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Abstract
Buildings and construction industry widely contribute to the emerging
global environmental concerns specifically focused on the mitigation of
carbon dioxide (CO2) emissions. Reported in 2019, the global final energy
consumption of buildings and energy-related CO2 emissions account for
36% and 39% respectively and energy demand is increasing due to the
exponential growth of the population and the constant need for floor area
expansion (UNEP, 2019) (Fig.). The high energy consumption is closely
related to the provision of healthy indoor environments for the occupants
primarily by integrating mechanical systems for ventilation, lighting,
heating and cooling. Even though passive environmental strategies are
widely implemented in facade design to reduce the overall electricity
demand of buildings, they remain generic facade solutions not tailored to
the specific location.
The fusion between data and design reproduced through the digital
represents the innovative progress of the scientific proliferation unlocking
abundant architectural possibilities for layered complexities. The new
design agendas postulate innovative design workflows differentiating
from the ubiquitous hence translated into ingenious form-searching and
form-synthesis architectural grammar. With the continuous evolution of
geometric complexities in the context of digital computation, facades can
potentially be transformed into arithmetically informed tectonic surfaces
with bespoke characteristics tailored to specified climate and location.

Hypothesis: Energy efficiency of facades can be optimised
through algorithmic-aided design
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01 | Introduction
1.1 Background
Architecture is the physical manifestation
of the social, economic and technological
progress shaping the urban fabric.
Consequently, the discipline is “a
protagonist” directly reflecting the Fourth
Industrial Revolution as a growing
phenomenon characterised by the fusion
of digital computation and advanced
fabrication (Naboni and Paoletti, 2015:7).
Technology has always been a catalyst for
design innovation thus often encourages
conventional paradigm shifts within
the architectural praxis. Therefore,
the visible and recognised element of
these advancements becomes the
facade as a primary part of the public
domain. The material catalogue and
construction techniques represent the
evident differentiation of technological
progression throughout historic epochs.
The architectural transition from the
robust stone buildings characterising
the Gothic architecture between 12th
and 16th century to the fully transparent
glass cladding very prominent for 21st
contemporaneity is a general timeline of the
more recent urban design evolution.
Aside from the material catalogue
expansion and development, the volumetric
evolution of architecture is a reflection
of the technological advancements and
new design methodologies informed in a
three-dimensional environment. Recently,
new approaches have been developed
incorporating heavy computational tools
to deliver an information-driven design.
Menges (2015) justifies the phenomena
with the shift of the main intricate
relationship between the human and the
machine evolving from computerised to
computational where now the machine is
able to sense and react within a defined
library of knowledge-based routines. The
new design agendas postulate innovative
1

design workflows differentiating from the
ubiquitous hence translated into ingenious
form-searching and form-synthesis
architectural grammar not yet clearly
defined. Although such computational
models are operating within the conceptual
paradigm, the rigid research invested within
the approach reveals its future potential
for highly customisable architecture thus
facade designs (Naboni and Paoletti, 2015).
The fusion between data and design
reproduced through the digital
represents the innovative progress of
the scientific proliferation unlocking
abundant architectural possibilities for
layered complexities ranging from large
to molecular scale of interventions.
The greatest potential of data-informed
computation aside from the intricate
geometric genesis is the ability to deliver
performative design by optimising energy
usage, structural durability and services
(Hemmerling and Cocchiarella, 2018). Such
approaches heavily rely on data inputs to
produce accurate calculations informing
new process-based rather than productbased morphologies. At the dome of the
biological paradigm, the terms “adaptive”
and “performative” are regularly applied
in architectural context with the ambition
of intertwining aesthetics with functional
capacities. However, such adaptability
is achieved through a mechanical
actuality and solid material homogeneity
contradicting to the natural axiom formed
by the principles of heterogeneous matter.
In the context of the global climate crisis,
the design has evolved as the primary and
universal tool for combatting challenges
including energy poverty of buildings. With
the continuous evolution of geometric
complexities in the context of digital
computation, facades can potentially
2
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be transformed into arithmetically
informed tectonic surfaces with bespoke
characteristics tailored to specified climate
and location. Combined with advanced
engineering of materials, such form-finding
computation can only be realised through
3D printing actuation. Contrary to the
conventional construction techniques, the
transition of the virtual construct to the
physical artefact is defined by instructionbased making and new material blends
in the context of additive manufacturing.
Even though the relationship between
architectural and constructional processes
is conceived simultaneously, often times
the progress is ambivalent due to the
lack of adoption of technologies from
other scientific fields for the realisation of
advanced conceptual architecture thus
limiting the expansion of possibilities
(Menges, 2015). However, architects,
designers and engineers constantly
reimagine and rethink architecture through
the lenses of tomorrow seeking more
sustainable and biological solutions.

1.2 Problem Statement
Current sustainability strategies for energy
mitigation provide basic design guidance
while the utilisation of computational
tools has a primary focus on intricate
form-finding manipulations over the
massing of a building adding an aesthetic
architectural value than functionality.
However, the software advancements have
the potential to transform facade design
from generic to a highly customisable
data-driven facade solution tailored to
a particular location, micro context and
climate. Specifically, algorithm-aided design
performs calculations based on data inputs
where environmental information can be
fed to produce an accurate feedback for
an improved building envelope based on
parameters as opposed to orthogonal
drawings.

3
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1.3 Objectives

1.5 Methodology

The research piece aims to develop
a holistic overview of current facade
design and construction issues related
to energy consumption of buildings and
emerging approaches providing radical
solutions in the fields of computation
and science. The primary objective is
developing and investigating a potential
algorithm-aided methodology for optimising
energy performance through a design
of behaviour-based building envelopes
tailored to a specific location and climate.
In addition, the translation of the new
principles and approaches such as material
grading and computational morphologies
into architectural grammar intends to
promote further design exploration and
discussion.

The research methodology is synthesised in two main parts targeting the main and the sub
research questions. Initially, gaining an understanding of process-oriented design approaches
through literature review and case studies is essential to translate the principles into an
architectural context. A variety of literature resources and research papers on energy mitigation
and sustainable facade design are studied for the selection of the algorithmic input parameters
and output behaviours. The second section is focused on digital computation, experimentation
and analysis of the developed algorithmic sequence against a set of predetermined criteria
including variable climatic conditions, radiation mapping and inputs manipulation. The empirical
results are then evaluated for drawing conclusions and suggestions for further development of the
workflow.

1.4 Research questions
Main research question:
What are the initial criteria for
establishing a universal algorithmaided workflow for energy efficiency
optimisation of facades?
Sub research question:
How will architects design informationdriven facades through algorithmic
computation for improved energy
optimisation based on solar radiation
data inputs for a specific location?

4
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02 | A for Architecture. An architectural
catalogue of imperfections
2.1 C for Carbon. A global contributor to CO2 emissions

A
B
C
D
E
F
G

to outbalance through the life cycle of a
building.

Buildings and construction industry
widely contribute to the emerging global
environmental concerns specifically
focused on the mitigation of carbon dioxide
(CO2) emissions (Fig. 1). Reported in 2019,
the global final energy consumption of
buildings and energy-related CO2 emissions
account for 36% and 39% respectively and
energy demand is increasing due to the
exponential growth of the population and
the constant need for floor area expansion
(UNEP, 2019) (Fig. 2). The high energy
consumption is closely related to the
provision of healthy indoor environments
for the occupants primarily by integrating
mechanical systems for ventilation, lighting,
heating and cooling. On the other hand,
the production of conventional construction
materials such as concrete and glass
releases vast amounts of CO2 emissions
also referred to as “embodied carbon”
which current sustainable strategies aim

The surge for more resource and energyefficient buildings has increased since
the failure to meet the mitigation targets
outlined within the Paris Agreement by
2060 (UNEP, 2019) as a global effort to
combat the climate crisis. The utilisation of
conventional materials and poor building
design leads to mass construction of
unsustainable architecture which leaves
CO2 traces throughout its life-span beyond
2060. Although a positive tendency
towards low-carbon and sustainable
building developments is statistically
documented, the current trajectory of
the building sector falls short to meet the
criteria (UNEP, 2019), potentially advocating
for more radical approaches in building
design.

