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Preface

Lucerne University of Applied Science and Arts, the European Façade Network and the European 
research network COST Action TU1403 “Adaptive Facades Network” have joined forces in the 
orJanLsaWLon oI Whe F$d$'( ���� ± $GaSWLYe� &onIerenFe� 7hLs LnWernaWLonal sFLenWL¿F FonIerenFe 
- held on November 26-27, 2018 at the culture and convention centre Lucerne (KKL), Switzerland 
– focuses on adaptive, multifunctional and dynamic building envelopes. It gathers excellent 
architects, engineers, researchers and representatives from the façade industry to discuss recent 
façade projects, the advances in the design, new adaptive technologies and future developments in 
research.  
WLWhLn Whe F$d$'( FonIerenFe serLes� WhLs Ls Whe ¿IWh eGLWLon ± IolloZLnJ Whe eGLWLons Ln ����� ����� 
2014 and 2016 - held in Lucerne and organized by Lucerne University of Applied Science and Arts. 
Within the COST Action TU1403, it follows the mid-term conference held at the TU Munich in 2017. 
This book provides the proceedings of the FAÇADE 2018 – Adaptive! Conference and, as such, 
LW IorPs one oI Whe ¿nal SXElLFaWLons oI Whe &267 $FWLon 78���� ZLWh Whe EookleWs µ���� &ases 
Studies’, ‘3.2 Performance Simulation and Characterisation of Adaptive Facades’, ‘3.3. Research 
and Education’, and the Special Edition Adaptive! of the Journal of Façade Design and Engineering 
(JFDE), which is dedicated to the conference FAÇADE 2018.  
1earl\ �� Seer�reYLeZeG SaSers� SXElLsheG E\ Pore Whan ��� aXWhors IroP �� GLfferenW FoXnWrLes� 
provide a profound state-of-the-art on adaptive facades. Thirteen high quality papers have been 
seleFWeG E\ Whe sFLenWL¿F FoPPLWWee Wo Ee SXElLsheG Ln Whe sSeFLal eGLWLon oI Whe -F'( MoXrnal� 
7he SaSers are GLYLGeG oYer ¿Ye sXEWhePes� ZhLFh aGGress SroGXFWs anG PaWerLals Ior aGaSWLYe 
facades, strategies for design, performance assessment, experimental tests and post occupancy 
eYalXaWLon oI aGaSWLYe IaFaGes� 0oreoYer� ¿Ye ke\noWe SresenWaWLons SroYLGe LnsSLrLnJ SroMeFWs anG 
LGeas Ior IXrWher reÀeFWLon� 
Organising this conference and editing the conference proceedings has once again been an 
enMo\aEle e[SerLenFe� We ZoXlG lLke Wo aFknoZleGJe all aXWhors Ior WheLr FonWrLEXWLons� Whe sFLenWL¿F 
committee members for their valuable comments, our esteemed keynote speakers for their 
inspiring presentations, and of course, all conference participants for their interest in this event. In 
addition, we are grateful to our Sponsors Stahlbau Pichler, MHZ and HALIO, as well as the non-
Sro¿W orJanLsaWLons 6XLsse ,nnoYaWLon $JenF\ �,nnosXLsse� anG Whe 6ZLss assoFLaWLon Ior ZLnGoZs 
and facades (SZFF) for supporting the organisation of this conference. We also would like to thank 
the editors in chief of the JFDE journal, Ulrich Knaack, Tillmann Klein, Thaleia Konstantinou and 
Alejandro Prieto for their great support and the special edition dedicated to the FAÇADE 2018 – 
Adaptive! conference. 
Finally, we would like to acknowledge COST for supporting both the conference and publication 
of these conference proceedings, and all COST Action TU1403 members for their contributions 
Wo Pake WhLs haSSen� 3arWLFXlarl\ Ze ZoXlG lLke Wo Whank sFLenFe oႈFer� 0LFkael 3ero� anG 
aGPLnLsWraWLYe oႈFer� &arPenFLWa 0alLPEan� Ior WheLr JreaW anG YalXaEle sXSSorW GXrLnJ Whe FoXrse 
of COST Action TU1403.  
We ZLsh \oX an enMo\aEle FonIerenFe anG Ze hoSe \oX ZLll ¿nG LnsSLrLnJ SXElLFaWLons Ln Whese proceedings.

