhinoceros3D, Grasshopper and the
module Ladybug by Mostapha Roudsari and Chris Mackey.
This tool allows for a simple integration of environmental
analyses based on geolocalized weather data in .epw format
(developed by US Weather Service and available on the
Internet for a number of worldwide locations) into the design
workflow. For daylight analyses, Ladybug works in connection
with EnergyPlus and Radiance softwares.
As discussed above, the author has chosen to work on
comfort, usage-based daylighting objectives. For this
research, considerations of thermal comfort, energetic
performance, glare or view to outdoor have not been
addressed.
After downloading a weather file corresponding to the location
of the project and inputting the cardinal orientation of the
building, in Ladybug the sunpath curves and sun vectors can
be generated for the considered location during the
considered period. Depending on the destination of the
building, the considered period can be all year long and all
day long, or vary. For example in the case of a school
building, the summer holiday months can be discarded in
order not to affect the averaged results with unimportant data.
The building is modelled in Grasshopper including the
schematic location of the main indoor spaces (rooms) which
have windows to the façade, as well as the location of these
windows. For each window the sunrays can be modelled,
which enter the building through the window to bring daylight
into the room. Depending on the destination of the indoor
spaces, these sunrays will need to be blocked or let in.

The sunrays bringing sunlight to these surfaces during the
considered period need to be blocked. The intersection points
between the façade and these sunrays (sunray points)
represent the points where the façade should be opaque.
The density of sunray points per area of the façade can then
be modelled into a gradient, which materializes the objectives
of the façade in terms of daylight filtration (Figure 8).

4.2.

Algorithm construction

All these constraints can now be assembled into a generative
design algorithm.
In paragraph 4.1.3 we have materialized the daylight filtration
objective of the façade by a gradient corresponding to the
density of sunray points to block. We can now use this gradient
as a tool to generate a geometric pattern which will serve as
a base to design the openwork panel.

This 3-dimensional surface shows high slopes in the locations
of high density d. These peak points correspond to the
locations where a lot of sunrays need be blocked by the façade
panels. By simply applying a contouring tool on this surface,
a set of topographic curves can be generated, which will
represent the profile of function d (Figure 11).

The density of sunray points to be blocked in each location of
the façade can be interpreted as a function of the surface of
the façade. We can define this function as d, where for each
point (u,v) in the coordinate system of the façade surface,
d(u,v) corresponds to the number of sunrays to be blocked in
that point position.
It is then possible to plot the 3-dimensional graph representing
the function d in a coordinate system based on a Darboux
frame of the surface plane (Figure 10). For scaling purposes,
a reduction coefficient can be applied to the function d. This
will affect the steepness of the slopes observed on the graph.
d

d

Once projected back onto the façade panels, these
topographic curves generate a pattern of intercontained
curves, which will serve as base for the openwork panels
geometry. In the zones where a higher density of sunrays needs
to be blocked, the curves are closer to each other and behave
like a dense screen, filtering less light into the building. The
author chose to call this pattern principle Cloud Slice (Figure
9).

Based on the Cloud Slice pattern, the openwork façade is
discretized into panels satisfying the above defined size
constraint (see 4.1.1). For the sake of preserving aesthetic
consistency of the Cloud Slice pattern, the division is not be
made on a cookie cutter principle, but on a gage principle:
the panels need to fit within the 3m*2m rectangle, but do not
need to be exactly rectangular in their shape (Figure 12).

The medial axes of the added elements are added to each
panel’s curve network. The pattern generation is now informed
not only by the solar filtration behaviour, but also by the
structural performance of the object.

The curve network resulting from the structural optimization of
the Cloud Slice panel serves as a starting point to describe the
panel geometry. For each panel, a path connecting all the
curve segments is defined, based on proximity within the
above defined proximity diameter δ (see 4.1.1 and Figure 14).

Due to the nature of the Cloud Slice pattern, these panels
consist in disjoint curves. In order to connect them, additional
curves will be generated in the locations which serve best the
structural resistance of the panels.
The structural analysis is done in Grasshopper using the
module Karamba, which is developed by Clemens Preisinger
in cooperation with Bollinger-Grohmann-Schneider ZTGmbH
Vienna to perform Finite Elements Analysis (FEA) in the
Grasshopper environment. For each panel, a FEA mesh is
generated, making sure that the support points for the panel
are located on mesh vertices. The cross section of the mesh is
defined as specified in Table 1, and the material according to
the characteristics of Ductal FO as specified in Table 4. The
supports are pinned supports located on a grid, as defined in
paragraph 4.1.2. The loads taken into account are the self
weight (gravity load) and a face wind load of 2kPa.

