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PREFACE

SUMMARY [ENGLISH] 

Performance through thickfolds1

approaching climate-responsive behaviours through shape, 
materialisation and kinematics.

Addressing adaptive solutions to architecture requires responding 
to a changing climatic environment instead of statically resisting it. 
As the demands on the performance of contemporary buildings and 
their climate-skins are increasing, new alternative, eco-effective and 
resource-saving approaches are essential. The ability of adaptation 
opens - like in nature - the perspective to optimise climatic behaviour 
within a given local context.

The principle of folding contains dynamic aspects with the capability 
both to adjust shape through its changing geometry [form] and the 
specific movement embedded in the fold pattern [kinematics].
In this PhD project, folding is investigated phenomenologically, 
exploratively as well as experimentally, to exploit and document on 
how climate-responsive performance potentials can be utilised in 
architecture. ‘Origami technology’, as the emerging, cross-disciplinary 
field behind it, transfers principles from the ancient art of paper folding 
into sophisticated design applications.

The project proposes an initial concept, which was developed through 
explorative design studies, to preserve the foldability of the material 
despite the thickness of a (sandwich) panel. It is referred to as the 
thickfold concept. 
Performance aspects are empirically investigated in three main 
test series which focus on shape [change], materialisation and self-
actuation. The methods of investigation cover dynamic computational 
simulations, climate laboratory tests and material tests for thermo-
responsive behaviour.

In summery, this project identifies and indicates climatically beneficial 
aspects based on the dynamic principle of folding and through the 
materialisation towards a thickfold.

1  The notion of thickfold in this project is defined as:   Thick, rigid foldable 
material entity, with a thickness of a plate or sandwich element.
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This PhD thesis consists of eight chapters, which are gathered into four 
main sections: 
FOUNDATION (01-02), FIELDS (03-04), TESTING (05-07) and 
SYNTHESIS + CONCLUSIONS (08)

To introduce and frame this research topic, the principle of folding is 
employed and later utilised for dynamic climate-adaptability. 
01 ‘Folding’ is contextualised phenomenologically and the potential 
of combined morphological and kinematic abilities is explored. 
State-of-the-art examples in architecture display the recently built 
development of these concepts. The drivers for this investigation – 
dynamic performance and multi-functionality - lead to the hypothesis 
of performance through thickfolds and the research question, linking the 
dynamic capabilities of folding to the aspects of shape, materialisation 
and kinematics.

02 A mixed-method approach characterises the project and is elaborated 
on in this chapter. Through the explorative method of research-
through-design, folds were created and tested in hands-on studies. 
These folded objects laid the foundation for a systematic evaluation 
regarding geometry, kinematics and performance potentials.
One selected fold (Miura-fold2) was subsequently developed further 
with an applied thickness and comparatively studied with cardboard 
models. Empiric-analytical methods connect on each of the three topics 
to measure, analyse and document performance regarding climate-
responsiveness quantitatively. These methods include: computational 
simulation, climate laboratory tests and material testing. 

03 The work with folding principles is framed within the recent 
development and scientific field of ‘origami technology’, which transfers 
principles from the ancient art of paper folding to contemporary 
technical solutions.
To demonstrate alternative adaptation principles through folded 
morphology, plants in extreme climates are exemplified in a literature 
review. These species support the hypothesis as ‘approved’ examples. 
A matrix [1] systematically collects and maps the range of beneficial 
performance aspects for 53 folds with references to architectural scale, 
kinematic applications, biomimetic references and related industrial 
designs. A second matrix [2] evaluates the paper folds regarding their 
geometrical and kinematic properties.

04 Subsequently the selected Miura-fold is explored, investigated 

2  The fold is named after its inventor Koryo Miura, a Japanese space scientist, 
who developed this fold pattern.
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and developed through design studies to approach thickfolds. These 
folds evolve from ‘immaterial’ thin, kinematic artefacts to foldable 
structures with a materialised thickness. A centred textile layer within 
the thickfold-element is introduced providing the ability to fold without 
hinges. 

The three primary test series 05-07 empirically investigate the 
enhanced potentials. 
05 The first test series xp1 focused on performance through shape 
[change]. A dynamic, computational simulation series based on a 
specifically developed script of Rhino/Grasshopper3D and Ladybug  
examined the thickfold’s behaviour during the effects of various 
solar irradiation impact over the year. In 124 situations, different 
compression states of the folds, orientation and point in times were 
tested. This resulted in visual models, as well as, numeric results.  
The outcome, which is evaluated in nine excerpts, identified specific 
patterns and tendencies of passive solar performance on the folded 
surface in dependence of the dynamic behaviour.

06 The second test series xp2 addresses performance through 
materialisation. The centre layer of the thickfold assembly becomes 
the objective, investigating the potential of activating the layer 
climatically. The textile transforms here in combination with water 
from a passive material layer into an interfacial, active agency for 
cooling purposes. In a test setup at the climate laboratory of Navitas, 
Aarhus University, two climate chambers with moisturised textile 
membranes in 31 combinations were tested regarding their cooling 
capacities. The measured data of both humidity and temperature levels 
were comparatively analysed. In conclusion, the principle of active 
[evaporative] cooling for textiles could be validated and documented 
for distinct variables, such as the effect of size, geometry and shape.

07 The third experiment series xp3 covers the topic of the performance 
through [thermo-responsive] self-actuation. Actuation principles 
are introduced as the autonomous response behaviours of materials to 
climatic changes. They could serve in the future to climatically control 
dynamic elements. 
Thermobimetal was chosen for the test series. 54 identical samples 
were modified with individual micro patterns, laser cut by a waterjet, 
to investigate the effect on the kinematic ability. 
Under the impact of heat, the application of patterns to the bimetal 
led to different thermo-responsive movements. It furthermore 
proved that it was possible to adjust the kinematic behaviour through 
the application of form, in this case patterns. In perspective, this 
‘programming of sensitive material’ can lead to tailored, customised 
self-actuated elements. 
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08 Finally the primary results of the different investigations based on 
the principles of folding and the concept of a thickfold document that

• form can be utilised for a beneficial passive performance
• material can be utilised for an active performance
• self-actuation can be utilised for a responsive performance.

The investigations open up for further developments of combined, multi-
functional and climate-responsive elements and a more performance-
oriented utilisation of the folding principle in architecture.

A separate documentation book contains the extended description 
and the results of each of the test series. 
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SUMMARY [DANISH] 

Performance gennem thickfold-konceptet
Klima-relaterede undersøgelser af form, bevægelse og materialer

Adaptive løsninger i arkitekturen forudsætter at man reagerer 
på de skiftende klimatiske forhold i stedet for at modvirke dem. 
Eftersom behovet og kravene for bygningernes performance og deres 
klimaskærme stiger, er der brug for at finde nye og alternative, ’grønne’ 
og ressource besparende løsninger. Evnen til at tilpasse sig klimatisk 
giver – ligesom i naturen – mulighed for at optimere ydeevnen 
(performance) i forhold til omgivelserne. 

Foldeprincipper indeholder forskellige dynamiske aspekter, når 
overfladen tilpasser sig gennem foranderlig geometri [form] og gennem 
den specifikke bevægelse som ligger i folde mønsteret [kinematik]. 
I ph.d. afhandlingen undersøges foldninger fænomenologisk, praktisk 
undersøgende og empirisk-eksperimentelt, for at dokumentere 
hvordan klima-relaterede potentialer kan overføres til arkitekturen og 
skabe nye muligheder.

Baggrunden for undersøgelsen er ’origami technology’. Dette 
nye, tværfaglige forskningsfelt overfører principper fra oldtidens 
papirfoldekunst til sofistikerede tekniske løsninger. Afhandlingen 
præsenterer et thickfold-koncept, som er udviklet og undersøgt 
gennem design studier, for hvordan et sandwich materiale kan foldes.
Den klimatiske ydeevne er undersøgt i tre forsøgsserier, som fokuserer 
tematisk på foranderlighed i form, materialisering og selvaktivering. 
Metoderne som anvendes i undersøgelsen, er dynamiske computer-
simulationer, forsøg i klima-laboratoriet og forsøg med termisk 
følsomme materialer.

Afhandlingen identificerer og udpeger klimatisk gavnlige aspekter 
baseret på dynamiske foldeprincipper og gennem materialiseringen til 
en thickfold.

---
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Denne ph.d. afhandling indeholder otte kapitler samlet i fire hoved 
sektioner:
Grundlag (01-02), Områder (03-04), Forsøg (05-07) samt Syntese og 
konklusioner (08).

Foldeprincipper er det gennemgående emne i denne afhandling. 
Principperne undersøges i forhold til den dynamiske evne til at tilpasse 
sig klimaet.

01 Foldning kædes sammen med de dynamiske potentialer, der opstår 
når man kombinerer de morfologiske (formrelaterede) og kinematiske 
(bevægelsesmæssige) evner. Der vises nye arkitektoniske eksempler 
som udnytter disse potentialer. 
Dynamisk performance og multifunktionalitet som målsætning leder til 
hypotesen og forskningsspørgsmålet om ydeevnen gennem thickfolds.

02 De forskellige forskningsmetoder som kentegner projektet er 
uddybet i dette kapitel. Studier med foldeprincipper undersøges 
gennem research-through-design. Disse folde-objekter danner 
grundlaget for en systematisk evaluering i forhold til geometri, 
kinematik og ydeevne.
Som udvalgt foldning, bliver Miura-Ori efterfølgende studeret i fysiske 
modeller med en tilføjet tykkelse. Empirisk-analytiske metoder bliver 
anvendt for at måle, analysere og dokumentere performance gennem 
dynamiske computer simuleringer, målinger i klima laboratoriet og 
materiale tests.

03 Foldeprincipperne uddybes og sættes i relation til forskningsfeltet 
’origami teknologi’, som oversætter origami i nutidige tekniske 
løsninger. 
Der refereres til eksempler fra naturen, som har tilpasset sig 
ekstreme klimaforhold gennem deres foldede ydre. Deres morfologi 
understøtter hypotesen som ’afprøvede’ eksempler. I Matrix 1 er 53 
folde-objekter systematiseret med reference til arkitekturens skala, 
bevægelsesmønstre, biomimetiske referencer og industriel design. 
En yderligere Matrix 2 evaluerer folde-objekter i forhold til deres 
geometriske og kinematiske egenskaber.

04 I kapitlet undersøges Miura foldningen nærmere og videreudvikles 
som en ’thickfold’. (Papir)foldningen udvikler sig fra værende 
immateriel til at blive til en foldbar struktur med materialets tykkelse. 
Et tekstil lag, som placeres i midten af thickfold-elementet, bliver 
introduceret, så strukturen bliver foldbar uden hængsler.

De tre primære forsøgsserier undersøger empirisk performance 
potentialerne:
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05 Den første forsøgsserie xp1 fokuserer på performance gennem 
(foranderlig) form. En serie af dynamiske computer simuleringer, 
baseret på et script fra Rhino/Grasshopper3D og Ladybug, undersøger 
hvordan en thickfold reagerer i forhold til solar indstråling i løbet af 
et år. Forskellige geometriske varianter af foldningerne, orientering 
og tidspunkter bliver testet i 124 forskellige situationer. Resultatet er 
visualiserede modeller og numeriske resultater, som er evalueret i 9 
uddrag. Disse identificerer specifikke mønstre og tendenser i forhold 
til den passive solar performance som foldningens overflade har.

06 Den anden forsøgsserie xp2 undersøger performance gennem 
materialisering. Det midterste tekstil lag i en thickfold bliver 
undersøgt, med henblik på at se hvilket potentiale der opstår, når 
tekstilet bliver aktiveret klimatisk. Når tekstilet tilføjes vand, forandrer 
det sig fra værende et passivt materiale til et kølende element.
I forsøgsserien, som blev udført i klima laboratoriet i Navitas, 
Aarhus Universitet, blev to klima kamre med 31 forskellige tekstil 
kombinationer undersøgt i forhold til deres kølende effekt. Resultaterne 
fra målingerne i form af data for luftfugtighed og temperatur bliver 
analyseret. Konklusionen er, at princippet med aktivt kølende tekstiler, 
afhængig af størrelse, geometri og form kan valideres og dokumenteres. 
  
07 Den tredje forsøgsserie xp3 undersøger performance gennem 
(termisk sensitiv) selvaktivering. Forskellige principper for klimatisk 
selvaktivering af følsomme materialer introduceres. Fremtidigt vil 
disse materialer kunne styre dynamiske foldestrukturer klimatisk.  
Termobimetal er valgt til denne test serie. 54 identiske prøver bliver 
modificeret med forskellige mikromønstre, som er skåret ud med en 
waterjet laserskærer, for at undersøge effekterne på den termiske 
reaktion. Under varmepåvirkning viser prøverne en ændring af 
bevægelsen. Yderligere påviser prøverne, at det er muligt at justere 
en termisk bevægelsesadfærd gennem mønstrene. For fremtiden 
kan denne ’programmering af temperatur-følsomt materiale’ føre til 
skræddersyede bevægelser for selvaktiverede elementer.

08 De primære resultater af undersøgelserne, som er baseret på 
foldeprincipper og thickfold konceptet dokumenterer følgende:

• at foldet form passivt kan forbedre dynamisk klima 
performance

• at materialet aktivt kan bidrage til klima performance
• og at interaktiv selvaktivering kan tilpasses til klima 

performance
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Undersøgelserne som er gennemført i dette ph.d. projekt åbner op for 
en videreudvikling af princippet med kombinerede, multifunktionelle 
og klima-(inter)aktive elementer og en mere målrettet benyttelse af 
foldeprincipper i arkitekturen.

Bog II indeholder dokumentationens samt resultater og beskrivelser 
fra de enkelte test serier.
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FOUNDATION starts out with an introduction 01, which is framing 
the research topic around the principle of folding and the utilisation 
for dynamic climate-adaptability. State-of-the-art examples of folding 
references in architecture conclude gaps as well as potentials.  For the        
approach to achieve dynamic behaviour through folding, the drivers of 
investigation are introduced, subsequently leading to the hypothesis of 
performance through thickfolds including the research question. 
       

01
introductionFOUNDATION
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FRAMING THE THESIS

The PhD thesis is based on the principle of folding. Through 
morphological1- geometrical investigations, the dynamic behaviour of 
folded structures are explored and analysed with the purpose to adapt 
to climatic impacts on the surface.       

With my background and interest in innovative ‘green’ solutions 
(facades), I sought for new approaches to improve performances of 
building skins through simple, low-tech principles. 
Accessing the field of geometry through studies of ‘folding’ opened 
up for a range of dynamic potentials, which could serve future 
architectural applications.
Seen from a phenomenological point of view, folding contains and 
combines various beneficial ecologic, economic, technical-functional, 
socio-cultural aspects. These benefits can probably be transferred and 
utilised  for the purpose of an ‘eco-effective’ 2 performance:

Folded geometry turns basically a sheet of material into a structural 
entity. The principle of folding adds structural strength without adding 
material. Dimensions of constructions or elements can be reduced 
and subsequently material, as well as weight, can be saved [material 
efficiency]. 

Secondly, a fold  represents, in fact, a dynamic geometry with a 
changeable ‘body’ and surface. While the ‘body’ can follow various 
open-and-close states [flexibility], the subdivided fold pattern turns 
through motion into a multi-angled surface. The change of shape 
embeds the potential to adjust to the local premises or even to interact 
with the context [adaptability]. Through this adaptive behaviour, 
beneficial performance can be tailored based on the design to vary, 
minimise or maximise impacts on the folds [e.g. in regards to comfort 
aspects or resource savings].     

Referring to the origin of a paper fold, a hingeless and purely material-
based structure can be detected, just based on the fold lines of the 

1 Morphology is the study of the form or structure of anything (source:   
 dictionary.com)

2 The notion ‘eco-effectiveness’ is used in contrast to ‘eco-efficiency’, in which  
 the ‘green’ strategy is not just based on a reduction of a harmful effect, but  
 on a positive increase of value. (Guldager and Lyngsgaard 2013:14)
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geometry/pattern. Transferring this principle into materialised 
versions, foldable structures could be achieved  without mechanical 
hinges. In consequence could this lead to more simple kinematic 
and much less maintainable architectural solutions [probably both 
economically efficient and durable]. 

And at last the fascination for the variable expression of geometry and 
playfulness of changing patterns has to be emphasised, which in this 
case intend to link and interweave aesthetics visibly with dynamic 
performances  [visual and aesthetic quality]. 

THE PRINCIPLE OF FOLDING 
FOR ARCHITECTURAL SOLUTIONS

Folding has to be seen beyond the ancient Japanese art of paper 
folds. The techniques are nowadays transferred to mathematics and 
computer science. But in particular interesting for this project is 
the emerging field of product applications and folded solutions for 
engineering purposes. The field of applied folding, also called origami 
technology, got lately additional attention as NASA proclaimed ‘large 
aperture deployable systems’ in an open research call 2012 as major 
investigation area. The American space agency included the field in 
their research program as one of their “game-changing opportunities 
in technology development” (NASA 2012).
Nevertheless, anticipating folding for future developments can be 
dated far back to the 1920s. Already in 1928 L. Moholy-Nagy points 

fig. 1.1
A tesselated paper fold 
and its kinematic ability 
to unfold
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potentials for folding studies out in his book “The new visions”. 
Referring to the work with students of both teacher Joseph Albers, 
who taught at the old Bauhaus and teacher Hin Bredendiek at the new 
Bauhaus (1937), he expressed his hope for inventions in the future of 
building construction:

“These activities [red. cutting and folding], I hope, will 
be the source of a great number of inventions for 
building constructions, household appliances, packing, 
book binding, etc. The problem here will be, of course, 
as everywhere else, to find the right ways of application. 
Here the importance of the elements will not be dominant 
but happily absorbed through the best solution of the 
necessary function. “ 
(Moholy-Nagy 1947:54) 

Still today after 70-80 years Moholy-Nagy´s statement seems to 
be very relevant and valid. The potentials do not appear to be fully 
exploited yet, especially considered in regards to the folding principle 
of thickened material and regarding dynamic performance.     
A synergetic linkage between geometric principle and materiality - 
means and matter - were the focus of interest for this project to aim for 
more simple dynamic solutions for building skins. 
Simplicity and cost-efficiency of the foldable structural elements 
should lead in the end to possibilities of mass production and a broad 
use of a measurable positive impact on the environment.   

The principle of folding has obviously three potentials for dynamic 
behaviour:  
First of all folding embeds the capacity to change shape due to its 
kinematic nature. Secondly, in the process of materialising zero-
thickness folds3, material properties enable further opportunities 
to adapt and react to climatic conditions. Activation of layered, but 
merged materiality and new types of multi-functional materiality 
applied to materialized folds opens up for responsive behaviour. 
And third, the actuation of the folding movement could be linked 
to climatic preconditions. Material-embedded shape- or volume-
changing properties, caused by climatic stimuli, might be the motor for 
a self-actuating behaviour.  

3 Paper folds are considered zero-thickness as they are mathematically not   
 taking material thickness into account
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In this project dynamic [responsive] behaviour with folded matter 
through geometry is approached and investigated by each of the 3 
topics of: shape, materialisation and kinematics.  

Shape   Variation in angled surfaces of 
tessellated folded structures allows 
distinguishing between purposes for 
the different facets.  Advantage can 
be taken of the range of impacts on 
the surface and performances can be 
utilised. The surface area can vary in 
size and exposure, which could actively 
be used to provide dynamic behaviour 
e.g.   for building skins. 

Materialisation The alternative approach allows 
thickfolds to be built in new ways. The 
folded structure can be materialised 
more or less independently of its 
thickness. Multi-functional properties 
can be added. The resulting  thickfold 
can vary in transparencies, porosities, 
sizes, surfaces, layered materiality and 
more.  

Kinematics  The fold pattern does not only define 
a 3-dimensional surface with a linked 
specific kinematic behaviour but 
aims in this case for a self-actuated 
material-embedded movement. Tests 
are conducted with thermosensitive 
material to achieve tailored zero-
energy movement. By applying various 
patterns to the material samples, a 
control and variation of the movement 
is intended.    

Folding in architecture as a purpose beyond ornamental and aesthetical 
premises is often found in structural designs utilising the efficiency 
of the folded shapes and the simplification of complex multi-curved 
surfaces. In this  research,  the folding principle should go beyond 
purposes of static, non-movable applications. The aspect of kinematics 



19

combined with the dynamic performance of foldings should enable our 
buildings to become responsive.  

“Nie zuvor hatten wir eine so große Chance, Architektur 
jenseits des Irrglaubens an eine totale räumliche und 
klimatische Kontrolle in der Wechselwirkung von 
Material, Struktur und Umwelt zu entfalten”4 
(Hensel and Menges 2008:16)

Climate-responsiveness in architecture5 

Buildings play an important role in global energy consumption, as they 
account for approximately 40% of the energy use in most countries.6  
Poorly performing building envelopes can be affiliated as one of the 
reasons. Improving and rethinking building envelopes embeds a 
significant potential for saving energy and resources. 

Building envelopes can be in general considered as rather static 
boundaries: Resisting, protecting and separating7 the interior space 
from the outside (Knaack, Klein, and Bilow 2007:15). Façades are 
here the interface where interior and outdoor climate meet, with all 
the demands regarding building physics such as weather protection, 
insulation, ventilation, humidity, light control, etc. to provide best 
possible user comfort. The development of façades in the past followed 
the idea consistently of separating these conditions. The interior was 
disconnected and separately conditioned for the purpose of achieving 
a fully controlled stable interior environment with a high effort of 
energy and technical support.  
A promising way of approaching alternative façade designs is one that 
exploits the potential of adapting dynamically to the various climatic 
conditions.

4 Accordingly translated: “Never before we had beyond the heresy for a total  
 spatial and climatic control such a chance to unfold architecture in the   
 interaction between material, structure and environment.”

5 The introduction is based on the conference paper: Approaching climate-  
 adaptive facades with folding (Sack-Nielsen 2014)

6 IEA 2010. “Energy performance in buildings”, p.5

7 see also Knaack, U, Klein, T & Bilow, M 2007, Imagine 01: Facades, 010   
 Publishers, Rotterdam, pp.15. “(…). The main function of a façade   
 is the separation of the outside and inside climates to supply a certain quality  
 to the enclosed volume. (…)”
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The building envelope develops with this from a protection layer into 
an interaction layer. The façade becomes responsive. Inside and outside 
conditions are not seen as contradictions but rather as environments 
with a natural interaction. Ideally, the façade takes advantage of the 
differences and reacts dynamically to improve the indoor conditions. 
The interior and the exterior are in a symbiotic relationship through 
the mediating façade layer and reduce the negative impact on the 
interior environment. 
This approach follows not only a ‘romantic’ utopian wish to seek 
a closer relationship with nature, but offers a real potential to save 
energy as well as enhance user-comfort significantly. The potential 
is documented in research projects such as “integreret regulering af 
solafskærmning, dagslys og kunstlys”8 (Johnson et al. 2011:7). In this 
research, the potential of only (electrical) energy savings regulating 
dynamic sun shading systems is quantified by 5-20%. Additional 
benefits of adaptive façades are furthermore to find in comfort 
aspects related to light control, heat gains, ventilation and so on. 

Beyond energy savings Hausladen et al. argues of the dynamic 
principle as a comparison with skin or clothing, which can be 
changed regarding the current climatic situation. They embed both 
the principle of separation and exchange, depended on the situation. 
Transferred to building skins, materials would have to fulfil multi-
functional purposes at the same time.     

“Als dritte Haut des Menschen muss die Außenhülle 
des Gebäudes ähnliche Aufgaben erfüllen wie die 
Haut oder die Kleidung. Diese schaffen ein Innen und 
Außen, trennen, sind aber durchlässig, sodass ein 
Austausch möglich ist. Dies kann nur gelingen, wenn 
die eingesetzten Materialien der Gebäudehülle viele 
Hautfunktionen erfüllen können.”  
(Hausladen et al. 2006:14ff.)9 

Complementary to architecture, Moholy-Nagy introduced in the 1920s 
his kinetic sculptures as a dynamic principle  in art and mentioned the 

8 transl. “integrated regulation of sun shading, daylight and artificial light”

9 Hausladen, G, De Saldanha, M & Liedl, P 2006
 transl.”(…) As the third skin of humans, the building envelope has to fulfil   
 tasks as skin or clothing. These create an inside and outside,separate, but   
 they are permeable so that an exchange can occur. It is only possible if the   
 used materials of the building skins fulfil many skin functions. (…)”

fig. 1.2 
Clothing as analogy for 
climate adaptability
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significance of material within a construction exceeding form, but 
acting furthermore as an agency to provide a dynamic behaviour or as 
he expresses: carrying [distributing] forces.           

“We must, therefore, put in the place of the static principle 
of classical art the dynamic principle of universal life. 
Stated practically: instead of static material construction 
(material and form relation), dynamic construction (vital 
constructivism and force relations) must be evolved, in 
which the material is employed as the carrier of forces  .” 
(Moholy-Nagy 1947:138 [orig. 1928]) (Agkathidis and 
Schillig 2010:9)

Static versus dynamic

Kemp and Fox argue for a dynamic approach to kinetic structures 
by pointing to the negative consequences of a static approach. Static 
architecture would have to withstand for all conditions with the same 
design. The result would end over-dimensioned and inefficient for 
most cases.   

“With static architecture, we typically must overengineer 
our buildings to account for worst-case scenarios of 
structural failure.” (Fox and Kemp 2009:47)

This could also be assigned to a dynamic system, which would have 
to control an external climatic environment. While a static system, 
separated from the exterior, would have to resist the highest impact, 
an adaptive system could reduce negative or undesired  effects through 
active interaction.   
Taking the infinite amount of different possible impacts into 
consideration, it is hard to imagine that one single fixed solution would 
be able to cope with all possible situations in an effective way. Or as 
Lechner said to his students: 

“It is illogical to believe that a static solution can respond 
to a dynamic problem.” (Lechner)10 

Seeking for environmental optimisation to reduce resources of 
material and energy will naturally end in investigations and designs of 
dynamic solutions. 

10 Lechner, R 2014. A personal quote from a lecture at Auburn University, USA
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Approaching dynamic facades

Early and simple examples of adaptive façades can be found likewise 
with vernacular wooden shutters. Referring to the example in 
Bressanone [fig 1.3] this solution offers various multi-functional 
states and positions of the wings of the shutter to regulate comfort 
and visual transparency. While in a closed position the element still 
acts as a permeable screen, which allows cross ventilation on warm 
summer days with open windows, the lamella frame provides sun 
protection without compromising natural daylight. The angled lamella 
furthermore enables the visual connection to the street even when the 
shutters are closed. In winter situation the wind protected buffer zone 
contributes to reduced heat loss through the window at night. Open 
states instead provide the full transparency and visual contact to the 
outside with a maximum gain of natural daylight. 

In 1983 gave Jean Nouvel the dynamic principle a novel façade 
expression. His façade design for the “Institute du Monde Arab” in 
Paris can be seen as one of the key projects for the newer adaptive 
façade development. 
This architectural example demonstrated very powerful on how 
adaptability as a concept could be realised and displayed  in a façade. 
The ingenious approach transferred traditional Islamic patterns and 
perforated ornamented screens into an advanced technological façade 
expression and functionality. Qualities to alter light conditions in the 
interior are achieved with the principle of adjustable apertures of 
(camera) iris diaphragms11 triggered by photo-sensors and actuated by 
motor-mechanism [fig.1.4].  
Despite the fact that the façade design has an undeniable value, 
a broader spread of similar adaptive designs did not occur. High 
maintenance and construction costs combined with high failure rates 
due to the fragility of the sensitive mechanical system turned this 
approach, unfortunately, it into an exclusive niche product for small 
amounts of customers.  
  
More recent examples show dynamic facades providing climate-
adaptive behaviour through explicitly utilising changing geometries.  
Two projects work with rather similar principles of triangulated 
shading elements: Kolding Campus [SDU] by Henning Larsen architects 
from 2014 and the ThyssenKrupp headquarter in Essen by JSWD 
architects and Chaix & Morel et Associés from 2010.
Henning Larsen architects covered the glass façade of the university 

11   Iris diaphragms are adjustable optical apertures in photographic lenses

fig. 1.3
Close-up of a traditional 
wooden shutter 
in Bressanone, Italy

fig. 1.4
Close-up on the mechanical 
aperture system of the facade 
at the Institute du Monde 
Arab, Paris by Jean Nouvel

fig. 1.5
Close-up of the outer facade 
of SDU, Kolding, by Henning 
Larsen Architects

fig. 1.3

fig. 1.4

fig. 1.5
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building with triangular shutters of perforated steel as an additional 
sun protection layer [fig.1.5]. The elements are also here, like at the 
Institute du Monde Arab in Paris, individually motorised and  regulated 
by sensors measuring heat and daylight. The rotating movement 
outwards and the individual mechanical actuation enables infinite 
states of adaptation between the demands of visual comfort, interior 
daylight condition and control of heat gains through the façade. 
A similar principle was used at the façade of the ThyssenKrupp 
Headquarter in Essen but with the difference of tight horizontal 
stainless steel lamellas instead of the perforated steel. Both approaches 
provide transparency even at closed conditions. 
Beside the functional purposes of regulating the solar impact, the 
visible interaction and of the façade in regards to climate conditions 
adds a strong and powerful expression to the façade. This is also in 
these cases a strong argument of additional value for the client to 
justify the rather high additional construction costs of a motorised 
kinetic façade.  

The PhD project continues on the idea of dynamically and visibly change 
performance. However, it questions the means and intends to explore 
(explicitly) alternatives to a technologically advanced, mechanically 
complex, and sensor-driven high-tech solution to approach dynamic 
building skins. Instead, a principle is proposed to study and investigate 
dynamic potentials by folding. 

Folding beyond ornamentation

Folding as objective in the thesis is neither considered or developed 
from a visual or artistic point of view nor approached in a formalistic 
manner. The basic dynamic geometrical principle of folding is the base 
for the investigation to enhance climate-responsive performance.  

With a proper understanding of dynamic influences towards building 
performances and comfort, supported by recent advanced simulation 
tools and control mechanisms, dynamic behaviour can be addressed and 
designed to the function. The visual appearance of folded and foldable 
surfaces in architecture as ornamentation is transferred to adaptable 
shapes of functional adaptive patterns, which are optimised in their 
function and developed  to contributes beneficially with their shape 
beside the aesthetic value. Selected and very recent built examples with 
expressively folded or foldable building skins demonstrate the state-of-
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the-art in façade design, where shape and dynamic behaviour reaches 
beyond ornamentation, and form generation follows performance. 

One geometrical principle – many benefits

An exemplarily good example of a beneficially embedded folding 
principle in architecture, leads far back to industrial architecture in the 
19th century. Even so static, saw-tooth roofs of industrial buildings can 
be understood as built examples of basic zigzag or one-crease origami 
folds (Reis, Jiménez, and Marthelot 2015:12235). 
The ‘folded’ roof as a fifth façade was in this typology designed to exploit 
and serve additional purposes. The geometry became an integral part 
of the design and transformed the roof from a pure weather protection 
layer into a multi-functional element of the envelope. While one angled 
row of segments provide self-shading and glare protection from direct 
sunlight, the opposite band of windows -optimally oriented towards 
north12- supplies the space underneath with additional indirect natural 
daylight. The triangular shape of the roof section furthermore supports 
natural ventilation through increased height of space and geometry. 
Structurally the construction of trussed beams can be embedded 
within the triangular inner space with no extra demands for additional 
room height.