Andreas Luible, Susanne Gosztonyi & Stephanie Ly-Ky 
Conference Organisers

Andreas Luible, Mauro Overend, Laura Aelenei, Aleksandra Krstic-Furundzic, Marco Perino, 
FranFesFo *oLa� Frank Wellershoff� 6haG\ $WWLa� 8lrLFh .naaFk� 8Wa 3oWWJLesser� &hrLsWLan /oXWer 
Chairs and Working Group chairs of COST Action TU1403
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Adaptive Façades and Topology 
Optimization

Ingrid Paoletti, Massimiliano Nastri

3olLWeFnLFo GL 0Llano � 'eSarWPenW oI $rFhLWeFWXre� %XLlW (nYLronPenW anG &onsWrXFWLon (nJLneerLnJ� ,Wal\

The study examines the main possible approaches for a generative use of topology optimization aimed 
at the study of the conditions of “adaptability” of façades in architecture. The analysis regards the 
possibilities of technological transfer of topology optimization methods and strategies to the conception 
of framing and enclosure components of building envelopes, through the explanation of some 
experiments and applications. The topology optimization is analyzed and supported as the possible 
area within which it should be possible to sustain new forms of calibration of material densities, of 
morpho-typological sizes and structural performances with the least material used and energy wasted.

Keywords: Topology optimization; Technological transfer; Modelling and executive design; Additive 
manufacturing; Lattice and cellular structures.

1 Introduction

The thematic proposal deals with the contents and experimental procedures of development aimed 
aW WoSoloJ\ oSWLPL]aWLon ZLWh Whe aLP oI Ge¿nLnJ soPe PeWhoGoloJLFal aSSroaFhes anG sWraWeJLes 
for the conception, the design and the construction of building envelope systems, components 
and connective interfaces within the frame of the advanced contemporary architectural scenario. 
The study aspires to a possible contribution to the technological transfer of some planning, 
managing and solving issues, by laying down criteria relating to “digital/virtual design” procedures 
(Zheliazkova, Naboni, Paoletti 2015), “productive/constructive customization” technics (Paoletti 
2013) and “executive design” methods (Nastri 2009; 2017), relating to the scope of the adaptive 
façades. According to this study, the adaptive character concerns the design, productive and 
constructive methodology, which is able to make the structural and envelope components of 
EXLlGLnJ enYeloSe s\sWePs aGMXsWaEle� Ln resSeFW oI sSeFL¿F SaraPeWers reJarGLnJ�

• The mechanical loads expected and established during operating conditions;
• The needs of connection between supporting elements and connectors;
• 7he sSeFL¿F FharaFWerLsWLFs oI IraPLnJ PaWerLals anG EXLlGLnJ enYeloSe anG FlaGGLnJ s\sWePs�

The study examines the “adaptive” character of the described systems as a model that should lead 
Wo a researFh Ln orGer Wo Ge¿ne a PeWhoGoloJ\ aEle Wo Ee�

• 8seG Ln GLfferenW W\Ses oI IraPes� MXnFWLon GeYLFes anG WheLr resSeFWLYe PaWerLals�
• Fle[LEle anG aGaSWaEle Wo sSeFL¿F GesLJn neeGs�

7he sFLenWL¿F FonWrLEXWLon oI WhLs researFh FonsLsWs Ln Whe anal\sLs oI FerWaLn aSSlLFaWLons FonFernLnJ 
topology optimization, in order to identify a possible approach for study and development, both 
methodological and procedural, in order to deal with particular needs regarding morpho-typological, 
expressive, functional, productive and constructive aspects for a new approach to building envelope 
and cladding systems design within advanced architecture. Furthermore, this research aims to 
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procedures and economic aspects, “optimize” production lines (reducing the amount of material 
ePSlo\eG� YLeZeG IroP Whe YLeZSoLnW oI Whe effeFWLYe IXnFWLonal neeGs�� WhXs reGXFLnJ SollXWLnJ 
emissions and the use of energy supply;

• 7he TXalL¿FaWLon� FerWL¿FaWLon anG sWanGarGL]aWLon SrosSeFWs oI PanaJePenW� GesLJn� SroGXFWLon 
and construction processes within the AEC industry (Architecture, Engineering and Construction 
Industry), in order to identify possible references and avenues for a normative formulation 
concerning innovative products.

The study is developed through a series of contents organized according to the analytical 
articulation of the main themes regarding the possibility to apply some topology optimization 
methods and strategies to the “adaptability” of the design of building façades (1) and the in-depth 
treatment of some examples regarding the design of the building envelope joints (1.1) and of 
the reinforced concrete sections and “shells” (1.2). Thereafter, the study focuses on the topology 
optimization and the design through the periodic base cells (2) and through the lattice structure 
(3) as a strategy for the “adaptability” of the building envelopes to the morpho-typological and 
mechanical needs: in particular, this theme regards the development and the possible technological 
transfer of the lattice structures and cellular materials (3.1), the lattice micro-structured architecture 
(3.2), the material system of additive manufactured lattice structures (3.3) and the research on 
lattice cell typologies (3.4). Moreover, the study examines the topology optimization through 
modular systems and opens to the multi-objective optimization and “adaptability” of the building 
envelopes (4).