Fig.1 Energy (d)efficiency

m2

population growth

increased demand
for construction

increased enegry
consumption

Fig.2 Correlating factors
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2.2 F for Facade. Current
facade deficiencies
The largest share of building-related
emissions and energy losses is linked
to poor facade design and construction
in both existing building stock and
new constructions (UNEP, 2019). The
building skin is a fundamental structural
element which is primarily perceived
thus designed for its aesthetic purposes
(Sung, 2016). Historically, building facades
have been reinvented throughout the
different epochs and reflect the scientific
and cultural development of the cities
and societies. As of today, technological
advancements navigate the building
envelope improvements and challenge
the conventional methods of construction.
Excessive glass cladding, perforated metal
facades and composite materials are just
some examples of the utilisation of modern
materiality within buildings.
However, the role of the facade has
changed in the context of an environmental
crisis which advocates for design guided by
functionality over aesthetics. Even though
some innovative technological solutions
have been deployed in modern architecture
such as green facades and mechanical
responsive facade elements controlled
by sensors, the mass design of buildings
remain stagnant due to the low cost of
conventional structural materials and their
wide accessibility. Furthermore, such
adaptive systems are electrically powered
resulting in a “paradoxical” phenomenon
since energy is required to reduce the
need for such energy in the first place
(Kolarevic, 2015). For instance, kinetic
facade mechanisms inspired by nature are
considered as a highly effective solution for
shading provision due to their adaptability
properties responding to environmental
cues. Still, such responsive skins require
electrical power.  

The advantages of transparent materials
in large scale construction are associated
with healthy daylight provision, off-site
fabrication and high-performance glazing
(Moghtadernejad et al., 2019) which is
believed to enhance the building energy
performance. However, these architectural
models are repeatedly implemented within
the urban realms as a symbol of economic
prosperity as opposed to customised
sustainable proposals designed for certain
climatic specifications and contexts.
Failing to acknowledge the correlation
between weather conditions and material
characteristics leads to the poor thermal
designs of facades (Planas et al., 2018).
On the other hand, Ahmed et al. (2015)
define double-skin and double-glazed
facade systems as “intelligent” solutions
primarily decreasing solar heat gains and
the level of heat transfer. However, fully
glazed or equally distributed fenestration
(Fig. 3) can lead to reduced efficiency of
such sustainable skins due to the lack of
consideration of neighbouring context and
climate.

Fig.3 Typical masonry and curtain wall

7
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2.3 A for Assembly. Common
assembly failures in facades
Building envelopes are selected for
specific architectural projects based
on criteria such as structural integrity,
durability, cost efficiency and sustainability
(Moghtadernejad et al., 2019). In addition,
a facade is an outer reflection of the
occurring internal processes thus typology
and programme directly navigate the
cladding design and the related material
catalogue. For instance, masonry and
timber are low-cost and structurally sound
solutions for residential buildings due
to their local availability and reasonable
maintenance expenses. On the other hand,
metal and glass are typically utilised in
public buildings such as offices and places
of assemblies considering their broad
design flexibility and aesthetic variations.
The clear differentiation of building
typologies is achieved through the chosen
material palette and shape formation.
Despite the visual dissimilarities, a universal
construction approach has been stipulated
for centuries represented by the notion
of fragmented actuality. Promoted by the
previous Industrial Revolutions, buildings
are collective by-products of assemblies
and connections where one element is
a result of multiple linked subelements.
Therefore, the structural durability becomes
prone to failures during the construction
and operation phases of a project
(Moghtadernejad et al., 2019).

2.3.1 C for Connection.
Joinery-related issues

Fig.4 Facade details of Library and Learning Centre University of
Economics Vienna / Zaha Hadid Architects
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Following the trajectory of rapid utilisation
of computational design environments,
the new software tools provoke
intricate form-finding methodologies
for achieving unconventional geometric
complexities which require great expertise
in construction. A common structural
approach for the realisation of such
sophisticated projects is customised
panelling facade systems assembled

through numerous connection elements
such as bolts and screws. Occasionally,
highly-crafted architectural designs demand
the manufacturing of individual cladding
elements each with distinctive dimensions
creating additional technical complications.
Even though advanced software
provides precise calculations in a virtual
environment, on-site construction relies
on quality control monitored by human
competence. Some related deficiencies
may occur in panel misalignment leading
to cladding detachment (Moghtadernejad
et al., 2019). In 2015, an assembly error
(Fig. 4) caused a fall of two concrete panels
of the Vienna Library and Learning Centre
designed by Zaha Hadid Architects and
such an incident is not unprecedented.
Consequently, questions arise whether
conventional construction techniques have
the capacity to execute the accelerated
popularity of eccentric volumetric designs
without compromising public health.
Moreover, thermal bridges significantly
increase heat losses in buildings located
in colder climates due to the indoor
and outdoor temperature difference
as heat passes through elements with
a higher thermal conductivity than the
surrounding material following the path
of least resistance (Lofteness and Haase,
2013). Commonly, heat bridges occur at
poorly-detailed structural connections and
edges such as window-to-wall joinery or
cantilevering balcony slabs. Consequently,
the risk of cold bridges is simultaneously
increased in complex facades designs with
large numbers of glazing elements and/or
terraces.

10
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2.3.2. D for Deterioration.
Material atrophy  
As discussed at the beginning of this
chapter, the most commonly utilised and
cost-efficient building materials remain
timber, masonry, stone and concrete.
Unfortunately, their exposure to the
environmental factors causes severe
deterioration and damage on the outer
part of the building skin leading to cracks
and internal leakages (Moghtadernejad
et al., 2019). Therefore, the facade is no
longer properly sealed resulting in severe
structural deterioration which compromises
the structural durability of the building.
Weathering of the envelop materials is often
caused by microclimate including sun,
wind and rain of a certain location and is a
major cause of building degradation if not
constructed and maintained properly.

2.4 E for Environmental.
General environmental
strategies and guidance

Fig.5 LSE Global Centre for Social Sciences / Rogers Stirk Harbour +
Partners | Sustainable strategies
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Passive environmental strategies (Fig. 5)
are widely implemented in architecture
to reduce the overall electricity demand
of buildings. Considering sun orientation
and shading have become minimum
requirements in building design (Lofteness
and Haase, 2013). Even though being
effective not dependant on the climate,
they provide very basic guidance for
energy mitigation. For instance, sun
orientation is generally considered for
strategic window placement for optimum
solar energy harness and maximising
daylighting. However, the neighbouring
context such as buildings and vegetation
is often neglected in the design process
since projects can be developed in a
2D computational environment where,
for example, the casted shadows from
the nearby objects are miscalculated
(Hemmerling and Cocchiarella, 2018). As a
result, the effectiveness of such strategies
implementation remains questionable
due to the usage of conventional design
environments.