For the application of photovoltaic modules on the roof, the rows of 
angled surfaces turning south provide optimised conditions for higher 
efficiencies of the solar panels compared to flat roof surfaces.   
These multiple single benefits add in the combination a better 
performance for the architectural space, based on passive design 
principles, with improved comfort, enhanced aesthetical value inside 
and outside, improved natural daylight situation, natural ventilation, 
and benefits for solar energy installations. In the same mindset, a 
thickfold-approach could be applied to façade designs. 
Even though the principle of a saw-tooth roof and the advantages are 
commonly   well-known, this typology demonstrates quite strongly the 
potentials of folded morphologies in architecture. The multi-functional 
design based on a static, constructed fold can act beneficially in several 

12 In the case, the vertical roof glazing would be oriented to the south, the   
 variation of sun angles in summer and winter situations would still allow   
 adapted solar gains. A cantilevered roof extension over the glass band would 
 furthermore reduce direct sunlight in summer and still allow full direct   
 daylight in  winter at low sun angles.     

fig. 1.7
The Resnick Pavilion’s sawtooth 
roofline fills the interior with diffuse 
natural daylight.

fig. 1.6
Showers center, Bloomington, with 
a former industrial sawtooth roof.
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ways regarding comfort and passive energy saving solution.        
The possibilities in an adaptive, kinematic application could be even 
more beneficial. Using and transferring these surplus design principles 
into a vertical façade application could lead to new multifunctional 
building skins.

Origami applied to architecture

The principle of folding can combine advantages of applied geometry 
and visual appearance for façade applications in architecture. 
Geometrical surfaces can be calculated, simulated and optimised for 
performance advancements, while the expression of folding with its 
sharp, repetitive and three-dimensional patterns achieve a strong 
visual  effect. Changing daily and seasonal light conditions shift the 
appearance of light and shadow on the surface for the spectator 
constantly.    
Origami, the art of folding, can be found realised in different ways and 
on different levels applied to facades.  
Many architectural references focus purely on the visual effect and 
folding as a principle was superficially used as decoration. This is 
especially the case for many glass curtain walls where the fold is more 
or less reduced to a  simple representation with no specific tectonic 
need or advantage for the performance. Other examples, in turn, use 
the additional performance values of the folding principle for the 
façade design.    
  
Reis et al. used three categories to distinguish origami-inspired 
structures:

(i) origami-looking, 
(ii) origami shaped, 
and (iii) deployable (that use origami patterns)” 
(Reis, Jiménez, and Marthelot 2015:12235)
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While the first category (i) follows a pure formal expression, the 
origami shaped examples (ii) use the potential of real folded structure 
for lightweight construction and additional benefits. The last 
category (iii) embeds additionally kinematic behaviour to react and 
achieve responsive behaviour with the surrounding. The motion and 
characteristics of the original paper folds are translated into thickfolds. 
Built examples of architecture in the third category are mostly to find 
at advanced solar shading systems for facades.    

Contemporary architectural examples

Biomedical research centre, Pamplona, Spain [2013] 
Architects: Vaillo & Iriaray + Galar

The biomedical research centre with its characteristically folded façade 
is situated in Pamplona in Spain.
Vertically folded elements of perforated aluminium panels cover the 
glass façade of the laboratory building. Over the full height and a 
length of one hundred meters these self-supportive and triangulated 
V-shaped elements [4,5 x 0,8 meter] are alternately assembled and 
create visually one continuous V-crease-pattern of the aluminium 
screen as a second skin.  
Transparency for the vision from the inside is achieved with the tight 
micro-perforation of the folded panels. As the panels are attached with 
a distance to the façade, natural ventilation is provided. The

fig. 1.8 (i)-(iii)
The references examplify 
the differentiation between 
the three origami-inspired 
categories

(i) (ii) (iii)
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intermediate area creates a climatic buffer zone, which stabilises 
temperature fluctuation. The folded screen is in its fixed position 
constantly self-shading the façade, and the angled aluminium surface 
reduces heat gains by reflection.    
This building skin achieves in its repetition of a simple folded V-shape 
element a geometrical complexity and a strong visual expression 
and identity. The folding principle provides here directly structural 
strength of the elements, which allows managing without an additional 
substructure, as well as functional advantages with solar shading for 
comfort and energy consumption. 
Interesting here are the earlier references of the kinetic façade of 
Kolding Campus [SDU] by Henning Larsen architects [fig 1.5] or the 
ThyssenKrupp in Essen from JSWD architects and Chaix & Morel et 
Associés, which lead back to the same fold pattern in a hypothetically flat 
extracted position of the Biomedical Research Center in Pamplona from 
Vaillo & Irigaray + Galar.
The individual movement of each shutter of the kinetic references in 
Kolding and Essen could be reduced to only a few actuators for a folded 
screen based on the same geometrical pattern with similar three-
dimensional geometric results. The freedom of singularly controlling 
each shutter would, in this case, be undermined, but eventually, a 
cheaper and less maintainable foldable solution for the whole façade 
could achieve similar performance results. In an angled situation the 
SDU façade would be very close to the static version of the folded 
perforated screen of the reference project in Pamplona. (Popp 2013)  

fig. 1.9
Origami-folded perforated metal 
as second skin. Biomedical 
research center Pamplona

fig. 1.10
The corresponding paper fold 
reference of a V-fold
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The showroom of the company Kiefer Technic and its kinetic shading 
system is situated in Bad Gleichenberg, Austria.
The aluminium-glass façade of the exhibition building is characterised 
by a foldable perforated  aluminium sunscreen. Vertical rails in front of 
the aluminium frames of the 14 façade-segments embed the actuation 
with electrical motors and acts as an independent load bearing 
structure for the shading device. The 56 shading devices consist 
of a pair of 2 horizontally folded aluminium elements fixed both at 
the bottom and at the top of each window for both  storeys. Infinite 
patterns for external expressions, as well as views to the outside, can 
be created in 30 seconds.     
As the folds are horizontally placed, the elements work at the same 
time as a parapet, cantilevered horizontal sunshade and light shelf to 
redirect light to the upper interior ceiling. The shading elements act 
as a source for additional indirect sunlight and provide furthermore 
improved natural light conditions in the interior space, even when the 
shading device is blocking direct sunlight. The consumption of artificial 
light can be reduced and energy saved.  
The kinetic shading system of the Kiefer Technic Showroom 
demonstrates the potential of a simple single-folded horizontal shading 
element, multiplied in a repetitive pattern over the façade, to be able to 
achieve multiple responsive façade expressions.  
The individual control and differentiation of movement of each element 
allows the adaptability to a variety of purposes and fulfils a range of 
aesthetic as well as functional performances. (Giselbrecht 2016)

fig.1.11
Kinetic sunscreen with 
multiple positions and 
expressions, Kiefer showroom

fig.1.12
The corresponding paper fold 
reference of a zigzag-fold

Kiefer showroom, 
Bad Gleichenberg, 
Austria [2007]

Architect: Ernst 
Giselbrecht + Partner 
ZT GmbH
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The Al Bahar Towers are situated in Abu Dhabi in the United Arab 
Emirates. In order to face the challenges of placing a high-rise building 
in a hot, arid climate with the high solar gains, several energy saving 
strategies are implemented in the design. The rounded shape of the 
glass façade reduces the surface to floor area and with that the amount 
of heat gains. Instead of using the usual solar protection panes [tinted 
or highly reflective glasses] for the glazed curtain wall, this project 
was aiming for an external, but dynamic sun shield, which could both 
protect both from glare as well as reduce solar gains. The design of the 
dynamic sun shading system has its inspiration in Islamic architecture 
with the traditional element of the mashrabiya, which is a wooden 
lattice screen used on covered balconies. The second skin is in this 
tradition a permeable shade but has as well a strong aesthetical value 
for the façade with its rich repetitive ornaments.    
The foldable pattern of the sun shading is tessellated in triangular 
elements of PTFE. These can individually be folded, actuated by an 
umbrella-like mechanism. The response of opening and closing the 
folded pattern is directly related to the radiation and the sun position. 
Direct radiation is blocked to raise the interior comfort by avoiding 
glare genes and heat gains, while indirect light can penetrate and 
provide natural sunlight in the interior. 
The kinetic façade example combines exemplarily benefits of a strong 
aesthetical expression -based in a tradition of the Middle Eastern 
architecture- as well as the observance of the latest energy and comfort 
demands in office high-rise architecture. (CTBUH 2016)

fig. 1.13
Advanced kinetic sun shading 
system based on origami 
folding pattern, Al Bahar Tower

overview folds (without scale). 140519

overview folds (without scale). 140519

overview folds (without scale). 140519

overview folds (without scale). 140519

overview folds (without scale). 140519

overview folds (without scale). 140519

ventilating

blooming/
shape changing

filtering
selvshading surface/
less exposed to the sun

other 
products

temporary 
deployable 
structures

adaptive folding matrix// origami tesselated folds

folding pattern folded references bionic principles specific potentialsperception kinetic behavior

fig. 1.14
The corresponding paper fold 
ref. of a waterbomb tesselation

Al Bahar Tower 1+2, 
Abu Dhabi, UEM [2012]

Architect: Aedas UK
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The last two projects, Kiefer Showroom and Al Bahar Towers2, show 
powerful kinetic architectural examples of advanced sun shading 
systems. Common for both is the big effort put in motorization and 
mechanical construction to achieve the geometrical variation of the 
folding effects. The investment costs and the following demands for 
maintenance make these façade projects rather exquisite.  
In order to move these kinetic [folded] solutions out from their 
exclusive niche-existence to a wider range of projects, more simplified 
solutions would have to be designed.
Taking starting point in bringing the simplicity of a basic [paper]fold 
principles back to advanced automated systems, mechanically hinged 
plates could be replaced with continuous materiality with applied 
fold lines designed for creasing. Static advantages of continuous 
folded structures could beneficially be taken into account. The visual 
appearance of look-a-like folds could be replaced with systems 
utilising the benefits of the original basic folding principle for dynamic 
behaviour.    
All three mentioned examples show big size solution of folded elements 
applied to the façade. This leads especially in the kinetic versions to 
massive substructures and motorisation. Within the thesis,  the scale  
will be discussed, as the principle of folding in minor dimensions, but 
still in robust and resistant versions, would avoid effort in construction 
and resources. 

In following the drivers for further investigations of dynamic behaviour 
based on the folding principle are elaborated. This includes suggestions 
on how to approach and embed multiple dynamic behaviours within 
one principle.  
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THE DRIVERS FOR THE INVESTIGATION 
OF DYNAMIC BEHAVIOUR

Performance

As the aim of resource savings of both energy and material is the 
motivation behind the investigations, the notion of ‘performance’ is 
introduced. Enhanced performance through the dynamic principle 
should lead to beneficial solutions in regards to climate-adaptability.

The term ‘performance’ can be affiliated with different meanings 
(Performance | Cambridge English Dictionary 2016): 

1. [entertainment] the action of entertaining other 
people by dancing, singing, acting, or playing music
2. [activity] how well a person, machine, etc. does a piece 
of work or an activity

Throughout the PhD thesis, the terminology of  performance is used 
regarding the meaning of beneficial  ability. Performance relates here 
directly to the enhanced capabilities through the implementation 
of foldable elements. The principle of folding is investigated and 
evaluated to add valuable properties to achieve a performance-oriented 
architectural design. Instead of favouring a maximum of freedom in 
the architectural design process and expression, performance-oriented 
design is about justifying the effort by the performance enhancement.  

Grobman argues for three dimensions of performance in architecture: 
the empirical, the cognitive and the perceptual (Grobman and Neuman 
2012:10). While the empirical performance is to evaluate as physical 
data by computational simulations or measuring equipment, the 
cognitive and perceptual dimension are far more complex to grasp. 
This project focuses on the empirical and measurable dimension of 
performance. However, the dynamic aspect is central and required a 
far more advanced and multi-faceted approach. The role of [adaptable] 
geometry, as well as kinematic behaviour and materialisation of the 
folds, are selected as areas of investigation to enhance the climatic 
performance for foldable architectural elements.   
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Layered multi-functionality

In the idea to increase [the dynamic] spectrum of performances 
towards climate-responsiveness with the folding principle, another 
notion is introduced: multi-functionality. 
Selected materials or material compounds can fulfil several purposes 
at the same time. This ability makes them not only efficient but also 
effective.   

As to be seen in the ideation scheme13 [fig.1.15], a sequence of steps 
consecutively adds performances to the origin of a sheet material, 
which transforms into a multi-functional responsive element. It occurs 
in the first step by adding supplementary abilities through a folding 
process to the geometry of the surface. In a second step materiality 
is utilised not only reactively, but also in an active way. The material 
becomes a medium for intervening and changing the surrounding 
microclimate.  In the last step, the kinematic ability to adapt the shape 
is utilised. The sheet of material [compound] could then be considered 
smart [‘multi-functional’], as the shape as well as the functionality is 
modifiable. Implementing ‘smart’ material14 (Addington and Schodek 
2004:79) offers the potential to be responsive to the environmental 

13 The ideation scheme is based on the original graphic from (Sack-Nielsen   
 2014:732), fig.2 ‘Processing adaptability with folding’

14 (Addington and Schodek 2004:79) defined ‘…five fundamental characteristics, 
 distinguishing a smart material from the more traditional materials in  
 architecture: transiency, selectivity, immediacy, self-actuation and directness.’
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raw material 
[1]

raw material folded 
+ multifunctional 
materials applied
[1+2+3]
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Process of gradually enhancing climate-responsive behaviour through folding
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fig. 1.15 
Ideation scheme
Process of gradually 
enhancing climate-
responsive behaviour 
through folding
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changes, due to e.g. sensitive surfaces or material embedded reaction 
patterns which physically can be used for actuation purposes. The 
component can emerge from just being smart [multi-functional] to be 
tailored ‘intelligent’ regarding its auto-responsive behaviour.      
Stacking and merging adaptable materiality in layers seems a 
promising way to approach a climate-responsive behaviour. The idea 
and vision of layered multi-functionality were already described 
in 1981 by Mike Davies in an article about an ideal ‘polyvalent wall’ 
(Davies 1981) [fig.1.16]. He called it ‘a wall for all seasons’. This ultra-
slim façade construction embedded energy harvesting as well as layers 
of actively sensing and adapting glass technologies (Addington and 
Schodek 2004:166). Davies´ vision can be seen as ‘driving force for new 
façade technologies… over the last decades’ (Knaack, Klein, and Bilow 
2007:89).  

The surplus value of addressing multiple adaptive functions within one 
component can be summarised with the notion of  ephemeralization, 
coined by Buckminster Fuller: 

“The benefit of an active sustainable system is that it 
can intelligently combine the resources of a number of 
systems so that when working together, the individual 
elements or systems achieve more than the sum of their 
parts” (Fox and Kemp 2009:115)

Materialisation of folds  

The PhD project investigates on how a merged [layered] materiality 
could be introduced, transferring the folding principle into materialised 
matter and providing dynamic behaviour.  
Applying materiality to folding principle leads to the challenge of 
adding a physical thickness to a mathematically considered zero-
thickness of a fold. It contains the task that d esign solutions had to 
be investigated and developed to enable thickened sheet material to 
become foldable and to provide a kinematic ability. 
Solving foldability within the given materiality follows a tendency, 
described by (Fox and Kemp 2009:226) as ‘…the beginning of a paradigm 
shift from the mechanical to the biological in terms of adaptation in 
architecture can be seen as the end of the mechanics.”
This development opens for new approaches to dynamic architectural 
design and new fabrication technologies.

fig. 1.16 
Schematic representation of 
the ‘polyvalent wall’ 
(Davies 1981)
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HYPOTHESIS AND RESEARCH QUESTION

Hypothesis

Starting with the motive and applying the principle of folding induces 
various valuable properties to a basic plane sheet of material. Folding 
does not only generate a 3-dimensional surface and applies form, but 
also adds a kinematic changeability to the flat material. Hinges are 
provided with the material itself, and movements can be tailored with 
the fold line geometry. Even tessellated, repeated folded patterns can 
conduct a multi-faceted surface motion.       
Learning from nature by studying the purpose of folding principles 
in the context of the species [biomimicry], as well as contextualising 
folded design applications and performances in other fields, could 
open new perspectives on approaching dynamic facades.  
Enabling [thin]folds to be materialised and jointly keeping the 
continuous nature, without mechanical hinges and without 
compromising the original kinematic behaviour, has the potential to 
transfer the basic dynamic properties of  shape, material and movement 
into rigid applicable architectural solutions. The fold principle could 
be actively applied as kinetic structures to enhance climatic [building] 
performance. 

Main objectives and research question

To localise and utilise unused potentials for performance enhancements 
in future adaptive architecture, the principle of folding offers three 
major dynamic fields to be investigated: adjustable shape, active  
materiality, and responsive kinematic behaviour.

The primary research question is therefore formulated as such:

Research question

How can the principle of folding in the framework 
of shape, materialisation and kinematics multi-
functionally and dynamically contribute to climate-
responsive behaviours and enhanced performance?
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Through the following investigations the Research Question is 
expanded with secondary sub-questions, specifically addressing 
aspects of the individual studies:

Sub-Research Questions

RtD
How do folded forms perform? Moreover, how can it be 
utilised?
Which aspects of performance can be enhanced 
through the dynamic principle of folding [opposite to a 
planar static materiality]?
Can “immaterial” paper folds be transferred into 
thickened, materialised folded structures, keeping 
their kinematic behaviour as a continuous materiality 
[without adding mechanical hinges]?

xp1 
How much influence does foldable [dynamic] form 
have on the performance concerning solar irradiation?

xp2 
Are textiles able to become an agency for active climate-
adaptive behaviour? 
Moreover, if so, how much is the effect?

xp3 
How much can geometry in the form of applied patterns 
inform movement?
Moreover, if so, can these patterns be used to tailor 
thermo-responsive behaviour?
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The structure of the overall PhD thesis along with the test series is 
laid out in the second section methodology 02, followed by the 
chosen methods for the distinctive research objectives. Three empiric 
investigation angles of shape, materialisation and kinematics are 
defined as the conceptual framework for the folding approach.   

02
methodologyFOUNDATION
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THE STRUCTURE OF THE THESIS

The PhD project realised knowledge production based on a palette 
of methods to describe, test and evaluate the performance benefits. 
The set-up and approach behind the investigations are founded in 
the syncretism of two distinctive fields, which are informing each 
other:  dynamic, climate-responsive behaviour and origami technology. 
The discipline of folding acts as a ‘toolbox’ to unfold performances of 
dynamic behaviour.  
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The dissertation consists of 4 major parts: Foundation, fields, testing 
and synthesis & discussions. A supplementary preface in the beginning 
[including summary and index] and the literature references at the end 
structure the dissertation. The individual results and documentation 
of the test series are gathered as the appendix in a  separate book.  

[I] 
An introduction founds folding as the investigated principle of dynamic 
behaviour aimed at applications of  climate-responsive behaviour. 
The topic of folding as the elemental principle is unfolded to achieve 
dynamic performance, and the framework is introduced with the 
three aspects to conduct the investigations: shape, materialisation  and 
kinematics. Folded state-of-the-art references from architecture as well 
as drivers for the development and study are introduced, leading to the    
Hypothesis, RQ. The approach concerning knowledge production is 
laid out in the methodology chapter, describing the eclectic strategy, 
the means [tools] of Research-through-Design as well as the empiric-
analytical methods.

[II] 
Origami technology is introduced as a field of operation to develop 
materialised folds. A series of paper folds are studied with the 
objective of enhancing the performance of kinematic screens. They 
are systematically linked to references and performance aspects of 
biomimicry, design and architecture. 
A second part contains the concept and studies on thickfolds. A solution 
of a thickfold is presented, which preserves the kinematic ability in its 
design. Variations of a specifically selected, multi-tessellated fold are 
materialised and tested.    

[III] 
The three main test series of experiments are individually laid out and 
evaluated. The experiments contain tests on performance regarding 
shape change, materialisation and self-actuation of  thickfolds. 

[IV] 
Synthesis and discussion conclude the final part of the thesis. The results 
are analysed, contextualised and critically reflected. Perspectives for 
future applications are discussed.  
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RESEARCH-THROUGH-DESIGN 

Literature review

A comprehensive literature review laid the foundation to contextualise 
the project within the thesis-related topics and fields.  State-of-the-art 
in research and [architectural] design was extracted and exemplified. 
The literature studies covered the topics: adaptive architecture and 
facades [01]1, biomimicry in architecture [03], climate comfort and 
architecture [01, 06], digital tools [04, 05], evaporative cooling [06], 
folding [01, 03], kinetics [01, 03], ornament in architecture [01], 
performance [01, 06], responsive materials [07], theory and research 
methods [02], thickfold [04] as well as web links [01-08]. The complete 
literature list as a complementary overview of the literature studies 
is at the end of the thesis, whereas the direct references are gathered 
behind each chapter.     
In line with (Martin and Hanington 2012:112), this literature base 
enabled ‘to collect and synthesise research’ on the given topics. The 
qualitative and fundamental research of the literature review was 
continued in the paper fold studies by research-through-design as 
the method.    

Paper fold studies

The objective to explore and expand the potentials behind the fold 
principles led inevitable to hands-on studies with paper, as an 
explorative, but also as an agile method for initial typological studies:        
It can be considered explorative [as method] because of the generative 
nature of investigating the folding process and agile due to the efficient 
way to get feedback and indications and on variations and geometric 
variables.

The intended goal was in this case not to seek for one specific final 
shape but rather to study a variety of kinematic behaviours of unfolding 
mechanisms. The interest was in the process to transform a plane sheet 
of paper into a 3-dimensional kinematic surface.  
The application of fold lines to a sheet -both as top and valley folds- 
define in a pattern the outcome of the shape, but also the motion. 

1 The numbers in brackets link the literature categories to the chapters of the  
 thesis document.
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All studies are captured beside the physical model in a picture 
series where they are ‘frozen’ in closed – open – unfolded state. In a 
mapped overview these typologies are set in relation with analogies in 
architecture, product design and biomimicry to receive indications for 
the range of beneficial performances. 

‘…The versatile and polymorphic nature of (paper)folds 
increases their potential to generate design prototypes.…’ 
(Vyzoviti 2006:6)

Explicit experience between patterns, material, 3-dimensional form 
[shape] and motion is a rather complex matter to simply describe or 
draw. Designing and developing physically small models by hand offers 
a direct and explorative way to gain knowledge, which includes finding 
general constraints, unsuitable geometries for up-scaling or façade 
implementation, testing forces or actuation principles manually.   
The active production of physical paper folds led in the process of: 
choosing line patterns - applying fold lines to the paper - transforming a 
flat sheet of paper into a three-dimensional artefact - and experiencing 
the direct connection between form and kinematic behaviour - to a 
valuable understanding, which was crucial for the further process of 
materializing and thickening the paper folds.            
Beside a directly gained experience of cause and effect in the design 
process of creating folds [concerning the three aspects of  shape, 
materialisation and kinematics], potential applications could be 
projected in regards to the performance. In combination with the 
literature review on the topic of benefits of folded morphologies 
in nature, [product] design and façade applications, performances 
were categorised in a matrix and contextualised with considerable 
applications.     

The approach and method behind are based on Research-through-
Design [RtD] or constructive design research, which is characterised 
by  ‘doing research through the process of making’ (Bang et al. 2012:9). 
With the objective to extract new knowledge, the design artefacts of 
folded paper studies and the gained experiences were systematically 
linked to performance references from nature, design and architecture. 
The personal technological driven curiosity behind the investigation, 
as a legitimate context in RtD, enabled ‘to shape the hypothesis which 
frame and guide a research process’ (ibid.) in the initial exploratory 
phase.      
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A second evaluation matrix gathered and displayed the performances 
of each of the 53 fold studies regarding their geometric particularities2 
or specific kinematic behaviours3. Defined criteria based on the 
experience of the fold experiments helped to guide and select the fold 
pattern for further development and investigation: the Miura fold4.

Thickfold studies

Transferring the gained experience and continuing design experiments 
of thickfolds by research-through-design followed a certain typology: 
the serial method. (Krogh, Markussen, and Bang 2015:5 ff.) argued for 
a distinction between 5 forms of design experiments: The typologies 
could be  accumulative, comparative, serial, expansive and probing 
(ibid.) The applied serial method is characterised by a ‘certain order 
and logic… and …achieved on the basis of insights gained into the 
relationships between design experiments that proceed chronologically’, 
summarised as ‘systematizing local knowledge’ (ibid.).  
This study covers the criteria of the serial method through the 
sequence of design experiments, which both results in knowledge 
production of beneficial performance aspects through the principle of 
folding as well as a documentation of the design process to achieve 
dynamic behaviour.
                     

Countering the critics on the RtD5 approach as described by 
(Zimmerman, Stolterman, and Forlizzi 2010) and the demand that 
‘…RtD has to find its own ways of approaching traditional research 
qualities, such as reliability, repeatability, and validity through ways 
that are trustworthy while true to the approach…’, the results of the 
sketch models were supplemented by empirical investigations to 
confirm indications on structural abilities and kinematics. Simulations 
provided quantitative and scientifically measurable evidence on the 
assertions of performance.

2 Such as rigid or non-rigid facets, or the maximum amount of fold lines   
 joining at the knots

3 Such as linear, multi-linear and non-curved 3-dimensionally, redirecting,   
 auxetic, etc. kinematic behaviour

4 This type of fold is named after its inventor Koryo Miura.

5 RtD is used as abbreviation for Research-through-design
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EMPIRICAL STUDIES

Test series

Knowledge production of the three main test series xp1, xp2 and xp3 is 
based on scientific-empirical research. The notion test series describes 
experiments, which use [objective] research methods to measure, 
analyse and evaluate performance quantitatively. In this respect, the 
knowledge is gained objectively and systematically. The results are in 
a scientific manner controllable, repetitively verifiable and presented 
value-free.   
Each of the test series focused on one of the three dynamic aspects of 
the folding principle individually and examined the performance for 
climate-adaptive behaviour in comparative analysis.

xp1 – shape studies
[by dynamic computational simulation of thickfolds on solar radiation 
impact]

The first test series covered the investigation of the dynamic shape 
of the thickfold concerning the solar irradiation on the surface. The 
objective to study performance through form [as folded morphology] 
was approached through dynamic computational simulation.          
A 3-dimensional computational model of a thickfold founded the 
empiric investigation. The model was virtually scripted in Rhino/
Grasshopper3D6 and enabled the ability to adapt the shape dynamically. 
The adjustable parameters implied sizes, amount of facets, compression 
angles, orientation, direction, angles and the thickness of the facets on 
both sides.            
The adaptive model was used to conduct the climatic simulations of 
solar radiation on the surface. Official weather data for Copenhagen 
was taken to simulate the performance concerning the irradiance in an 
open-source plugin7 called Ladybug8. All-in-all 124 simulations were 
calculated.  
The result of the experiment consists of quantitative data, numerically 
calculated in the simulation process and displayed in a legend 

6 Grasshopper is a visual programming language developed by David Rutten at 
 Robert McNeel & Associates, that runs within the Rhinoceros 3D computer-
 aided design (CAD) application (Grasshopper | Deprocess.org 2014)

7 A software component adding features to an existing computer program

8 Ladybug: a parametric environmental plugin for Grasshopper3D to help   
 designers create an environmentally-conscious design (Roudsari, Pak, and  
 Smith 2013)
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underneath the model. Furthermore, each simulation was visualised 
by a model with applied coloured surfaces, referring to a reference 
colour bar in the intensity of the      solar impact.    
The substantial amount of data and visual results were systematically 
gathered in overviews. After reviewing the outcome, the evaluation 
was subsequently conducted on the base of excerpts. Led by nine  
selected objectives, the data and visualisations  were comparatively 
analysed. A flat surface reference model was used to compare the 
impact among the folded test models. Results were both described and 
visually documented.  
An additional test simulation with the alternative simulation program      
Ecotect was conducted to confirm the numeric results as well as the 
visualised surface [excerpt 6], to validate the outcome.          

xp2 – materialisation  studies 
[by testing textiles for evaporative cooling in a climate laboratory]

The second test series followed the previous one in an analytic-empiric 
approach, however in this case within a physical environment and test 
setup. 
The object of investigation for this test series was the embedded 
textile layer within the thickfold, which is described in its function in 
chapter 4. Starting point was the idea to activate this layer as a part of 
the compound for dynamic purposes in regards to climate-responsive 
behaviour. For the experiment, the textile was extracted and solely 
investigated for the potential to act as an agency for evaporative cooling 
in combination with humidification. The physical principle behind 
is evaporative cooling - essentially cooling air through evaporating 
water. The textile acts as a permeable interface and intentionally as a 
medium for water distribution.   
The objective for the experiment xp2 was to study and quantify, 
how much textiles could influence indoor thermal conditions by 
evaporative cooling. For testing and verifying the assumption of 
evaporative cooling, two identical climate chambers were customised 
built in a combination of an insulated MDF box and an inner water-
resistant PP box with a volume of 32 litres each. In their proportions 
and orientation, they were seen as ‘scaled’ interior spaces.                
The front side was prepared for an exchangeable frame for permeable 
membrane samples to take in air. A small computer fan in the top 
provided a constant airflow through the climate chambers.  
In the test setting at the climate laboratory facilities of Navitas [Aarhus 
School of Engineering] the test was conducted in a separate test room 
under precisely controlled [indoor] climate conditions.
Both climate chambers [CC] were situated in the test room for a series 
of temperature levels. An Arduino micro-controller combined with a 
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humidity-temperature sensor measured the climate conditions both 
inside and outside the CC and logged the data for further graphical 
and numerical analysis in Excel.  Repetitively at each test run the same 
amount of water was sprayed on the textile surface, which afterwards 
evaporated by the airflow through the membrane and led to a cooling 
effect in the ‘interior’.   
30 different test runs variations of different temperature levels, 
textiles, conditions and shapes were conducted to receive indications 
of cooling potential of textile screens.     
One climate chamber served as reference setup to validate and compare 
the measured indoor temperatures without evaporative cooling. All 
measured results were visualised both in numeric tables and charts to 
display the temperature and humidity curve, highlight minimum and 
maximum results and show the time frame.       
The evaluation of the numeric results was gathered in weighted 
matrixes as an overview, displaying the achieved cooling effect for the 
conducted variations. Indications for tendencies were elaborated and 
set in perspective. 

xp3 - self-actuation studies
[by testing kinematic behaviour of thermo-sensitive materiality]

The third [and minor] test series covered the topic of material-based 
actuation as a direct response  to climat ic impact as a possible dynamic 
application for foldable structures. Correspondingly to xp2, the 
[thermo-sensitive] material was separately investigated in an analytic-
empirical test setup.           
The objects of the investigation were 57 similar  thermobimetal 
samples. Through the application of distinct geometrical cut patterns 
on each of them, the kinematic behaviour was intended to be affected. 
The objective was to discover principles on how in general the 
movement could be manipulated or tailored for kinetic utilisation 
purposes.       
Rising temperatures stimulate an actuation of thermobimetals. 
Because of their dual-layered structure and the different extension 
coefficients of the types of metals, thermobimetals enable deflection. 
The reaction is principally reversible, calculable, and thus predictable. 
By the treatment of added cut patterns, this changes.  
With the intention to open for a broader field of applications and to be 
able to match specific movements for kinetic designs, a variety of cut 
patterns was investigated.      
The patterns were designed in AutoCAD and applied in a digital 
fabrication process to the bimetal strips with a waterjet cutter. The 
type of patterns was organised in groups and varied in sizes to receive 
clear indications on kinetic tendencies of the effect.      
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The experiments of the modified thermobimetal samples under heat 
impact were conducted with a test stand in a repeated procedure 
under laboratory conditions. All samples were one after each other 
placed in the same position under an IR-lamp, one-sided clamped 
and heated up to approximately 35 degrees. The temperature was 
monitored and logged, as well as the thermo-sensitive kinematic 
behaviour [deflection] of the samples was documented with both 
pictures, containing a millimetre scale reference in the background 
and short videos from a thermal FLIRcamera. 
The series was split into two phases providing the same conditions and 
with the same procedure. While the first series represented a range 
of a broader spectrum of patterns, the second one continued with the 
most promising first results to intensify the effect.  