2 Topology optimization: strategies and methods for the possible 
technological transfer to the “adaptability” of building envelopes

7he sWXG\ Ls EaseG on Whe FXlWXral anG sFLenWL¿F ¿elG relaWeG Wo Whe GeYeloSPenW oI Whe GesLJn 
methods aimed at the generation of new forms in architecture, where performances are integrated 
not merely into an evaluative discourse, but as generative “parameters”. Within this context:

• 7he WoSoloJ\ oSWLPL]aWLon SroFess has ePerJeG as a sFLenWL¿F aSSroaFh Wo eYalXaWe IorP anG 
structure jointly (on the basis of aerospace and automotive industry, where the optimization of 
PeFhanLFal SarWs Ls SerIorPeG Ln FonneFWLon ZLWh an eႈFLenW PaWerLal XsaJe��

• Topology optimization should be directed to the study of the building envelopes as a new approach 
for the morphogenesis and for the calibration of structural elements, considering the potential of 
creating shapes that can complement and inspire the generation of architecture.

The study of the technology transfer and of the application of the “adaptive” strategies to the 
building envelopes contemplates:

• The developing load-bearing systems that economically satisfy the design performance objectives 
and safety constraints;

• The minimization of resource consumption that refers to the selection of the best element from 
some sets of available alternatives (Radman 2013);

• 7he SXrSose oI Whe WoSoloJ\ oSWLPL]aWLon as an aSSroaFh IoFXseG on shaSLnJ Ln orGer Wo ¿nG Whe 
optimal thickness distribution (e.g. the optimal member areas in a truss structure). The optimal 
thickness distribution that minimizes (or maximizes) a physical quantity such as the external work, 
Whe Seak sWress anG GeÀeFWLon� ZhLle eTXLlLErLXP anG oWher FonsWraLnWs on Whe sWaWe anG GesLJn 
YarLaEles are saWLs¿eG�

bring out the potential of topology optimization in order to identify possible developments within the 
productive environment up to:

• 7he sSeFL¿F FonFeSWLon oI s\sWePs� WeFhnLFal elePenWs� WeFhnLFal LnWerIaFes anG MXnFWLon GeYLFes�
• The design (not only bi-dimensional, but three-dimensional as well) of building enclosure and 

FlaGGLnJ s\sWePs aFForGLnJ Wo a YarLaEle� Àe[LEle anG LnnoYaWLYe Fon¿JXraWLon oI EXLlGLnJ FXrWaLns�

,n WhLs resSeFW� Whe sWXG\ IoFXses on Whe FharaFWers oI WoSoloJ\ oSWLPL]aWLon Ln orGer Wo Ge¿ne soPe 
possible actions to develop building envelope systems, components and connective interfaces (in 
Whe ¿elG oI ,nGXsWrLal 0ass &XsWoPL]aWLon� WhroXJh�

• The adoption of techniques making it possible to synthesize the formal determination that from 
a given volume will produce both productive and constructive innovation and customization 
processes;

• The methodology aimed at shaping the geometric, structural, and physical constitution according 
to the expected performance, in terms of mechanical strength and material distribution considering 
the lowest weight, with regard to feasibility constraints and in conjunction with automotive 
manufacturing practices, which can provide mass production of customized solutions;

• The practice of “interoperability” between structural, thermal and/or environmental modeling, aimed 
at predicting the performance assessment of technical systems.

The object of dealing with the topology optimization regards the development of methodological 
approaches directed to the “adaptability” of the building envelopes proposed to :

• The interaction between the conceptual references supporting “manipulation” and “exploration of 
phenomenal reality” activities and cognitive and operational procedures based on digitalization 
and virtual composition (morpho-typological, performance oriented, physical and aggregative) 
processes and tools;

• The implementation of cognitive and operational “models” aimed at the simultaneous cognitive 
acquisition (through predicting and anticipation aspects), assessment and executive simulation of 
the project;

• 7he sWraWeJLes oI ³arWL¿FLal reSroGXFWLon´� Ln orGer Wo SreGLFW anG FonWrol Whe ³oSeraWLonal PoGes´ 
using “modeling representation” (through “predictive/executive models”, aimed both at “indirect” 
observation and at analytical and operational formulation; Naboni and Paoletti 2015).