Moreover, the climate has a huge impact
on the building’s performance thus passive
strategies provide generic facade solutions
not tailored to the specific location.
Therefore, the correct deployment of
mechanical systems might be under or
overestimated leading to additional energy
consumption. The utilisation of advanced
modelling software provides opportunities
for improved architectural morphologies
informed by a specific set of constraints
customised to a particular project since
the 3D environments generate constant
visual feedbacks. The progression towards
digital computation and advanced material
engineering provide a potential solution for
the current facade deficiencies. Therefore,
the ingenious approaches require a
rethinking of the traditional design principles
and methodologies described further in the
next chapter.

12
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03 | The new structuralism. A new era of
design and fabrication

Fig.6 Modulor diagram | Le Corbusier

Fig.7 Four densities of the human form sitting in a
chair from motion capture data. The model is built
from laser scan data of the motion capture subject
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3.1 Data-informed design. A
sequence of processes

3.1.1 The evolution of the
design environment

Steve Jobs once claimed that future
innovations will operate at the intersection
of biology and technology. If dissected,
his statement is more than well-supported
by current scientific breakthroughs. The
anatomy of the novel design approaches
and methodologies transgress scientific
and technological boundaries with the
natural world since nature is perceived
as the grand designer and engineer. The
unlocked potential of curious possibilities
is analysed in this chapter thus laying the
foundation for the design of the subsequent
experiments.

The fundamental locus in contemporary
design praxis has shifted from the flat
two-dimensional geometric narrative
towards a three-dimensional computational
environment facilitating processes. For
instance, visualising a building mass
in three dimensions from the outset
contrasts to the traditional methods of
representation through plans, sections and
elevations (Hemmerling and Cocchiarella,
2018). The greatest advantage of the new
computational environments is obtaining
rigorous spatial understanding for improved
ergonomic design not for but benefiting
the human (Lee, J. H., 2017). The created
dichotomy between a culturally biased
space (Fig. 6) and functionally informed
one (Fig. 7) is critical for the progression
towards revolutionising architecture. At
a retrospective glimpse, the contrasting
perceptions of the human body in
the design process have enabled the
fundamental shift in form-searching and
form-finding methods.

‘‘I think the
biggest
innovations
of the twentyfirst century
will be at the
intersection
of biology and
technology.
A new era is
beginning.’’
-Steve Jobs

Another read of the term “design
environment” can be related to the
emerging interdisciplinary approaches
advocating for cooperation between
different scientific branches. Oxman (2016)
perfectly describes such processes by “four
modalities of human creativity” visualised in
the diagram The Krebs Cycle of Creativity
where each domain becomes an input for
another (Fig. 8).

14
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The transition compound structure is
explained (Oxman, 2016) as follows:
• Science: explanation and prediction
of the surrounding context by converting
information into knowledge
• Engineering: application of scientific
knowledge for the development of solutions
for empirical problems by converting
knowledge into utility
• Design: production of “embodiments
of solutions” for maximising function and
human experience by converting utility into
behaviour
• Art: questioning human behaviour and
creating awareness of the surroundings by
converting behaviour into new perceptions
of information
Therefore, future architectural actuality will
potentially operate in the intersection of art,
design, engineering and science achieving
more complex solutions for improved urban
environments. Knowledge diversity creates
a united setting for speaking different
scientific languages thus asking different
questions regarding a defined problem
(Goel et al., 2014) providing a much larger
spectrum of answers.

3.1.2 Library of natural
behaviours
The biological paradigm deciphers and
documents natural mechanisms and
behaviours translating them through
computational tools in a digital environment
for design optimisation of products and
buildings. Beyond the organic and fluid
shape genesis, the core objective of the
approach fuses the understating of nature
as a set of processes (Oxman, 2013)
with digital fabrication mimicking the
complex construction methodologies in the
natural world. The explanation of growth,
regeneration and reproduction have been
implied through a series of algebraic
functions visualised in a computational
environment.

15
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Process-oriented approaches inform
a linkage of functional layering for
analysis, simulation and modelling of
new morphologies for products and
buildings. For instance, the impact of the
environmental context on sustainability and
efficiency in architecture is profound for
delivering performance. Therefore, complex
computation integrating these factors as a
sequence is a promising methodology for
the synthesis of performance-based design
while creating a dichotomy between the
cultural understanding of the role of the
architect and his integration in the world of
digital computation.
Nevertheless, many researchers, scientists
and designers commit their lifelong
investigations on nature and biological
behaviours later on templating these
models onto ingenious solutions primarily
in aerospace, medicine development and
architecture as progressive industries.
Nature-inspired design is usually perceived
as motion as opposed to stationery
actuality implying a new capacity of
“adaptivity” (Kolarevic, 2015:128). However,
the solid validity of the current material
culture does not provide a context for
radical design innovation.

3.1.3 Algorithms-aided design
The current and still evolving stage of
digitalisation heavily relies on deep control
and understanding of datasets and
information processing for synthesising
design solutions (Hemmerling and
Cocchiarella, 2018:33). Therefore,
the primitive architectonic language is
challenged by the opportunities of complex
architectural computation based on
accurate input-output feedbacks visualised
within a 3D environment. Rather than
geometric-driven, the algorithm-aided
setting is algebraic or mathematically
informed executing consecutive logic
steps which are realised through feeding
input data and the production of output
responses.
Fig.8 Krebs Cycle of Creativity / Neri Oxman

16

Information-driven desgin

The new structuralism. A new era of design and fabrication

Material A

Material B

Material A

Transition
region

Material B
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Fig.9 Materal blends anatomy

As an example, every architectural brief is
designed within a unique set of constraints
such as location, context, typology,
building programme and etc. Therefore, the
algorithmic mechanism performs analysis
on the factors affecting a project and
translates them into data which informs
an optimised outcome according to a
determined “fitness function” (Hemmerling
and Cocchiarella, 2018:34). Potentially,
architectural solutions can be highly tailored
to predetermined factors and parameters
since 3D tools execute precise data
mapping and calculations in both input and
output stages.
Despite the potential of advanced
customisation of architecture, a project
developed in a computational environment
does not guarantee delivering a
performative design since the minimum
requirement of information-driven
processes is the data inputs. However,
the algorithm-aided approach fosters
the opportunity of accumulating and
translating complex design functionalities
into a physical manifestation through novel
construction techniques such as additive
manufacturing.

3.2 Functionally graded
materials. A novel material
synthesis
Computation has profoundly changed the
expression of the architectural artefacts
consisting of three primary elements- the
geometry, the process and the material.
Materiality is the physical manifestation of
the technological progression, therefore,
new morphologies and design processes
require novel material synthesis. Menges
(2015) portrays the contemporary
methodologies as a synergy between the
computational domain and the physical
realm where material culture becomes
a contextual synonym of process.
Consequently, materials are no longer
pre-determined by standard shapes and
dimensions but rather liquified for optimal
and functional form genesis.

3.2.1 Heterogenous material
blends
Functionally graded also referred to as
tunable materials is an emerging hypothesis
which is extensively developed in various
scientific fields. Initially established in
the aerospace industry in Japan, the
concept emerged from the analysis of
rocket vehicles and the improvement of
their outer shell to withstand severe harsh
weather conditions of the intergalactic
travel (Mahamood and Akinlabi, 2017:3).
As a result, scientist identified the
weakest design locus within the joinery
of the distinct composite panels. The
novel approach eliminates any structural
connections between discrete elements
and replaces them with the deployment of
additional sealing materials.
Nature has evolved complex hierarchical
structural systems of heterogenous
materials navigated by functionality (Royo
et. al., 2015) (Fig. 9). Few examples of such
biological evolutions are the bone, tooth
the bamboo structures all of them varying
in material density. For instance, the outer
part of the teeth comprises of high wearresistant material while the inner structure
is ductile acting as a shock absorber
(Mahamood and Akinlabi, 2017:1).
Opposed to widely utilised homogenous
materials in architecture such as metal and
concrete, heterogeneous materials have
the capacity to blend multiple functions
such as thickness, transparency, porosity
and thermal absorption into a single
component (Palz, 2012). Therefore, the
promising concept transforms the anatomy
of structural assemblies into material
specifications for performance-driven
design classified by varying properties
into a continuous element advocating
for a complete rethinking of design
methodologies.