The evaluation was based on the photo documentation as well as notes 
of specific kinetic behaviours. The results were gathered systematically 
in a weighted matrix, indicating ranges of effects from very high, to 
high, to similar, to low and to very low curvatures compared to the 
untreated reference strip.  
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FIELDS.  03  contains the introduction into folding and the development 
towards origami technology as a rather new transdisciplinary 
[scientific] design field. Folding is contextualised with examples 
and research in the field and the focus on beneficial  performance 
[aspects] of folds for applications related to dynamic building skins 
with the purpose of climate-responsive behaviour.  
In a literature study morphological [folded] adaptation principles of 
plants in extreme climates are exemplified to indicate the relevance of 
the hypothesis to these ‘approved’ examples. An overview over own 
studies with paper folds describes the selection process for the final 
choice of the Miura fold as a base for further investigations.         
The range of performance aspects is visualised in a matrix1, linking 
the paper folds with references to architectural scale, kinematic 
applications, biomimetic references and related product design. A 
second matrix2 evaluates the paper folds for geometrical and kinematic 
advantages.  
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PRELIMINARY

From paper folding to Origami technology

Introducing folding as a principle to manipulate a plane sheet of 
material for the purpose of changing shapes add leads directly to the 
art of folding, best known as origami. 
Traditional Origami (折り紙), comes from the Japanese words ori 
meaning ‘folding’, and kami meaning ‘paper’ (Origami 2016).
Documented paper folding in Japan reaches back to the start of the 
Edo-Period in the 16th century (1603-1867). At that time origami was 
mostly used for representational purposes within ceremonies and 
special presents. Even though the art of folding is mostly affiliated 
within the Asian context, Europe developed its own styles over almost 
the same period of history.    
While figurative paper-folded objects had the main focus for centuries, 
the interest for abstract origami patterns started with teachers like 
Albers within the architectural education at the old Bauhaus in Dessau 
in the late 20s (Moholy-Nagy 1947:54 ff.). Tessellated1 patterns became 
a field of interest in the 60´s for researchers such as Fujimoto and later 
Resch, who published his invention of tessellated patterns first in the 
80´s.
Supported by a more open approach to the stringent origami principles 
new applications could evolve. Creating more differentiated fields of 
origami softened the restrictive limitations in the origami tradition 
and extended the amount of subdivisions for different purposes and 
interests. Studies on alternative materiality to paper and variations in 
paper size were partly accepted, as well as cutting and glueing.  

However, the fact that basic geometrical origami crease patterns, 
applied on one single sheet of material, achieve in a multiple repetition 
rather complex structural and kinetic abilities, attracted fields of 
engineering and lead to an interest in transfer for design applications.
A real breakthrough and expansion occurred when the first 
international conventions brought the different actors internationally 
together. The exchange of knowledge formed the foundation for the 
rapid development of the transdisciplinary field of scientific origami.    

1 The term ‘tesselated’ covers in regards to origami repetitive fold patterns   
 which continuously applied to a singular piece of paper.

fig.3.1 
Unfolding a tessellated 
paper fold pattern
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The international origami conventions were held in 1989, 1994, 2001, 
2006, 2010   (Wang-Iverson, Lang,  and Yim 2011:ix–x) and published 
their discoveries subsequently by proceedings.            
Today´s emerging field of origami science can be divided up in 3 major 
categories (Lang 2014):   

Origami mathematics, which includes the maths that describes the 
underlying laws of origami;

Computational origami, which comprises algorithms and theory 
devoted to the solution of origami problems by mathematical means;

Origami technology, which is the application of origami (and 
folding in general) to the solution of problems arising in engineering, 
industrial design, and technology at large;
(Munoz 2014)

The research field of applied origami has got several notions. While this 
PhD project used with the term origami technology (Wang-Iverson, 
Lang, and Yim 2011:xi), also origami engineering (You 2014:624) or 
origamics [Steward, 2007] are to find in literature. Origami technology 
can be considered as a rather new field of research, but it has been very 
active (Zirbel et al. 2013:1) the last ten years.   

fig.3.2
Fields of origami
[adapted from
David Mitchell]
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Applied origami technology

Despite the upcoming interest from science and industry for technical 
origami solutions, many projects are still on a conceptual level. A 
successfully applied solution of origami technology, but on a micro-
level, can be found in a new type of medical stent graft (Kuribayashi 
et al. 2006). Kuribayashi and his team applied an auxetic tessellated 
fold pattern to a tubular micro TiNi sheet [SMA/ shape memory alloy], 
which can expand punctually artery constriction areas. Once placed in 
the environment of human body temperature the creased origami fold 
unfolds to a micro tube and lead to a better blood flow [fig.3.3]. 
      
On a large scale, space technology conducted research projects to seek 
and use efficient fold principle for space application. Lightweight and 
a maximum compression are key factors for the transport into space.  
One promising kinetic solar array principle [fig.3.4] was invented by 
the team of  Zirbel (Zirbel et al. 2013). 

Within architecture, several student projects of deployable shelter 
structures in full-scale indicate the potential of applications in 
temporary and flexible building solutions. An example here is the 
pavilion built in 2009 by students from Cambridge University. The 
“Cardboard Banquet”, as they called it, was entirely made out of 
folded sheets of cardboard [fig.3.5]. But also deployable building 
structures (Trautz and Kunstler 2009:1) and advanced solar shadings 
[Al Bahr Towers, Abu Dhabi, Aedas architects] have to be mentioned.

The different types of applications and scales demonstrate the wide 
range of possibilities to utilise folding techniques for design and 
engineering purposes  (Morgan et al. 2016; You 2014). Nevertheless, 
these references have not yet lead to many other built examples. 
Applications for “industrial” purposes are still limited and rarely to 
find (You 2014:624). The origami science community considers the 
greatest potential for future development in  engineering structures 
(Chen Y, Peng R, and You Z 2015:1), but also in the field of architecture 
(Evans et al. 2015; Reis, Jiménez, and Marthelot 2015; Tachi 2011).

In order to exploit essential potentials of folded structures and 
capabilities for future responsive building skins, also nature as 
reference and source for adaptive solutions is taken into consideration. 

fig.3.3 
Stent graft with applied 
origami crease pattern 
by (Kuribayashi et al.)

(1) Hexagonal cross section (m¼ 6)
(2) Maximum height of folded form¼ 4.0m
(3) Crease pattern incircle¼ 25.5m
(4) Maximum diameter (circumcircle) of folded form¼ 4.25m
(5) Maximum width of any panel¼ 2.0m
(6) Maximum spacing of any two vertices¼ (1 cm)sec(30 deg)

The six-sided flasher was accommodated for thickness via the
mathematical model with m¼ 6, h¼ 4, r¼ 2, and d¼ 0.01, and by
and by incorporating discrete spacing between panels, as per
Option (2). A 1/20th scale model is shown in Fig. 14. It was built
using 0.5mm (0.020 in.) Garolite and 0.025mm (0.001 in.) Kap-
ton film for the backing. The outer diameter is 1.25m. Gap spac-
ing was included in the prototype to enable rigid foldability.
Mountain folds require no gap. Valley folds are given more than
the minimum 2� spacing to enable the panels to rotate away from
each other during stow/deployment. The 1/20th scale prototype
has gaps that are 14 times the panel thickness at the 180 deg valley
folds, and 10 times the panel thickness at 60 deg valley folds.
Optimization based on the kinematics of folding may enable the
gap spacing to be further reduced. The gap spacing may also be
constrained by panel width and height, i.e., a larger panel may ne-
cessitate a wider gap to allow sufficient shear in the membrane.

The model has a deployed-to-stowed diametral ratio of 9.2 (or
1.25m deployed diameter to 0.136m stowed diameter). This ratio
will increase as rows of panels are added to the circumference of
the model.

Discussion

The six-sided flasher has great promise as a large deployable
array. It also represents a rich area for future research regarding
the joints and general assembly of the rigid flasher. By introducing
the additional hinges along the diagonals (making all panels into
triangles), the flasher model is rigid foldable. However, the addi-
tional folds increase the total degrees of freedom of the array. The
ideal model would have exactly enough folds to result in a single-
DOF mechanism. Loss of surface area coincident with this option
makes it unfavorable for the solar array application. For this and
other applications where that panel subdivision is undesirable, the
alternative is to increase gap spacing between the panels. The flex-
ing that would occur along the diagonal is now concentrated in
the membrane at the gaps. The wider gap enables the use of quad-
rilateral panels (thus maximizing surface area for the application
of solar cells).

With both models, an external structure is currently required to
keep the deployed structure in a planar configuration. Possible
future solutions include an integrated “skeletal” truss to support
the panels internally, or a perimeter truss to hold the array in ten-
sion in its deployed configuration.

Actuation is another important area of research. One possible
solution is to embed the actuation in the model itself, potentially

through stored strain energy in deflected members or shape mem-
ory alloys. The deployment can be guided from the outer circum-
ference of the model with a perimeter truss. Stowing the model is
slightly more challenging; the folds could be constrained to only
fold in one direction (mountain or valley) from the planar state.
At least six actuation points are currently needed to prevent the
panels from binding on each other during the transition to the
stowed state.

The membrane backing for the model can also be researched
further. Preliminary testing was conducted with fabric as the
membrane backing because the weave in the fabric allows shear
at the membrane gaps and enables rigid foldability with smaller
gap sizes. Mathematical models to quantify this motion have yet
to be developed.

Conclusion

This work has proposed, developed, and demonstrated an
approach for creating origami-based deployable arrays with non-
zero thickness materials, and that have a high ratio of deployed-
to-stowed diameter. A thickness-accommodating mathematical
model has been described for the origami flasher. Practical modifi-
cations for hardware development were also proposed. The meth-
ods have been demonstrated in physical models and in a
demonstrative application. By employing the approach presented
here, similar modifications can be made to other zero-thickness
models to enable their implementation in engineering applications.
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fig.3.4 
Model of deployable 
solar array by (Zirbel 
et al.)
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Fig. 6. Series of frames from video recording showing self-deployment of the stent (side view): (a) stent graft which is folded and backed into a small acrylic tube
of 13 mm radius was inserted into another acrylic tube of 25 mm radius and (b) the small acrylic tube was removed and (c–i) the stent graft was self-expanding at
above Af (319 K).

ferent for both cases. Immediately after the small acryl tube
(i.e. catheter) was withdrawn, the diameter and length increased
by elastic deformation shown by dash lines. They remained con-
stant until the As temperature is reached and then start to increase

gradually by shape memory effect. Increase in length is in accor-
dance with temperature change and reaches the maximum when
the temperature reached about 320 K, slightly above a temper-
ature at which the Austenite phase finishes forming, Af. This

Fig. 7. Series of frames from video recording showing self-deployment of the stent (end view): (a) stent graft which is folded and backed into a small acrylic tube
of 13 mm radius was inserted into another acrylic tube of 25 mm radius and (b) the small acrylic tube was removed and (c–i) the stent graft was self-expanding at
above Af (319 K).

K. Kuribayashi et al. / Materials Science and Engineering A 419 (2006) 131–137 135

Fig. 6. Series of frames from video recording showing self-deployment of the stent (side view): (a) stent graft which is folded and backed into a small acrylic tube
of 13 mm radius was inserted into another acrylic tube of 25 mm radius and (b) the small acrylic tube was removed and (c–i) the stent graft was self-expanding at
above Af (319 K).

ferent for both cases. Immediately after the small acryl tube
(i.e. catheter) was withdrawn, the diameter and length increased
by elastic deformation shown by dash lines. They remained con-
stant until the As temperature is reached and then start to increase

gradually by shape memory effect. Increase in length is in accor-
dance with temperature change and reaches the maximum when
the temperature reached about 320 K, slightly above a temper-
ature at which the Austenite phase finishes forming, Af. This

Fig. 7. Series of frames from video recording showing self-deployment of the stent (end view): (a) stent graft which is folded and backed into a small acrylic tube
of 13 mm radius was inserted into another acrylic tube of 25 mm radius and (b) the small acrylic tube was removed and (c–i) the stent graft was self-expanding at
above Af (319 K).

fig.3.5 
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pavilion by students of 
Cambridge University 
in 2009
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POTENTIALS

Folding in nature – adaptation principles in nature

“It´s not the strongest of the species that survives, nor the 
most intelligent that survives. It is the one that is most 
adaptable to change.” [Charles Darwin]

Climate-adaptability as a survival strategy is an indispensable principle 
in the evolution of species, both in flora and in fauna. Species were 
forced to adapt to the climatic circumstances and the given context 
they are placed. These climate-adaptation strategies in nature can be 
of substantial interest on the way to seek new solutions in the built 
environment.
Concentrating the investigation primarily on solutions of plant species 
within extreme climates can teach us a lot about successful climate 
responsive design. Opposite the built environment, plants have to deal 
with the specific genius loci and adapt to the climatic situation on site. 
Both passive, as well as active adaptation strategies, are to find  . Energy 
has to be harvested from the sun or obtained from the surroundings. 
Cooling principles are beside self-shading shapes or reflective surface 
mostly based on active transpiration. 

Most of the strategies refer to solutions with a direct response to 
the environment. For example are shapes and surfaces optimised 
geometrically and  the surface area is adapted to perform optimally 
within the local conditions. Folding principles can be found in many 
variations and shapes in nature. The impact and performance of folded 
morphologies can most valuable be studied in hot climate zones, as 
the strategy has to be most efficient to guarantee the survival of the 
species. Looking closer at these principles and taking the climatic 
circumstances into consideration, we can lead for specific climate-
adaptation strategies and transfer them into our human context – into 
the built environment.    
Species of cacti are evident examples for an adaptation towards extreme 
hot and dry climate conditions. The ribbed [folded] surface embeds 
many aspects of climatic and physiological adaptation principles at 
the same time. These folds [=ribs] act in a multi-functional manner for 
the species. The ripped morphology becomes an essential part of the 
survival strategy in the harsh conditions and can give indications of the 
performance potential of folded structures . 

fig.3.6 
Ha-ori paper fold

fig.3.7 
Corresponding 
folding pattern of a 
beech tree leaf
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[Thermal adaptation]

The example of the Barrel cactus was used as the object of investigation 
of Lewis and Nobel (1977:609). 
They argued that the increase of surface [with the ribs] reduces 
the surface temperature during the day: “…ribs reduced the daytime 
temperature rise by providing 54% more area for convective heat loss 
than for a smooth circumscribing surface. In a simulation where both 
spines and ribs eliminated, the daytime average surface temperature 
rose by 5 C…” (Lewis and Nobel 1977:609)

Own observations with a thermal digital camera on a Barrel cactus 
surface documented a big difference in surface temperature levels 
from the ridge to the bottom of the valley folds despite very short 
distances. 
While the temperature level in the greenhouse was around 20° C on 
a grey cloudy day, the surface temperature on the ridge of the ribs 
of the cactus showed the same result. In contrast to that the surface 
temperature measured in the valley between the ribs closest to the 
stem was lower with minimal 16° C. The difference was up to 4 degrees 
C within a distance of 10 mm. [fig. 3.9]

The ribs also change the air-flow [fig. 3.10] around the ribbed surface of 
a cactus stem, which leads to an increased convection and a change 
in the micro-climate with cooler surrounding temperatures. (Lewis 
and Nobel 1977:615,4) stated here “…as a result of the turbulence and 
air flow patterns created by ribbing,… (the convection coefficient) was 
67% greater…”.

fig.3.9
Thermal image of a barrel 
cactus

fig.3.8
The ribs of a barrel cactus

fig.3.10
Folded shapes and impact 
of wind forces
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But this is not the case for all areas of the surface. Lewis and Nobel 
furthermore argued that the airflow was much lower in the valleys 
compared to the ridges. Ribs can trap air and slow air movement:  
“…Ribs can also trap air in some regions, as do spines. For instance, hc 
(the convection coefficient) was 3-fold higher at the ridge of a rib than at 
the inter-rib through, where air movement would be less…” (Lewis and 
Nobel 1977:615,4)

The folded surface of the cacti also leads to a passive solar protection 
of the stem. Ribs are self-shading and reduce the amount of solar 
irradiation on the surface. Nachtigall and Pohl argue here: “…die 
Rippenform bei Kakteen sowohl für die Verschattung benachbarter 
Bereiche am Tag sorgt als auch eine Funktion als Kühlrippen 
übernimmt…” (Nachtigall and Pohl 2013:200–201) [transl. “...the form 
of the ribs of cacti serve for shading of adjacent areas during the day, as 
well as for they work as of cooling ribs…”]

Zooming into the micro-scale of desert plant surfaces, folded surface 
structures are also to be found under the microscope. The 3-dimensional 
micro-surface structures [waxes] reduce “…the uptake of radiation 
energy by reflection…” (Koch, Bhushan, and Barthlott 2009:168–169) 
in a similar way as the folded shape of cacti do. [fig. 3.13]

Fig. 5. (a) Schematic of the basic outlines of epidermal cells. In (I) tetragonal cells with equal length of the cell anticlines are
shown. If two opposite anticlines of a tetragonal cell are longer than the other ones, the cell form is called tetragonal-elongated
(II). In (III) polygonal cells with more than four edges are shown. Elongated polygonal cells are shown in (IV). The SEM
micrographs show examples of tetragonal cells (b) of Chrysanthemum leucanthemum, tetragonal-elongated cells (c) on lower
(abaxial) and polygonal cells (d) on the upper (adaxial) leaf side of the common annual bluegrass (Poa annua).

Fig. 6. (a) schematics of different outlines of cell boundaries (anticlines) are shown in top view: (I) straight, (II) V-undulated,
(III) U-undulated, (IV) omega-undulated (V) and S-undulated. The SEM micrographs show examples of the outlines (I-V), taken
from Barthlott and Ehler [11]. In (b), cross-sections through the cells and possible sculpturing of the anticlines are shown: (I) flat
anticlines (not visible in SEM), (II) sunken anticlines and (III) exposed anticlines.

144 K. Koch et al. / Progress in Materials Science 54 (2009) 137–178

fig.3.11
Ripped shapes of cacti can 
slow air movement

fig.3.13 
Folded micro structures 
of plant surfaces

fig.3.12
Self-shading ribs of cacti
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[Kinematic abilities]

The climatic adaptation of cacti also covers kinematic abilities. The 
ripped shape of a Barrel cactus is ‘flexible’ and enables an extension 
and variation in size: “…enabling the bellows-like action of swelling 
following rainfall…” (Lewis and Nobel 1977:615,5)
The extension and kinematic adaptation follow here the necessity of 
capturing the scarce water. When the ‘volume’ of the cactus is filled 
with water after a rainfall the exposition to the sun is increased and the 
loss of water through evaporation not as critical. The more the water 
reservoir begins to shrink, the volume decreases and the ribs will fold 
more compactly. This fact leads to more self-shading, more trapped air 
and less convection in between the ribs.

[Structural advancements]

The ‘Saguaro cactus’ exemplifies the beneficial effect of the folded 
surface in the structural capacity. Ribs add a favourable aerodynamic 
behaviour to its shape, argued Alberti (2006:13–26). The ripped 
shape of tree-like growing, slim species of cacti embed the abilities to 
produce wind turbulences through its morphology around the stem 
and reduce wind forces for the overall structure.
“…Die Kräfte, die der Pflanzenkörper auszuhalten hat, werden durch 
die geometrische Form der Pflanzen minimiert…” (Nachtigall and Pohl 
2013:188–189) [transl. “The forces, which the plant structure has to 
stand, are minimised through the geometrical form of the plants”]

The examples of geometrical advantages for improved climatic 
behaviours indicate the potential of folds. Folds demonstrably 
contribute here in multiple respects to enhancements of performance 
for the species within the located extreme context.

fig. 3.14
Cacti’s ability to adapt 
shape [in case a cactus 
euphoria trigona]

fig. 3.15
Ribs of cacti allow ultra- slim 
structures
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Paperfold studies

Introductory, paperfold studies were conducted to investigate 
beneficial behaviours. 
The fold types cover a broad span from rather simple 1-crease folds, to 
geometrically and kinetically more complex 4-/5- and 6-crease folds2. 
These experiences were gathered as photo documentation in the format 
of a matrix and linked to multi-disciplinary references from the fields of 
architecture, nature, design and material developments. The objective 
of the matrix was to extract indications of surplus performance values 
for the different fold types and review the potential for developing and 
materializing the thickfold.

2 The number of creases is counted at the intersection of vertexes of a fold   
 pattern. One fold pattern can have different intersections of vertexes with a  
 distinct amount of top- and valley creases.

fig. 3.16 
Structure of matrix 1
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Pixelate the origami pattern. Geometric tesselation. Sketches to define the materialization pattern. As a kind of rule-set, top and valleyfolds define 
the distances to the materialized, massive areas. Distances and patterns can be varied.

Fischgrätmuster/ “...Neben der reinen Ornamentik hat das Muster auch technische Gründe. In allen Fällen sorgt die wechselnde Streichrichtung für 
Ausgleich der Kräfte, im ersterem für die Dehnung, in zweiterem bei Schwund und Quellen des Holzes, in letzterem für die statische Last. Die Kräfte 
können sich innerhalb des Verbands über leichte Drehung der gegrateten Elemente verteilen, ohne den Verband zu schwächen. 
[http://de.wikipedia.org/wiki/Fischgrätmuster]
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Figure 14. An origami-inspired table is shown through its opening
motion.

is demonstrated in Fig. 14. The table uses the same square
twist pattern as the kinetic sculpture and also has the same
panel stacking configuration (see Fig. 5).

In the next example, we consider a lift. By using a single
reverse fold, a substantial mechanical advantage is possible.
In this case, the mechanical advantage is approximately 20
at the open state (top-left in Fig. 15) and gradually decreases
to 5 at its highest point (top-right in Fig. 15). To withstand
the stresses that accompany the loads and large mechanical
advantage of this example, MDF was the selected material.

The lift employs a reverse fold which is a single vertex
origami pattern as shown in Fig. 16a. Figure 16b shows the
stack of the panels and Fig. 16c shows that same stack with
the offsets and altered geometry. To create the offsets for this
model, the entire inner faces of the long green panels were
extended inward to the joint plane while leaving clearance for
the small blue panels. This is equivalent to assigning different
thicknesses to the panels as shown possible by Edmondson
et al. (2015).

5 Conclusions

Origami’s simple fabrication methods, infinite possibilities,
and predictability provide it potential to emerge as a source
of inspiration for many innovative designs. While paper
origami models are useful for quickly visualizing and proto-
typing origami-inspired products, paper is often insufficient
as a material for a finished product. However, the use of other
materials in such origami-inspired designs often presents a

Figure 15. The origami-inspired lift mechanism shown through
its motion as it lifts the black weight. The panels of the lift are
0.75 inches.

(a) (b) (d)(c)

Figure 16. The schematic of the reverse fold pattern used in the de-
sign of the lift. The dotted red line represents the joint plane. (a) The
fold pattern. (b) A side view of the panel stack. (c) The panel stack
with offsets which in this design are large and cover the majority of
the inside face of each green panel. (d) The open pattern with the
offsets.

handful of major difficulties including the folding of these
materials and the interference issues that accompany it. This
paper has illustrated how designs based on origami patterns

Mech. Sci., 7, 69–77, 2016 www.mech-sci.net/7/69/2016/
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Linking morphology and performance

The selection process of addressing specific folds to applicable 
performances was conducted with a series of hands-on paper folds [B]. 
The types of patterns are gathered into groups of: 

V-fold patterns [B1-14], 
Fold and twist patterns [B15-21], 
Tessellated + auxetic patterns [B22-28]
Divers modular patterns [B29-35]
Radial fold patterns [B36-42]
Kirigami fold patterns [B43-53]

The observations aimed to reveal particular kinematic behaviours 
and consider geometrical suitability and scalability for architectural 
purposes.    
A collection of architectural references [C] of equivalent folded 
facade and building skin patterns, with a preference for kinematic 
examples, represents state-of-the-art application to practice. Some 
of the examples are compromised as formal analogies of the linked 
folds. However, these references were valuable to give indications 
on the architectural scale, the expression of potential applications as 
well as the challenges and possibilities in the development for big size 
applications.    
The questions, which could be addressed here, were affiliated with the 
translation and transformation into an architectural scale: Are there 
indications of enhanced performances? Are there weaknesses or gaps 
in recent construction methods, which could lead to considerations of 
improving or rethinking current practices? What is the architectural 
impact on the surrounding and how are these folds experienced in the 
situated context?  
Matching pleated morphologies of species in flora and fauna [D] 
presented further indications of additional climate-responsive 
performance potentials and beneficial behaviours. Nature provides 
solutions for local climate adaptation based on geometry. These bionic 
principles were used as a source of inspiration with the aim to be 
transferred into building design. But also unfolding principles, as a field 
of investigation of kinematic behaviour, were interesting objectives as 
they demonstrated “no-tech” solutions for complex motions.
Folded references in the fields of design, art and material developments 
[E] link cross-disciplinarily their performances and perceptions within 
the matrix of folds.
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Matrix 1 - Linking morphology and performance

In following, the performances of folds are exemplified by selected 
references of the matrix. The excerpts are distinguished between 
thermal, constructive, acoustic, light directing and kinematic abilities 
to unfold the palette of potentials for the dynamic application. 

[thermal abilities]
Starting out with the thermal aspect, as previously described folded 
surfaces of selected cacti species were thermally photographed. The 
shape of a vertically zigzag fold [B1]3 clearly showed on the images 
significant temperature differences on the vertex compared to the 
inner valley area close to the stem. For this very short distance of about 
1cm, ΔT was around 4K [E2][fig.3.19]. The principle has its application 
e.g. at cooling ribs, to use the increased surface for increased ‘contact’ 
with the air for getting rid of heat. 

An application both taking the sun path and the irradiation into 
consideration is a wooden wall heat absorber called Lucido®4 [E1]
[fig.3.20]. The principle behind the horizontal lamellas is the distinct 
usage of the geometry concerning the daily and seasonal sun paths. 
While the solar impact is reduced through the depth of the wooden 
“ribs” by   self-shading at higher sun angles, the lower sun angles 
reaches the backplate and heat the element including the insulation 
behind, which leads to more stabilized indoor temperatures (Schittich 
2003:100). 
A similar schematic principle is used in the project “Wohnhaus, Ebnat-
Kappel (2000) by Dietrich Schwarz also with a horizontal, but instead 
more flat “zigzag”- shaped plexiglass prism (Schwarz and Nussbaumer 
2001:5) [fig.3.21]. In this case reflection acts as physical principle for 
higher sun angles (>40°) and reduces the solar impact, while lower 
sun angles redirect the radiation and the heat impact towards the 
accumulating PCM5 material behind. Thus, depending on the geometry 
of the surface and the angle of solar irradiation, the purpose can be 
shifted between cooling and heating. 

3 [B1] and subsequently the other notes refer to the matrix [performance of  
 folds] as coordinates of placement of the example 

4 Lucido ® is a registered trademark of Lucido Solar, CH (www.lucido-solar.com)

5 PCM is a notion for phase changing material, in this case a paraffin wax   
 which absorbing and releasing heat at certain temperature levels,

fig.3.19 
Zigzag paper 
fold / Thermal 
image of the 
folded surface 
of a barrel 
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fig.3.20 
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absorber

fig. 3.21 
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(1) Hexagonal cross section (m¼ 6)
(2) Maximum height of folded form¼ 4.0m
(3) Crease pattern incircle¼ 25.5m
(4) Maximum diameter (circumcircle) of folded form¼ 4.25m
(5) Maximum width of any panel¼ 2.0m
(6) Maximum spacing of any two vertices¼ (1 cm)sec(30 deg)

The six-sided flasher was accommodated for thickness via the
mathematical model with m¼ 6, h¼ 4, r¼ 2, and d¼ 0.01, and by
and by incorporating discrete spacing between panels, as per
Option (2). A 1/20th scale model is shown in Fig. 14. It was built
using 0.5mm (0.020 in.) Garolite and 0.025mm (0.001 in.) Kap-
ton film for the backing. The outer diameter is 1.25m. Gap spac-
ing was included in the prototype to enable rigid foldability.
Mountain folds require no gap. Valley folds are given more than
the minimum 2� spacing to enable the panels to rotate away from
each other during stow/deployment. The 1/20th scale prototype
has gaps that are 14 times the panel thickness at the 180 deg valley
folds, and 10 times the panel thickness at 60 deg valley folds.
Optimization based on the kinematics of folding may enable the
gap spacing to be further reduced. The gap spacing may also be
constrained by panel width and height, i.e., a larger panel may ne-
cessitate a wider gap to allow sufficient shear in the membrane.

The model has a deployed-to-stowed diametral ratio of 9.2 (or
1.25m deployed diameter to 0.136m stowed diameter). This ratio
will increase as rows of panels are added to the circumference of
the model.

Discussion

The six-sided flasher has great promise as a large deployable
array. It also represents a rich area for future research regarding
the joints and general assembly of the rigid flasher. By introducing
the additional hinges along the diagonals (making all panels into
triangles), the flasher model is rigid foldable. However, the addi-
tional folds increase the total degrees of freedom of the array. The
ideal model would have exactly enough folds to result in a single-
DOF mechanism. Loss of surface area coincident with this option
makes it unfavorable for the solar array application. For this and
other applications where that panel subdivision is undesirable, the
alternative is to increase gap spacing between the panels. The flex-
ing that would occur along the diagonal is now concentrated in
the membrane at the gaps. The wider gap enables the use of quad-
rilateral panels (thus maximizing surface area for the application
of solar cells).

With both models, an external structure is currently required to
keep the deployed structure in a planar configuration. Possible
future solutions include an integrated “skeletal” truss to support
the panels internally, or a perimeter truss to hold the array in ten-
sion in its deployed configuration.

Actuation is another important area of research. One possible
solution is to embed the actuation in the model itself, potentially

through stored strain energy in deflected members or shape mem-
ory alloys. The deployment can be guided from the outer circum-
ference of the model with a perimeter truss. Stowing the model is
slightly more challenging; the folds could be constrained to only
fold in one direction (mountain or valley) from the planar state.
At least six actuation points are currently needed to prevent the
panels from binding on each other during the transition to the
stowed state.

The membrane backing for the model can also be researched
further. Preliminary testing was conducted with fabric as the
membrane backing because the weave in the fabric allows shear
at the membrane gaps and enables rigid foldability with smaller
gap sizes. Mathematical models to quantify this motion have yet
to be developed.

Conclusion

This work has proposed, developed, and demonstrated an
approach for creating origami-based deployable arrays with non-
zero thickness materials, and that have a high ratio of deployed-
to-stowed diameter. A thickness-accommodating mathematical
model has been described for the origami flasher. Practical modifi-
cations for hardware development were also proposed. The meth-
ods have been demonstrated in physical models and in a
demonstrative application. By employing the approach presented
here, similar modifications can be made to other zero-thickness
models to enable their implementation in engineering applications.
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(1) Hexagonal cross section (m¼ 6)
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(3) Crease pattern incircle¼ 25.5m
(4) Maximum diameter (circumcircle) of folded form¼ 4.25m
(5) Maximum width of any panel¼ 2.0m
(6) Maximum spacing of any two vertices¼ (1 cm)sec(30 deg)

The six-sided flasher was accommodated for thickness via the
mathematical model with m¼ 6, h¼ 4, r¼ 2, and d¼ 0.01, and by
and by incorporating discrete spacing between panels, as per
Option (2). A 1/20th scale model is shown in Fig. 14. It was built
using 0.5mm (0.020 in.) Garolite and 0.025mm (0.001 in.) Kap-
ton film for the backing. The outer diameter is 1.25m. Gap spac-
ing was included in the prototype to enable rigid foldability.
Mountain folds require no gap. Valley folds are given more than
the minimum 2� spacing to enable the panels to rotate away from
each other during stow/deployment. The 1/20th scale prototype
has gaps that are 14 times the panel thickness at the 180 deg valley
folds, and 10 times the panel thickness at 60 deg valley folds.
Optimization based on the kinematics of folding may enable the
gap spacing to be further reduced. The gap spacing may also be
constrained by panel width and height, i.e., a larger panel may ne-
cessitate a wider gap to allow sufficient shear in the membrane.

The model has a deployed-to-stowed diametral ratio of 9.2 (or
1.25m deployed diameter to 0.136m stowed diameter). This ratio
will increase as rows of panels are added to the circumference of
the model.