The thematic proposal, which implies the theoretical references gained from a series of projects, 
researches and experiments considering reality of production and construction as something 
“manipulable” and “calculable”, aiming for the next step of “empirical education” and “executive 
materialization” of data, is expressed through the strategies directed to the morpho-typological, 
geometric, structural and connective “calibration” of the building envelopes (as an intended form 
of “adaptability” according to the shape-size-structural optimization activities; Paoletti 2017). 
Therefore, the technological design culture of topology optimization processes is further explored 
and proposed to  the “adaptive” conception of the building envelopes, according to:

• The activity based on principles acquired in industries that extensively use digital technologies (i.e. 
the automotive, aerospace and biomedical industries), in order to manage in a coordinated manner 
the design, production and construction stages of composition, systemic and connective solutions;
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interfaces, the analysis considers the results achieved through a project by Arup Engineering in 
collaboration with WithinLab, CRDM/3D Systems, expert in additive manufacturing, and EOS; 
Paoletti 2017). In particular, the study examines the pioneering proposal by Arup Engineering that 
represents a solution for steel nodes in lightweight envelopes characterized by complex shapes and 
customized design: the shaped elements are optimized by SIMP method and topology optimization 
resXlWs Ln an orJanLF IorP XsLnJ less PaWerLal ZhLle Whe orLJLnal IXnFWLons are sWLll ensXreG �%loFk eW 
al. 2015). Compared to traditional design, the technological transfer opportunity suggested to the 
“adaptive” conditions of the building envelopes joints should regard:

• The approach capable of providing the calibration of material and causing an increase of the node 
sWLffness�

• The process based on the principle of the additive laser sintering, employing the steel derivatives 
as the printing material. The structural nodes have been originally conceived in stainless steel and 
later produced with steel, compatible with the technology of the machine (owned by the partner 
CRDM). This material is about four times stronger than a normal construction steel, which made 
Arup Engineering eager to experiment with it and further explore its potentials;

• The additive manufacturing that report how this technological solution guarantees a 40% reduction 
of CO2 emissions over the whole lifecycle compared to the traditional casting processes;

• 7he SroFess oI Whe GLreFW PeWal laser sLnWerLnJ �'06/� saWLs¿es Pan\ GesLJn reTXLrePenWs� 
reducing weight and preserving geometrical freedom. Due to the nature of additive manufacturing 
WeFhnLTXes� Whe SroGXFWLon oI ZasWe PaWerLals Ls PLnLPL]eG anG Whe ZeLJhW oI Whe ¿nal SroGXFW 
reduced by 30% (Figure 2).

Fig. 2 3D printed structurally optimized steel joints “adaptable” to the design process of the building envelope joints (credits: 
Arup)

2.2. The topology optimization approach to the “adaptability” of the building envelope sections

The study supports the technological transfer of the topology optimization aimed at the 
³aGaSWaELlLW\´ oI Whe GesLJn FonGLWLons oI Whe EXLlGLnJ enYeloSe seFWLons� as e[ePSlL¿eG E\ 
the application to the reinforced concrete sections, through an integral approach in which the 
generative design was essentially supported by a fabrication setup of robotic CNC-milling of EPS 
moulds (as the result of an interdisciplinary project led by the Aarhus School of Architecture; 2007). 
To prove this approach, a concrete structure (which required the use of self-compacting concrete 
and of steel reinforcements) was designed and built in the form of an asymmetrical, doubly curved 
slab structure, where the shape resulting from the topology optimization was then re-modelled and 
used as negative form to generate the EPS mould forms to be cut. According to this experiment, 
ZhLFh ¿nall\ enGeG XS ZLWh Whe FonsWrXFWLon oI a IXll�sFale SroWoW\Se �ZLWh a FoPSle[ shaSe 

• 7he aSSroaFh IoFXseG on sL]LnJ� aFForGLnJ Wo Whe GeYeloSPenW oI Whe GesLJn PoGel as a ¿[eG 
parameter throughout the optimization process;

• The determination of features such as the number and location and shape of holes and the 
FonneFWLYLW\ oI Whe GoPaLn �%enGsoe anG 6LJPXnG ������

In this way, the contribution to the design methods related to the “adaptability” of the building 
enYeloSes SerWaLnLnJ Wo Whe sSeFL¿F reTXLrePenWs anG FonGLWLons reJarGs Whe aLP Wo oSWLPL]e 
Whe sWrXFWXral FonWenWs E\ ¿nGLnJ LGeal WoSoloJ\ Fon¿JXraWLons WhaW sXJJesWs a la\oXW oI IraPLnJ 
anG enFlosXre elePenWs anG� eYenWXall\� a sSeFL¿F PaWerLal GLsWrLEXWLon JLYen E\ sSeFL¿F GesLJn 
conditions. The topology optimization processes transferred to the context of structural needs and 
problems of the building envelopes constitutes an approach that optimizes material layout within 
a given design space, for a given set of loads and boundary conditions such that the resulting 
layout meets a prescribed set of performance targets (Radman 2013). Moreover, the responses of 
structural systems to the external loading conditions are highly dependent on the material they are 
built from.