18
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3.2.2 Human skin vs building skin
Variable property design of buildings can be illustrated by drawing a simple analogy between
the performance of the human and building skins. The primary engineering and environmental
functionalities of facades include protection, thermal performance, provision of healthy indoor
climate etc. (Kassema and Mitchell, (2015). Biological skin operates in an identical configuration
with a fundamental purpose of protecting and preserving the whole of the body from harsh
external environmental factors. However, the structural grading complexity of the human skin is
seamlessly achieved in a single component and reveals thickness and porosity variability on the
outer layer which is informed by internal processes (Vincent, 1982). For instance, armpit skin is
thinner and more porous since it acts as a natural mechanism for ventilation while the skin of the
human hands and feet is thicker due to the regular contact to abrasive surfaces (Fig. 10). The
fundamental principle is variable properties without any connections and joinery.
Material tunability has the potential to bridge the gap between natural and man-made material
properties and establish the integration of regenerative, adaptable and elastic characteristics in
buildings design. Therefore, the instruction-based making combines structural, environmental
and corporeal performance informed by algorithmic processing of data corresponding to the
set of variables to ensure functional and topological integrity (Oxman, 2012). If translated into
architectural vocabulary of a typical masonry wall, novel design approaches will reshape the
established building definitions while additive manufacturing methods will deploy opaque and
transparent materials as a single continuous surface over the facade volume varying in thickness
and stiffness as a replacement of the defined solid and translucent elements (Fig. 11).

Material A
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Fig.10 Variable thickness and surface complexity

Material B

Material C

Material B

Material A

Fig.11 Material blends in architetcure | Concept
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3.2.3 Cyber-physical manufacturing
The introduction to multiple material depositions aims not only to combine a variety of materials
but also assign additional properties to them for mechanical improvement and/or structural
functionality (Gibson et al., 2010). In 2006, the Fab@Home project introduces multi-material
printing to the public as an open-source DIY printing project. Since then, the implementation of
robotic fabrication revolutionises the perception of three-dimensional orientation represented by
the known x,y and z axes by doubling into six operational planes eliminating the restrictions of the
movement angularity (Fig.).
The technological advancements have evolved to an extent when the machine “learns” natural
construction techniques. For instance, ICD/ITKE Research Pavilions are experimental structures
executed by robotic machines which mimic natural weaving routines of species such as birds
and insects (Fig. 12). Furthermore, a team from Massatchusetts Institute of Technology develops
a series of nozzles for multilateral material deposition for an attachment to robotic arms as a new
generation of 3D printing methods for biomaterials in larger scales (Fig. 13).
The interweaving of behaviour-based making and novel material synthesis requires a developed
understanding of computational craftsmanship as a core principle of future architectural praxis.
Unfortunately, the progression is barely discussed in architectural education (Hemmerling and
Cocchiarella, 2018) thus raising questions whether young professionals will be able to adequately
respond to the innovative design paradigms.
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Fig.12 ICD/ITKE Research Pavillion | Fibre Placement on a Pneumatic Body Based on a Water
Spider Web

Fig. 13 Deployment of tunable biopolymers | Mediated Matter
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3.3 Precedents
Since the concept of digital computation and physical manifestation of functionally graded
materials remain under initial development and prototyping stage, precedents in large scale are
hardly found. However, a couple of examples demonstrate the promising potential of the new
methodologies implemented in future architectural praxis.

3.3.1 Raycounting
Raycounting is a method of the precise calculation of light intensity, position and direction which
computationally generates a volume informed by a given environment. Developed by prof.
Neri Oxman as a part of a permanent exhibition in the Museum of Modern Art in New York,
the sculptures (Fig. 14) explore the relationship between light performance and geometry as a
computational method for delivering precise shading dependant on environmental conditions. As a
result, the curvature surfaces are a result of assigning light parameters to flat surfaces.
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Fig.14 Raycounting | Silk-coated nylon and acrylic-based polymer sculptures

24

Information-driven desgin

The new structuralism. A new era of design and fabrication

3.3.2 Curtain wall functionally graded connection
Grigoriadis, K. (2019) examines the potential of transforming the structural connection of the
curtain wall facades into a continuous element since the component is prone to post-installation
failures. His studies involve heavy computational modelling of stress and material-related (Fig.
15) concerns to establish a visual matrix for tunable material deposition (Fig. 16). The final
materialisation of the information-driven design is executed through a 3D printing process of
multiple materials assigned based on a digital gradient. Even though the physical manifestation of
the computational model (Fig. 17) revealed the shortfalls of visualising and materialising semi and
fully transparent materials, his studies provided a detailed methodology for further development.

Fig.15 Exploaded view of the discretised mesh layers

Fig.17 Close up interior view of the fabricated multi-material mullion interface. The nine initial submaterials became four, due to offset mesh material overrides.

Fig.16 The final render sequence.
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3.3.3 3D-printed facade for
active temperature control
A team from the Delft University of
Technology explores additive manufacturing
for improved thermal performance for
the future design of buildings. Aside from
free-form manipulation, the achieved
geometric complexity is not only layered
externally but also internally to integrate
custom functionalities. Sarakinioti et al.
(2018) conducted the research in two
phases including an investigation of cellular
structures with good thermal performance
and exploring design configurations for
material efficacy through porous patterns
(Fig. 18). The design accommodates inner
cavities for improved natural ventilation
of the facade and outer channels hosting
water-based liquid as a heat storage
strategy.

3.4 Conclusions
The elimination of discrete parts and
assemblies in architecture requires
obtaining an innovative design grammar
and a complete rethinking of geometric
building components as a set of processes.
Moreover, liquifying materiality questions
the validity of current standardisation of
architectural elements and the notion of
angularity. Translated into architecture,
new design paradigms postulate that
functionality navigates the form and not
vice versa where the role of the architect/
designer is transitional from a form-giver
to process-maker. In support of the
statement, all of the precedents heavily rely
on data inputs for accurate result delivery
where the geometric genesis is a reflection
of functional data calculations as opposed
to aesthetics.
At the dome of such scientific quantum
jumps, architecture as a discipline
provides a great design context for
computational experimentation, ecological
material synthesis and instructionbased manufacturing. For instance, the
computational nature of the case studies
allows layering all of the algebraic functions
in one algorithmic domain sectioned
according to the scale of manipulation.
Logically, the initial branch will relate to
a mass generation where Raycounting
method can be applied followed by inputs
for structural material implementation
for durability. Lastly, distinct detailing of
the facade can be designed tailored to
specific environmental considerations for
a filly customised architectural intervention
according to its context, typology and
usage.

Fig.18 SPONG3D: 3D-printed façade with complex geometries for active temperature control
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methodology for a data-informed design
of facades
In their research paper, Kanagaraj and
Mahalingam (2011) developed a framework
for designing energy improved buildings by
establishing pivotal criteria including macro
location context, microsite context, building
design and the human body. Contrasting
to their proposed workflow, the identified
contextual parameters will be utilised as
initial inputs for the parametric modelling
of facade design resulting in a curvature
tectonic surface responding to an accurate
radiation map.