Discussion

The six-sided flasher has great promise as a large deployable
array. It also represents a rich area for future research regarding
the joints and general assembly of the rigid flasher. By introducing
the additional hinges along the diagonals (making all panels into
triangles), the flasher model is rigid foldable. However, the addi-
tional folds increase the total degrees of freedom of the array. The
ideal model would have exactly enough folds to result in a single-
DOF mechanism. Loss of surface area coincident with this option
makes it unfavorable for the solar array application. For this and
other applications where that panel subdivision is undesirable, the
alternative is to increase gap spacing between the panels. The flex-
ing that would occur along the diagonal is now concentrated in
the membrane at the gaps. The wider gap enables the use of quad-
rilateral panels (thus maximizing surface area for the application
of solar cells).

With both models, an external structure is currently required to
keep the deployed structure in a planar configuration. Possible
future solutions include an integrated “skeletal” truss to support
the panels internally, or a perimeter truss to hold the array in ten-
sion in its deployed configuration.

Actuation is another important area of research. One possible
solution is to embed the actuation in the model itself, potentially

through stored strain energy in deflected members or shape mem-
ory alloys. The deployment can be guided from the outer circum-
ference of the model with a perimeter truss. Stowing the model is
slightly more challenging; the folds could be constrained to only
fold in one direction (mountain or valley) from the planar state.
At least six actuation points are currently needed to prevent the
panels from binding on each other during the transition to the
stowed state.

The membrane backing for the model can also be researched
further. Preliminary testing was conducted with fabric as the
membrane backing because the weave in the fabric allows shear
at the membrane gaps and enables rigid foldability with smaller
gap sizes. Mathematical models to quantify this motion have yet
to be developed.

Conclusion

This work has proposed, developed, and demonstrated an
approach for creating origami-based deployable arrays with non-
zero thickness materials, and that have a high ratio of deployed-
to-stowed diameter. A thickness-accommodating mathematical
model has been described for the origami flasher. Practical modifi-
cations for hardware development were also proposed. The meth-
ods have been demonstrated in physical models and in a
demonstrative application. By employing the approach presented
here, similar modifications can be made to other zero-thickness
models to enable their implementation in engineering applications.
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The use of corrugated paper for paper coffee cups to prevent burning 
fingers demonstrates the insulating ability [fig.3.23]. With a minimal 
material effort and thickness air is encapsulated and utilised to 
reduce the heat transmission. In this case, the fold is creased in a 
parallel pattern/repetition.      
A new fold principle called foldcore® was developed for the aviation 
industry. Applied as a core of a sandwich panel it captures the air in 
non-linear, zigzag-shaped cavities of the fold, which are continuously 
connected [D28] [fig.3.24]. As the continuity only exists for one 
direction [and not in cross direction], the cavities can be used for 
airflow, fluids or wiring within the sandwich construction, without 
penetrating the element. 
At the same time the combination of the folded core with top and 
bottom plates in a sandwich construction resulted in a product with 
high structural performances. Foldcore® could prove that paper with 
a particular folding technique of 10g deadweight could stand loads of 
1000kg (Peters 2014:112). 

[constructive and structural abilities]
Folded shapes are also used for constructive advantages. Certain 
types of fold types are able in the process of parametric adaptation 
to simplify complex shapes and transform them into triangulated 
3-dimensional patterns. A famous example of this method is to find 
at the Yokohama ferry terminal by Foreign Office Architects [C5-6] 
[fig.3.25]. The office could in this manner reduce the complexity of the 
fluent shape by reducing information to nodes of the distinct triangle 
facets, without compromising the space. It simplified both planning 
and construction, effort and costs. The principle fold behind was a 
multiple V-fold [A4-6]. With this solution also the structural challenge 
could be solved. The different sections of successively origami-shaped 
frames through the building avoided a distinction between ‘columns, 
walls or floors’ [and their codes] and resulted instead in ‘singularities 
within a material continuum’ (Di Cristina 2001:93).       
Transforming rounded smooth shapes into folded triangulated patterns 
adds additional strength to the design as the case of the applications 
to aluminium cans6 shows [fig.3.26]. Based on the Yoshimura pattern 
the design of the can could generate a structurally better-performing 

6 The Japanese company Toyo Seikan is manufacturing the pattern on the can  
 since 2001, also called diamond cut finishing but based on the Yoshimura-  
 pattern from 1955
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shape  (Miura 1969).  This material efficiency mentioned Josef Albers 
1926 to his students in a preliminary folding course at the Bauhaus as 
the ‘economy of means’ (Schmidt and Stattmann 2009:10). 
Comparing a horizontal plate with perpendicular vertical forces 
with a zigzag-folded plate of the same material dimension, the plane 
plate ends in a bending behaviour while the stiffer folded plate ‘…can 
accommodate forces of its higher load-bearing capacity in its plane and 
transfer these to the supports’ (Deplazes 2005:76) [fig.3.28]. The zigzag 
folded structure would in this way also contribute to a vertical façade 
application to an enhanced  stiffness regarding horizontal wind loads.  
It has to be seen with the earlier mentioned advantages of  passively 
lowered wind forces by the example of the Saguaro cactus with a 
vertically folded shape [fig.3.29]. A reduction of wind speeds could be 
stated for the vertically folded surface as well as a deviation of wind 
forces (Alberti 2006:13–26). The possibility of the extreme height-
width ratio of this species can be led back to the folded structural 
morphology.  

[acoustic abilities]
Also in regards to acoustic performances, folding opens for adaptive 
behaviour. Ron Resch used in 1985 his patented origami tessellations 
for an indoor acoustic ceiling for the Showscan Film Corporation 
(Schmidt and Stattmann 2009:136) [fig.3.30]. This modular ceiling 
proved to solve acoustic absorption for a wide range of frequencies to 
avoid secondary reflection for sound. The modules could economically 
be shipped in a flat state and once folded on-site they increased the 
sound effective surface as big 3-dimensional elements (Ron Resch 
Official Website 2016).   
The project resonant chamber by RVTR went a step further [fig.3.31]. 
An adaptive suspended ceiling based on one of Resch’s tessellated 
origami patterns was able to change the acoustic performance through 
the change of its shape. Sensors registered the acoustic environment 
and controlled synchronised actuators to compress, unfold or vary the 
3-dimensional pattern.     
The distinction between electronic, reflector, electro-acoustic and 
absorptive composite panels allowed to react in multiple ways both 
as an active and passive system for indoor acoustic purposes (Thün et 
al. 2012).  
The project BLOOM uses in the same way a kinetic surface of one of 
Resch´s tessellated folds. It is also suspended but actuated in singular 
modules. As a connected foldable textile-surface, it provides adaptive 

fig.3.29
Zigzag pattern/ 
Surface of a 
Saguaro cactus

fig.3.30 
Modular 
fold pattern/ 
Modular 
folded surface 
for acoustic 
absorption by 
R.Resch

fig.3.31 
Tesselated 
fold pattern/ 
Applied to a 
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dynamic 
acoustic 
indoor ceiling
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folded pv-
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* Percentage of actual yield in kWh/m2 pv panels
  source: zigzagsolar.com

126%*66%*97%*

closed unfolded

fig.3.28
Stiffening effect
through zigzag 
fold
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sound absorbing abilities.  Sensors and actuators can adjust to desired 
sound levels by unfolding the suspended kinetic acoustic surface   
(Yeadon Space Agency 2015) [fig.3.32]. An increased [unfolded] 
surface equals a higher noise reduction for the indoor space.   

In a recent study, also the outdoor acoustic influence by the shape of 
a façade was investigated. (Krimm, Techen, and Knaack 2016) could 
conclude after conducted laboratory tests of scaled building models 
that the shape of the facade was able to reduce the noise level for a 
narrow range of frequencies of a surrounding city environment by 3dB 
or more. Especially a horizontal lamella structure turned out to be very 
effective [C14] [fig.3.33]. The test also included lamella structures with 
tilted top or bottom surfaces, like to be found at horizontal zigzag folds. 
Higher horizontal densities of lamellas increased the effectiveness. 
However, a complete folded surface was not tested in this series.   

[light directing abilities]
Multi-angled surfaces of folds can also be addressed to light directing 
purposes. These abilities cover reflection, transmission, redirection, 
reduction, selection and absorption. The company ZigZagSolar® 
(ZigZagSolar 2015) used a horizontally folded shape to increase the 
efficiency of photovoltaic modules [C1] [fig.3.34]. The angled upwards-
tilted surface covered with the modules can harvest more solar 
irradiation due to the optimised sun angle. An additional effect can 
be achieved from the downwards-tilted surface. Through reflection, it 
is possible to redirect supplementary radiation onto the  PV-modules. 
This type of folded structure can contribute in a double function to an 
increased effect.         
Light reduction on the surface can be achieved by self-shading fold 
patterns. Aiming for light reduction in combination with a provided 
transparency, particular kirigami patterns have to be chosen. As an 
example can be mentioned the folded screen at the  Ikaros pavilion of 
the FH Rosenheim in 2010 for the solar decathlon competition 2010 
(Sanchez 2011:56–65) [C48] [fig.3.35]. The result was a vertically 
foldable screen in front of the glass façade to reduce the solar impact. 
The screen provided transparency and a visual connection to the 
outside. At the same time, the reduced amount of natural daylight was 
redirected through the ‘angled gaps’ of the tessellated pattern into the 
interior. It is particularly effective for seasonal solar adaptation, as 
heat gains during the summer month can be reduced and in reverse 
increased interior thermal comfort can be provided.     

fig.3.32 
Tesselated fold 
pattern/ Applied 
to dynamic 
acoustic indoor 
fabric

fig.3.33 
Zigzag fold/ 
Application at 
facades to reduce 
noise levels

fig.3.34 
Zigzag fold/ 
Folded PV-
facade

roof 
based pv

facade 
based pv

folded pv-
building skin
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*Percentage of actual yield in kWh/m2 pv panels

roof 
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facade 
based pv

folded pv-
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  source: zigzagsolar.com
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closed unfolded

fig.3.35 
Increased 
efficiency 
through folded 
PV-facade



75

[kinematic abilities]
Many of the previous references are exemplified in the function of 
static folded samples.  However, the ability to fold and unfold a shape 
adds another level of performance to the morphology. The shape 
becomes dynamic. In the first instance a dynamic shape provide a 
range of differentiations of angled surfaces, which enable to adapt the 
purpose to distinct situations. Secondly, the movement itself contains 
potentials for various applications.          
A fold line pattern defines not only the final 3-dimensional shape, but 
also a specific kinematic behaviour: this can be linear, redirecting, 
twisting, multiplied in-planar extended or saddle-shaped curved, and 
auxetic.
The basic zigzag fold follows a linear movement, actuated by forces 
in the same [unfolding] direction [B1]. Unfolding V-folds [B4-6], as 
shown in the matrix, lead instead to a redirected, tipping movement. 
The magnitude depends on the angle of the V-shaped fold lines. A 
practical application for a kinetic lifting mechanism [E4] [fig.3.36] was 
described by Morgan et al. (Morgan et al. 2016:76)  
Applying the V-fold in a serial fold, a ha-ori pattern [leaf fold pattern] 
emerges. The kinematic motion extends similar to a scissors 
mechanism [B7, D7+E7] by pulling the corner edges to the side. 
Curved line folds [B19] applied to a flat sheet allow as well a flapping 
mechanism by pulling the opposite corner edges towards each other. 
The project flectofin® used this principle for a patented sun shading 
mechanism with reference to the bionic model of the strelitzia reginae 
flower (Flectofin 2014)(Poppinga S et al. 2010:407–409). A similar 
flap mechanism can alternatively be achieved with a straight-line fold 
pattern as shown in the matrix [B20+21] [fig.3.37]. 

More complex, tessellated fold patterns, such as [B16, B17, B22-
27, B29], result by their unfolding movement in a saddle-shaped 
curvature. For applications which demand an in-plane result, 
patterns like the Miura-fold [B8] and the foldcore® fold [B28] offer an 
expendable kinematic structure without curving behaviour. 
The mentioned tessellated folds have another ability in common: they 
act in an auxetic [unfolding] manner.
Auxetic behaviour is linked to a negative Poisson’s ratio, which means 
that contrary to most common isotropic materials these folds do 
not contract in transverse axis when two opposite sides are pulled 
[stretched] away from each other. Instead, they  lead to a simultaneous 
extension in both axes [E27] [fig.3.38]. This unfolding property embeds 
the ability for applications to use few actuation points to unfold a 

  Adaptive Facades/ 
 Folding Structure Approach/  

fig.3.36 
Kirigami fold/ 
Foldable screen 
at the Solar 
Decathlon 
pavilion ‘Ikaros’ 
(2010) of the FH 
Rosenheim

fig.3.39 
Tesselated fold/ 
Principle of 
auxetic behaviour
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Figure 14. An origami-inspired table is shown through its opening
motion.

is demonstrated in Fig. 14. The table uses the same square
twist pattern as the kinetic sculpture and also has the same
panel stacking configuration (see Fig. 5).

In the next example, we consider a lift. By using a single
reverse fold, a substantial mechanical advantage is possible.
In this case, the mechanical advantage is approximately 20
at the open state (top-left in Fig. 15) and gradually decreases
to 5 at its highest point (top-right in Fig. 15). To withstand
the stresses that accompany the loads and large mechanical
advantage of this example, MDF was the selected material.

The lift employs a reverse fold which is a single vertex
origami pattern as shown in Fig. 16a. Figure 16b shows the
stack of the panels and Fig. 16c shows that same stack with
the offsets and altered geometry. To create the offsets for this
model, the entire inner faces of the long green panels were
extended inward to the joint plane while leaving clearance for
the small blue panels. This is equivalent to assigning different
thicknesses to the panels as shown possible by Edmondson
et al. (2015).

5 Conclusions

Origami’s simple fabrication methods, infinite possibilities,
and predictability provide it potential to emerge as a source
of inspiration for many innovative designs. While paper
origami models are useful for quickly visualizing and proto-
typing origami-inspired products, paper is often insufficient
as a material for a finished product. However, the use of other
materials in such origami-inspired designs often presents a

Figure 15. The origami-inspired lift mechanism shown through
its motion as it lifts the black weight. The panels of the lift are
0.75 inches.

(a) (b) (d)(c)

Figure 16. The schematic of the reverse fold pattern used in the de-
sign of the lift. The dotted red line represents the joint plane. (a) The
fold pattern. (b) A side view of the panel stack. (c) The panel stack
with offsets which in this design are large and cover the majority of
the inside face of each green panel. (d) The open pattern with the
offsets.

handful of major difficulties including the folding of these
materials and the interference issues that accompany it. This
paper has illustrated how designs based on origami patterns

Mech. Sci., 7, 69–77, 2016 www.mech-sci.net/7/69/2016/
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rather big area in a controlled movement. For a tessellated origami 
fold the auxetic behaviour leads furthermore to a concurrent change 
in orientation of the distinct angled individual facets. 
Not in an auxetic way, but with the same intention, the movement 
of the kirigami fold of [E49] lead to changes in the angles of the 
individual facets. The principle  is utilised in the kinematic study of an 
organic  thin film solar cell [OPV] (Lamoureux et al. 2015) [fig.3.39]. 
Stretching the film leads to a rotation of the surface [facets], which 
allow optimised solar exposure by tilting the angle of the surface. The 
embedded kinematic ability of the  kirigami fold was investigated for 
the potential of a low-tech sun tracking behaviour to increase the 
efficiency of the OPV film.      
Kinematics, as the previous examples have shown, have a quite 
substantial impact on the performance as they define and form the 
shape along a dynamic, fold particular movement.    

In a next step, the identified abilities are comparatively set side by side. 

fig.3.40 
Kirigami fold/ 
Adjusting 
angles of the 
surfaces by 
streching the 
thin film PV 
sheet
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Matrix 2 - Evaluating performance of fold types

The second matrix concludes the experimental evaluation with an 
overview over the specific geometrical properties and kinematic 
behaviours for the 53 examined fold types systematically. Besides, 
indications for performance potentials, based on the previous 
experiences and references, were projected on the other types of folds.         

The overview distinguishes the investigated folds first of all 
geometrically between rigid and non-rigid. While sub-areas of a rigid 
pattern stay unaffected under the movement and the bending occurs 
only in the fold-lines [=vertexes], a non-rigid pattern leads to curved 
facets. Furthermore the amounts of vertexes [creases] is counted at 
the knots of the fold lines.  A high amount [>4] challenges the attempt 
to add thickness through materialization, as the kinematic ability 
gets very limited and the knots become rather vulnerable7 due to the 
concentration of forces. Regarding the kinetic properties, straight 
linear movements are distinguished from non-linear, redirecting [e.g. 
flipping], twisting ones, tessellated planar extension from saddle-
shaped curved ones, auxetic behaviours and folds bound to 1 DOF 
[degree of freedom]8. Also, a snapping [interlocking] behaviour is 
mentioned a category. The performances mentioned below indicate 
abilities and potentials based on the experiences and references from 
matrix1. 

Matrix 2 is intended as a tool to base decisions for foldable designs 
in early states on a catalogue of identifications and experiences. The  
overview supported the decision for one particular fold pattern, which 
was subsequently developed as thickfold and empirically investigated 
in the main test series. 

7 The paper folds with 4+ crease knots showed material fatigue at these points

8 The degree of freedom (DOF) within a fold pattern defines the extent of   
 flexibility in the movement and the shape. Folds with only 1    
 degree of freedom follow a determined repetitive fold movement and 3D shape. 
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1 3/1 4/1 4/1 4/1 4/1 4/4 4/4 1 1 3/3 1 1 5/4 6/36/6 6/6 6/4 1 4/1 4/1 8/5 6/6 6/512/5 6/5 6/6 4/4 6/6 - 4/3 4/2 5 5 5 4/4 4/4 8/4 6/1 6/2 8/4 4 6/2 6/2 4/2 6/4 6/4 2/1 3/3 5/5 1 1 1

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 531 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

matrix 2_performance evaluation//

Type of fold pattern

Kinematics
    Linear 
    Non-linear 
    Redirecting1 
    Twisting 
    Flat, not curved extended
    Auxetic expanded
    1 DOF (degree of freedom)
    Interlocking system/snap

Performance potentials 

Thermal
    Self-shading
    Encapsulated cavities2 
    Directed cross flow3 

Light control
    Reflecting/redirecting4

    Transparency through pattern
    Glare protection5  

Ventilation
    Permeability (open-closed)6 

Sound
    Acoustically changing

Statics
    Structural enforcement
    Lifting mechanism

Construction
    Simplification 
    of amorphous 3D shapes

Geometrics
    Rigid facets
    Non-rigid facets
    1/2/4- crease knots

Notes:   1 actuation leads movement in another direction |  2/3 in a sandwich construction  |  4 reflecting through the multi-angled surface  |  5 flexible element to block the sun|  6 open-closed states  |    

Matrix 2
Evaluating performance of fold patterns

The Miura-
pattern
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matrix 2_performance evaluation//

Type of fold pattern

Kinematics
    Linear 
    Non-linear 
    Redirecting1 
    Twisting 
    Flat, not curved extended
    Auxetic expanded
    1 DOF (degree of freedom)
    Interlocking system/snap

Performance potentials 

Thermal
    Self-shading
    Encapsulated cavities2 
    Directed cross flow3 

Light control
    Reflecting/redirecting4

    Transparency through pattern
    Glare protection5  

Ventilation
    Permeability (open-closed)6 

Sound
    Acoustically changing

Statics
    Structural enforcement
    Lifting mechanism

Construction
    Simplification 
    of amorphous 3D shapes

Geometrics
    Rigid facets
    Non-rigid facets
    1/2/4- crease knots

Notes:   1 actuation leads movement in another direction |  2/3 in a sandwich construction  |  4 reflecting through the multi-angled surface  |  5 flexible element to block the sun|  6 open-closed states  |    

fig.3.41 
Matrix 2
Evaluating
performance 
of fold pattern
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The choice for Miura-Ori9

The choice for Miura-Ori as the paper fold  reference for further thickfold 
investigation was primarily based on a combination of geometrical and 
kinematic properties. There were several advantages, which qualified 
the Miura fold to be transformed into a thickfold.

First of all, the Miura fold is a rigid origami pattern, which allows 
the applied panels in a thick version to remain unchanged. Secondly, 
Miura-Ori has the advantage of an unfolding motion with only a “single 
degree of freedom (DOF)9” (Edmondson B.J et al. 2014:2) and “…rigid 
origami produces a kinetic motion where fold lines fold simultaneously.” 
(Tachi 2011:2)
The fold structure can be opened and folded back in one single 
movement (Nishiyama 2012:4). And third, the compressed Miura fold 
and its kinematic mechanism stay planar and do not end in a curved 
shape, which is a clear advantage for façade applications. A further 
argument for the this type of pattern is the property of folding very 
flat, as the fold lines are not stacked above each other, but are slightly 
shifted. The facets of the pattern have a rather simple geometry with 
not too narrow angled shapes.

Nishiyama argues that Miura-Ori with its non-parallel, ‘zigzag’-
folding pattern somehow can be related back to nature´s principles 
(Nishiyama 2012:9ff.). Similar patterns provide kinematic advantages 
for unfolding mechanisms, like to be found at the blood vessel patterns 
on a dragonfly wing.  But also corrugated leaves of hornbeams [fig.3.42] 
follow this Miura pattern in a simple form (Kobayashi and Horikawa 
2008:2).

Another analogy of the Miura tessellation can be found in the 
herringbone pattern in wooden floorings or street pavings 
[fig3.43+fig3.44]. This pattern does not only add an aesthetic value 
based on its ornamental pattern, but also comes along with structural 
benefits.    

9 The fold is named after its inventor Koryo Miura, a Japanese space scientiest, 
 who developed this fold pattern.

fig.3.42 
Simple Miura-ori pattern 
in corrugated hornbeam 
leaves



81

„Neben der reinen Ornamentik hat das Muster auch 
technische Gründe. In allen Fällen sorgt die wechselnde 
Streichrichtung für Ausgleich der Kräfte, in ersterem für 
die Dehnung, in zweiterem bei Schwund und Quellen des 
Holzes, in letzterem für die statische Last. Die Kräfte 
können sich innerhalb des Verbands über leichte Drehung 
der gegrateten Elemente verteilen, ohne den Verband zu 
schwächen.“ (Fischgrätmuster 2016)

fig.3.44 
Close-up of the street 
paving pattern

Pixelate the origami pattern. Geometric tesselation. Sketches to define the materialization pattern. As a kind of rule-set, top and valleyfolds define 
the distances to the materialized, massive areas. Distances and patterns can be varied.

Fischgrätmuster/ “...Neben der reinen Ornamentik hat das Muster auch technische Gründe. In allen Fällen sorgt die wechselnde Streichrichtung für 
Ausgleich der Kräfte, im ersterem für die Dehnung, in zweiterem bei Schwund und Quellen des Holzes, in letzterem für die statische Last. Die Kräfte 
können sich innerhalb des Verbands über leichte Drehung der gegrateten Elemente verteilen, ohne den Verband zu schwächen. 
[http://de.wikipedia.org/wiki/Fischgrätmuster]

Inspired by

Herringbone pavement in Delft

Durable surface by providing equal forces 
through the shifting pattern.

03

Pixelate the origami pattern. Geometric tesselation. Sketches to define the materialization pattern. As a kind of rule-set, top and valleyfolds define 
the distances to the materialized, massive areas. Distances and patterns can be varied.

Fischgrätmuster/ “...Neben der reinen Ornamentik hat das Muster auch technische Gründe. In allen Fällen sorgt die wechselnde Streichrichtung für 
Ausgleich der Kräfte, im ersterem für die Dehnung, in zweiterem bei Schwund und Quellen des Holzes, in letzterem für die statische Last. Die Kräfte 
können sich innerhalb des Verbands über leichte Drehung der gegrateten Elemente verteilen, ohne den Verband zu schwächen. 
[http://de.wikipedia.org/wiki/Fischgrätmuster]
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Herringbone pavement in Delft

Durable surface by providing equal forces 
through the shifting pattern.
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fig.3.43 
Herring bone pattern as 
street paving in Delft, NL

fig.3.45 
Unfolding a Miura-Ori 
pattern
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CONCLUSIONS

Gathering examples of fold patterns in a matrix enabled to systematically 
map, link and contextualize the 53 fold types to applications and 
performance abilities.
A broad range of climatic beneficial adaptive behaviours by the shape 
and the kinematics of the fold could be exemplified and documented. 
The principle of folding displayed in the collection of fold types the 
potential to be applied to [dynamic] thermal, light control, acoustic 
and structural purposes and address the multi-functional behaviour. 
Based on a suitable choice for a particular individual movement of 
a fold pattern and subsequently by the change of the 3-dimensional 
shape, the linked performance abilities can be adjusted and enhanced.    
The matrix supports with its overview the decision making for suitable 
folds for the purpose of performance-based design.
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04 The fourth section covers the main topic: the  thickfold. Paper 
folds as ‘immaterial’ thin, kinematic artefacts evolve with a thickness 
leading to a materialised, multi-functionally layered, but nevertheless 
foldable structure. A textile layer as centred thickfold-element is 
introduced providing hingeless folded constructions. Studies on 
materialising folds with the focus on the geometry, as well as kinematic 
and structural challenges, are elaborated. Perspectives of thickfolds for 
new fabrication methods conclude the chapter.   

04
thickfoldsFIELDS
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PRELIMINARY

From rigid origami to thick origami

The translation of ideal zero thickness paper folds into folded 
applications of certain thicknesses has constraints. In order to keep the 
original kinematic behaviour in the materialised version , particular 
origami patterns have to be chosen.  These are called rigid origami. 
Origami is considered rigid as it is “…continuous deformable without 
the deformation of each facet…” (Tachi 2011:1). The deformation takes 
only place at the fold lines/creases, while “…all sectors remain rigid…” 
(Evans et al. 2015:1). This prerequisite of unmodified, plane shapes of 
the facets during motion of the fold allows “…inflexible sheet material 
to be applied, just joint by creases…” (Chen Y, Peng R, and You Z 2015:1). 
Origami embeds the possibility to emerge from an ancient art form to     
applied designs of thick origami.   

The terminology of ‘thick’ origami

In literature, there is not one explicit term to be found for thick origami.  
Through the last decade, several names were used in scientific   papers, 
indicating different focus areas of investigations. 
Hoberman claimed in 2007 his invention of “folding structures made 
of thick hinged sheets” as a patent (Hoberman 2007). His novelty 
consisted of the idea that the placement of hinges in his thickfold is 
shifted to avoid an intersection. With his approach, a  fully compact 
bundle of thick panels could be achieved.
In 2009 Trautz and Kunstler followed by calling their objective “folded 
plate structures” (Trautz and Herkrath 2009), stressing the focus on the 
structural investigations on hinged plate material. Jaksch and Sedlak 
used in 2010 “folded surface structures (FSS)” (Jaksch and Sedlak 
2011:7) to emphasise their interest both in “…slab-like structural 
behaviour (load perpendicular to plane) and plate-like structural 
behaviour (load parallel to plane).” (Jaksch and Sedlak 2011:1)  
T. Tachi, as one of the leading experts in the field of applied origami, used 
in 2010 “rigid origami structures” (Tachi 2010a), and in 2011 “rigid-
foldable thick origami” (Tachi 2010b). He relates here directly to the 
prerequisite of rigid facets, for the realisation of  thick folded patterns 
in his terminology. But also variations are used in his text such as “thick 
panel structure” or “rigid foldable structure” (Tachi 2011:8). Zirbel 
et al. kept in 2013 a rather neutral terminology in the development 

fig.4.2 
[Tachi, T. 2011, Rigid foldable 
thick origami]
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Figure 1: The folding motion of thickened symmetric degree-4 vertex.

Figure 2: An example of slidable hinges where the sliding value is accumu-
lated at the hinges on the right.

i.e., we can easily show an example that this model fails (Figure 2), where
the sliding value is accumulated at one of the edges to produce separation
or intersection of volumes. Therefore, slidable hinges do not allow direct
interpretation of general origami.

3 Proposing Method

Tapered Panels In order to enable the construction of generalized rigid-
foldable structure with thick panels, we propose kinetic structures that
precisely follow the motion of ideal rigid origami with zero thickness (Figure
3(b)) by locating the rotational axes to lie exactly on the edges of ideal
origami. This has a great advantage over previous axis-shift approaches

fig.4.1
[Hoberman, C. 2007, Folding struc-
tures made of thick hinged sheets, 
pat. US20070012348]
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of a solar array application and mentioned it only as a “thickness-
accommodating model” (Zirbel et al. 2013). In 2014 Edmondson et 
al. referred back to Tachi´s term with “thick rigidly foldable origami” 
(Edmondson B.J et al. 2014). Chen et al. omitted rigid in 2015 and titled 
their findings/article as “origami of thick panels” (Chen Y, Peng R, and 
You Z 2015). Morgan et al. reduced and simplified the term and the 
field of research in 2016 to “thick origami” (Morgan et al. 2016). In this 
development, my  PhD project and my title of “thickfolds” lean close 
on the simplification. Choosing ‘folds’ instead of ‘origami’ has in this 
context to be understood as an interest and a rather practise-based 
open outlook on the potentials of applied folding techniques instead of 
a theoretical reference back to paper folds1. 
This project “thickfolds” bases the models in the same way on rigid 
origami patterns.     

IDEATION

Adding thickness to folds

Designing and constructing thickfolds is connected with a series of 
challenges, which have to be overcome.

“One of the key challenges in origami-inspired design is 
accommodating thick material.”  

    (Edmondson B.J et al. 2014:1)

The majority of existing folded structures in architecture do not use 
their folded potential in the transformation from paper fold principles 
into built materialised  versions. 
Taking a more advanced sun shading as a reference (fig.4.3), there 
are several beneficial capacities to be mentioned which got lost. As to 
be seen in this case, the folded sunscreen is build up by single metal 
sheets - just hinged to each other. The original continuous piece of the 

1  Origami- the origin of the Japanese word origami consists of the words ’ori’ 
 (=fold) and ’kami’ (=paper)
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paper fold is ‘chopped’ in many small parts in the ‘real world model’2 
and linked together. Hinges become a weak point, as they demand 
maintenance, cause noise due to tolerances and friction, and lead to 
open untightened screens.    
The materiality of metal [for example aluminium] fulfils the basic 
demands of rigidity and robustness for outdoor purposes but does not 
provide additional performance value beside the structural behaviour. 
Typically metal constructions are rather heavy and demand decent 
motor/actuation power to be moved.    
Subsequently, the question occurs how the original qualities and 
beneficial capacities could be kept in foldable designed structures. The 
experimental thick model version in 5mm foam board of the same type 
kirigami3 fold as the sunscreen demonstrates the possibility to fabricate 
the folded screen in one continuous piece. It avoids additional hinges, 
preserves  continuity and the kinematic behaviour, and allows other 
materials to substitute metal constructions.   

2  `real world model` is here being used as a contrasting term of a fold
 in operation for architectural purposes opposite the idealistic and assumed 
 immateriality/zero-thickness of a paper fold

3  Kirigami is a modification of origami (paper folding) in which cutting as a 
 principle is allowed

  Adaptive Facades/ 
 Folding Structure Approach/  

fig.4.3 
Folded metal screen of the 
Ikaros project, Solar Decathlon 2010

fig.4.4 
Original kirigami paper fold

fig.4.5 
Translated thickfold model in one 
single piece of foamboard
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zero-thickness model

no thickness added

no change

rotation about axes

zero-thickness model

thickness added

rotation about axes

shift rotational axes to edge

zero-thickness model

thickness added on membrane

rotation about axes

add gaps for valley folds

zero-thickness model

thickness added

rotation about axes

tapered  to rotational axes

zero-thickness model

thickness added

rotation about axes

add gaps for folds

zero-thickness model

thickness added

rotation about axes

offset thick panels

(a) (b) (c)

(d) (e) (f)

Figure 1. An illustration of the concepts of different thickness accommodation methods. All images, except (e), are from Edmondson et al.
(2014). (a) The zero-thickness model describes the basic kinematic behavior of the model. (b) The axis-shift method as demonstrated by Tachi
(2011) shifts each rotational axis to either the top or bottom of the thick material. While slightly different conceptually, the method described
by Hoberman (2010) can be illustrated identically. (c) The membrane folds method by Zirbel et al. (2013) mounts thick-material facets to a
flexible membrane. (d) The tapered panels method from Tachi (2011) trims material from the panel edges to maintain the kinematics. (e) The
offset crease technique, described by Abel et al. (2015), is similar to the membrane folds method, but calls for rigid material in the gaps
between panels. This method was inspired by work done by Hoberman (1991) (f) The offset panel technique shown by Edmondson et al.
(2014) offsets each panel from a selected joint plane and extends the rotational axes back to the joint plane.

motion may not be required, but in many there is a need
for the folds to move through the full 180◦.