On this basis, the strategies for the topology optimization aimed at the “adaptive” design 
procedures of the building envelopes are intended as an aid to generate architectural structures, 
framings and components, so that the output of the process should be strictly morphogenetic and 
sXJJesW aFWXal IorPs Ln relaWLon Wo a Ge¿neG sSaWLal EoXnGar\ anG reTXLres Whe neeGeG LnWeJraWLon 
of the structural problem with the architectural one. According to this proposal, therefore, the 
topology optimization aimed at the composition of the building envelopes should consider:

• 7he Ge¿nLWLon oI Whe EoXnGar\ FonGLWLons� sXFh as Whe aSSlLeG e[Wernal loaGs� Whe sXSSorW 
conditions, the volume of the bounding box including the structure and, eventually, some additional 
design restrictions such as the location and size of prescribed holes or solid areas;

• 7he GeWerPLnaWLon oI Whe oSWLPal orJanL]aWLon oI a sSeFL¿F PaWerLal Ln sSaFe PosW oIWen aFForGLnJ 
Wo sWrXFWXral FoPSlLanFe or sWLffness �FLJXre ���

Fig. 1 Strategies for topology optimization directed to the building envelopes to generate architectural structures and compo-
nents.

2.1. The topology optimization approach to the “adaptability” of the building envelopes joints

The study supports the technological transfer of the topology optimization directed to the 
“adaptability” of the design conditions of the building envelopes through the development of 
sWrXFWXral FonneFWLons� as e[ePSlL¿eG E\ Whe WeFhnLTXe Wo realL]e Whe �' SrLnWLnJ sWeel MoLnWs� 



478 479

St
ra

te
gi

es
 fo

r D
es

ig
n • The overall properties of these types of materials are controlled by the spatial distribution of the 

FonsWLWXenW Shases ZLWhLn Whe 3%&� as Zell as Whe SroSerWLes oI Whe FonsWLWXenW Shases�
• 7he SerLoGLF FoPSosLWes� Ln FoPSarLson ZLWh WraGLWLonal FoPSosLWes� GePonsWraWe JreaWer Àe[LELlLW\ 

in terms of their capability to be tailored for prescribed physical properties, by controlling the 
compositions and/or the microstructural topology of the constituent phases. They can also be 
easily tailored to have gradation in their functional properties, in the form of a Functionally Graded 
Material (FGM) through gradual changes in the microstructural topologies (Figure 4).

Fig. 4 The topology optimization directed to the building envelopes according to the optimal spatial distribution of the constituent 
PaWerLals ZLWhLn Whe 3erLoGLF %ase &ell �3%&��

4 Topology optimization and design through the lattice structure 
directed to the development of the building envelopes

4.1. Topology optimization of the lattice structures and cellular materials directed to the 
development of the building envelopes

The study examines and supports the topology optimization approach by considering the 
“adaptability” of the building envelopes in respect of the lightweight of framing and sections, through 
the analysis and the application of cellular materials, which might be characterized by advanced 
physical, mechanical and thermal properties that extend far beyond those of solid materials. 
According to this approach, the “adaptability” of the building envelope should be analyzed in 
relation to the physical characteristics of the materials that can vary by changing the distribution 
within their microstructure: in order to make the best use of the resources, the spatial distribution 
oI Whe FonsWLWXenW Shases ZLWhLn Whe PLFrosWrXFWXres Fan Ee Ge¿neG E\ XsLnJ WoSoloJ\ oSWLPL]aWLon 
techniques. These types of cellular solids should be transferred and used for the building envelopes 
GXe Wo WheLr hLJh sWrXFWXral sWLffness� hLJh sWrenJWh�Wo�ZeLJhW raWLo� loZ enerJ\ aEsorSWLon� JooG 
thermal conductivity, and acoustic insulation; although the structural weight is not generally a 
functional property, it might happen to be one of the important design factors. In particular, the study 
intends to support the “adaptive” conditions of the building envelopes considering that:

• 7he PaWerLal Ls FoPSoseG oI 3erLoGLF %ase &ell �3%&�� ZhLFh Ls Whe sPallesW reSeaWLnJ XnLW oI Whe 
structures;

• The dimensions of the base cells are assumed to be much less than the overall length scales of the 
material body, and at the same time much larger than the atomic length scale;

WhaW ZoXlG Ee GLႈFXlW Wo PanXIaFWXre ZLWh W\SLFal PeWhoGs�� Whe sWXG\ LnWenGs ePShasL]LnJ Whe 
possibilities of forming an “adaptive” strategy for the building envelope sections through:

• The emergent structural design that provides a new tectonic language where the natural load path 
is immediately visible;

• The construction realized with high precision and ease of mould production (with the use of the 
robot CNC milling);

• The reduction of material consumption up to 70% in comparison with massive equivalent structures 
subjected to loading conditions and requirements by international standards (Figure 3).

Fig. 3 The topology optimization directed to the building envelope sections according to the application of the reinforced con-
crete, supported by a fabrication setup of robotic CNC-milling of EPS moulds.