Fig. 19 Algorithimic methodology for accurate radiation calculations

The development of the algorithm is
based on precise climatic data inputs
for a specified location allowing actual
computation of the sky over a defined time
frame whether annual or seasonal (Fig. 19).
For instance, cloud density directly affects
the solar radiation harvest of buildings
thus the software delivers values tailored
to a particular urban environment. The
algorithmic structure is centred around the
radiation gain calculations to inform a new
volume generation for optimising facade
design. However, solar gains of buildings
are also dependant on other factors
including context thus additional branches
have been layered within the algorithm
based on current environmental strategies
such as window-to-wall ratio (WWR) to
produce more accurate radiation values for
improved energy performance.
The software used for the algorithmic
design is Rhinoceroses for producing
contextual geometry, Grasshopper as
a computational environment, LadyBug
for visualisation of radiation analysis and
EnergyPlus for modelling a radiation
simulation.
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4.1 Solar radiation and
location

Solar radiation is a source of light and
energy, therefore, is an important planning
factor in the design process of building
envelopes since it reduces electricity
demand and affects the indoor environment
(Hausladen et al., 2012:14). Radiation
incidence is governed by latitude and is
variable dependant on the location and
the different climatic zones. Therefore,
the initial input within the algorithmic
workflow is a weather data file of a precise
location, usually a city, which feeds climatic
parameters for environmental simulations.
Such information can be obtained for all the
major cities worldwide with rare exceptions
of countries where such data is either not
collected or not shared by their national
meteorological institutes. Some of these
include Mongolia, Kazakhstan and Ukraine
thus the algorithm cannot be applied for
these locations.

4.2 Geometric constraint
The geometric input represents the
conceptual massing of a building with
defined and modifiable parameters for
length, width and height. The volume
provides a set of spatial constraints thus
hosting the algorithmic operations which
calculate a curvature augmentation. The
volumetric complexity does not affect
the computational calculations and
performance, therefore, can be designed
as an additional branch of the algorithm for
an abstract massing generation.
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4.3 Context

4.5 Volume output

4.7 Algorithmic design workflow

The third required input in the algorithm is
the context surrounding the site where the
future building to be situated. Neighbouring
structures and vegetation, especially
within cities, cast shadows which might
significantly reduce solar heat gains if
located in close proximity to the site. For
instance, high-rise dense contexts typical
for urban agglomerations such as London
and New York will have a greater impact
on radiation harvest in comparison to lower
sparse urban areas. Therefore, setting the
context delivers a visual representation of
the exact radiation intensity mapped out
over the geometric input.

Following the precedents analysed in
Chapter 3, it can be concluded that future
form synthesis will resemble fluid and
organic as opposed to typical architectural
angularity. Therefore, the volumetric output
section in the algorithm is designed to
produce curvature over the initial shape
as a direct outcome of recalculating
radiation data based on the previously
mentioned criteria. The algorithm allows
manual volume manipulation for maximising
or reducing solar gains depending on a
location, climatic zone and strategic design
guidance. For instance, lower radiation
values act as attractor points for the
curvature deformation for cooling demand
in warmer climates while the function is
mirrored in the context of colder climatic
conditions where buildings require higher
heating demand (Fig. 20).

Rather than navigated by detailed design, the methodology is process-oriented where the
architect/designer provides a basic set of inputs for the algorithm operations. The initial settings
are as follows:
• Input climate data for a specific location
• Setting contextual geometry of neighbouring buildings and/or vegetation
• Setting a geometric constraint
• Applying opaque-to-transparency ratio depending on the climate specification and
recommendations
• Augmenting the generated geometry for optimal results
• Testing the output algorithmic values against the initial volumetric parameters

4.4 Fenestration ratio
Wall-to-window ratio (WWR)
(Moghtadernejad et al., 2019) is the
proportion of opaque and translucent
surfaces on the building skin which is
navigated by materiality. Hausladen et al.
(2012) suggest that the percentage glazing
on the facade should be considered for
the distinct climatic zones to avoid either
overheating in warm climates or major heat
loses in colder climates. As an example, a
fully glazed facade will perform differently in
tropical weather where the average annual
temperatures require intensive cooling
demand in comparison to cooler climates
where winter temperatures decline leading
to increased electricity usage on heating.
While the solar radiation and context inputs
are non-modifiable within the algorithmic
environment, WWR values can be altered
hence optimising the radiation results.
For instance, a facade located in a warm
climate can be tested against different
WWR values varying between 20-40%
to estimate the precise percentage of
transparent surfaces for the particular
architectural project.
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4.6 Initial testing
The algorithm produces an accurate
radiation imprint over the four surfaces
of the input geometric volume with
precise calculations of the shading from
the neighbouring context. The aim is
achieving algorithmic responsiveness
when contextual alterations and volume
manipulations are performed (Fig. 21).
Obtaining different radiation output
parameters affect the curvature placement
thus achieving optimal solar gain or
mitigation values depending on the climate
and location. Consequently, amending
the massing design of a building will be a
more effective sustainable strategy in this
approach than considering its orientation.
Fig. 20 Expansion/contraction behavaiour
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Fig. 21 Output responsiveness testing according to changes in the context | low-rise and high-rise urban setting

Low-rise setting
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High-rise setting
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05 | Algorithmic sequence testing and
evaluation
The objective of these analyses is to test further the algorithm accuracy and compare the
visual and empirical results based on the five climatic zones described in the book “Building
to Suit The Climate-A Handbook”. WWR input parameters are also referenced from the book
in order to deliver credible radiation outputs measured in kWh/per annum and kWh/m2.
The methodological initial step is setting a unified geometric form and context mimicking an
urban environment as a primary experiment marker. The testing facade volume represents
a building with dimensions as follows: 30m x 25m x 35m (Fig. 22). Thereafter, climatic data
files for the specified locations are loaded and the WWR value is set to 1 indicating a fully
transparent surface thus delivering the maximum annual radiation harvest of the test volume.
The algorithmic parameters are further augmented and documented in the following chapters.
Final concept models are 3D printed to scale 1/250 to simulate the potential construction
processes of the behaviour-based building envelopes.
The testing criteria are described as follows:
• Initial volume- a primary geometry with dimensions: 30m x 25m x 35m
• Parametric volume- a geometry informed by the radiation map analysis and applied
parameters
• max. radiation values per m2- the maximum solar gains value kWh per m2 solar gains
which can be harvested by the surface of the facade
• min. radiation values per m2- the minimum solar gains value kWh per m2 solar gains which
can be harvested by the surface of the facade
• Annual radiation harvest of the test volume- annual maximum solar gains of the test
volume with WWR value of 1
• WWR value- applied percentage glazing
• Recalculated radiation harvest- annual maximum solar gains with manually applied WWR
value depending on the climate and location
• Gained/reduced radiation harvest- the recalculated radiation harvest value of the Initial
volume subtracted from the recalculated radiation harvest value of the Parametric volume
• % increase/decrease- the gained/reduced radiation harvest value as a percentage of the
recalculated radiation harvest value of the Initial volume
• 3D printed model weight- the amount of materials documented in grams (g) used for the
production of a scaled model as an indication of the surface increase or reduction
• 3D printing time- the amount of time used for the production of a scaled model as an
indication of surface morphological complexity

Fig. 22 Initial volumetric input
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5.1 Cool climate | Moscow, Russia
The cool climate of Moscow has high-temperature fluctuations. While summers are warm,
winters impose harsh temperature declines below 0C. As the average temperatures are
below the comforting 22C (Fig. 23), a building in Moscow requires high energy demand for
heating. Therefore, the algorithmic output curvature is set for an expansion of geometric
manipulation over the initial volume (Fig. 24).
In addition, the algorithm is augmented to create denser horizontal vertices which increase
the façade surface (Fig. 25) thus achieving higher solar gain throughout the year. The
experiments on Fig. indicate that increased vertical elements might not provide the optimal
outcome since they create additional shading and decrease the solar yield.
The initial footprint is increased and widening towards the top surface of the volume where
solar gains are maximised thus the curvature creates prominent overhangs (Fig. 26). The 3D
printed physical model demonstrated stringing of the material from the middle point upwards
suggesting weak structural sections.