Single DOF indicates if the method will result in a single
degree-of-freedom (DOF) system (assuming that the
pattern itself has a single DOF). Many rigid-foldable
origami models have one DOF. For many applications,
especially those implementing a deployable application,
a single DOF is desirable.

Unfolds flat indicates whether or not the thick origami sys-
tem resulting from the method will be flat in its fully
unfolded shape. Flat is defined in this case as resulting

in a system where the entire upper face of each panel
lies in the same plane. Traditional paper origami unfolds
flat by this definition. Most of the methods do not pro-
duce fully flat configurations as the panels are offset or
tapered. The OPT does not result in flat configurations,
but the offset panels (or panel substitutes) can be paral-
lel to the joint plane.

Application considerations presents notes on key aspects
which should be considered when creating practical ap-
plications with the method. Depending on the applica-
tion, the considerations may be impediments or used as
advantages.

www.mech-sci.net/7/69/2016/ Mech. Sci., 7, 69–77, 2016

zero-thickness model

thickness added

panels altered from hinges

rotation about axes

cts model

fig.4.6 
Overview of methods approaching 
hinge solutions for thickfolds, 
source from (Morgan et al. 2016:71)

fig.4.7 
Suggested alternative 
method for approaching 
thickfolds: 
the cts model [centred 
textile sandwich]
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CONCEPT

From fold line to hinge

The design of the ‘fold lines’, which become the ‘hinges’ in a thickfold, 
play a central role in the way the kinematic behaviour is provided. 
Mathematically, folding techniques consider paper folds with an ideal 
zero thickness and the fold lines as revolute joints. The hinges between 
the rigid facets are here ideally placed in the centre line.

Different methods to apply thickness are suggested in the field to shape 
and construct the ‘hinges’. 

• [a] The scheme [fig.4.6 by Morgan et al. (2016:71)] presents 
diagrammatically the various approaches based on a zigzag fold.  
A paper fold of zero-thickness is shown here as reference for the 
kinematic behaviour as well as the desirable compactness.

• [b] The model, as used by both Hoberman (Hoberman 2007) and 
Tachi (Tachi 2011:5), shift the hinges or as they call it rotational 
axis on the top or the bottom of the plane thickfold.

• [c] The model developed for a solar array by Zirbel et al. (Zirbel et 
al. 2013) suggests a membrane on one side, replacing conventional 
hinges. The rotational axis is, in this case, moved to  the backside of 
the thickfold. The gap between the rigid panels is here two times 
the thickness of the panel, which leads to a weak hinge and a force 
at the ends to stretch or keep the thickfolds extended in place.    

• [d] The model from Tachi in 2011 (Tachi 2011) puts a  membrane 
in the centre line of a sandwich construction between 2 sheets of 
the plate material.  This thickfold can keep the rotational axis in 
the centre. With the   additional move to taper the edges towards 
the joint line, the thickfolds remain quite close the ideal kinematic 
abilities and the requested compactness.   

• [e] The approach is referred to Hoberman’s work (Hoberman 
1991). It replaces the rotational axis with a rigid element as a 
“thick hinge”, connecting the panels beside with each a revolute 
joint. This double joint, which allows full compactness, is e.g. 
known from bookbinding.

• [f] The method of OPT [offset panel technique] by Edmondson et 
al. (Edmondson B.J et al. 2014) keeps the hinges in the centre line 
while the panels due to the panel thickness are parallel offset from 
the centre line connected by ‘deep’ hinges. This principle allows a 
complete compact folding. 
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The overall aim of all these models is the maximum compactness of the 
fold. The hinges shown are developed particularly for this objective. For 
architectural purposes instead, other aspects have a higher relevance. 
A continuous layer of textiles could substitute single mechanical hinges 
or flexible strips for the revolute joints of the thickfolds. Another 
important aspect would be the focus on rather robust hinges. A self-
stiffening effect of the panels in the motion of unfolding would be 
beneficial for architectural applications due to sensitivity issues in the 
outdoor environment and windy conditions. 

The fabric hinge

Seeking for a simplified, but a multi-functional approach to generate  
thickfolds, the integration of a textile within the material compound 
opens up for new possibilities. Utilising the membrane for bending 
behaviour lead to fold lines being transformed into fabric hinges. 
Kinematic capacities can now be ‘programmed’ and designed for the 
multi-layered material.  
The fabric hinge as such is not a new invention. A range of foldable 
materials uses textiles already within their material structure. However, 
the placement of the fabric, as well as the design of the bending edges, 
follows different approaches.  

Scheme of material developments [illustrated]

Subsequently, ten recent material developments with embedded textile 
layers are compared regarding their construction and functionality. 
The di  stinctions in construction lead to variations in their ability to be 
tight compressible, in their capacity to follow a defined folded pattern 
and in their structural strength.         
Schematic sections through the materials visualise the different 
principles. The chosen examples are briefly described regarding 
purpose, kinematic as well as the geometrical characteristics, 
materiality and placement of the membrane[s]. 

fig.4.8
Selection of materials and 
principle sections with textile 
hinges

foglizzo

trifold

hydrofold

flexene

munzert textile

woodskin

alucobond

sola

onderhuids

foldtex
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fig.4.12  hydrofoldfig.4.10  munzert origami textilefig.4.9  foglizzo folding leather

This fabric is produced 
in a complex three 
dimensional weaving 
process with the result 
of sharp top and valley 
creases for the applied 
Miura pattern. The textile 
is for indoor use.

Foglizzo Folds is a 
collection of pleated 
leather, folded in an 
origami manner.

Printing a specific mixture 
of ink on the paper, fold-
lines transform the 2 di-
mensional sheet into a 3D 
structure in the process of 
drying.

munzert_origami textilefoglizzo folding leather hydrofold

leather (one piece)

leather = membrane

by pleating leather

flexible and strechable

no sharp, but “rounded” 
fold lines as result of 
material thickness, 
multiple DOF

3D textile (PES Trevira)

textile = membrane

by weaving technique

flexible and strechable

no defined fold pattern,
single DOF because of 
Miura fold pattern

paper / ink

paper = membrane

by ink (+water)

self folding after addition 
of water on the ink

fold pattern defined by 
printed line pattern on 
both side allow top/valley 
folds

http://www.munzert.de/
unternehmen/designpreise/

http://www.pinakistudios.com/
foglizzo-folds-leather-collection/

http://www.christopheguberan.ch/

Material

Membrane 
position
Hinge design

Kinematics 

Geometry

Product 
brief

Diagram
matic 
section
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fig.4.13 trifold fig.4.14 woodskinfig.4.12 foldtex

Foldtex consists of a thin 
wooden plate material in 
combination with cotton 
backing. A CNC milled fold 
pattern on the wooden 
surface allows bending 
the wooden plate in one 
piece.

TriFold is a flexible, self-
supportive cork composite, 
with a textile core and 
two tessellated exterior 
cork layers. A 3D shape 
is defined by the groove 
angles in combination with 
the fold line pattern.

Wood-Skin® is a wooden 
composite material with 
a centered continuous 
textile core and plywood 
plates attached. The 
fold lines are grooved in 
V-shapes down to the tex-
tile layer from both sides 
to enable bending.

foldtex trifold woodskin

wood / cotton textile

on the backside

by distance

flexible up to 45degr

undirected fold pattern,
multiple DOF

cork / textile core

in the center

predefined, custommade 
angled grooves
flexible up to angled groove, 
thereafter self-supporting

3D fold defined by angled 
grooves, single DOF under 
weight

plywood / vinyl textile

in the center

by 45degree groove

flexible up to 45degr

undirected fold pattern,
multiple DOF

http://www.foldtex.com/
category/material/

http://erikacross.com/portfolio/
trifold/

https://wood-skin.com/
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fig. 4.16 alucobond 
with applied fold lines

Alucobond ® is a compos-
ite panel of two aluminium 
cover sheets and a PE filled 
core. By grooving foldlines 
in different angled V-shapes 
down to the bending core 
layer, 3D shapes can be 
designed out of one single 
plate.

alucobond 

aluminium/ PE core

in the core / center

groove with diff. angles

stiff fold

The 3D fold is the result of 
the chosen angled groove 
and fold line pattern

http://www.alucobond.com/ 

fig. 4.15 flexene

Flexene is a foldable 
composite insulation 
material, provided by a 
centred fiberglass mesh 
fabric and EPS on both 
sides. Straight cut fold 
lines on both outer layers 
provide bending.

flexene

EPS / fibreglass mesh

in the center

by distance

flexible up to intersection

undirected fold pattern,
multiple DOF. 
Fixation of fold afterwards 
with filling the groove

http://materia.nl/material/
flexene/

Material

Membrane position

Hinge design

Kinematics 

Geometry

Product brief

Diagrammatic 
section
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fig.4.18  textile curtain
(design anique noordman)

Sola is a foldable solar 
panel based on the Miura 
fold. The origami like 
structure guarantees 
that solar radiance can 
be harvested from many 
directions.

Rubberfoam elements 
glued in between 2 layers 
of Lycra transform the 
curtain in to an sculptural 
and acousticly absorbing 
soft wall.

fig.4.17  foldable solar 
panel (lali design)

sola onderhuids

foil 

both outside layers

by distance

flat foldable

Miura fold pattern leads to
single DOF

rubber foam / Lycra®

both outside layers

by seperation between 
rubber pieces
flexible and slightly 
strechable

No defined 3D fold, 
multiple DOF

http://www.lalidesign.de/neu/
sola/

http://www.aniquenoordman.nl

Material

Membrane position

Hinge design

Kinematics 

Geometry

Product brief

Diagrammatic 
section
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fig.4.19 cts fold model

The suggested thickfold 
reference model uses a 
centered foil (alternatively 
textile) layer for enabling 
kinematic behaviour. 
Distance between the 
panels define the ability to 
compress the fold.

The reference: 
The CTS model

cardboard / foil (could be  
  a textile)
in the center

by center membrane/
distance
simultanuous and defined 
movement, structurally

Defined Miura fold pattern 
leads to single DOF
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+
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result:
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s1

s1

fig.4.20
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STUDIES

The CTS model [centred textile sandwich/ thickfold]

The model, which is suggested alternatively, is based on thick Miura-
Ori assembled with a sandwich construction of thick material panels 
and an embedded central continuous membrane. The fold lines remain 
as a result of this centrally in the zero-thickness line  as joints.  
In order to provide the kinematic ability, the panel placement on both 
side of the membrane follow simple rules: the edges of the thick fold 
segments react differently to valley fold and top fold lines. If the thick 
segments of the fold pattern are adjacent to valley folds, they need 
an offset distance to the fold lines, to be able to bend inwards. The 
distance will define the compactness of the thickfold. The sides of the 
thick segments, which are adjacent to top folds, have to be placed close 
up to each other without any distance. The distance rule of the valley-
fold is dominating in a combined situation. 
The applied pattern leads to a defined direction of motion and stabilises 
the unfolded thickfold when applied in the vertical direction. The 
revolute joints  become rather robust, as the membrane is supported in 
most situations by attached panels from the other side. The exceptions 
are situations around the knots of the  4-crease where to valley folds 
intersect, an open situation occurs with only the membrane visible. As 
these points are critical and require a certain flexibility (Trautz and 
Kunstler 2009), the  elasticity of the membrane can take these forces. It 
allows the membrane to continue through the whole folded structure 
without interruptions.     

fig.4.22 
Example of 4-crease ver-
tex point

1

2
3
4

fig.4.23 
Thin, transparent situations 
without backing of panels

fig.4.21 
Cardboard model of the 
thickfold



102

fig.4.24
‘Thin’ [3 mm]  
cardboard version 
with partial taped 
hinges

fig.4.25
‘Thick’ [10 mm]
foamboard version 
with partial taped 
hinges

fig.4.26
Model with added 
membrane [foil] as 
continuous center 
layer within the 
cardboard plates
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Tomohiro Tachi (Tachi 2011) suggested a thick model method based on 
Miura-Ori as well. The design used tapered edges to keep the thickfold 
as compact as possible in the compressed state. In this publication, he 
mentioned the possibility to use fabric in a sandwich construction. A 
parametric example design in cardboard is presented. A year later also 
Elliott (2012) demonstrated the kinematic principle of a thick Miura-
fold in video-format on the internet. For his work model, he used textile 
tape strip s between the thick segments.  

Design investigations

Interdependencies of the design variables of thickfolds
The CTS method to assemble a thickfold, which is presented here, 
leads as a result of the self-intersection of the rigid elements to a 
limited compactness. However, the structural advantages and the 
simple design principle compensate this approach. The revolute joints 
are rather robust as the panels on the backside of the textile [close 
up to the fold line] support them. During the operation of unfolding 
the structure, the precisely placed hinges on the fold lines lead to a 
very controlled movement. In the state of maximum compression the 
panels of the  thickfold end in a self-stiffening structure through the 
vertical loads combined with the intersection of the panels (Trautz and 
Kunstler 2009:11). 

With the aim to exploit potentials and enhance performances of 
thickfolds, including  shape, materialisation and kinematics, small tests 
are conducted and evaluated in a RtD method4. These tests illuminate 
specific aspects of behaviours of this specific type of fold by comparing 
variations of the models. Indications and tendencies are intended as 
a base for design decisions further in the development towards  full-
scale models.  

4   RtD = Research through Design as a practice-based research method
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top pieces on grid

VAR B
top pieces on grid
(equal distances to foldlines)

overlap pieces - 
transparencies

REF
top pieces on grid
(double distance to 
horizontal foldlines)

VAR A
top pieces on grid
(double distance to vertical 
foldlines)

All Layers overall grid top and below pieces

top folds valley foldstop and valley folds

top pieces on grid

VAR B
top pieces on grid
(equal distances to foldlines)

overlap pieces - 
transparencies

REF
top pieces on grid
(double distance to 
horizontal foldlines)

VAR A
top pieces on grid
(double distance to vertical 
foldlines)

VAR C
top pieces on grid
(double distances to 
all foldlines)

var A var B var C var D

var A
= 17,0 cm [90%]

var B
= 11,9 cm [63%]

var C
= 16,8 cm [89%]

var D
= 9,5 cm. [50%]

<

<

fig.4.27
Compression 
studies
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Kinematics [Distances of the tiles and compactness]
The compactness and the distance of the tiles close to valley folds are 
directly interrelated. As intersecting panels stop the ability to fold 
tight, variations in gap sizes between the tiles of the CTS model are 
conducted to investigate their kinematic behaviour and optimise their 
foldability.  
   
Four different models were chosen: Var A , B, C and D.  Var A was built 
with equally sized gaps both in the vertical and horizontal valley folds. 
Var B had doubled the width of the vertical gap and correspondingly 
reduced the tile size. Var C kept the size of the vertical gaps and doubled 
the horizontal ones instead. And at last Var D doubled both gaps.  

Expectantly Var D ended as the most compact result, as both gap 
distances were maximised. Interestingly the variation B could also 
be folded quite tight. The models A and C performed instead less 
satisfactory. Both ended almost similar poor even with the same 
distance to the fold lines. The range of folding got very narrow as the 
tile edges at the vertical valley fold lines intersect. 
This kinematic behaviour leads to the conclusion that the vertical gaps 
along the valley folds have a much bigger influence on the compactness 
than the horizontal ones. Aiming for a further reduction in the folding 
size, the edges of the tiles could be tapered along the vertical valley 
folds. [This potential was not investigated with these sketch models]      
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unfolded size
(vertical)
    38,0 cm [100%]
 

compressed 
size vertical)

var E
     34,2 cm [90%]

var F 
     16,0 cm [42%]var E var F

fig.4.28  Variations in thickness of tiles [above] and the centred foils [below]
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Kinematics [Thickness of the tiles]
As a second variable, the thickness of the tiles has a direct influence on 
the final folding size. 
The  thickfold experiment in [fig. 4.28] illustrates this. 2 types of 
cardboard [var E with 5mm foamboard/var F with 2mm corrugated 
cardboard] were used for this test. Both sketch models applied the 
same format of tiles on the same size of the Miura grid [pattern] 
with the result of a significant difference in the folded size. As the 
intersection of the tiles in var E occurs fast, the reduction in vertical 
size is only about 10% opposite the thickfold of var F with the thinner 
corrugated cardboard, which is reduced by approximately 58%.     

Kinematics [Thickness of the foils]
For the sketch models, different types of foil s were used. The tiles were 
attached with double adhesive tape directly to the plastics membrane. 
In the first instance it was important to see if the foil would need a 
certain strength to cope with the forces. The first observation was that 
even a fragile foil, as to be seen with the bluish colour, could easily 
work within the kinetic structure. For the reason of robustness, thicker 
foils were chosen with the  greenish and the white translucent foil. The 
kinematic behaviour, as well as structural behaviour, was provided. 
In a smaller model, a thicker and more rigid foil was chosen [greyish 
colour]. This foil added a kinetic force to the structure, as this foil acts 
with its thickness as a ‘spring’ with force back to the flat starting shape.       
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[K1]

centrally
actuated

[K2]

top hinged
actuated

[K3]

bottom 
hinged
actuated

fig.4.29
Kinetics and points of actuation

deformation 
in the 
bottom part

deformation 
in the 
top part

Forces of the unfolding process during 
different states

Unfolding the structure.

The positioning of the actuation and the fixing of 
the structure has consequences on the function-
ing of the kinetic fold.

In [F1] the fold is centerally actuated and mount-
ed. The forces are almost equally distributed and 
the forces to open are relatively low.

[F2] The fixing on the top allows easy opening of 
the fold through the dead weight pulling down. The 
lower weight in the bottom causes also the fold to 
be opened wider (not equally) in the bottom than 
in the top. The folding embedded movement is not 
able to keep the fold tight (the dead weight is pull-
ing the lower part from each other. There are quite 
big forces necessary to keep the fold stay fold to-
gether in the top.

[F3] The forces to start the actuation are high. Dur-
ing the unfolding the upper part stays still close  
(through the dead weight pulling down) while big 
forces already open the lower part of the structure.
First in the later states of the unfolding movement 
is evenly contiuing and the forces balanced.

[F1]

[F2]

[F3]

Forces of the unfolding process during different 
states:

     standby start  unfolded

[F1]  + -  + -   + -

[F2]  - -  + +  + +

[F3]  + +   - -   -

11

[K1]

[K2]

[K3]
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Kinetics and supporting fixture
This test investigated the kinetic behaviour to unfold and fold the 
thickfold structure. The positioning of the actuation and the fixing of 
the structure has consequences on the functionality of the kinetic fold.

The objective of this test was to investigate the kinetic behaviour of 
this type of  thickfold and get an indication for an ideal fixation. What 
would be the optimal way to unfold the   thickfold with the lowest 
possible energy? Where would the thickfold best be fixed and at the 
same time the kinematic behaviour entirely provided? How could 
actuation elements be placed to unfold the structure?    
[K2] The fixing on the top allowed easy opening of the fold through by 
its weight load pulling down. Unfolding does not require as many forces 
as the contraction demands. Here the complete  load of the structure 
has to be lifted upwards. The thickfold seems to have difficulties in 
transferring the kinetic forces equally in the structure. The lower part 
cannot close as compact as the top part. Even bigger kinetic forces 
from the top fixed solution cannot completely keep the lower part in 
this cardboard model to stay tight.     

[K3] Forces to start the actuation from the bottom line to unfold the 
structure seem to be very high. The whole weight of the structure has to 
be lifted by this movement. During the process of unfolding the upper 
part stays narrowly folded. First after a certain state of unfolding the 
movement gets more kinetically balanced and the forces seem to get 
less for the actuation.  

[K1] The fold is centrally actuated and mounted. Forces of unfolding 
get   in the counterweight position almost equally distributed to the 
structure. With a centred fixation, the  thickfold seems, therefore, to be 
kinetically balanced. Forces to unfold and contract the structure appear  
low compared to K2 and K3. The kinematics of the facets follows an 
ideal symmetrical movement.   
The fixation in the centre [K1] has to be concluded to be the most 
effective principle regarding the kinetic behaviour and its reduced 
forces.     
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fig.4.30 
Grasshopper3D script 
managed to view the 
kinematic movement 
of the nodes for an 
enlarged tessellated 
thickfold structure

fig.4.31 
The visualized lines 
of movement, tracked 
for the nodes of the 
thickfold.

Straight linear 
movement

Straight linear 
movement
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Visualizing kinematics
[of thickfolds]

In a further study, the kinematic behaviour could be investigated 
beyond a photo documentation of a physical model. By using a digital 
dynamic model and a specifically developed Grasshopper3D script, 
the movement could be 3-dimensional visualised, and the kinematic 
behaviour of the thickfolds made visible in a virtual line structure.  

The dynamic digital model confirmed the advantages of a movable 
support in the centre line of the [Miura]fold structure.  
The kinematic behaviour of larger tessellated folds is rather 
sophisticated. In order to make the complex, 3-dimensional 
movement visible, the dynamic digital model of the thickfold for 
the simulation series xp1 was used to draw precise lines during the 
process of [un]folding. The position of each node point was tracked 
and visually connected to 3-dimensional curved lines. The outcome 
was a 3-dimensional virtual line model. Each node of the facetted fold 
pattern follows a continuous virtual line spatially and describes the 
exact positions during of the kinematic action. The dynamic situation 
gets frozen as visual and spatial information of the movement.   
This information can be rather valuable for the transfer to applications 
of built thickfolds. Such a foldable structure would need in realisation 
supportive fixation points. In order to strengthen the kinematic ability 
in combination with the fold structure, some points would have to be 
movable fixed. Support rails could, in this case, be a solution. These 
rails would have to adopt the kinematic curve lines, in order follow the 
movement of the nodes.                                    
The challenge for the Miura thickfold is that the general movement of 
the nodes is neither following a linear, nor a 2-dimensional spatial line. 
However, within the model an exception for two node-lines could be 
detected: One  vertical and one central horizontal line have a straight 
direction. They are therefore predestined for a ‘standard’ rail support. 
In consequence, a custom-made curved rail solution could be avoided 
and instead it could be opened up for a rather simple solution.    
Connecting this fact to the particular advantage of the Miura fold to 
be opened and closed at only two opposite points, leads a potential 
to upscale the folded structure for architectural purposes. The 
suspension of this rather complex kinematic structure at a vertical 
surface could practically be simplified by a support of only two rails. 
Further investigations would have to prove fixation and the feasibility 
in practical tests, based on real size, fully materialised in 1:1 models.    

fig.4.32
Grasshopper 
3D script 
screenshot



112

fig.4.33 The digital thickfold-model for the linear 
structural analysis. The mesh indicates the precision 
of the calculation
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Visualising statics  
[of thickfolds]

Structural analysis of thickfolds 
A next step investigated the structural performance of the chosen 
thickfold. Static structural simulations were conducted for the digital 
fold model with the program ANSYS, in collaboration with Stefan 
Hammer from the University of Weimar.

The aim of the structural analysis was to get more solid answers on 
the structural behaviour of the proposed Miura thickfold structure. 
Through simulations of von-Mises stress in the thickfold design, it was 
tested if the structure would withstand the load conditions.
Critical stress areas within the structure were highlighted, and 
deformations were made visible. 
The simulation result gave indications for focus areas of further 
development, for material choices and limitations.  

Two different structural situations were considered for vertical loads: 
[S1] the fold as a free standing structure and [S2] the fold fixed to a 
vertical surface. A third structural situation simulated the folded 
structure additionally for horizontal standard wind loads [S3]. This 
time the thickfold was doubled in height and amount of facets.  

As a starting point, the digital 3D-  thickfold model was used to conduct 
the simulations. The geometry was assumed as a system of  (w*h) 850 
x 800 mm. As a base for the calculation, the specifications of 1,5mm 
thick polyester textile and GFRP (glass fibre reinforced polyester) tiles 
of 15mm thickness as rigid elements on the facets were taken. For the 
simulation of the free-standing structure and its vertical loads of the 
dead weight a standard gravity of 0,98m/s 2 was used.
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fig.4.34
Simulation of von-Mises 
stress in the textile with 
clearly visible concentrat-
ed stress areas along the 
foldlines and node points, 
as well as high forces on the 
bottom bearing of the plates 
for the structural analysis 
[S1]

fig.4.35
Simulation of the deforma-
tion of the thickfold is here 
320 times enlarged. The 
maximum dark red area 
results here in a deformation 
of only 0,23 mm.



115

Simulation [S1] – as freestanding structure
The first simulation considered the folded structure as freestanding. 
Support was given at the top at 2 points to avoid sideward tilting and 
at the bottom at 2 points to lock the kinematic structure from moving 
outwards. The graphical output as a result of the ANSYS calculation 
documented yellowish to reddish colours as an expression for high-
stress areas at the fold lines of the textile [textile joint lines]. Nodal 
points of the fold line also attracted stress forces. A rather homogeneous 
bluish colour on the shear resistant tiles documents very low forces 
and the overall surface.        
Particular spots at the bearing surface also showed high-stress 
moments for the ‘freestanding’ variation. These are expressed in 
yellowish/reddish colours.       
The deformation turns out to be negligibly low under the load of 
standard gravity. For the whole structure of 850mm by 800mm, the 
deformation was at the maximum simulated with approximately 
0,2mm [fig.4.35]. The visual result is shown enlarged with a factor of 
320 to make the deformation visible.     

As the stress values do not exceed the polyester textiles shear 
resistance of 25MPa (type MDTex) as well as the plates are capable 
of withstanding the forces at the bottom, the freestanding structure 
seems to be a structurally possible solution. With the disadvantages of 
many stress points within the structure, an alternative support system 
seeks to reduce this.  

fig. 4.36
The first structural analysis 
calculates the deadweight 
of a freestanding thickfold 
structure. The model is 
fixed at the bottom with two 
fasteners and two lateral 
supports at the top.

vertical load/
gravity
g= 0,98m/s2

fixed 
support

lateral
support

moveable 
support

lateral
support

fig.4.37
Simulation of von-Mises 
stress for the rigid tiles. 
The homogenous darkblue 
colour indicates very low 
stress within the plate areas. 
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fig.4.39
The deformation of 0,1mm 
at the top right corner is a 
result of the missing fixation.

fig.4.38
While the fold lines and the 
rigid shear resistent plates 
show less stress than in the 
situation [S1], the fixation 
points of the ball bearings 
on the plates receive rather 
strong stress forces. The 
maximum of approx. 16 MPa 
is still below the maximum 
shear strength of 61MPa for 
GFRP plates.
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Simulation [S2] – as vertically supported structure
With the alternative of a vertically attached thickfold, stress areas at the 
bottom could be avoided. The thickfold was fixed here with bearings 
attached to the rigid plates. For this case, only three fixing points were 
chosen for the bearing. Two points are situated at the bottom and one 
point in top part.     
The ball-shaped bearings for fixing the fold had a diameter of 30 mm, 
which was double the size of the plate thickness. The stiff ball fixation 
[joint] was connected to a pin of structural steel with a diameter of 
12 mm. The structural difference of the system here was the load 
distribution to three levered bearings. Instead of ending with high-
stress forces at the bearings in the bottom like in situation [S1] with 
the freestanding structure, the forces could be moved to the areas of 
support with the steel bearing. The shear resistant plates would have 
to be dimensioned after the necessary demands. The thickness of the 
tiles could be easily adapted. 

The alternative support is much more beneficial and documents fewer 
stress forces within the folded structure. The forces are concentrated 
around the ball bearings on the plates. The design of the bearings and 
the thickness of the plates could be adapted if necessary. According to 
the specifications and the simulation result, the structure would stand 
the forces with a minimum of deformation of maximum 0,1mm.     

fig.4.40
Vertically supported 
structure

fixed 
support

vertical load/
gravity
g= 0,98m/s2

fixed 
support

fixed 
support
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fig.4.41 
Also for the structural situ-
ation [S3] the foldline show 
high stress areas in the fold 
lines and at several node 
points.

high stress
areas

fig.4.42
The deformation in y-direc-
tion is illustrated for the high 
wind forces on the structure. 
The loose, unsupported cor-
ners move with a maximum 
deviation of 61 and 121mm.
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Simulation [S3] – as vertically supported structure with additional 
horizontal loads
The third simulation investigated the impact of the horizontal wind 
forces on the folded structure furthermore. Four fixing points were 
chosen, which left the top and bottom corner of one side unsupported. 
The bearings were similar to the second simulation.  
The wind forces were calculated compliant with the German DIN norm 
with a value of 1kN/m2.   
The textile layer had also here to withstand rather high tear strengths 
along the fold line. As the figure showed that the maximum tear strength 
(Von Mises stress) of the polyester textile  (25 MPa) would be exceeded. 
For this simulation, the textile would have broken. It is an indication 
for the necessity of high-performance textiles for the implementation 
in thickfolds to be able to stand the tear forces. [fig.4.41]             

The deformations shown here are not scaled like before but display 
the real situation. The loose ends show here an apparent deviation 
[fig.4.42]. A fixation at four points would have reduced that.    

Based on the conducted simulations regarding vertical and horizontal 
load bearing capacities, the thickfold can be considered as structurally 
performing. It is interesting and could be seen in comparison to e.g. 
textile membranes, which have to be either tensioned or as ‘curtains’ 
moveable suspended from the top.    
Nevertheless, there are limitations regarding self-bearing capacities. 
Freestanding thickfold structures have challenges especially at 
the bottom, while vertically attached thickfolds would have to be 
dimensioned to the stress forces of the bearings at the rigid tiles. For 
the horizontal forces, especially the textiles within the thickfold have to 
be rather robust as the forces in the fold lines seem to be at the border 
to a standard polyester membrane in this case. 

horizontal
wind load
1MPa = 1kN/m2fixed 

support
fixed 
support

fixed 
support

fixed 
support

vertical load/
gravity
g= 0,98m/s2

fig.4.43
Vertically supported 
structure with additional 
horizontal loads
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fig.4.44
The thickfold model as 
self-supportive structure
exposed to light 
illustrating
transparencies and the 
nuanced expression.
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Geometry and transparency
The sizes of tiles and the distances to the valley fold line lead to areas 
in the thickfold surface, where the membrane is exposed, and backing 
from the tiles is missing. 
The areas contain the potential to expose the additional properties of 
the centre layer material und utilise this variable interface. Considering 
textiles as a central membrane, permeability could be provided, 
and the folded structure could become breathable and be used for 
ventilation purposes. Foils as an alternative could allow natural 
daylight to penetrate the construction. Together with the dynamic 
behaviour transparencies could be varied and light transmission being 
controlled.    

Overlap top 
and bottom pieces

Overlap top and 
bottom pieces

top and below pieces top and bottom pieces 
on grid

VAR B
top pieces on grid
(equal distances to foldlines)

overlap pieces - 
transparencies

REF
top pieces on grid
(double distance to 
horizontal foldlines)

VAR A
top pieces on grid
(double distance to vertical 
foldlines)

top and bottom pieces - 
merged

top pieces - 
solid

bottom pieces - 
solid

fig.4.46
Variation in sizes of tiles 
leads to a variation of 
open exposed areas of the 
membrane. These areas 
without backing are marked 
green.

fig.4.45
Levels of transparencies by 
layering material
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Additive and subtractive fabrication
Most of the sketch models shown in this chapter were built by adding 
cardboard or foamboard as single tiles to a membrane from both sides. 
These were attached by double adhesive tape to rather thin foils of 
standard garbage plastic bags.
Both an additive and a   subtractive  fabrication method can achieve the 
result of such type of thickfolds.     
Following the additive method [fig.4.47], the repetitive, rigid elements 
can rather simply be attached to the membrane in the defined pattern. 
The necessity of precision in placement of the elements on both sides 
can be mentioned as a challenge of a manual process. Working with 
templates could for this process be a solution. Furthermore, a thorough 
glueing technique is demanded to guarantee proper adhesive contact 
along the fold lines for the intended structural and kinematic behaviour.    
Approaching a thickfold result in a subtractive manner [fig.4.48], a 
sandwich material with a flexible fabric in the centre serves as the base 
material. In combination with a digital fabrication process, fold lines as 
well as blank spaces are cut out as a pattern for example with a CNC 
milling machine. The superfluous material has to be taken away on 
both sides down to the membrane. The exposed membrane will then 
be able to provide foldability. The outcome of the subtractive method 
looks similar to the additive result. The subtractive process can be very 
efficient as the material as an element can be handled in much fewer 
steps during the fabrication process and demands less manual work.   