3 Topology optimization and design through the periodic base 
cells aimed at the development of the building envelopes

The study examines and supports the topology optimization directed to the building envelopes 
regarding the methodological approach to “adapt” the material organization at the micro-scale: 
WhLs sWraWeJ\ Ls e[SerLPenWall\ e[WenGeG Wo Whe 3erLoGLF %ase &ell �3%&� WhaW reSresenWs a 
heWeroJeneoXs FonWLnXXP sWrXFWXre FoPSrLseG oI GLfferenW FonsWLWXenW PaWerLals or Shases 
�%enGs¡e anG 6LJPXnG ������ 7he WoSoloJ\ oI Whe 3%& Ls ZhaW LnÀXenFes Whe SroSerWLes oI 
materials; hence the major challenge in the design of these materials would be the determination 
oI Whe oSWLPal sSaWLal GLsWrLEXWLon oI Whe FonsWLWXenW PaWerLals ZLWhLn Whe 3%&� ,n Whe sLPSlesW IorP� 
Whe SerLoGLF FoPSosLWe PaWerLals FonsLsW Ln a �' or �' sFaffolG oI PaWrL[� Ln ZhLFh Whe oWher Shases 
are included: therefore, it is reasonable to apply the structural topology optimization methodologies 
for the determination of the spatial distribution of the phases (Radman 2013). According to these 
applications, the study means to support the “adaptive” conditions of the building envelopes 
considering that:

• The materials with repeating or periodic microstructures usually consist of one constituent phase 
anG a YoLG Shase �knoZn as SoroXs or FellXlar PaWerLals�� or FoPELnaWLons oI WZo or Pore GLfferenW 
constituent phases with or without the void phase (also named “periodic composites”);
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mold halves casted with Ultra High Performance Concrete (UHPC) for the realization of three-
dimensional spatial lattices (Morel and Schwartz 2015). The topology optimization strategies, 
considered in terms of the “adaptable” physical constitution of the building envelope enclosures, 
are intended and supported as an early-stage design tool to give the designer an insight into an 
eႈFLenW anG FonWLnXoXs laWWLFe PLFrosWrXFWXre la\oXW� ,n SarWLFXlar� Whe sWXG\ Peans Wo sXSSorW Whe 
“adaptive” conditions of building envelopes considering that:

• Topology optimization is fed with two-dimensional free-form shapes, which represent a possible 
³GraIW´ oI Whe EXLlGLnJ enYeloSe Fon¿JXraWLons Wo Ee eYalXaWeG� alonJ ZLWh a GesFrLSWLon oI Whe 
sSeFL¿F EoXnGar\ FonGLWLons sXFh as loaGs� FonsWraLnWs anG PaWerLal SroSerWLes �%enGs¡e anG 
Sigmund 2003);

• 7he reSresenWaWLon GLreFWeG Wo Whe EXLlGLnJ enYeloSe Fon¿JXraWLons shoXlG Ee FonYerWeG LnWo 
a Functionally Graded Lattice structure, where the mechanical behaviour provides the needed 
LnIorPaWLon Wo eYolYe a Sol\heGron LnWo hLJhl\ sSeFL¿F Fells ZLWh loFall\ oSWLPL]eG Fell GLPensLons 
and orientation, struts diameter and section as well as material characteristics (Figure 6).

FLJ� � �' Ease Fells� � [ � [ � Fells anG effeFWLYe elasWLFLW\ PaWrLFes oI �' FellXlar PaWerLals ZLWh Pa[LPXP shear PoGXlXs� 
volume fraction is (from top): 45% ; 35% ; 25% ; 15% (Radman 2013).

4.3. The material system of additive manufactured lattice structures for the concept design of 
building envelopes

7he sWXG\ looks aW hoZ� ZLWhLn Whe ¿elG oI Whe ³aGaSWLYe´ FharaFWers oI Whe EXLlGLnJ enYeloSes� Whe 
shift from prototyping to direct manufacturing is mainly connected to material improvement, which 
in comparison with product design is more complicated to achieve: material characteristics and 
behaviour, mechanical properties and dimensional requirements are key elements in evaluating the 
use of additive manufacturing for large scale applications (Naboni and Paoletti 2018). Therefore, 
the exploration of a material system should be carried out in order to understand the way it can 

• 7he 3%&¶s are GLsFreWL]eG LnWo a ¿nLWe elePenWs PoGel XnGer SerLoGLF EoXnGar\ FonGLWLons� Zhere 
Whe ¿nLWe elePenW anal\sLs Ls SerIorPeG Wo e[WraFW neFessar\ LnIorPaWLon Ior Whe FalFXlaWLon oI 
Whe effeFWs oI LnGLYLGXal elePenWs �ZLWhLn Whe 3%&� on Whe YarLaWLon oI hoPoJenL]eG �aYeraJe� 
SroSerWLes oI PaWerLal� WhLs WhroXJh Whe aSSroSrLaWe GLsWrLEXWLon oI Whe solLG Shase ZLWhLn Whe 3%&� 
subject to a prescribed volume fraction of the solid phase (Radman 2013) (Figure 5).