Fig. 23 Average temperature | Moscow, Russia, Available at: https://en.climate-data.org/
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Fig. 26 Final algorithic volume | Moscow, Russia
Vertical increments: 130
Horizontal increments: 20
Annual radiation harvest: 228 596 kWh

Fig. 24 Curveture expansion set-up

Fig. 25 Vertices set-up | Moscow, Russia
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Fig. 27 Algorithmic curveture morphology in height | Moscow, Russia

Facade surfaces reaction
The created pattern is equally distributed on the forth surfaces of the facade (Fig. 27) with
minor differentiations on the north-south axis (Fig. 28) where the curvature expression is more
expanded compared to the rare sides. A curve pointing south is generated on the top north
surface providing higher solar gains (Fig. 29).

Results evaluation
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10 m
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The expansion of the curvature outside the defined constraints of the volume has greatly
increased the maximum solar gains per m2 from 677.23 kWh/m2 to 1011.00 kWh/m2.
Overall, the parametric volume (Fig. 30) optimised the solar radiation harvest by 23,2% or an
additional 42 729 kWh/annually.
Longer 3D printing time and heavier model weight suggest an extensive algorithmic reaction
resulting in a facade surface expansion and advanced curvature complexity compared to the
initial test volume.
Initial volume

Parametric volume

Max. radiation values per m2

677.23 kWh/m2

1011.00 kWh/m2

Min. radiation values per m2

22.57 kWh/m2

0.00 kWh/m2

Annual radiation harvest of
the test volume

674 159 kWh/per annum

-

45%

45%

Recalculated radiation
harvest

183 861 kWh/per annum

226 590 kWh/per annum

Moscow, Russia

WWR value

20 m

N

25 m

N

Gained radiation harvest

42 729 kWh/per annum

% increase
3D printed model weight
3D printing time

30 m
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Fig. 28 Facade reaction | Moscow, Russia
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Fig. 29 Final curveture informed by the context | Moscow, Russia

Fig. 30 Initial and algorithmic volume radiation map | Moscow, Russia
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Fig. 31 Algorithmic alterations of vertices | Moscow, Russia
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Vertical increments: 150
Horizontal increments: 15
Annual radiation harvest: 204 751 kWh

Vertical increments: 140
Horizontal increments: 15
Annual radiation harvest: 226 590 kWh

Vertical increments: 140
Horizontal increments: 20
Annual radiation harvest: 231 249 kWh

Vertical increments: 120
Horizontal increments: 25
Annual radiation harvest: 227 185 kWh

Vertical increments: 130
Horizontal increments: 25
Annual radiation harvest: 228 308 kWh
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Fig. 32 3D printed physical model | Moscow, Russia

Further considerations
Due to the harsh winter environment and low temperatures in Moscow, snow loads should
be carefully considered and calculated especially on the vertical increments (Fig. 32) of the
proposed facade volume. The sections should be structurally reinforced to avoid facade
collapse. Alternatively, the algorithm can be readjusted for reducing the curvature expansion.
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5.2 Temperate climate | Glasgow, Scotland
Temperate climates are characterised with seasonal transitional periods without temperature
extremes (Hausladen et al., 2012) (Fig. 33). Even though winters are cool and summers are
warm, buildings situated in Glasgow require more heating than cooling demand. However,
shading devices are recommended to avoid overheating during the warm months. As a result,
the algorithmic output curvature is set for an expansion geometric manipulation over the initial
volume (Fig. 34).
Unlike the previous experimentation, the most efficient parametric volume is an outcome of
reduced vertical divisions and increased horizontal increments which passively create shading
(Fig. 35).
The initial footprint is slightly increased gradually widening upwards. The curvature elements
cast natural shading in both vertical and horizontal axes which is visible on the physical model
(Fig. 42). Overall, the generated facade shape aims to balance solar yield throughout the
colder months with shading provision during the warmer seasons (Fig. 39).

Fig. 33 Average temperature | Glasgow, Scotland, Available at: https://en.climate-data.org/
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Fig. 36 Final algorithic volume | Glasgow, Scotland
Vertical increments: 170
Horizontal increments: 10
Annual radiation harvest: 240 863 kWh

Fig. 34 Curveture expansion set-up

Fig. 35 Vertices set-up | Glasgow,
Scotland
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Fig. 37 Algorithmic curveture morphology in height | Glasgow, Scotland

Facade surfaces reaction
The primary expansion occurs on the southeast-northwest axis (Fig. 38) on the corners of the
volume resulting in a contraction on the opposite diagonal (Fig. 37). Consequently, the surface
tectonic is created by reciprocal curvature fluctuations projects vertically and horizontally.

Results evaluation
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Despite exceeding the initial volume dimensions, the output readings from final parametric
shape indicate only 10,6% increase in the annual radiation harvest accounting for 23 584
kWh. Other volumetric parameters with denser fragments (Fig. 41) delivered higher yield
values, however, further exploration of seasonal solar harvest can be undertaken to ensure
the avoidance of overheating during summer months.
The differences between the initial and parametric volume weight and printing time are
reflections of the applied expansion settings manifesting similar behaviour to Moscow’s
algorithm for heating energy optimisation.
Initial volume

Parametric volume

Max. radiation values per m2

578.15 kWh/m2

855.24 kWh/m2

Min. radiation values per m2

20.41 kWh/m2

0.00 kWh/m2

Annual radiation harvest of
the test volume

589 764 kWh/per annum

-

60%

60%

Recalculated radiation
harvest

221 161 kWh/per annum

244 745 kWh/per annum

Glasgow, Scotland

WWR value

20 m

N

25 m

N

Gained radiation harvest

23 584 kWh/per annum

% increase
3D printed model weight
3D printing time

30 m
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Fig. 38 Facade reaction | Glasgow, Scotland

50

Information-driven desgin

Algorithmic sequence testing and evaluation

Fig. 39 Final curveture informed by the context | Glasgow, Scotland

Fig. 40 Initial and algorithmic volume radiation map | Glasgow, Scotland
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Fig. 41 Algorithmic alterations of vertices | Glasgow, Scotland
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Vertical increments: 170
Horizontal increments: 20
Annual radiation harvest: 267 971 kWh

Vertical increments: 180
Horizontal increments: 20
Annual radiation harvest: 250 735 kWh

Vertical increments: 160
Horizontal increments: 150
Annual radiation harvest: 256 266 kWh

Vertical increments: 150
Horizontal increments: 15
Annual radiation harvest: 240 445 kWh

Vertical increments: 160
Horizontal increments: 10
Annual radiation harvest: 238 254 kWh
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Fig. 42 3D printed physical model | Glasgow, Scotland

Further considerations
Other climatic factors specific for the location of Glasgow include heavy wind loads which can
be input as another informational branch within the algorithm for further shape optimisation.
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5.3 Subtropical climate | Barcelona, Spain
The subtropical climate is characterised with relatively positive temperature throughout the
year which rarely drops below 0C. Fig. 43 outlines the average temperature in the city of
Barcelona which reaches its peak in the summer months when excessive cooling is required.
As a result, the recommended percentage of glazing is reduced to a maximum value of
60% and external sun shading protection is advisable. Therefore, the WWR value input to the
algorithm is adapted as follows: 50% glazing and a small number of vertical increments (Fig.
45) creating denser and smoother horizontal curvature to decrease the solar radiation gains.
The algorithmic behaviour performed a slight contraction (Fig. 44) of the volume leading to
shrinking in the upper portion where the radiation values per m2 are the highest (Fig. 46).