 
Textile hinges as wide gaps
Aiming for complete compact folds requests rather broad textile hinges. 
The width of the gap is equal to 2 times the thickness of the tiles. It 
leaves the textile hinges of the thickfold ‘soft’ and results in an unstable 
structure and lack of kinematic behaviour of the defined unfolding 
movement, as it was displayed in the experiment before. Zirbel et al. 
mentioned this disadvantage, as their solar array models would need 
“currently an external structure to keep the deployed structure in a 
planar configuration” (Zirbel et al. 2013:33). The unfolded state would 
need tension forces to prevent from ‘collapsing’. Wide gap hinges 
are suitable for applications with purely open/closed states, as they 
leave the thickfold in the in-between state of unfolding undefined and 
flexible. 

Overlap top 
and bottom pieces

Overlap top and 
bottom pieces

top and below pieces top and bottom pieces 
on grid

VAR B
top pieces on grid
(equal distances to foldlines)

overlap pieces - 
transparencies

REF
top pieces on grid
(double distance to 
horizontal foldlines)

VAR A
top pieces on grid
(double distance to vertical 
foldlines)

top and bottom pieces - 
merged

top pieces - 
solid

bottom pieces - 
solid

fig.4.47
Additive method: [in black] 
tiles are added to the 
membrane

fig.4.48
Subtractive method: the black 
area expresses the removable 
material part down to the 
centred membrane
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CONCLUSIONS

The exploration through design studies has shown that it is possible 
to apply a thickness to a [paper] fold and keeping the kinematic ability. 
This assumption could be demonstrated with the rigid foldable Miura 
fold. The implementation of a centre layer of a textile provided the 
flexibility for the hinge function. Moreover, it could be embedded 
continuously in the foldable structure. 
Dependencies of distances of the rigid elements at valley folds turned 
out to be more important at the vertical fold lines for the compression 
ability as the horizontal ones [fig 4.27]. Looking at the kinematic 
behaviour very precisely in a simulation display two entirely straight 
movements of knots on one vertical side and the horizontal centre 
line [fig.4.31]. This observation opens the possibility for an easy rail 
support of a full-scale application. All other knots follow 3-dimensional 
curved movements.
The structural capacity was simulated as well with the result that the 
suggested thickfold can be considered as structurally performing [fig. 
4.34-4.43]. Opposite tensile textile screens, the thickfolds with the 
embedded textile has a load bearing capacity if the textile fulfils the 
technical requirements of the expectable stress forces.
The principle of assembly allows a fabrication in either an additive or 
subtractive manner [fig.4.47 + 4.48].

Dynamic potentials

The application of rigid and thick sheets of materials to the thickfold 
allows choosing between a broad range of properties and expression 
for different purposes.  This positive estimation is shared by Morgan et 
al. in a recent paper (Morgan et al. 2016:72), in which  they particularly    
pinpoint the possibility to accommodate “…transparent/opaque, 
conductive/insulative, lubricative/abrasive, adhesive, stiff, modifiable, 
expansive, electrically charged, absorbent, or reflective…” material 
properties.       
The proposed thickfold model can expand the possibilities with the 
continu   ous textile layer or membrane. Taking advantage of the 
development in the field of smart textiles opens for additional surplus 
properties within the layered compound.  Applied smart textiles cover 
a broad range of different applications and strengthen the idea of 
stacked multi-functionality and connectivity between the attached 
rigid panels. The continuous and uninterrupted membrane within the 
sandwich construction allows a tight weather protection.      
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Furthermore, the layered sandwich material supports the use of new 
efficient and mass-customized fabrication techniques. The plane 
untreated thickfold material can be cut afterwards. Fold lines can be 
applied by CNC milling machines or robotics instead of traditional 
assembling single elements with mechanical hinges in conventional 
folded structures to each other.
Nevertheless, the fabrication techniques are beyond the scope of this 
project and will not be further elaborated. 

Test series xp1 - xp2 - xp3

The third part of the thesis is about ‘TESTING‘ and gathers the three 
main experiments xp1-xp3. The  thickfold structure is investigated 
individually for performance-capacities concerning each of the topics 
of shape, kinematics and materialisation.     
Each chapter contains an extended description of the test setup, 
premises and results. The outcomes are evaluated, critically discussed 
and set in practical perspective.
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TESTING. 05 The first test series xp1 focused on performance 
through shape change. The main experiment was conducted by a 
dynamic [computational] simulation series based on a specifically 
developed script of Rhino/Grasshopper3D and Ladybug. The thickfold 
was digitally examined for performance and behaviour regarding 
effects of distinct solar irradiation over the year. 70 situations were 
tested, taking five types of folds into account, in four seasons and 
4-5 times during the day- all based on weather data for Copenhagen. 
Further 54 situations were calculated subsequently in extracted single 
excerpts. Visual results projected on the folded geometries as well as 
numeric results were analysed. Performance patterns were identified, 
evaluated and discussed.  

05
test series xp1TESTING
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PRELIMINARY

Performance through shape change and geometry 

As the first of the experiments in the series, the topic of shape was 
approached. The investigation aimed to clarify the significance of the 
folded morphology for the performance of the building skin. 
Referring to the indications of evolutionary climate adaption strategies 
in nature [see also chapter 3], many species profit in multiple ways 
from their folded surface morphology. As previously described,  this 
could cover abilities of self-shading surfaces, flexibility in surface sizes, 
added structural strength, change of wind flows, and more.             
Solar companies, like the Dutch ZigZagSolar, claim with their recent 
product, that folded surfaces for energy harvesting issues could 
perform significantly better than planar façade surfaces. In their 
argumentation  optimised angles to the sun as well as the reflection 
of the opposite, bottom angled surfaces increases the efficiency of the 
horizontally folded BIPV drastically1.      

Using computational simulation tools in early design stages to 
predict performance behaviours for climatic impacts is very helpful 
for architects. The increased focus on saving energy and material, 
motivated     

• by either increased demands of building codes,
• by contributing to environmental responsibility, 
• by economic incentives during the operational phase,  
• by enhancement of user comfort 
• and by a faster workflow and greater ownership of early 

design decisions, 

encourage form finding processes supported by computational 
simulation tools. More and more engineering criteria can be integrated 
into the software solutions to simulate and optimise architectural 
designs. 
    

1 Referring to www.zigzagsolar.com, claiming that a horizontal facade would  
 increase the efficiency of solar panels on the topside from 66% [flat   
 mounted  façade PV panels] to 126% [horizontally folded on the façade],   
 compared to 97% of the reference of angled mounted roof panels. See also  
 chapter 3.
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However, advanced dynamic simulations are still the exception. An 
example of an advanced dynamic simulation process is presented by  
(Turrin, von Buelow, and Stouffs 2011). The program ParaGen optimises 
in an iterative cycle an initial parametric geometry, based on variables 
and performance parameters. The result of this computational form 
finding process leads, nevertheless, to a particular [static] shape, which 
is optimised for specified conditions and, thus, unique to the defined 
context [or calculated variables]. The dynamic approach is in this case 
limited to the simulation process.               
Experiment xp1 uses another approach to observing dynamic 
behaviour. The suggested method of calculation is based on a dynamic 
computational model of only one geometrical structure [thickfold]. But, 
in contrast to the previous ParaGen studies, it provides multiple states 
through the foldable, kinematic nature. These studies investigate the 
adaptability of one type of shape in various states and the benefit of 
the dynamic behaviour for the performance of the simulated model.  
The amount and variety of results for the different states and situations 
found the base for evaluating climate-responsiveness.

For this experiment, the climatic aspect was narrowed on the impact 
of direct solar radiation on the surface. Following the dynamic 
approach with  thickfolds and focusing on kinematic instead of fixed 
static structures, different states of unfolded Miura-shapes had to be 
investigated. By comparing a flat surface [building skin] with variations 
of a Miura-fold, the consequences of the multi-angled surface on the 
insolation values could be analysed.   
The aim of this experiment was to get a clearer and more differentiated 
picture of the solar impact on the performance of folded surfaces and 
subsequently the quantitative results to enable comparisons between 
different thickfold states and flat surfaces.

Sub Research Question

How much influence does foldable [dynamic] form have 
on the performance* concerning solar irradiation?

*[which are for this case irradiance values on the surface for different 
states of the digitally modelled Miura thickfolds in comparison with a 
planar reference surface]
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THE EXPERIMENT

The test setup

With the aim to be able to make reliable propositions, a sufficient 
amount of situations throughout the year had to be simulated and to be 
compared. As a physical mock-up for several fold types in combination 
with daily or  event ually  hourly measurements over a whole year 
seemed very demanding, a dynamic digital model for climatic 
simulation was introduced.  
Conducting the simulation required a digital model of a thickfold [a 
fold with a material thickness] and a climatic environment in which the 
virtual fold could be tested. The Miura-fold was chosen as the object 
of investigation  based on the results of the considerations after the 
preliminary thinfold [paper fold] studies.
In order to provide the flexibility of shapes, sizes, angles as well as 
different compression states of folds, the thickfold was modelled in 
Rhino/Grasshopper3D. Infinite possibilities of variations in shapes 
could so dynamically be adjusted, frozen and tested in any state. The 

fig.5.1 
Process of dynamic climate 
simulation of digitally mod-
elled thickfolds

parameters to vary/
dynamic investigations:

_size of tiles
_thickness of tiles
_angle of tiles
_angle of compression 
_fold
_orientation vert/hor
_orientation skin N/E/S/W

script for
grasshopper 3D

output data
and graphics

climatic simulation
(here: insolation on 
the surface) 
by ladybird plug-in

.epw - weather file visual and quantitative 
output

_weather file location
_thickness of tiles
_specific date
_radiation value
_date
_annual global radiation

output:
_annual irradiation in average per m2 (kWh/m2)
_annual irradiation in bounds per m2 (kWh/m2)
_total annual irradiation for this surface  (kWh/m2)
_irradiation bounds for the facets (W/m2)
_visually: irradiation intensity coloured

supported by plug-ins:
weaverbird
galapagos

digital 
dynamic
thickfold

geometrical data 
of angles
+ 
calculated values 
of the solar 
irradiation

visual solar irra-
diation values
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Grasshopper3D-script embedded a function where the maximum 
compression was indicated to avoid ‘physical’ intersection of the facets.  
For the test series, one Miura-model was defined  as a grid of 400 x 800 
mm, with a 20 degree tilted angle of the parallelogram [see fig.5.2/5.3]. 
The 15 mm thick tiles on the grid were offset by 80mm from valley fold 
lines.
The plane, unfolded state of the Miura-thickfold was used as a reference 
model for a flat vertical façade surface. A horizontal and a vertical 
arranged Miura-fold in 2 compression states  [30 and 60 degrees] were 
defined as the object of investigation [simulation]. All-in-all 4+1 fold 
situations were tested.      
The climatic environment for simulation was generated with the 
Ladybug-plugin: a freeware application for Grasshopper3D, which 
applies specific climate data of an epw-file and calculates,  in this 
case, the solar radiation impact on the surface.  Ladybug takes diffuse 
and direct annual radiation into account, but not the reflection of 
the sunlight (Radiation Analysis | Ladybug Primer 2016). For the 
simulation, the direct radiation was chosen as the source of impact on 
the surface.  
 The result is both presented visually as a projection on the model surface 
with a graduation of colours, as well as numerically with the values of 
the calculation [fig.5.3].  Numerical results are shown underneath the 
digital graphic. The left column presents the geometrical values of the 
folds, some of the most relevant settings. The right column contains 
the calculated output. In the first two lines ,  the annual [direct] solar 
irradiation on the surface per square meter is shown, along with the 
annual top and bottom values [bounds] of the facets2. The third line 
accounts for the annual result of the chosen size and geometry. The 
last two results were calculated for the selected point in time    per 
square meter. Also here represents  the upper line the average value for 
all facets and the following line the bounds for the two facets with the  
lowest and highest solar irradiance value.          
Copenhagen was selected as climatic location, provided by the weather 
data3 from EnergyPlus (Weather Data by Region | EnergyPlus 2016). 
The choice for the Northern European region was motivated by the 
broad annual variation of sun angles and solar irradiation values 
compared to the Southern European countries.

2 The facets are in this case only the tiles which form the thickfold

3 The weather data file used for the simulation was “DNK_   
 Copenhagen.061800_IWEC.epw”, received from https://energyplus.net

fig.5.2 
Grasshopper 3D script with 
dynamic thickfold model
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The frame of investigation

In order to draw a complete picture of behaviour and performance 
of a folded  building skin surface, all seasons and orientations were 
investigated. The dates referred to the longest and the shortest day, 
21st of June and 21st of December, as well as a spring and fall date 
of the 15th of March and the 15th of September. In order to limit the 
amounts of results, each point of time  was consequently linked to a 
specific direction: 9.00 o´clock for the East façade, 12.00 o´clock for the 
South facade and 15.00 o´clock for the West façade. Only in summer, 
the situation in the morning at 6.00 o’clock and at 21.00     o’clock for 
the North façade was taken into consideration.     
For the digital modelling of 5 fold variations in combination with 14 
selected dates through the year, all-in-all 70 individual situations could 
be simulated. In the specific investigations of the excerpts, further 54 
simulations were conducted to elaborate and clarify the results. 

The comparison of irradiation results on the different surfaces was 
narrowed to three values:  
The annual irradiation [a], the average irradiation for the chosen point 
in time for all facets [b], and the top and bottom values of irradiation on 
the facets [c]. All 3 calculated values are shown in kWh/m2 [fig.5.3 and 
fig.5.4]. The colour scale for the graphic-visual output of the simulation 
is divided into 0,05 kWh/m2 steps from dark blue to dark red until 
max. 0,5 kWh/m2. 

fig.5.3 
Visual output for each simula-
tion combined with legend of 
numerical values and results

fig.5.4
Legend with main numerical 
values of the simulation results
of the reference example 

[a] annual irradiation in kWh/m2

[b] point in time irradiation in kWh/m2

[c] point in time irradiation bounds 
in kWh/m2

673,92
0,29
0,02-0,04

Point-in-time 
direct solar irradiance
in [kWh/m2]

[a]

[b]
[c]
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spring, south, 1200 summer, south, 1200

fall, south, 1200 winter, south, 1200

fig.5.5 
The digital thickfold is tested 
and simulated for direct solar 
irradiation on the surface. The 
different sun angles for the 4 
seasons are shown here for 
the location of Copenhagen.
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THE EXCERPTS

Out of the total sum of simulation results, key aspects were selected 
and further elaborated in the following sections.  
Nine excerpts cover each a topic addressed to find out how folded 
surfaces behave regarding the impact of solar radiation and if benefits 
can be stated for folded surfaces. 
The excerpts were subdivided into  four different objectives for the 
investigation. While excerpt [E1]-[E3] picked relevant situations to 
find overall patterns of behaviour, [E4] compares the difference in 
the annual solar irradiation between vertical and horizontal folds. 
The excerpts [E5]+[E6] investigated an ambiguous result as well as 
compared the irradiation results with another simulation program. 
The excerpts [E7]-[E9] focused on dynamic aspects of size, point-in-
time during the day and dynamic folding angles.

[E1]  1 date / 5 folds / comparison between folds 

[E2]  4 dates [all seasons] / vertical fold / comparison between   
 seasonal situations

[E3]  4 dates [all seasons] / horizontal fold / comparison between  
 seasonal situations

[E4]  3 summer situations / 5 folds / comparison of annual   
 irradiation results

[E5]  2 summer-fall situations / horizontal fold  / clarifying an   
 unexpected result

[E6]  1 date / 3 folds / comparison between Ladybug to Ecotect   
 results 

[E7]  1 date / 5 folds / 5 scales / comparison of dynamic size

[E8]  7 point-in-time / 3 folds / comparison of dynamic point-in-  
 time

[E9]  1 date / 2 folds / 14 compressed states / comparison of   
 dynamic folding angle
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spring_15.3

0900 E

1200 S

1500 W

Types of 
folds /

Dates

vertically 
folded

horizontally 
folded

reference 
plane unfolded

vertically 
folded  and
compressed

horizontally 
folded and
compressed

493,7
0,03
0,03-0,03

451,24
0,03
0,02-0,04

298,3
0,02
0,01-0,04

450,03
0,03
0,02-0,04

300,12
0,02
0,01-0,04

748,14
0,08
0,08-0,08

673,92
0,07
0,05-0,09

444,67
0,05
0,02-0,1

671,58
0,07
0,04-0,11

450,55
0,05
0,01-0,11

476,34
0,08
0,08-0,08

436,2
0,07
0,05-0,09

290,49
0,05
0,02-0,1

434,4
0,07
0,04-0,11

290,67
0,05
0,01-0,11

0900 E

1200 S

1500 W

493,7
0,4
0,4-0,4

451,24
0,35
0,25-0,46

298,31
0,22
0,05-0,46

450,03
0,35
0,19-0,52

300,12
0,23
0,03-0,49

748,14
0,33
0,33-0,33

673,92
0,29
0,2-0,4

444,67
0,2
0,05-0,43

671,58
0,3
0,12-0,49

450,55
0,21
0,04-0,5

476,34
0,26
0,26-0,26

436,2
0,23
0,14-0,33

290,49
0,16
0,04-0,35

434,4
0,23
0,1-0,38

290,67
0,16
0,03-0,39

summer_21.6
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[1] annual radiation in kWh/m2

[2] point in time radiation in kWh/m2

[3] point in time radiation bounds in 
kWh/m2

493,7
0,03
0,03-0,03

fall_15.9

0900 E

1200 S

1500 W

vertically 
folded

horizontally 
folded

reference 
plane unfolded

vertically 
folded  and
compressed

horizontally 
folded and
compressed

493,7
0,45
0,45-0,45

451,24
0,39
0,25-0,54

298,31
0,24
0,03-0,51

450,03
0,39
0,25-0,53

300,12
0,24
0,03-0,5

748,14
0,65
0,65-0,65

673,92
0,57
0,42-0,71

444,67
0,34
0,06-0,66

671,58
0,57
0,33-0,81

450,55
0,36
0,04-0,73

476,34
0,46
0,46-0,46

436,2
0,4
0,15-0,66

290,49
0,28
0,02-0,71

434,4
0,4
0,16-0,65

290,67
0,27
0,02-0,7

Types of 
folds /

Dates

winter_21.12

0900 E

1200 S

1500 W

493,7
0,0
0,0-0,0

451,24
0,0
0,0-0,0

298,3
0,0
0,0-0,0

450,03
0,0
0,0-0,0

300,12
0,0
0,0-0,0

748,84
0,23
0,23-0,23

673,92
0,2
0,17-0,22

444,67
0,12
0,07-0,17

671,58
0,2
0,16-0,24

450,55
0,12
0,06-0,18

476,34
0,01
0,01-0,01

436,2
0,01
0,01-0,01

290,49
0,01
0,0-0,01

434,4
0,01
0,0-0,01

290,67
0,01
0,0-0,01

fig.5.6, Overview over simulation results
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vertically  folded

reference 
plane unfolded

748,14
0,33
0,33-0,33

673,92
0,29
0,2-0,4

[summer_21.6,1200 S]

[fig.5.E1.1]

[fig.5.E1.2]



139

Excerpt [E1] 
Comparison of the summer results [21.6, 1200, South] for all five types 
of  folds  

Excerpt [E1] pointed out the result of the summer situation on the 21st 
of June, 12 o’clock for all five folded types. With a look to the other 
simulation dates, this investigation should lead to  particular patterns 
of distribution for the solar impact on the folded surface. The chosen 
Miura fold is tessellated into four different angled facets. With the 
insight of geometrical behaviours, it would be easier to control the 
performance even at dynamic movement conditions.   

The flat reference model achieved the highest overall average amount 
of [direct] solar irradiation on the surface. It was not only the case for 
the summer situation, but also for all other seasons. However, focused 
on the [4 different] single facets the result looked different. The bounds 
indicated that at least one angled optimise al ways achieved higher 
values than the reference but at the same time facets with much lower 
insolation. The question occurred on how the different folds would 
perform. Were there ‘irradiation’ patterns of performance to locate 
between the folds?    
Comparing the different fold types during the summer situation, a 
more differentiated picture could be detected:

[1.1] Over the annual average irradiance the plane 
surface [Miura-ori fold complete extracted] had the 
highest amount of solar radiation on the surface. All 
rigid tiles gave the same result. There were no bounds. 
The result was the same for all tiles.

[1.2] The picture for the vertical Miura-fold was more 
differentiated. Even though the average radiation was 
approximately 12,1 % lower, the performance of the 
single subareas ranged from 0,2-0,4 kWh/m2. It was 
21,2% more than the flat subareas in the plane fold 
[E1.2].  
The graphical result showed that the four subareas 
cover ed four stepped performances. A patchwork-
like pixelated performance pattern characterised  the 
vertical fold [see fig. 5.E1.2].   
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vertically + horizontally 
folded and compressed

444,67
0,2
0,05-0,43

450,55
0,21
0,04-0,5

horizontally folded

671,58
0,3
0,12-0,49

[fig.5.E1.3]

[fig.5.E1.4]

[fig.5.E1.5]

[fig.5.E1.6]
‘stripes’

high impact zone
low impact zone

performance pattern
in zones

‘patchwork’ pixelated 
performance pattern

4 graded 
impacts 
on the facets
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[1.3] The result for the horizontal fold [E1.3] was in 
contrast to the situation  [E1.2] sharply separated in 
equally sized horizontal impact stripes. While the area 
of the downwards-angled facets had a comparably low 
radiation impact, the upwards-angled facets accounted 
for significantly increased insolation values. The 
irradiation level was here 48,5% higher than the flat 
tiles. A performance pattern of alternately horizontal 
stripes of low and high impact zones represented the 
horizontal fold [see fig.5.E1.3].

[1.4+1.5] The two compressed folds  extended the 
performance range further, both for the low values and 
for the high values. Comparing the average irradiation 
for the point-in-time with the flat building skin surface, 
the value wa s lowered by 39,4% [1.4] and 36,4% [E1.5 ]. 
The single peak values exceeded the highest insolation 
only slightly compared to the fold [E1.4+E1.5], but the 
lowest values were four times lower for the situation 
of the vertical folds and three times for the horizontal 
fold.       
For self-shading purposes and reduced solar irradiation 
this achieved the highest effect.

In perspective
Assuming to use the differentiation in performance areas for folded 
building skins, the distinct impact zones [fig. 5.E1.6] could be more 
purpose- and performance-oriented activated. High impact zones lead 
for example to an increased efficiency with potentials for targeted 
energy harvesting with for example PV- modules or solar thermal 
collectors. For the compressed fold, it has to be mentioned that partly 
shaded areas on the facets would limit the application of PV to the 
most exposed areas close to the vertex of the fold.   
At the same time, low impact zones would reduce solar irradia nce on 
the surface. Also for these areas the purposes could be performance-
oriented. A  lowered solar impact reduces heat gains in summer and 
subsequently passively reduce the cooling loads of a building.    
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[fig.5.E2.1]

sommer_21.6

winter_21.12

spring_15.3

fall_15.9

673,92
0,07
0,05-0,09

673,92
0,57
0,42-0,71

673,92
0,2
0,17-0,22

673,92
0,29
0,2-0,4

[all seasons_ 1200]
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Excerpt [E2] 
Comparison of the results for the vertical fold [B] [all seasons, 1200, 
South]

Excerpt [E2] took the first indications of excerpt [1] further for the 
distribution of the direct solar impact on the folded surface. For the 
vertical fold with a 30° folding angle all seasonal dates at 12.00 o’ clock 
were compared to see if the [performance] colour pattern was similar 
also under spring, fall and winter conditions.             

The indication from the first excerpt for the vertical fold could also be 
confirmed in the comparison of the other seasonal dates.
At each point of time, the vertical fold showed a complete pixelated 
performance pattern for the in this simulation. All four facets ended 
in stepped insolation results. Comparing the positions of top and low 
values, it showed  a heterogeneous picture. Even though the facet with 
the maximum irradiance stayed the same during the seasons for the 
South orientation in this simulation, the positions and hierarchy shifted 
between the ‘low impact’-facets on the folded surface. The simulation 
for the East and West orientation repeated this result, however, with 
the exception of one higher value for the East situation [0900E]. Also 
here the same facet [top value at 1200S] remains with second highest 
irradiation [see overview fig.5.6]. For the lower values more point-of-
time measurements before and after would have to be made to get a 
clearer picture of the performance behaviour.  

In perspective
The vertically Miura-folded surface led to a pixelated picture of impacts 
on the building skin. In order to achieve benefits for the performance, 
patterns of behaviours are necessary to be exposed. These patterns 
help to define and choose the purposes and the materiality etc. related 
to the facetted fold. In this case, only the facet with the highest irradia     
nce could be pointed out for the situation simulated. Energy harvesting 
would be an obvious possibility to increase the performance. Opposite 
this facet would have to be extra taken care of to reduce  unnecessary 
heat gains.      
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[fig. 5.E3.1]

671,58
0,07
0,04-0,11

671,58
0,57
0,33-0,81

671,58
0,2
0,16-0,24

671,58
0,3
0,12-0,49sommer_21.6

winter_21.12

spring_15.3

fall_15.9

[all seasons_ 1200]
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Excerpt [E3] 
Comparison of the results for the horizontal fold [C] [all seasons, 1200, 
South]

In line with excerpt [E2], excerpt [E3] intended to follow up on the 
first excerpt. In this case, the horizontal fold with a 30° folding angle, 
was investigated for specific patterns of irradiance for all four seasonal 
dates, at 12.00 o’ clock. 

The result of the horizontal folds appeared different from the vertical 
fold.
The horizontal fold showed a clear visible division of solar impact 
among the facets. The overall pattern of impact was here subdivided 
into  two horizontal  performance stripes. Both upward angled facets 
achieved substantially higher values of insolation.  
While a clear subdivision between a high and a low impact stripe could 
be observed, it has to be mentioned that the low impact stripe in some 
cases did not result as closely with homogeneous values. The low 
impact stripe ended for some situations [e.g. summer morning, 0900, 
E] more fragmented with bigger differences in irradia  nce values of 
the facets.  

In perspective
For a potential façade application, the design could work with and 
exploit the potential of the distinct impact of the two zones for better 
performances. The design would have to deal with a horizontal band 
of a high impact zone, which offers enhanced light conditions for 
energy harvesting purposes such as photovoltaics, lights shelves and 
other applications. They would gain a beneficial effect through high 
irradiation values. On the other side, there is a low impact stripe, which 
provides  reduced solar heat gains compared to the average of the flat 
reference surface. The design could utilise this fact for direct passive 
savings of cooling energy.  
Purposes of visual transparency, such as window areas, as well as 
ventilation apertures, could be realised, profiting from the lower solar 
and heat impact.   
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[1] annual radiation in kWh/m2

[2] point in time radiation in kWh/m2

[3] point in time radiation bounds in 
kWh/m2

493,7
0,03
0,03-0,03

0900 E

1200 S

1500 W

reference 
plane unfolded

493,7
0,4
0,4-0,4

451,24
0,35
0,25-0,46

300,12
0,23
0,03-0,49

748,14
0,33
0,33-0,33

673,92
0,29
0,2-0,4

450,55
0,21
0,04-0,5

476,34
0,26
0,26-0,26

436,2
0,23
0,14-0,33

290,67
0,16
0,03-0,39

298,31
0,22
0,05-0,46

444,67
0,2
0,05-0,43

290,49
0,16
0,04-0,35

450,03
0,35
0,19-0,52

671,58
0,3
0,12-0,49

434,4
0,23
0,1-0,38

summer_21.6

Types of 
folds /

Dates

The percentage displays the annual average solar irradiation compared to the flat surface for the direction E/S/W 
100% = maximum annual average solar irradiation on the flat surface 
(for the particular direction))

vertically 
folded

horizontally 
folded

vertically 
folded  and
compressed

horizontally 
folded and
compressed

valid for all seasons, inclusive values

100% 91,4% 91,2% 60,4% 60,8%

100% 90,1% 89,8% 59,4% 60,2%

100% 91,6% 91,2% 61,0% 61,0%

[fig. 5.E4.1]
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Excerpt [E4] 
Comparison of the results of the annual solar irradiation and the 
differences between horizontal and vertical thickfolds   

all folds [A-E] [summer/all seasons, 1200, E/S/W]

Excerpt [E4] focuses on the differences between the annual solar 
irradiation values and compares the horizontal and vertical fold type. 
The graphic shows the simulation for the summer, but as the annual 
average values are compared, the results are generic and directly 
transferable to the other seasons. 

The irradiation values show surprising close results on an annual 
basis. For clarification purposes the values are here recalculated into 
percentage values, each referring to the maximum value of the flat 
surface for the direction East, South or West. 
For both compression stages, the results are very narrow or much less 
than 1% from each other, compared to 8-10% for the 30 ° folding angle 
and 39-41% for the 60° folding angle difference to the performance 
reference of the flat surface.
It is also interesting as the excerpt [E1] could determine different 
patterns and distribution of the solar impact on the surface. The close 
result for both differently orientated fold types surprises.  

In perspective
Projecting this result on the knowledge of external sun shading systems 
regarding directions (vertical or horizontal) concerning orientations 
(N, S, E, W), alterations have a major influence on the performance 
and the effect (Hausladen et al. 2006:46). While horizontal lamellas 
perform best as sun shadings for south directions with high sun angles, 
vertical lamellas are most suitable for East/West directions. Especially 
within a Nordic climate situation, the demands of a low sun path, 
particularly in spring and fall, have to be addressed.       
The comparison in excerpt [E4], which targeted the solar impact, 
demonstrated for both folds, regardless the horizontal or vertical 
direction, almost the same solar irradiation. For design applications 
with irradiation purposes, the decision of a horizontal or vertical 
application could be based on other aspects, as the performance would 
be equally good in average over the year.           
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[fig. 5.E5.1]

[fig.5.E5.2]
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Excerpt [E5] 
Comparison of the results for the horizontal fold [C] [summer and fall, 
1200, South]

Opposite to the previous topics, excerpt [E5] intended to clarify the 
results of the summer and fall situation, 12.00o’clock. As to be seen in 
fig.x, the simulation of the summer and autumn situation ended with 
contrary results. Irradia nce values in the autumn exceeded the values 
of the summer simulation.   

The reason therefor lies in the weather data file. At this specific summer 
day of the reference year, the insolation was very low, which could be 
caused by rainy or cloudy conditions. The autumn date has in contrast 
to the summer situation been very sunny. A closer look at the extract 
of irradiance values shows the range within the data for both months.     
By substituting these two dates with more representative seasonal 
values, a clearer distinction between the seasonal behaviour could 
be shown. As the alternative date for the summer situation the 22nd of 
June was chosen, and for the fall date, the 18th of September replaced 
the previous date.

The outcome of the new simulation followed the expectations regarding 
the irradiation intensities for the season.
The distribution of impacts on the facets stayed similar due to the same 
sun angle, but the amount of impact on the surface got adapted. The 
visual result did not show the new situation as clearly, which is caused 
by the colour scale limited to 0,5 kWh/m2 as maximum bound value. It 
is recommended here to compare the numeric values for clarification.