Fig. 5 Topology optimization directed to the building envelopes considers the study of the lightweight cellular materials (credits 
$&7/$%� 3olLWeFnLFo GL 0Llano�

4.2. Topology optimization of the lattice micro-structured architecture for the concept design of 
building envelopes

The study examines and supports the topology optimization approach considering the “adaptability” 
oI Whe EXLlGLnJ enYeloSes Ln resSeFW oI Whe WeFhnoloJLFal WransIer anG aSSlLFaWLon oI a sSeFL¿F W\Se 
oI FellXlar solLGs� LGenWL¿eG as Whe laWWLFe PLFrosWrXFWXre� 7he SoWenWLal oI WhLs s\sWeP relLes on 
its implicit resistance and reduced use of material, combined with the possibility to be “adapted” 
to a large variety of façade shapes. The study observes, for possible application to the building 
envelopes, the lattice microstructures both as a structure and as a material, consisting in an 
interconnected network of struts, pin-jointed or rigidly bonded at their connections. At one level, 
they can be analyzed using classical methods of mechanics, as typical space frames; on the 
other side, within a certain scale range, lattice can be considered as a material, with its own set 
oI effeFWLYe SroSerWLes� alloZLnJ GLreFW FoPSarLson ZLWh hoPoJeneoXs PaWerLals� Ln SarWLFXlar� Whe 
mechanical properties of lattice materials are governed, in part, by those of the material from 
which they are made, but most importantly by the topology and the relative density of the cellular 
structure.

The study contemplates that applications of the lattice structures in construction, for possible use 
in “adaptability” of materials and structures of the building envelopes, are developed in connection 
with new fabrication methods, involving additive manufacturing and industrial robotic arms, often 
based on polymer pultrusion in space to create façade reinforcements (Hack et al. 2015): these 
are EaseG on Whe Xse oI ¿Eer�reLnIorFeG FoPSosLWes Wo SroGXFe PoGXlar sWrXWs� assePEleG E\ 
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system that will be used. This process starts with analyzing the materialization process through the 
fabrication experiments and the observation of their geometrical and mechanical characteristics. 
$s resXlW� a seW oI sSeFL¿F EoXnGar\ FonGLWLons Ior Whe IaErLFaWLon s\sWePs� LnYolYLnJ PeFhanLFal� 
soIWZare anG PaWerLal LnWerGeSenGenFLes� Ls Ge¿neG� WLWhLn Whe IraPe oI WhLs researFh� Xse Ls PaGe 
of a delta-robot, a typology of printer intrinsically agile that guarantees an ideal travel speed for the 
production of discontinuous geometries such as the lattice structures.

In particular, according to the technological transfer to the “adaptive” characters of the building 
envelopes, the employed material, experimented and indicated, should be the High Performance 
PLA (Polylactic Acid), a polymer with discrete mechanical properties that are leveraged by its 
superior printability. An extensive campaign of the fabrication tests has been conducted with it 
Wo Ge¿ne SrLnW seWWLnJs Ln relaWLon Wo JeoPeWrLF FonsWraLnWs� SrLnWLnJ WLPe� SrLnWLnJ resolXWLon anG 
mechanical resistance of the lattice microstructure. Among various aspects, an important one 
emerged as the necessity of evaluating models to be printed according to the geometry limitations 
Ln oYerhanJLnJ anJles� Wo aYoLG Whe neeG Ior sXSSorW JeoPeWrLes ZLWh resXlWanW W LneႈFLenF\ Ln Whe 
use of material. The relation between the deviation angle from the vertical axis and the number and 
WhLFkness oI shell elePenWs Ls IXnGaPenWall\ GrLYLnJ Whe resolXWLon anG re¿nePenW oI Whe SroGXFWLon 
(Figure 7).

Fig. 7 The material system of additive manufactured lattice structures based on the multi-scalar analysis of the material coupled 
ZLWh Whe IaErLFaWLon s\sWeP �FreGLWs $&7/$%� 3olLWeFnLFo GL 0Llano�

4.4. The research on lattice cell typologies directed to the building envelopes

The study, focused on the architecture of the lattice structure directed to the “adaptable” 
development of the micro-structure of the building envelopes, proposes to analyze:

• 7he Ge¿nLWLon oI Whe Ease XnLW Fell� ZhLFh LPSlLes WhaW Whe aEoYe�PenWLoneG JeoPeWr\ FonsWraLnWs oI 
F'0 are Wo Ee Waken LnWo aFFoXnW ¿rsW Ln WhLs eYalXaWLon�

• The conduction of the comparative multi-criteria analysis of typical three-dimensional cells, with an 
eYalXaWLon oI SrLnWaELlLW\� relaWLYe GensLW\ anG YLsXal SerPeaELlLW\ �FonsLGerLnJ GLfferenW W\SoloJLes as 
orthogonal grid, star, tesseract, octahedron, cross, octet, ventiles and diamond);

• The evaluation of the overhanging angles and of the visual permeability, which is measured in 
relation to the projection of the unit cells on a vertical plane (using a 30° angle of view) (Figure 8).