Fig. 43 Average temperature | Barcelona, Spain, Available at: https://en.climate-data.org/
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Fig. 46 Final algorithic volume | Barcelona, Spain
Vertical increments: 130
Horizontal increments: 5
Annual radiation harvest: 250 994 kWh

Fig. 44 Curveture contraction set-up

Fig. 45 Vertices set-up | Barcelona,
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Fig. 47 Algorithmic curveture morphology in height | Barcelona, Spain

Facade surfaces reaction
The initial volume is deformed simultaneously on the four faces of the facade (Fig. 47)
although the curvature reacts more visibly on the north-south axis (Fig. 48). The displacement
phenomenon demonstrates a compensatory mechanism where the contraction of the upper
part of the volume on the south facade leads to an expansion on the north face and vice
versa.

Results evaluation

0m

N

10 m

N

The parametric curvature optimises the radiation mitigation by 8,9% or 24 609 kWh/per
annum (Fig. 49 and 50). Only one volume manipulation delivers significantly lower results (Fig.
51), however, the outcome can be improved further by reducing the percentage of glazing
resulting in additional surface contractions.
Volume shrinking is reflected in the physical model weight and printing time (Fig. 52).
However, the facade pattern is precisely executed and the detailing remains uncompromised.

Initial volume

Parametric volume

Max. radiation values per m2

911.55 kWh/m2

1097.61 kWh/m2

Min. radiation values per m2

31.17 kWh/m2

27.10 kWh/m2

Annual radiation harvest of
the test volume

918 698 kWh/per annum

-

50%

50%

Recalculated radiation
harvest

275 603 kWh/per annum

250 994 kWh/per annum
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WWR value

20 m

N

25 m

N

Gained radiation harvest
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Fig. 48 Facade reaction | Barcelona, Spain
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Fig. 49 Final curveture informed by the context | Barcelona, Spain

Fig. 50 Initial and algorithmic volume radiation map | Barcelona, Spain
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Fig. 51 Algorithmic alterations of vertices | Barcelona, Spain
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Vertical increments: 230
Horizontal increments: 3
Annual radiation harvest: 265 111 kWh

Vertical increments: 150
Horizontal increments: 3
Annual radiation harvest: 254 171 kWh

Vertical increments: 180
Horizontal increments: 3
Annual radiation harvest: 264 397 kWh

Vertical increments: 100
Horizontal increments: 5
Annual radiation harvest: 255 350 kWh

Vertical increments: 150
Horizontal increments: 5
Annual radiation harvest: 255 497 kWh
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Fig. 52 3D printed physical model | Barcelona, Spain

Further considerations
Extremely high humidity levels combined with high outdoor air temperatures near the
Mediterranean Sea remain a great design challenge since natural ventilation is restricted
(Hausladen et al., 2012). Potential microstructures for additional ventilation can be
incorporated into the volume similar to 3D printed facade for active temperature control
described in Chapter 3.
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5.4 Tropical climate | Singapore
Singapore is situated in a tropical climate zone identified by constant high humidity levels
and outdoor temperatures exceeding 22C throughout the year (Fig. 53). Therefore, excessive
energy is spent on cooling as a critical factor for the provision of healthy indoor environments.
The algorithmic set-up is based on contracting alterations for initial volume reduction (Fig. 54).
Following Barcelona’s experimentation model, the number of vertical increments is increased
whereas the horizontal planes are reduced generating dense perpendicular fragments (Fig.
55). The suggested WWR value is 35% to minimise the annual radiation harvest.
The parametric footprint is gradually decreased affecting the floor area of the building which
can be compensated in height (Fig. 57). Nevertheless, new input parameters for height
compensation will produce different output values which should be considered for optimal
results.

Fig. 53 Average temperature | Singapore, Available at: https://en.climate-data.org/
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Fig. 56 Final algorithic volume | Singapore
Vertical increments: 230
Horizontal increments: 5
Annual radiation harvest: 198 769 kWh

Fig. 54 Curveture contraction set-up

Fig. 55 Vertices set-up | Singapore
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Fig. 57 Algorithmic curveture morphology in height | Singapore

Facade surfaces reaction
The surface morphological behaviour resulted in a slight horizontal deformation on the south
and north surfaces but almost fully preserving the initial volumetric input (Fig. 58). The lack of
parallel segments obstructs the algorithmic calculations for an outer curvature expansion.

Results evaluation
Solar gains from the initial and algorithmic volume after applying WWR value are 214 703
kWh and 198 769 kWh/per annum respectively indicating a minor reduction of 7,4% (Fig. 59).
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Due to the contraction of the surface, the material quantity used for the production of the
algorithmic physical model is decreased by 16.7% indicating for both more resource and
energy-efficient design solution.
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Fig. 58 Facade reaction | Singapore
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Fig. 59 Final curveture informed by the context | Singapore

Fig. 60 Initial and algorithmic volume radiation map | Singapore
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Fig. 61 Algorithmic alterations of vertices | Singapore
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Vertical increments: 190
Horizontal increments: 10
Annual radiation harvest: 211 205 kWh

Vertical increments: 200
Horizontal increments: 10
Annual radiation harvest: 210 749 kWh

Vertical increments: 190
Horizontal increments: 5
Annual radiation harvest: 202 139 kWh

Vertical increments: 210
Horizontal increments: 5
Annual radiation harvest: 201 047 kWh

Vertical increments: 230
Horizontal increments: 5
Annual radiation harvest: 199 816 kWh
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Fig. 62 3D printed physical model | Singapore

Further considerations
Additional cooling strategies should be applied since the volume manipulation deliver modest
energy optimisation (Fig. 61). Potentially, a cone-shaped input geometry might generate
significantly lower radiation harvest.
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5.5 Desert climate | Dubai, United Arab Emirates
Dubai’s desert climate and its location in close proximity to a sea create an extremely hot
urban environment with high humidity levels despite the lack of rainfall throughout the year
(Fig. 63). Energy optimisation can be achieved through significantly reduced annual radiation
harvest since only cooling provides a healthy indoor climate.
The algorithmic settings are identical to the previous script executing contractions of the
initial volume (Fig. 64 and 65). However, the recommended opaque-to-transparency ratio is
reduced to 25% since the maximum radiation values per m2 are very high.
The output geometry (Fig. 66 and 67) is visibly narrowed identical to the results of Singapore
which questions whether the calculations should be performed on both total floor area and
building’s dimensions as additional input parameters.

Fig. 63 Average temperature | Dubai, United Arab Emirates, Available at: https://en.climate-data.org/

77

Fig. 66 Final algorithic volume | Dubai, United Arab Emirates
Vertical increments: 150
Horizontal increments: 3
Annual radiation harvest: 216 147 kWh

Fig. 64 Curveture contraction set-up

Fig. 65 Vertices set-up | Dubai, United
Arab Emirates
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Fig. 67 Algorithmic curveture morphology in height | Dubai, United Arab Emirates

Facade surfaces reaction
An initial contraction occurs on the northeast intersection while southwest corner is expanded
and the pattern is repeated one more time along the surface due to the low horizontal
increments (Fig. 68). The algorithmic behaviour performs a prominent shrinkage on the south
and west facades on the upper portion of the volume thus mitigating the solar radiation gains
(Fig. 70).