The resulting topology is then offset to generate the extrusion
base curve (Figure 15), satisfying the constraints defined
through method N°4 described in paragraph 4.1.1.

A Bi-Directional Evolutionary Structural Optimization (BESO)
of each panel is then launched, keeping the Cloud Slice curves
as permanent elements. The target for material removal
between these permanent elements is set to 95%. The result of
the BESO shows that the cross section can be reduced and
where material needs to be kept to ensure support of the
object (Figure 13).

After extrusion and filling, the resulting geometry can be tested
for structural resistance using Karamba. As the pattern was
generated with structural constraints in view, the results are
satisfactory, as shown in Table 5 and Figure 16 to Figure 21.

4.3.

Results and simulations

The above steps conducted in paragraph 4.2 summarize the
generative design algorithm aiming at designing an openwork
façade made of non-standard concrete panels which will
satisfy (i) a satisfactory daylight filtering performance (ii) a
satisfactory structural behaviour and (iii) a fluid fabrication
workflow.The algorithm flowchart is summarized in Figure 22.

The geometries resulting from the algorithm can be tested for
their daylight filtration properties using Ladybug in
Grasshopper. We have tested the algorithm with a fictive
scenario involving a classroom building in the Paris, France
region. The building is 5 floors high and is destined to be a
primary school. Classrooms with blackboards are located on
all floors ; a quiet nap room is placed on the third floor. The
dark areas are defined as the blackboard walls and the floor of
the nap room (Figure 7). The corresponding geometries for the
openwork façade panels were generated as described in
paragraph 4.2 above.
The panels are tested for daylight filtration using an illuminance
analysis performed with Ladybug. The value is measured on the
dark surfaces and compared to the surfaces let accessible to
sunlight (Figure 23).

The façade is tested for a simulation of sunny weather at 10:00
and 15:00 on solstice and equinoxe conditions, in order to test
the conditions most likely to generate discomfort for the
building dwellers. The results are detailed in Table 6.

comfort, glare, and view to outdoor. Notions of building energy
performance could also be added.
Interesting shapes and results could also stem from a design
strategy making full use of the 3D-printing technology used by
XtreeE, and especially the 6-axes robotics [27]. Through nonlinear extrusion and variable casting width, the profile of the
panels openings could become more variable and act as
reflectors for the sunlight. An evolution of the algorithm to
incorporate 3-dimensional design generation strategies could
therefore open new paths for the performance of the openwork
panels as daylighting ang shading devices.
Structural optimization is here used as a tool to generate
additional members for each panel’s geometry. Another
approach could integrate it as a part of the cloud pattern
generation. Other loadcases could be integrated on top of
selweight and wind, such as these deriving from transportation
(lifting, anchoring) of the panels and storage (stacking)
constraints.
Through the example of concrete 2.5D-extruded openwork
façade panels, this research paper ambitioned to demonstrate
the potential of an integrated approach combining additive
manufacturing and computational design to design a series of
non-standard elements following a set of constraints both at the
series (façade) scale and at the individual (panel) scales.
The author did not count the hours dedicated to the
development of the generative algorithm, but believes that it
can compare with the 1000 hours of work allegedly required
for the design and fabrication of one single silicon formwork for
the ZAC Rive Gauche façade panels [13]. It is therefore allowed
to imagine that in a non-experimental context, this nonstandard digital approach could even mean a time gain. On
top of the economy on the formwork and lack of material waste,
this only does confirm the potential of digital fabrication for the
productivity of the construction industry.

These simulations show that the Cloud Slice façade does
indeed have a performant filtration effect, privileging light
reduction onto the designed dark areas while minimizing the
light filtration onto the areas which need to remain clear. The
impact of the façade on the illuminance of the indoor areas can
be summarized as the average of the percentage of illuminance
reduction thanks to the façade. The average impact is -61% for
the dark areas, versus only -43% for the lit areas.
Thanks to its informed design, the Cloud Slice façade is able to
serve the comfort of the users inside while having a pleasant
aesthetic value.

5. CONCLUSION AND WAYS FORWARD
The openwork panels designed for this research paper focus so
far on just one type of objective, the sunlight filtration. In order
to complete a full comfort objective, the generative design
algorithm could be developed to incorporate notions of thermal

But more than a gain in productivity, digital fabrication marks
a paradigm shift [21]: the end of standardization and the
advent of mass customization. By putting the destination of the
indoor space at the source of the generative design algorithm,
this research aimed at demonstrating that additive
manufacturing can help create value not only for the
constructors, designers, developers, but also for end-users.

___________________________________________________
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