FLJ� � 7he LPaJe shoZs eLJhW GLfferenW XnLW Fell W\SoloJLes Ior Whe &ellXlar /aWWLFe 6WrXFWXre anG WheLr oEserYeG FharaFWerLsWLFs� 
¿rsW FolXPn shoZs XnLW Fell W\Ses� $ � orWhoJonal JrLG� % � sWar� & � WesseraFW� ' � oFWaheGron� ( � Fross� F � oFWeW� * � YenWLles 
anG + � GLaPonG� seFonG FolXPn shoZs Whe relaWLYe GensLW\ �ȡ�� SrLnWaELlLW\ �3� anG lLJhW SerPeaELlLW\ �/�� WhLrG FolXPn shoZs 
the repeated unit cell in a skin system, highlighting in red elements that are not possible to be fabricated with FDM. (credits: 
$&7/$%� 3olLWeFnLFo GL 0Llano�

5 Topology optimization of the building envelopes through modular systems

The topology optimization strategies are studied for the application to the building envelopes 
through use of modular systems, intended as “open” and “adaptive”, such as the STRUNA (word 
born from the crasis of “STRUcture” and “NAture”) which shows the contemporary opportunities 
of computational design techniques combined with advanced manufacturing systems. The 
methodological approach is directed to the concept of “adaptive” modular building envelopes, 
capable of combining and accommodating “adaptable” structures, which conforms to the space. 
The STRUNA system (developed at the Politecnico di Milano, in collaboration with the Faculty of 
Agraria of the Milan State University) recalls the names of the modular pieces of furniture of the 
famous Swedish brand, but it surpasses its Fordist logic to become a mass-customizable system, 
lLYel\ anG Àe[LEle� $FForGLnJl\� sWrXFWXre anG enYeloSe FoPSonenWs MoLneG Ln a s\sWeP WhaW Ls 
G\naPLF� selI�EearLnJ anG Fan Ee Fon¿JXreG as a ¿lWer EeWZeen e[WerLors� LnWerLors anG EeWZeen 
spaces. In line with the most advanced trends in high yield crop cultivation with the least ecologic 
footprint, the STRUNA system is also “adaptable” - besides traditional and hydroponic cultivation 
methods - for the cultivation of micro-algae, whose photosynthesis is made possible not only by the 
sunlight, but also by a low consumption LED system, ensuring non-seasonal yield (Figure 9a, b, c).
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              a)                b)           c) 
Fig. 9a), b) and c) The STRUNA structure developed as a result of computational design techniques combined with advanced 
PanXIaFWXrLnJ s\sWePs� �FreGLWs� 6$3(5/aE� $%&/aEoraWorLo� 3olLWeFnLFo GL 0Llano�

6 Conclusion

7he sWXG\� aWWePSWLnJ Wo FaWeJorL]e Whe Xse oI WoSoloJ\ oSWLPL]aWLon �e[SerLPenWeG Ln GLfferenW 
areas), aims to support the technological transfer and the methodological approach to the 
conception of new morphogenesis, production and construction strategies for the structural 
framings and enclosures of building envelopes, observing:

• The topology optimization process that is analyzed as a possible technique to achieve the 
FharaFWers oI ³aGaSWaELlLW\´ Wo IaoaGes ZhLle FreaWLnJ eႈFLenW Sh\sLFal� PaWerLal anG sWrXFWXral 
organization;

• The integration of additive manufacturing methods that have introduced innovative materialization 
SroFesses� Zhere loJLFs oI sXsWaLnaELlLW\ anG eႈFLenF\ �W\SLFal oI Pass�SroGXFWLon� are no lonJer 
applicable: taking inspiration from the remodeling process of bones, a design methodology based 
on WoSoloJ\ oSWLPL]aWLon WhaW ³aGaSWs´ Wo GLfferenW shaSes anG loaGLnJ FonGLWLons Ls GeYeloSeG�

• 7he e[SerLPenWal aSSroaFh ¿nalL]eG Wo FoPSle[ shaSes neLWher Sre�oSWLPL]eG E\ shaSe� nor 
post-rationalized to meet manufacturing constraints, supporting the manufacturing process with 
increased chemical, mechanical and weather resistance.

This promising research ambit can widen designers competences and capacity to inform their 
design with performances from the very beginning of the design phase.
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