In perspective
The fact that the solar irradiance values showed a wide span and even 
could be switched in intensity between seasons, confirm the need 
for solutions and building skin designs, which deal with the range 
of impacts rather than with average seasonal values to benefit from 
improved performances.    
As adaptability is achievable only to a certain extent, patterns of 
behaviour have to be detected which are beneficial for the whole range 
of situations, in this case are valuable for all seasons.  
Kinematic adaptation of the folded surface could furthermore extend 
the range of optimisation, which would have to be further investigated 
with simulations of the dynamic  thickfold model. 
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[fig.5.E6.1]
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Excerpt [E6] 
Comparison of the results for the fold [A, B, C] [summer, 1200, South] 
with the Ecotect simulation

Excerpt [E6] was conducted as a validation of the calculated results 
by comparing the simulation result with an alternative simulation 
program.

The entire simulation series with the thickfold as a dynamic 
digital model was built in Rhino/Grasshopper3D and climatic-
environmentally simulated with an open-source plugin called Ladybug. 
For the verification of the results, it was important to compare the 
outcomes of another established program. In this case, Ecotect was 
used as a reference and  as validation program. In order to conduct 
the comparative simulations, the weather file format ‘ epw’ had to be 
converted to ‘.wea’. The results showed a difference in values.   
Comparing the two simulations it had to be stated that there was a 
difference in the ou tcome for the chosen situation [summer_2106-1200]. 
The average radiation values varied for the point-in-time-situation 
between 6-12%. The bound values for the top and bottom levels had 
an even bigger deviation in the top values. However, the overall picture 
of radiation impacts and the distribution of intensities over the surface 
was the same. The conclusion of distinct fold patterns for the different 
fold types could be confirmed. 
Nevertheless, it will have to  be investigated how this difference in the 
results occurs and where the reason for the difference can be located: 
in the program, in the calculation or the different handling of the 
weather data files? 

In perspective
The deviation in results from various daylight simulation programs 
is not new, due to the different calcu  lation methods, consideration 
on reflections and surfaces and so forth. It was part of several recent 
investigations, such as published in the report 20 from the Danish 
Building Research Institute in 2013  (Iversen et al. 2013). The deviation 
is also no exception for the calculations of the Ladybug plugin. The 
reasons for that are nevertheless not further investigated in this thesis 
as they do not change the conclusion compared to the Ecotect results.     
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Potentially these upcoming open source plugins allow a much broader 
group of architects in the future to conduct initial investigations of 
building shape performances in early design phases to achieve passive 
design solutions with reduced energy consumption and enhanced user 
comfort. High precision in this phase is often misleading. Clear and 
comparable indications of the results are sufficient for this stage of the 
design process.     

Excerpt [E7] 
Dynamic: Comparing the values of simulated irradiance for scaled fold 
sizes [summer, 1200, South]

For the excerpt [E7] the scale of the Miura-folded surface as a dynamic 
variable  was the objective. This case aimed to investigate the influence 
of scale on the simulated irradiance results. Would a scaling of the folds 
lead to a change in the results and would there be consequences on the 
impact of solar radiation? Would it be possible to scale the folds down 
and achieve the same results?

For the simulation, the five earlier types of folds we  re used: an 
unfolded Miura thickfold and both a vertical and a horizontal fold 
in 2 compression states. Besides the  reference scale of the previous 
simulations, here mentioned as the 100% situation, simulations 
for alternative sizes [scales] in 10%, 50% and 150% are conducted. 
The summer situation of the 21st of June at 12 o´clock with a south 
orientation was chosen for the comparison.    
The thickfolds were scaled numerically by changing the size, thickness 
and in proportion the distances to the   fold lines. As the insolation 
values are calculated per square meter, the results are comparable 
even so they differ in physical size.  
The outcome showed largely equal results, regardless the different 
scale. While the results at a scale of 50%, 100% and 150% are very 
close, and the margin was below 0,1%, the downscaled folds of 10% 
size showed a more significant deviation. The highest increase in 
insolation value occurred for the compressed folds with 1,5% and even 
2,7%. The reason for that cannot explicitly be designated. It would have 
to be further investigated if this micropatterns  due to failure margins 
in the calculation or because of geometrical reasons. Also, it would be 
interesting to see if the scale would be much smaller if similar results 
would occur or if the tendency would continue with an increase of the 
irradiation impact.      
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[fig.5.E7.2] Scalability
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In perspective
This experiment shows an interesting aspect in the simulation of 
the folded structure: The result of the simulation series documented 
a rather similar performance for all investigated scales for each of 
the fold types. This freedom of scale would make folded surfaces 
theoretically possible to be applied in a much wider variety as the 
effect is not restricted to large-scale kinematic structures.   
This freedom of scale would make the folded morphology theoretically 
independent applicable in size, based on the outcome of the simulation. 

As the overall picture shows constant solar irradiation values regardless 
scale, this could be of major interest for the surface treatment of 
building skins. If micro- or nano surfaces with their morphology would 
perform the same as macro folded structures, very fine structure in 
the surface could achieve evenly good results of self-shading effects 
and subsequently lower surface temperature. Also, the maximisation 
of insolation for solar thermal or photovoltaic harvesting could be 
considered a field of application.  
However, even though the result of the simulation points clearly to 
a scalability of the insolation properties, early conclusions for the 
applicability cannot be drawn.  Material specific capacities together 
with the building physical properties would probably have a significant 
influence on the performance. The change in scale would have to be 
investigated and justified with physical material studies in outdoor 
environments to see and measure the impact of solar energy on the 
surface and the performances for the different scales under real 
circumstances. 
Nature could in this case again be a reference and source of inspiration. 
As mentioned in Chapter 3 [performance of folds] micro-surface 
structures on plants achieve a reduction of the insolation by reflection  
(Koch, Bhushan, and Barthlott 2009:168). 
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476,34
0,4
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0,17-0,55
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436,2
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0,26-0,52
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0,39
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476,34
0,48
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0,33-0,51
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0,42
0,26-0,58

1700

476,34
0,44
0,44-0,44

436,2
0,38
0,32-0,44

434,4
0,38
0,27-0,49

1800 point-of-time

[all values in kWh/m2] 

annual radiation

point in time radiation

point in time radiation bounds

[all values in kWh/m2] 

annual radiation

point in time radiation

point in time radiation bounds

[fig.5.E8.1]
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Excerpt [E8] 
Dynamic: Comparing the behaviour of folds during the day [summer_2206, 
1200-1800, West]

Excerpt [E8] investigated the dynamic behaviour of the solar irradiation 
on the surface during the day. Two types of folds were compared with 
the flat reference surface.
The 22nd of June was chosen as representative summer date with a 
west oriented folded structure as objective. Simulations of the direct 
solar impact were conducted for each hour during the time span from 
12.00 to 6.00 o’clock in the evening [fig.5.E8.1].

1. The flat fold [surface] receives for the whole surface 
area per m2 in average the highest direct point-in-
time radiation4. Both fold types [horizontal and 
vertical fold, 30°] end in the result on a lower level. 
[fig.5.E8.2]

2. Comparing curves of the high and the low bounds 
[maximum impact and minimum impact] of the 
surface areas, the differences between the flat 
reference surface and the folded surfaces are even 
bigger. The lowest values are achieved with the low 
impact areas on the horizontal fold followed by 
the areas from the vertical fold. For the maximum 
irradiance values also the horizontal fold receives 
the highest values5, followed by the vertical one. 
[fig.5.E8.3]

3. There are variations in the differences during the 
measured time span between the flat reference 
surface and the folded surfaces. While the biggest 
difference of the low bound curve [fig.5.E8.3] is 
to state at 15.00 hour, the maximum difference to 
the flat fold can already be seen in the high bound 
curve [fig.5.E8.4] at 13.00 hour and shrinks until 
18.00 hour.    

4 With the exception for one situation at 13.00 hour for the average point-in- 
 time simulation, summer 22.6, west, fig.5.E8.1 

5 With the exception for one situation at 13.00 hour for the maximum bound  
 point-in-time simulation, summer 22.6, west, fig.5.E8.1
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4. The series of simulation also documents that the 
solar impact measured on the surface is different 
for all6 situations. With the exception for one 
situation, all other situations are unique.   

Narrowing the focus on three defined folds on a specific day and 
investigating the solar impact on the three shapes over a period of 
6 hours confirmed the conclusion of excerpt 1 of a lower average 
irradiation levels for all folds. Furthermore, the simulation of 7  
situations during this 6 hour period could also confirm consequently 
higher and lower maximum levels of irradiation on the tessellated 
surface compared to the flat fold [excerpt 1]. The highest values for low 
and high bound irradiation could be stated for the horizontal fold [with 
one exception] During the time span of the simulation the difference to 
high and low bound values altered between flat and folded surfaces. All 
point-in-times [with 1 exception] ended in distinct measurements for 
the 7 [solar impact] situations.   

6 With the exception for one situation for the flat fold at 16.00 hour and 18.00,  
 summer 22.6, west, fig.5.E8.1



160

[a]  annual radiation in kWh/m2

[b]  point in time radiation in kWh/m2

[c]  point in time radiation bounds in kWh/m2
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10°
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0,35
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0,36
0,11-0,61

30°

401,22
0,32
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0,33
0,06-0,65

40°

353,64
0,29
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355,31
0,31
0,04-0,67

50°

290,49
0,24
0,03-0,61

290,67
0,25
0,03-0,66

60°

[fig.5.E9.1]
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Excerpt [E9] 
Dynamic: Comparing the behaviour of 2 folds for one date and 14 
compression states [summer_2206, 1500, West]

In a further excerpt [E9] the dynamic behaviour of two folds at 
a determined point-in-time was explored for an unfolding or 
compressing situation.         
Again the summer situation on the 22nd of June was chosen in 
combination with the west orientation. At 3 o’clock in the afternoon 
both the vertical as the horizontal fold were stepwise compressed. The 
dynamic range covered the complete unfolded structure in steps of 10 
degrees folding angle until a maximum of 60°.

1. The graph/diagram [fig.5.E9.2] with the minimum 
bounds indicates that for the whole process of 
compressing the vertical as well as the horizontal 
fold, the minimum values exceed the ones of the 
origin of the unfolded flat surface. During the 
compression, the difference  increases up to 80° 7. 
The horizontal fold again has slightly lower values 
as the vertical fold.

2. The maximum bound graph [fig 5.E9.3] also shows 
that with the process of compression the maximum 
values of impact areas on the surface increase 
significantly. The greater the angle [compression] 
of the fold, horizontally or vertically, the bigger 
the difference of the maximum values to the flat 
origin. The horizontal fold achieved a higher solar 
irradiation result on the surface until 70°.   

3. The average irradiation level for all facets [both 
high and low bound] follows with the compression 
of the fold a downward tendency of lower solar 
impact on the surface the more the fold got 
compressed [fig 5.E9.4].

7 The simulations were conducted until 80°. The graphical results are not shown  
 in [fig.5.E9.1]
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Compressing stepwise the flat surface [fold] leads to this situation 
both vertically as horizontally to a stepwise change in impact on the 
surface. An apparent decrease can be stated the more both folds are 
compressed. It is the case for the average value of the whole surface 
and even more for the low bound facets. The high solar impact values 
for the folds are as well exceeding the flat fold after the principle the 
more compressed the fold, the higher the maximum impact.          

The results

Summarising the simulation results of the digital  thickfolds, despite the 
big amount of data and diversity in the outcome, performance patterns 
for  thickfolds could be detected. For only two of the 126 calculations, a 
similar result could be pointed out.  
Investigating climatic conditions with the focus on solar irradiation 
leads to multiple parameters which are not fixed but dynamic. For 
example, could this be daily variations in intensities of direct solar 
impact, orientations of the fold structure, or changing sun angles on 
a daily, on a monthly and seasonal basis. However, on the base of the 
climate data set, patterns could be observed regarding the distribution 
of solar impact on the subareas [facets] of the folds.              
The excerpts documented the findings:

1. It can be stated that the flat, unfolded surface received for all 
simulated situations the highest average irradiance8 values. It is valid 
for both the annual as the average point-in-time value, calculated for 
all facets on the  thickfold. [E1 + overview of seasonal simulations] 
 
2. Compressing the flat thickfold surface in one of the four chosen 
versions of folds led to a significant overall reduction of irradiance 
on the surface per square meter. The lowest overall impact could be 
observed at the two most compressed test folds. The horizontal fold 
and the vertical fold performed quite similar, even though the vertical 
fold had marginal lower values. [E1 + overview of seasonal simulations]      

3. Looking at the bound [top and bottom] values of the four compressed 
folds shows a more differentiated picture. Compared to the equal values 
of the facets on the flat surface, all four folded types have significantly 

8  The term irradiance is in this case, but also for the whole simulation series, 
used specifically for the direct solar radiation impact on surface
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higher [>21%] and lower values [>40%]. The performance of the 
individual facets has a broader range. It means that regardless the fold 
type, for the spring, summer and fall situations, at least one facet would 
achieve a higher impact compared to the same area of the flat surface. 
The winter situations are an exception for the vertical folds, and for the 
compressed horizontal one. [E1+ overview of seasonal simulations]   
      
4. The simulation data also showed that the folded surfaces generated 
specific distribution patterns of irradiation values for the distinct folds. 
[E2+ E3]

5. Comparing the irradiation results of folded states with equal 
compression angles between horizontal and vertical folds [E4], the 
performances can be considered equal [<1% in difference]. Alterations 
have thus no consequence in the irradiation result.

6. Varying the size [scale] of the thickfold dynamically for all folded 
situations between 10% and 150% did not lead to changed irradiance 
results9 [E7]. Exceptions with minor deviations could be stated for few 
situations. The outcome of the performance regarding direct solar 
impact per square meter would be independent of the scale of a folded 
pattern. Makro-folds perform digitally equally to micro-folds. 

7. [E8] Simulating the performance for three folds [unfolded, vertical 
and horizontal 30degree fold] on daily basis10 with the dynamic solar 
impact of the changing sun angles confirmed the behaviour of the 
first excerpts [E1-3]. Also here a lower average irradiation level for all 
folds could be stated, as well as higher low and high bounds on the 
tessellated surface could be measured. For this situation, the horizontal 
fold achieved the most extreme values.  

8. Investigating the dynamic variable of compressing the fold [E9] for 
a defined point-in-time summer situation, led to a stepwise change in 
impact. Increasing the folding angle11 [compressing the fold] resulted 
also in lower average irradiance values on the overall surface, as well 
as it led more extreme values for high and low bound subareas. Like 
in excerpt [E8] also for this case the horizontal fold received higher 

9 For three cases exceptions could be determined with a deviation between   
 0,7% and 2,7%.

10 Time span of an afternoon, from 12.00 to 18.00 o’clock

11 Increasing the folding angles = compressing the fold
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irradiation bounds on the surface compared to the vertical fold.    
Stating that the investigated folds showed a lower irradiance than 
the flat surface, the additional compression of folds increased this 
performance further. The act of compressing can, therefore, be utilised 
to adjust and optimise the surface for further reduction of solar 
irradiance.       

Opposite to the preliminary results, the conclusions of excerpts [E5 
+ E6] are related to the process of this simulation. The investigations 
gathered the used weather data for the simulation [E5] and an overall 
validation of the simulation results [E6]. 

9. A climatic simulation, like it had been conducted here, needs a proper 
and conscious choice of dates for representative weather situations. As 
in the simulations, unexpected results were discovered, the weather 
data file was checked. These dates turned out to be exceptional values, 
based on a reference year with the particular situation at that day. As 
direct solar radiation is negatively influenced by covered, clouded sky 
conditions, comparisons have to be made under similar circumstances. 
For this case [E5] new dates with monthly average values were chosen 
as alternatives. Average values would be in general recommended for 
this type of simulations.  
   
10. In order to validate the simulation results with the Ladybug-
plugin for Grasshopper3D a comparison with the Ecotect program was 
conducted [E6]. The results came close to the outcome of the Ladybug 
simulation, but a deviation could be stated with generally lower 
Ecotect values. The graphical and the overall distribution of the solar 
impact distribution on the surface were comparable.

The results have overall to be seen as an additional potential to apply to 
adaptive building skin purposes with the goal to optimise performance 
with decrease/ increase of solar impact. Enhanced effectiveness of 
surface can, for example, be expected for lower irradiance values, as 
they would result in lower surface temperatures. Cooling loads could 
be reduced in summer. For the opposite case of increased irradiation 
values on specific tiles heat or solar gains could be utilised for 
harvesting a higher amount of energy.        
The results also have to be seen in line with the previously documented 
thermal performance benefits of folded surfaces in nature [Chapter 
3]. This investigation intended to open up for a more purpose- and 
performance-oriented application of folded surfaces for building 
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skins, as benefits could clearly be stated. The kinematic ability offers       
another dimension of performance, as the adaptation enables to cover 
a wider range of situations and target the requested purpose of either 
maximised or minimised impact of solar irradiation on the folded 
surface dynamically. Materialization and prototypes would have to 
prove if these findings of benefit potentials would be able to be realised 
to the same extent in practice.          

This simulation series covers still only a small range of situations, 
as the simulations are conducted with the same type of fold, with 
the same dimension s and angles. Variations of the chosen thickfold-
geometry could be interesting to simulate in the future   . For this task 
programs/plug-ins such as Galapagos could be used to define specific 
goals and calculate the most optimal dimension for a given condition 
out from the given digital thickfold model. However, the results have 
to be seen within a dynamic environment. Even adaptable [foldable] 
solutions w ould have restrictions. The choice for a specific geometry 
has to be based on the whole spectrum of situations. With the gained 
knowledge, that a folded solution has an embedded advantage for a 
lower average irradiation, a further simulation-supported, dynamic 
design process can be conducted to extend this benefit. The dynamic 
variables of the geometry of this  thickfold allow being tested further to 
gain even more optimised solutions.         
In practice, a simulation for the fold structure would have to be added 
more attributes related to the particular context and its limitations. 
In order to get closer to realistic outdoor conditions, shadows and 
reflections from the surrounding environment would have to be 
considered as well as material properties, and so on. The chosen 
surface, with reflective or absorptive properties, colours or colour 
changing abilities, but also the thermal capacity would be a variable to 
improve or worsen the calculated situation.  
Another element, which has not been discussed within this simulation 
chapter, was the request or the user-oriented demand towards an 
optimal performing building skin as an advanced solar shading element  
to provide the best comfort. The simulation considered here rationally 
to seek in the first step for optimisation potentials for performance 
enhancing building skins. Surfaces of folded shapes should be utilised 
for reductions with the focus on reduction of energy consumption, 
either passively by reduced solar impact or actively by more effectively 
harvesting energy on the tessellated surfaces.     
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CONCLUSIONS

Testing and evaluating the folded shape of the Miura-thickfold was 
conducted in the test series of dynamic digital simulations xp1. In 
order to meet and explore the changing requirements of climate-
responsiveness, the setup including the model and the tools were 
dynamically founded.
The thickfold was for this purpose digitally ‘built’, and the model 
programmed to be dynamically adjustable in sizes, angles, thicknesses 
and compressions. The former physical sketch model studies could in 
this way be transferred into a virtual climatic context to be investigated 
for solar irradiation impact.     
The detailed weather data allowed picking hourly situations over the 
whole year to simulate the direct solar impact on the surface with the 
related sun-angle, intensity and orientation.

Shape and 
performance/

Concluding test series xp1, the flat surface [fold 
completely unfolded] ended for all simulated situations 
in the annual average with the highest irradiation 
result.
The compressed Miura-thickfolds received for the same 
folding angle [compression angle], both horizontally 
as vertically, almost the same irradiation, despite the 
rotated orientation of the surface. 
The difference in solar impact between horizontally 
and vertically oriented folds was maximum only 0,6% 
on the base of the annual average [excerpt 4] the 
simulated model. Although the point-in-time     results 
are very close and for most cases even identical. The 
difference between the 2 tested folded states, and the 
flat reference surface was bigger with either around 
10% or 40%.   
It is especially interesting in the context as horizontal 
and vertical sun shading systems have  particular 
performance preferences for East, South and West 
orientation (Hausladen et al. 2006:46). The orientation 
and the effect to reduce the solar impact are closely 
connected. As this does not seem to be the case for 
the simulated thickfold structures and the results 
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are so close to each other, the application of either 
the horizontal type or vertical type could, in this 
case, be decided out from functional and aesthetical 
considerations.   

Patterns of
performance/

The simulation results could furthermore display 
patterns of performance for the different types of 
thickfolds. While horizontally orientated thickfolds 
showed comparable continuous linear performance 
values, the vertically orientated thickfolds were 
characterised with tessellated, spread performance 
values over the four different angled facets. The stated 
higher, and lower impact on the facets could, therefore, 
be addressed in patterns to material properties or 
functions, despite dynamic variations of the shape.       
The potential for this observation could be seen in 
matching applied plate materials of the facets with the 
performance of pattern to increase the effectiveness of 
the surface. 

Scale and
performance/

Scaling the five variations of  thickfold models up 
and down and comparing the results of the solar 
irradiation, it turned out that the values stayed almost 
the same for each folded state. The performance for the 
chosen    thickfold surface was independent of scale. 
Micropatterns performed for the same  type of folded 
surface, including proportions of facets and angles, 
equally in the simulation. It could be measured that as 
well bigger scales with 150% as minor scales with 50% 
and 10% ended with the same result.        
Practically spoken, the scalability could have a 
potential for application of outdoor surfaces with the 
purpose to reduce the solar impact. Instead of macro-
fold applications, the folded surface could be reduced 
down to micro-surface scale.
In a future perspective could façades be equipped 
and shaped with folded micro-surfaces, which would 
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refer to earlier mentioned examples from nature. 
Micro-facetted surface structures contribute with 
their morphology to climate-adaptation purposes [see 
Chapter 3/ Chapter   5, excerpt 6/ concernin   g  (Koch, 
Bhushan, and Barthlott 2009:168)]

Dynamic 
situations and 
performance/ 

The results of a series of simulations with a high 
frequency of simulations over a defined time span 
during a day confirmed performance patterns within 
the dynamic [climatic] irradiation environment 
[excerpt 8]. Even under dynamic circumstances, 
the solar impact on the facets followed a specific 
distribution of high and low impacts. The same could 
be determined for the same irradiation impact but a 
whole range of folding angles [excerpt 9]. Even though 
values varied, the overall patterns were preserved.               
In consequence design solution for solar surfaces 
could address functions and properties of material to 
the facets even if the fold is kinematically adjustable. 
Higher or lower effects could be ‘harvested’ on the 
surface, and a profit realised compared to a flat surface.    

In the next experiment series xp2 [chapter 6] it is focused on the 
dynamic ability to activate a layer climate-actively. The textile layer 
which is centrally embedded in the thickfold is investigated for the 
potential to act as a cooling interface . Textile membranes are tested in 
a climate laboratory for their suitability and the actual cooling effect.
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06 The second test series xp2 addresses performance through 
materialisation. The centre layer of the thickfold assembly is 
the objective, investigating the potentiality of activating the layer 
climatically. The textiles transform here in combination with water 
from a material layer into an interface: an active agent for cooling 
purposes.  
The test series xp2 studies the potential of textile structures for 
evaporative cooling. Over two test series at the climate laboratory of 
Navitas/AU, two scaled climate chambers with moisturised textile 
membranes in 31 variations were tested regarding their cooling 
capacities.  The measured data of both humidity and temperature 
levels were analysed and the results as indications evaluated. 

06
test series xp2TESTING
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PRELIMINARY

The textile layer as activated element

As previously argued in the project the textile layer plays an essential 
role in the approach to materialise  thickfolds.  
Following the idea to provide hingeless foldable building skins, the 
textile layer is centrally embedded. The placement of joint lines on 
the rigid surface can,  therefore,  be freely determined for fabrication 
processes due to the continuous layer throughout the entire compound 
area. In combination with the universal ability of fabrics to bend, a 
broad range of different types of folded patterns and scales can be 
achieved with thickfolds.       
The question occurs if there are further possibilities to challenge the 
performance of these textile layers and to add responsive behaviour: 
Can these embedded membranes be even more beneficial by applying 
further properties to the fabric? 

The continuous permeable membrane can serve additional purposes if 
the rigid surfaces on both sides are perforated and the textile is directly 
exposed to the environment. 
Climate-responsiveness of textiles can be induced by embedded 
multi-functional material properties. Textiles have gone through an 
enormous technological development, such as weaving techniques, 
fibre structures, coatings, nano surfaces, embedded second materials, 
etc. to achieve multiple performances.   
These ‘smart’ textiles, as the multi-functional fabrics are commonly 
called, include capacities of added high strength and robustness,   
breathability combined with water resistance, absorbing or reflecting 
abilities, etc. as for outdoor applications requested. However, the range 
of ‘smart’ textiles for façade purposes is still rather limited and mostly 
related to sun protection or wind barrier membranes within wall 
constructions.  

The thickfold project is intended to go beyond passively using ‘smart’ 
textiles. Instead, it seeks to actively utilise the textile layer: the passive 
presence of the textile is transformed into an active agency for climate-
responsive purposes.   
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From active agent to cooling textile

Taking advantage from basic physical principles to achieve cooling 
effects, the fabric can fulfil several demands to support the function. 
Textiles provide in the first instance the necessarily permeable surface, 
enabling the exchange and airflow between the environments.  And 
secondly, with the right choice of textiles, they can absorb and store 
temporarily water until its release.     
The test series takes the starting point in this objective and utilises the 
membrane as the active interface to transform liquid water to vapour 
to enable evaporative cooling of a folded building skin.  

The relevance of alternatives to mechanical cooling

Following the development of the energy consumption of the built 
environment, there is a clear indication that the energy consumed by 
cooling appliances is one of the biggest single shares worldwide.

fig.6.1 
Electrical cooling devices in 
the urban context of Kuala 
Lumpur [2007]
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[]…Actually there are more than 240 million air 
conditioning units installed worldwide according to 
the International Institute of Refrigeration (IIR), Paris. 

 
 IR’s study shows that the refrigeration and air 

conditioning sectors consume about 15% of all 
electricity consumed worldwide.

In Europe alone, it is estimated that air conditioning 
increases the total energy consumption of commercial 
buildings on average to about 40 kWh/m2/year...[] 
(Kamal 2013)

Focusing on the situation in Central and Northern Europe, especially 
office buildings have to deal with overheating issues as they have high 
internal heat loads. Reasons for that are the high densities of tenants 
and intense human activities, waste heat from technical appliances and 
often obsolete, poorly insulated, but large glass facades combined with 
missing external sun shadings. But even well insulated modern office 
buildings have to deal with increasing need in cooling due to tendencies 
towards more glass facades, larger A/V ratios1 and toughened comfort 
levels by building codes. Rising outdoor temperature levels contribute 
with this both to a decrease in heat consumption but at the same time 
to a further increase in the cooling demand (IEA 2007:25) .           

With a tendency in the last years for rising outdoor temperature levels 
in many parts of the world, it becomes even more urgent that building 
design globally needs to focus on a much higher degree to improve 
practices and reduce passively cooling demands as well as heat loads 
through building integrated design. Correspondingly new alternative 
and active solutions have to be developed to provide cooling.   

1 A/V ratio describes the ratio between surface area and volume of a building
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EVAPORATIVE COOLING AND TEXTILES

The physical principle behind

Approaches for evaporative cooling can be found in our natural 
environment. Nature provides two principles: perspiration and 
transpiration. 
The human body uses the principle of vaporising water: perspiration 
is a principle of thermoregulation of the body temperature. Vaporising 
sweat on the skin generates evaporative cooling, which leads to a 
decrease in temperature on the surface of the skin and a lower body 
temperature.     
Plants and trees evaporate water through the stomata of the leaves. 
Likewise, plants and trees evaporate moisture through small apertures 
in the leaves and stems, called stomata. Only  “… a small amount of the 
water taken by the roots is used for growth and metabolism.  99-99,5% 
is lost by transpiration…” (Sinha 2004) and among other purposes it 
serves to cool the plants. 

The physical principle behind evaporative cooling is a transition 
phase from liquid water into vaporised water, which leads to a lower 
air temperature.  “…The energy needed to evaporate the water is taken 
from the air in the form of sensible heat, which affects the temperature 
of the air, and converted into latent heat, the energy present in the water 
vapour component of the air, …” (McDowall 2007:16) 
The important aspect here is the indivisible dependency of the 
relative humidity and the dry-bulb2 air temperature. The warmer and 
‘dryer”’the air, the higher the cooling effect through evaporation will 
be. High humidity levels will reduce the effect significantly.

Ancient cooling principles

Vaporisation of water for indoor air conditioning is to be found long 
back in ancient architecture. Vernacular examples of hot-dry climate 
zones in the Middle-East region used the principle of water moisture 
as an active element in a cooling strategy for buildings. One example 
is the Muscatese evaporative cooling window (Moustafa 2011). This 

2 The dry-bulb temperature (DBT) is the temperature of air measured by a   
    thermometer freely exposed to the air but shielded from radiation and   
 moisture [wiki]

3.0MUSCATESE EVAPORATIVE COOLING WINDOW

It is  a  Mashrabiya [“wooden grille  or grate  used to  cover 

windows or balconies” (Andrew Peterson 1996)] containing a porous pottery or clay jar filled with water as shown in 

Figure 4 and 5. The system differs from the ordinary  Mashrabiya that it is mainly used for ventilation and cooling. 

When air passes through the grill it passes by the porous jar, the air gets cooler and more humid due to Evaporative 

Cooling. By which the building is ventilated, cooled and humidified solving the three issues of Human comfort in Hot 

Arid Climate.

Figure : Muscatese Evaporative cooling window system (Rosa Schiano 2007)

4

fig.6.2 
Cooling provided by 
vaporation of water. Austrian 
pavilion, EXPO Milan 2015

fig.6.3
The 
Muscatese 
evaporative 
cooling 
window 
[Schiano 
2007]

3.0MUSCATESE EVAPORATIVE COOLING WINDOW

It is  a  Mashrabiya [“wooden grille  or grate  used to  cover 

windows or balconies” (Andrew Peterson 1996)] containing a porous pottery or clay jar filled with water as shown in 

Figure 4 and 5. The system differs from the ordinary  Mashrabiya that it is mainly used for ventilation and cooling. 

When air passes through the grill it passes by the porous jar, the air gets cooler and more humid due to Evaporative 

Cooling. By which the building is ventilated, cooled and humidified solving the three issues of Human comfort in Hot 

Arid Climate.

Figure : Muscatese Evaporative cooling window system (Rosa Schiano 2007)

4
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example described by Andrew Peterson 1996 and Rosa Schiano 2007 
combines the typical open Mashrabiya3 lattice with porous terracotta 
jugs, which are filled with water. Airflow through the “window” passes 
the jars, evaporates water loss on the ceramic surface and lead to 
cooled and humidified air. 

Affiliating the evaporative cooling principle to the thickfold design 
and questioning if the folded structure could not play an active 
role concerning beneficial indoor climate, the centred textile layer 
came into consideration for this purpose: Could the presence of the 
embedded textile layer in combination with water supply enable the  
thickfold to become a cooling skin? And could textiles, in general, be 
used as permeable membranes to provide water vaporisation?        

Evaporative cooling in architecture

Going back to 1851, Robert Paxton designed an entirely transparent 
glasshouse, the Crystal Palace, for the Great Exhibition in the Hyde Park 
in London. In full awareness of the indoor climatic challenges of high 
temperature level in the summer period, he came up with different 
options to control the climate. 
While the first options were based on passive solutions of natural 
ventilation and shading, other options were directly related to 
evaporative cooling: ‘…one option was to hang coarse canvas sheets in 
front of the ventilators, these sheets being periodically moisturised to cool 
the incoming air stream by evaporation…’  (Schoenefeldt 2011:240). As 
Schoenefeld argued, that ‘…Paxton also claimed to have done a small-
scale experiment4, in which he used wet canvas to cool the air temperature 
of a room from 29°C to 25°C for 1 hour. He believed that it was possible to 
lower the temperature inside the exhibition building below the external 
temperature...’ (Schoenefeldt 2012:203–204). Furthermore Paxton 
thought of providing ‘…additional cooling by sprinkling water onto the 
canvas roof covering.’ (Schoenefeldt 2012:203)   

The principle of applying evaporative cooling the exterior of a façade 
is recently applied at the Sony City Osaki Building designed by Nikken 
Sekkei architects 2011. This large-scale screen is described as a 

3 Carved wooden screen that encloses a balcony window in Arabic buildings

4 The experiment was probably conducted in a house in Chatsworth.   
 (Schoenefeldt 2008:290)

fig.6.4
The Crystal Pavilion 1851 
by J. Paxton for the Great 
exhibition in London.
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fig.6.5
A close-up of the evaporative 
cooling facade of the Sony 
City Osaki Building by Nikken 
Sekkei architects [2011]

fig.6.6
Section through home+ pavil-
ion with ‘energy tower’ [wind 
catcher] with hanging panels 
of textile

modern interpretation of a traditional Japanese ‘sudare’ louvre. 
Rainwater collected from the roof feeds the system of porous ceramic 
pipes in front of the façade. The evaporation leads to an exterior cooling 
effect and reduces internal loads for air-conditioning the office spaces 
(NBF Osaki Building｜Nikken Sekkei LTD 2013). 