Results evaluation

0m

N

10 m

N

An annual solar reduction of 9% is reached accounting for 21 462 kWh which is an
identical percentage result to Singapore. Even though the desired decrease in solar gains is
accomplished, the overall outcome can be improved (Fig. 71).
The physical model (Fig. 72) achieves resource efficiency of 20% which displays the potential
application of the algorithm for both energy and massing optimisation, especially for warm
and hot climates.

Initial volume

Parametric volume

Max. radiation values per m2

1016.68 kWh/m2

1285.20 kWh/m2

Min. radiation values per m2

48.65 kWh/m2

5.71 kWh/m2

Annual radiation harvest of
the test volume

990 039 kWh/per annum

-

25%

25%

Recalculated radiation
harvest

237 609 kWh/per annum

216 147 kWh/per annum

Singapore

WWR value

20 m

N

25 m

N

Gained radiation harvest

21 462 kWh/per annum

% increase
3D printed model weight
3D printing time

30 m
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30g
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Fig. 68 Facade reaction | Dubai, United Arab Emirates
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Fig. 69 Final curveture informed by the context | Dubai, United Arab Emirates

Fig. 70 Initial and algorithmic volume radiation map | Dubai, United Arab Emirates

N

N
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Fig. 71 Algorithmic alterations of vertices | Dubai, United Arab Emirates
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Vertical increments: 250
Horizontal increments: 3
Annual radiation harvest: 233 565 kWh

Vertical increments: 250
Horizontal increments: 2
Annual radiation harvest: 239 837 kWh

Vertical increments: 250
Horizontal increments: 1
Annual radiation harvest: 224 428 kWh

Vertical increments: 250
Horizontal increments: 5
Annual radiation harvest: 250 756 kWh

Vertical increments: 270
Horizontal increments: 3
Annual radiation harvest: 248 359 kWh
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Fig. 72 3D printed physical model | Dubai, United Arab Emirates

Further considerations
These mitigating parameters can be tested against the Singapore model along with a different
initial geometric input for maximising cooling efficiency through the volumetric manipulation.

85

South face

West face

North face

East face
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5.6 Summary of the
established designed workflow

5.7 Further development

Overall, the algorithmic behaviour delivered
corresponding morphologies achieving
greater results for buildings located in
colder climates and reduced efficiency
in the contexts of warmer weather
conditions suggesting further development
in the curvature output segment for
more accurate computation. The digital
experiments against different climatic
environments demonstrated expansion and
contraction alterations of the initial volume
performed algebraically based on accurate
sky simulations and radiation calculations.

The algorithm proposes an initial workflow
for potential further development of fully
customisable facade solutions based on
accurate climatic radiation analysis for
reducing energy poverty of buildings. It can
be categorised as an advanced passive
approach targeting micro and macro
contextual considerations often neglected
in architectural praxis (Moghtadernejad et
al., 2019:6). The new computational tools
have the capacity to perform complex
calculations, therefore, the algorithm can be
expanded incorporating additional climatic,
structural and environmental segments.
For instance, structural thicknesses of the
outer shell and tunable material distribution
can be assigned based on the output
radiation map for delivering an optimal
energy-efficient solution. Moreover, wind
analysis inputs can manipulate further the
volumetric output for optimising facade’s
natural ventilation or indicate areas with a
high risk of structural collapse due to heavy
wind loads.

On the other hand, the manual adjustment
of the vertical-to-horizontal divisions’
ratio allows freedom in form exploration
for optimal facade design based on
the predetermined climatic inputs. The
analysis demonstrates that solar harvest is
optimised simultaneously with the increase
in horizontal facade segments as a result
of an overall surface area expansion.
Alternatively, solar gain reduction is
achieved through dense vertical fragments
thus perpendicular curvature acts as a
passive shading device.
An unexpected outcome of the physical
testing of the algorithmic results is the
potential for resource efficiency in the
construction of building envelopes in
subtropical, tropical and desert climates.
Aside from the reduced footprint and
surface of the output volume, the 3D
printing process executes the model for a
shorter time frame without compromising
the curvature complexity. Therefore, it can
be concluded that increased printing time
correlates to the material quantity utilised
in the construction process rather than the
design sophistication of the volume.
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The parametric model is highly adjustable
and is not limited to environmental and
structural performance inputs which allows
the incorporation of additional requirements
for further customisation by programme,
budget, materiality, etc. For example,
occupancy heat gains depend on the
building’s typology and indoor activities and
can be added within the calculations for
further exploration and accuracy. Building
regulations such as fire safety should also
be taken into consideration to ensure
providing safe indoor environments for the
occupants.

06 | Conclusions
The technological progression reveals the
duality of the present and the future at the
intersection of the design discipline as a
context for solving forthcoming challenges
with current tools and knowledge.
Therefore, design obtains the ability of
being reflective and projective at the
same time. The future of architectural
praxis lays at the core understanding of
process-based methodologies and datainformed morphological genesis creating
a dichotomy between the established
principles of educational structures and the
evolutionary intelligence of biology.
The development trajectory of technology
has revolutionised the course of science
and design providing widely accessible
instruments for better understating and
utilisation of natural models and behaviours
into architecture. The main ambition
of these novel approaches is leading
the design field into more ecological
and sustainable buildings with layered
complexities for performance. Therefore,
the integration of digital computation
and advanced material engineering
unleashes new horizons of innovative
possibilities completely contrasting to
the established norms of knowledge.
Presumably, a building will be an outcome
of an algorithmic network of functions
materialised through robotic actuation.
A fully designed algorithmic architectural
project will require transdisciplinary
cooperation across multiple scientific
domains to achieve structural,
environmental and corporeal integrity.
The precedents analysed in Chapter 3
and the experimentations in Chapter 4
provide a glimpse of the potential aesthetic
value derived from functionality through
digital computation, however, it cannot be
concluded that such volumetric formations
are absolute since all of the algorithmic
processes exist independently from one
another. Certainly, liquified materiality

eliminates the constraints of predetermined geometry thus formfinding metamorphoses into limitless
and unpredictable routine informed by
arithmetic objectivity over solipsism.
The most valuable asset of the algorithmaided computation is the output calculation
responsiveness to data input alterations
producing real-time feedbacks. For
instance, the designed algorithm registers
immediate changes in the manually
deposited information for location,
geometry, context or window-to-wall
ratio thus simultaneously augmenting the
curvature behaviour. Once developed and
tested, a workflow sequence can be easily
applied to a wide spectrum of projects
and/or optimised for distinct solutions
by layering additional functionalities.
Therefore, the algorithmic process has the
potential to accumulate rapid architectural
configurations for reduced design-tofabrication time frames to meet the everincreasing demand for new constructions
without compromising the sustainable
performance and structural durability of the
building.
As of today, the biggest downside of the
emerging computational methodology
and cyber-physical production is the small
scale of realised designs and prototypes
(Kolarevic, 2015) since the performance
of such systems can be hardly predicted
and cannot be evaluated in larger contexts.
The challenges of scale span beyond
the conceptual nature of the projects
into the non-existence of construction
tools and machines for the execution of a
whole building. It is unknown when such
technological obstacles will be eliminated,
however, the continuous process of
gathering and testing natural data will
create a library of biological behaviours with
the potential of their future implementation
for the ultimate ecological, responsive and
vital design of products, buildings and even
cities.
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