A contemporary reference for interior evaporative cooling is the 
pavilion ‘home+’ of the HFT Stuttgart for the Solar Decathlon Europe 
2010. The design of the pavilion embedded an ‘energy tower’ as a 
low-tech solution for air conditioning the interior. Like a wind catcher 
[chimney/cooling tower], as known from Middle Eastern vernacular 
examples, outside air is led into the Pavilion. The inwards streaming 
air is cooled down along moisturised panels of textile, which supply 
the interior with fresh and cooled air (Sanchez 2011:66–75).     

As the examples show, several attempts have been made quite recently 
to explore and utilise this principle for cooling purposes. Likewise      
Paxton’s thoughts and the contribution to the Solar Decathlon 2010 
show, textiles offer the opportunity to be used in combination with 
evaporative cooling.      

Textiles for evaporative cooling 

Textile fabrics have different behaviours regarding wicking5 abilities, 
which is the way of absorbing and transporting water, dependent on 
the type of yarns being used.
Two types can be distinguished: synthetic and natural yarns. Natural 
yarns, such as cotton and sheep wool, can absorb and transport water 
within their radially layered fibre structure. Synthetic yarns provide 
diffusion with their wicking6 abilities in between the fibres along their 
specific surface structures (Das et al. 2007:101)  
Qualified textiles for evaporation purposes of outdoor façade design 
have to fulfil challenging requirements regarding durability. 

Fabrics, which are permanently exposed to the outdoor environment, 
are to find in the classification of technical textiles. 
These textiles stand out by their resistance to harsh climate conditions 
and high-performance properties regarding strength, UV resistance, 

5 and  Flow of liquids through porous media, in this case, textiles 

5 / 6 Flow of liquids through porous media, in this case, textiles
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light weight, permeability, etc. The most common textiles for outdoor 
purposes are Acrylics, Polyester, ETFE 7 and PTFE8. Particular for all of 
the technical textiles is the opposite demand, not to be absorbent, but 
being as water-resistant or hydrophobic as possible. 
For the project and the purpose of evaporative cooling, textiles are 
needed which combine these high performances and enable absorption 
and permeability.

Reviewing the market for architectural outdoor textiles, it shows that 
there is not only a lacking demand of water absorbing textiles, but 
there has rather been a single-focused development on water-proof 
fabrics only. Specifically developed evaporative fabrics as a standard 
product for façade purposes are not available. 
Suitable textiles for initial testing have to be found in other fields. Gore-
Tex®, as a well-known fabric from the outdoor clothing industry, is 
built up with a triple-layered textile structure. The inner layer of a 
porous membrane of PTFE9 transports perspiration in cross-direction 
to the outside. The micropores allow small water vapour molecules to 
pass through, but not liquid water drops to penetrate in.  Nevertheless, 
this product does not allow the distribution and storage of moisture 
within the textile samples providing an ability of longitudinal vapour 
transport, which this project and the application seeks.    

Following the recent development in the textile industry, spacer fabrics 
appear as a new type of product, which combines several abilities.                
Spacer fabrics are built up with different densities in the cross section. 
The top and bottom layer have compact surfaces while the centre part 
is weaved with distance, supported by spacer yarn. The centre part 
adds with its open structure a high breathability, provides airflow and 
is therefore used for sport and outdoor applications, for example, soft 
parts of a rucksack towards the back.  
However, this promising development has a conclusive disadvantage 
because of the thickness. For the aim of thickfolds with an embedded 
textile layer, a thin textile is of great significance for the function of 
bendable textile hinges.       

7 Ethylene tetrafluoroethylene (ETFE) is a fluorine-based plastic

8 Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer of    
 tetrafluoroethylene, better known as the brand of Teflon by DuPont.

9 Expanded PFTE as used in the Gore-Tex® membrane

fig.6.7
A scheme of a 
Gore-Tex® membrane

fig.6.8
A scheme of a spacer 
textile membrane
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The tested textiles 

All textiles gathered for the test series covered broadly over various 
well-known types of fabrics with different abilities to absorb and store 
water. 
The range lasted from water storage textiles, used by the horticulture 
industry in greenhouses, to high-performance textiles with water 
repelling surfaces for sun shading devices. 
Opposite to the fast drying and water repellent membranes for facade 
applications on the market, the highly absorbing horticulture textile10 
was used as reference textile for the test series to investigate the 
potentials. Further tests set the drainage textile against membranes 
of coated polyester, uncoated acrylic and synthetic leather to compare 
cooling performances.

10 The watering fleece consists of 50% viscose and 50% polyester. Product by  
 Nelson 
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xp3 materialization studies// Tors ten  Sack-N ie lsen 
PhD VIVA, May 2016, AAA

fig.6.9 
25 out of the 31 setups of the 
climate chamber in the test 
laboratory
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THE TEST SERIES – XP2

The test series was conducted in the climate laboratory with the 
objective to investigate the potential of the embedded textile layer 
[e.cotex]11 within a thickfold structure to be suitable for evaporation 
cooling purposes.

11 The term e.cotex refers to evaporative cooling textile

fig.6.10 
Schematic test setup. 
Testing the performance of 
wet textiles for evaporative 
cooling abilities and
processing the data.
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fig.6.11a. Room in front of the actual climate test room. From here the test run is 
visually controlled through the window and the real-time data on the laptop

fig.6.11b. Utility room with digital CTS control of the climate test rooms. Settings and 
changes of the climatic environment of the test room is conduceted there

fig.6.11c. The CTS software allow to adjust indoor climate conditions and monitor 
the system behind for generating the conditions 

fig.6.11d. A view into the enclosed environment of climate test room and the 
centrally placed CCref and CCxp. 

fig.6.11e. Setup of the identical CC with the sensors placed. The USB cable transfer 
the data collected from the microcontroller directly to the laptop

fig.6.11f. In real-time the measurements of humidity and temperature from the 
sensor can be followed during the test.

xp_cc2
1 5 0 9 1 3

Situation in the test facilities at flexLab / Navitas

The location / test facilities/ climate laboratory

For climate chamber test series i got the friendly permission to use the flex house laboratory facilities at Navitas [Aarhus School of Engineering/Aarhus 
University]. 
Both climate chambers CCref and CCxp where placed in a climatic controlled test room. From the utility room the temperature could be controlled and   
monitored through the CTS system [climate testing system]. 

CTS
testroom

monitoring
the tests

N

xp_cc2
1 5 0 9 1 3

Measuring / test setup

CTS control system for the test room 
climate conditioning

The thermal/humidity sensors which where attached to both test chambers where directly connected through the Arduino controller with the laptop, 
placed outside the climate conditioned testroom to avoid myself interfering the climatic conditions during the testruns. A USB cable sent realtime data 
from the Arduino controller and the 4 sensors back to my computer generating graphs of realtime temperature and humidity values coming in (fre-
quency each 20 seconds) and saving the values in a data-log file [.csv-file]. For accuracy reason additionally 3 dataloggers where placed in between 
the climate chamber to log the temperature and humidity levels in order to secure the results in the end.

Data output from the CC sensors/ the 
Arduino control sent to the laptop

Graphs of realtime measurements 
of temperature and humidity of the 
ongoing test.

fig.6.11a fig.6.11b fig.6.11c

fig.6.11e fig.6.11ffig.6.11d
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xp_cc2
1 5 0 8 2 7

Overview test series
the performance of wet textiles for evaporative space cooling abilities

Sizes of opening

20 °C 22 °C 24 °C 26 °C 28 °C 30 °C 32 °C

Fullsize 40% 25% 17%

Textile A Textile B Textile C Textile D_Leather

Plane surface A

Fold pure Fold pure II

Types of textiles

Miura-folds applied

Temperature levels

efficient lighting, 
fx. LED

high performing 
insulation

wind power

sun protection/ 
glare control

solar thermal 
collector

solar energy / pv

building 
orientation

good daylight 
conditions

hybrid ventilation

healthy 
environment

social interaction

acoustic comfort

display 
consumption

water saving

biodiversity

green roof

rain water 
harvesting

efficient equipment

heat storage/
heat recovery

self cleaning/ 
air-cleaning 
surfaces

recycling

N

S

EW

C2C
repair
dissassembly

cooling

sun protection/
filter

daylight 
transmitting

avoiding
electrosmog

sound 
absorbing

shape memory 
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air-purifying

anti septic
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water distribution/
embedded 
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ventilating
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electric 
conducting
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changing
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storing 
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protecting
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light 
weight

insulating

solar thermal 
collector

solar thermal 
collector

solar thermal 
collector

solar thermal 
collector

solar thermal 
collector

Reference

Fold +solid Fold+solid II 

xp_cc3
1 5 1 0 0 9

Overview over additional test series / missing links
the performance of wet textiles for evaporative space cooling abilities

Longterm

20 °C 22 °C 24 °C 26 °C again 28 °C 30 °C 32 °C

15 minutes 60 minutes

no radiation + IF

Plane surface A Fold pure Fold pure II  [both with identical ref textile]

IF-light impact

Miura-folds applied

Temperature levels

efficient lighting, 
fx. LED
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sun protection/ 
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building 
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The sub research question for the test series xp2 were:

Are textiles able to become an agency for active climate-
responsive behaviour?
Moreover, if so, how much is the effect?

Previously

Previously, initial tests in my indoor home environment gave first 
indications for the cooling potential. 
For the setup, two identical climate chambers of each 32 litres volume 
were built. One climate chamber [CCref]12 worked as the reference 
model and the second climate chamber [CCxp]13 added water to 
moisturise the textile. Both  climate chambers got a textile membrane 
installed to separate exterior [in this case the room being placed] and 
the interior of the box. A small fan on the top of each of the climate 
chambers guarantees airflow through the membrane to inside and out 
again. Temperature and humidity sensors measured at both climate 
chambers the levels in front of the membrane and at the inside.     
In order to avoid wrong measurements of the humidity, standard 
water resistant PP-boxes were used [fig.6.11]. The first initial test 
runs indicated a significant decrease in temperature even at room 
temperature around 20 degrees and average humidity levels of 43%.
In order to validate the results and to get a more nuanced picture of the 
behaviour of evaporative cooling with different textiles, a test series 
had to be carried out in a controlled, adjustable environment.

The test setup

A test series under laboratory conditions was prepared to 
systematically investigate the cooling potentials of textiles for building 
skin purposes. The process of testing could be conducted at the 
recently opened climate laboratory facilities at Navitas [Aarhus School 
of Architecture and Aarhus University]. The test rooms provided 
enclosed environments, which could be climatically adjusted to the 
requested temperature levels. A CTS-system [climate testing system] 

12 CCref is synonym and abbreviation for the reference climate chamber

13 CCxp is synonym and abbreviation for the actual experiment climate   
 chamber with the wet textile.

fig. 6.12
The first 
initial test setup
with PP-boxes

Initial test setup: Evaporative cooling generated through wet membranes

Test setting for measuring the impact of 
evaporative cooling on indoor temperature 

The initial test was intented to demonstrate the potential to use textiles/mebranes/fabrics to apply evaporative cooling to building skins. For the  
setup 2 climate chambers were installed. One climate chamber (cc1) worked as reference model and the second climate chamber (cc2) added 
water to moisturize the textile.
The climate chambers have a textile membrane to seperate the exterior from the interior. A small ventilator on the top of each of the climate cham-
bers garantue air flow/air intake from the outside through the inside.

The CCs are basically PP-boxes (32 ltr). A fabric (in this case a watering mat, product from Nelson Garden) is streched between a frame of 2 
sheets of air-tight PVC foam plates (Foamalux, 10mm). A ventilator (product:  papst, typ 612 F/2L, 12V, DC 34mA, 0,41W) on each CC, diameter 
54mm, sucks the air out of the CC, generating an underpressure which supports the air intake into the CC through the membrane.
Measurements are taken with 4 combined temperature/humidity sensors, placed both outside and inside the cc (1cm from the membrane, centered 
in front of the fabric). These are connected to a arduino micro controller, feeding the software of processing(r) in the laptop with data. A code (small 
program) generates a .csv-file which can be imported into excel for further analysis. The program allows to define the frequency of measurements.
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data_climate chamber experiment_evaporative cooling
Navitas 10th of october 2015 / flexhouse laboratory

test T26-2
climate chamber ref [CCref] climate chamber experiment [CCxp]

date time [sec] time [min] sensor1_out sensor2_in sensor3_out sensor4_in

hum1 [ref] temp1 [ref] hum2 [ref] temp2 [ref] hum3 temp3 hum4 temp4

9/10-‐10:43:52 0 0 28,94 26,75 30,48 26,34 28,59 26,68 32,46 26,24
9/10-‐10:44:12 20 0 29,00 26,74 30,51 26,33 29,02 26,68 32,61 26,22
9/10-‐10:44:32 40 1 43,01 26,90 30,31 26,34 29,08 26,71 38,77 26,39
9/10-‐10:44:52 60 1 32,18 26,93 30,29 26,37 29,03 26,69 50,25 26,09
9/10-‐10:45:12 80 1 29,58 26,74 30,02 26,37 29,05 26,68 49,47 24,79
9/10-‐10:45:32 100 2 30,11 26,64 30,16 26,41 30,10 26,73 52,80 23,71
9/10-‐10:45:52 120 2 30,01 26,59 29,90 26,43 29,10 26,71 56,61 22,95
9/10-‐10:46:12 140 2 30,11 26,52 29,71 26,43 29,19 26,72 58,13 22,45
9/10-‐10:46:32 160 3 30,65 26,45 30,21 26,44 29,64 26,72 60,05 22,09
9/10-‐10:46:52 180 3 30,72 26,40 30,19 26,41 29,88 26,69 61,27 21,86
9/10-‐10:47:12 200 3 30,72 26,32 30,41 26,41 29,39 26,68 61,30 21,66
9/10-‐10:47:32 220 4 30,91 26,28 30,19 26,37 29,39 26,65 60,88 21,51
9/10-‐10:47:52 240 4 30,40 26,22 29,91 26,34 29,14 26,64 61,59 21,44
9/10-‐10:48:12 260 4 30,47 26,18 29,96 26,33 29,34 26,62 62,06 21,39
9/10-‐10:48:32 280 5 31,06 26,15 29,75 26,33 29,22 26,62 62,33 21,35
9/10-‐10:48:52 300 5 30,60 26,12 29,75 26,32 29,17 26,61 62,16 21,32
9/10-‐10:49:12 320 5 30,74 26,09 29,83 26,30 29,22 26,58 61,40 21,26
9/10-‐10:49:32 340 6 30,43 26,08 29,91 26,29 29,32 26,57 61,59 21,22
9/10-‐10:49:52 360 6 30,16 26,08 30,02 26,27 29,38 26,54 61,67 21,19
9/10-‐10:50:12 380 6 30,33 26,06 30,29 26,25 29,64 26,51 61,03 21,18
9/10-‐10:50:32 400 7 30,26 26,05 30,09 26,22 29,39 26,51 60,61 21,18
9/10-‐10:50:52 420 7 29,72 26,03 30,09 26,21 29,39 26,49 60,22 21,18
9/10-‐10:51:12 440 7 29,93 26,02 30,07 26,19 29,39 26,47 60,27 21,16
9/10-‐10:51:32 460 8 30,11 26,01 30,04 26,18 29,38 26,46 60,34 21,15
9/10-‐10:51:52 480 8 29,93 25,99 30,07 26,18 29,47 26,46 59,21 21,14
9/10-‐10:52:12 500 8 30,01 25,98 29,99 26,17 29,30 26,44 59,01 21,14
9/10-‐10:52:32 520 9 30,01 25,97 30,04 26,17 29,39 26,43 60,02 21,16
9/10-‐10:52:52 540 9 30,08 25,98 29,91 26,15 29,27 26,43 59,31 21,16
9/10-‐10:53:12 560 9 30,16 25,95 29,93 26,13 29,34 26,42 58,67 21,18
9/10-‐10:53:32 580 10 30,16 25,94 29,96 26,13 29,39 26,40 58,42 21,19
9/10-‐10:53:52 600 10 30,16 25,94 29,91 26,11 29,34 26,39 58,15 21,22
9/10-‐10:54:12 620 10 30,18 25,94 29,77 26,10 29,16 26,39 59,06 21,23
9/10-‐10:54:32 640 11 30,23 25,91 29,69 26,09 29,11 26,38 58,23 21,23
9/10-‐10:54:52 660 11 30,43 25,90 29,77 26,07 29,10 26,35 58,33 21,23
9/10-‐10:55:12 680 11 30,74 25,88 29,73 26,06 29,08 26,35 58,70 21,23
9/10-‐10:55:32 700 12 30,89 25,87 29,77 26,07 29,10 26,35 58,64 21,22
9/10-‐10:55:52 720 12 30,57 25,86 29,81 26,06 29,19 26,33 58,50 21,21
9/10-‐10:56:12 740 12 30,74 25,84 29,99 26,04 29,42 26,33 58,25 21,21
9/10-‐10:56:32 760 13 30,91 25,84 30,14 26,04 29,46 26,32 57,93 21,18
9/10-‐10:56:52 780 13 31,18 25,84 30,09 26,04 29,44 26,32 57,93 21,18
9/10-‐10:57:12 800 13 31,23 25,83 30,14 26,03 29,46 26,31 57,89 21,16
9/10-‐10:57:32 820 14 31,16 25,82 30,09 26,03 29,46 26,29 58,40 21,15
9/10-‐10:57:52 840 14 31,35 25,80 30,09 26,00 29,46 26,27 57,07 21,14
9/10-‐10:58:12 860 14 32,09 25,79 30,24 26,00 29,60 26,27 58,40 21,15
9/10-‐10:58:32 880 15 31,67 25,76 30,09 25,99 29,39 26,25 57,96 21,15
9/10-‐10:58:52 900 15 31,57 25,76 30,16 25,99 29,52 26,24 57,79 21,15

temperature differences [ΔT in °C] 0,99 0,35 0,44 5,09

lowest	  indoor	  humidity	  value
maximum	  indoor	  temperature

data_climate chamber experiment_evaporative cooling
Navitas 14th-17th of september 2015 / flexhouse laboratory

test T20
climate chamber ref [CCref] climate chamber experiment [CCxp]

date time [sec] time [min] sensor1_out sensor2_in sensor3_out sensor4_in

hum1 [ref] temp1 [ref] hum2 [ref] temp2 [ref] hum3 temp3 hum4 temp4

14/9-‐13:10:7 0 0 72,85 19,83 71,69 20,08 72,25 19,83 71,34 20,14
14/9-‐13:10:27 20 0 72,88 19,86 71,80 20,06 80,02 20,17 72,39 20,18
14/9-‐13:10:47 40 1 73,88 19,94 72,78 20,10 72,40 20,94 79,77 20,50
14/9-‐13:11:7 60 1 72,80 19,98 71,97 20,13 70,47 20,53 86,13 20,55
14/9-‐13:11:27 80 1 72,53 20,01 71,74 20,13 70,83 20,30 86,33 20,38
14/9-‐13:11:47 100 2 72,39 20,02 71,64 20,15 71,20 20,16 85,19 20,03
14/9-‐13:12:7 120 2 72,34 20,02 71,47 20,17 71,50 20,08 84,97 19,62
14/9-‐13:12:27 140 2 72,34 20,01 71,42 20,17 71,83 20,00 85,52 19,30
14/9-‐13:12:47 160 3 72,36 19,96 71,37 20,15 72,10 19,90 86,35 19,05
14/9-‐13:13:7 180 3 72,49 19,92 71,40 20,13 72,20 19,85 87,24 18,84
14/9-‐13:13:27 200 3 72,61 19,90 71,47 20,10 72,50 19,78 87,93 18,70
14/9-‐13:13:47 220 4 72,75 19,84 71,59 20,09 72,68 19,75 88,40 18,59
14/9-‐13:14:7 240 4 72,88 19,83 71,69 20,06 72,73 19,74 88,95 18,51
14/9-‐13:14:27 260 4 72,95 19,82 71,74 20,05 72,78 19,72 89,42 18,45
14/9-‐13:14:47 280 5 73,02 19,82 71,87 20,05 72,78 19,75 89,84 18,41
14/9-‐13:15:7 300 5 73,02 19,80 71,89 20,05 72,78 19,75 90,16 18,37
14/9-‐13:15:27 320 5 72,95 19,83 71,89 20,03 72,68 19,77 90,43 18,33
14/9-‐13:15:47 340 6 72,92 19,86 71,87 20,03 72,58 19,81 90,75 18,32
14/9-‐13:16:7 360 6 72,78 19,90 71,82 20,06 72,48 19,81 90,97 18,30
14/9-‐13:16:27 380 6 72,73 19,90 71,69 20,06 72,60 19,77 91,10 18,27
14/9-‐13:16:47 400 7 72,63 19,92 71,84 20,08 72,55 19,79 91,35 18,27
14/9-‐13:17:7 420 7 72,58 19,94 71,74 20,08 72,43 19,82 91,52 18,26
14/9-‐13:17:27 440 7 72,51 19,94 71,67 20,09 72,33 19,85 91,67 18,25
14/9-‐13:17:47 460 8 72,53 19,94 71,62 20,09 72,33 19,86 91,77 18,25
14/9-‐13:18:7 480 8 72,58 19,91 71,62 20,08 72,30 19,86 91,89 18,23
14/9-‐13:18:27 500 8 72,56 19,91 71,55 20,08 72,23 19,86 92,02 18,22
14/9-‐13:18:47 520 9 72,61 19,90 71,67 20,06 72,25 19,85 92,11 18,20
14/9-‐13:19:7 540 9 72,71 19,88 71,67 20,05 72,43 19,79 92,19 18,22
14/9-‐13:19:27 560 9 72,78 19,84 71,74 20,05 72,58 19,77 92,24 18,18
14/9-‐13:19:47 580 10 72,80 19,83 71,80 20,03 72,63 19,74 92,29 18,18
14/9-‐13:20:7 600 10 72,88 19,82 71,77 20,02 72,73 19,71 92,41 18,15
14/9-‐13:20:27 620 10 72,90 19,80 71,82 20,02 72,88 19,68 92,49 18,15
14/9-‐13:20:47 640 11 72,95 19,80 71,89 19,99 72,88 19,68 92,56 18,12
14/9-‐13:21:7 660 11 72,83 19,86 72,02 20,02 72,73 19,74 92,68 18,12
14/9-‐13:21:27 680 11 72,75 19,84 71,84 20,02 72,63 19,77 92,78 18,12
14/9-‐13:21:47 700 12 72,73 19,87 71,82 20,03 72,55 19,77 92,83 18,12
14/9-‐13:22:7 720 12 72,73 19,84 71,77 20,03 72,68 19,74 92,85 18,11
14/9-‐13:22:27 740 12 72,75 19,86 71,80 20,01 72,73 19,71 92,85 18,09
14/9-‐13:22:47 760 13 72,88 19,82 71,80 19,99 72,83 19,68 92,88 18,08
14/9-‐13:23:7 780 13 72,90 19,80 71,92 19,98 72,88 19,67 92,93 18,08
14/9-‐13:23:27 800 13 72,92 19,80 71,94 19,98 72,75 19,72 93,05 18,08
14/9-‐13:23:47 820 14 72,88 19,82 71,99 19,98 72,73 19,71 93,08 18,07
14/9-‐13:24:7 840 14 72,92 19,80 71,94 19,98 72,75 19,71 93,10 18,05
14/9-‐13:24:27 860 14 72,97 19,80 71,97 19,98 72,75 19,71 93,20 18,05
14/9-‐13:24:47 880 15 72,92 19,83 72,12 19,96 72,66 19,77 93,25 18,05
14/9-‐13:25:7 900 15 72,88 19,82 71,89 19,98 72,71 19,71 93,25 18,05

temperature differences [ΔT in °C] 0,01 0,10 0,12 2,09

lowest	  indoor	  humidity	  value
maximum	  indoor	  temperature

fig.6.15
The measured data is 
graphically visualized in 
charts. Both curves of 
humidity and temperature 
levels are shown in 
a combined chart to 
demonstrate their 
depencies.
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The datalog from the 
sensors and Arduino MC 
for all tests were listed, 
sorted and processed in 
Excel.
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allowed controlling and monitoring the test room temperature from a 
separate utility room. 

For the final lab test series, the chambers and the equipment were 
improved. The climate chambers were additionally insulated to prevent 
from inaccuracies due to external thermal influences. Penetrations of 
the fans and cables were carefully tightened with vapour barrier tape 
to avoid inward air intake. For measuring, new sensors14 were used 
with a high precision of 2/10 degree Celsius and calibrated humidity 
and temperature values. 

In the final setup, the combined temperature/humidity sensors 
were again both centrally placed out- and inside the CC in a 10mm 
distance from the membrane. These were connected to an  Arduino15 
microcontroller, feeding the software of Processing ®16 in the laptop 
with measured data. A small program, here called code generated a 
data log, which afterwards could be imported into the Excel program 
for further evaluation.   
For the tests, the laptop with the data log program was placed outside 
the climatic-conditioned lab room, to avoid myself interfering the 
conditions during the test runs. 

For each single test run, the wet textile membrane of the climate 
chamber had to be exchanged and replaced. The CC was constructed in 
that way that the tautly clamped textile could be removed after the test 
run.  The sensors were monitored for a certain amount of time until 
both indoor temperatures of the CCs were on the same level. Then the 
recording of the data was started. An exact amount of 10 ml water was 
sprayed on the membrane of CCxp. The program took measures of both 
humidity and temperatures levels each 20 seconds. After 15 minutes 
the recording was stopped, the new conditions for the test rooms were 
adjusted, and the next setup for the CC prepared. 

14 Digital humidity-/ and temperature sensor HYT IST AG HYT 221, tolerance  
 humidity (±1,8 %) 0 - 100 % r., tolerance temperature (±0,2 °C) -40 - +125°C  
 (source: www.conrad.de)

15 Arduino is an open-source microcontroller, gathering both hardware and   
 software. The input from connected sensors are perceived and can   
 be programmed to specific output behaviours (www.arduino.cc) 

16 Arduino software (IDE) is based on Processing (www.arduino.cc) 
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The test runs were subdivided into different topics of objectives [see 
overview 1+2] to receive indications of tendencies and limitations 
regarding cooling effects. The first test round included tests for a range 
of temperature levels, various sizes of opening areas and textiles, 
different types of textiles and folded applications.             
The second round enclosed tests over a longer time span, the influence 
of IR-light impact, further folded applications, the avoidance of 
mechanical ventilation and double window application.   

The results

With the climate chamber test series I+II it could be proven that it was 
possible for a scale model to cool the interior of the climate chamber 
down with 9˚ Celsius at an outside temperature of 32˚ Celsius with 
purely a humid textile and a small ventilator providing airflow through 
the chamber. [The individual results can be seen in the seperate 
documentation book.]

Phase 1 of the test series xp2 demonstrated, the higher the start 
temperature was, the bigger and faster a decrease in temperature 
occurred [T20-T32]. Already after 5 minutes, the cool effect was  
almost reached.
Variations of the given parameters gave a more differentiated picture:
Regarding the amount of water a maximum effect was achieved with a 
humid textile. A wet textile instead took longer to cool down, and the 
effect was poorer [T_size040]. 
A reduction of the permeable area showed an inverted result. The 
smaller the size of the humid membrane was dimensioned, the higher 
the cooling effect got. [T_size40-T_size17]. 
The water storing capacities of textiles had a measurable influence 
on the performance. Coated textile test samples could not soak up the 
water, so the effect was rather   little. [TtexB-TtexC]. An alternative textile 
with good wicking abilities [TtexD] performed comparably similar 
to the chosen reference textile. The folded version of the membrane 
with an extended textile area showed a lower cooling effect, but also a 
much lower humidity in the inside of the climate chamber [Tfold2 and 
Tfold4], which indicates a lower permeability of the textiles. 

Phase 2 of test series xp2 extended the spectrum of parameters and 
the effect on the cooling performance.
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Elongating the period of measuring from 15 to 60 minutes showed 
that the cool effect disappeared and the original temperature and 
humidity level got reached again without adding additional water on 
the membrane [T_longterm]. The effect lasted only for approximately 
15 minutes.     
Adding infrared light and by that causing an increased surface 
temperature to start with had no effect on the performance [T_IF]. The 
decrease and the speed of the cool effect were similar to the reference 
test with the same temperature level.
Folding the reference textile and increasing the surface lead to a minor 
cooling effect, but also positively to a lower the humidity level in the 
inside [T_fold1_pure/T_fold2_pure]. Switching the ventilator off still 
gave a cooler result temperature [T_noVent]. A natural stack effect lead 
to an airflow, providing the right conditions for cooling the air.
Testing the humid membrane in combination with an enclosed cavity 
and an independent airflow lead to a cooling effect, which would have 
to be further investigated [T_doublefacade]. The influence of cooling 
the interior by a colder surface [in this case single uncoated glass] 
would have to be separately measured and confirmed.

For the result of both phases of the test series it has to be mentioned, 
that the relative humidity level in the test room was much lower in 
phase 2, [29% compared to 54% in the first phase]. The results of 
cooling effect in the first series could,  therefore,  have been better.

Perspectives

For the further development, challenges have to be overcome.  High-
performance  building textiles, resistant to outdoor conditions are 
developed and today produced to avoid any absorption of water. This 
approach is seeking for new outdoor textiles, which can store   humidity 
or at least transport water slowly within the fabric. Evaporation 
principles can be found in sport and outdoor textiles, such as Gore-
Tex®. Perspiration can diffuse   in the cross direction  from the inside 
while being highly water resistant and wind-tight from the outside.  
This capacity of liquid transport and permeability would be necessary 
for such a building skin textile of a thickfold.    
Another important element and hurdle are humidity levels. In general 
humidity levels in Denmark are rather high and therefore the effect of 
cooling by evaporation of water limited. 
The test shows that the humidity levels rise strongly in the indoor 
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space directly related to the relative humidity of the out side air. To 
avoid problems the levels have to be kept low, and humid air ventilated 
out again after decreasing temperatures.        

The use of evaporative cooling would have the best effect at peak 
temperatures in the summer and low humidity levels. This application 
could save mechanical cooling equipment dimensioned for the 
maximum temperatures. 
Pointing towards the comfort of e.g. existing office buildings, regulations 
and standards for maximum indoor temperature are difficult to reach. 
Low-tech solutions, which could take the top of the peak temperatures, 
could offer the possibility in our climate to significantly reduce 
mechanical cooling systems, which are responsible for a significant 
amount of the worldwide energy consumption.   

Even though the test series proved that the cooling effect was 
significant under Nordic climate circumstances, the effect would be 
much higher at more hot and arid temperatures. Challenges regarding 
high humidity levels in the indoor would be less critical. Applications 
in warm and hot climates would have a bigger impact and an increased 
influence on the comfort and the effect of the cooling performance. 
However, the Nordic climate does not necessarily have to be a huge 
hurdle for implementation. An analysis shows the humidity levels 
at times with peak temperatures to be at a normal low range, where 
the evaporative cooling elements, for the most part, should be used.   
The humidity levels on days with peak temperatures showed that the 
average rel. humidity level is at 43%, which is much lower than the 
rest of the year. Based on that, the effectiveness of evaporative cooling 
would be quite good. The average humidity including rain days is 
otherwise between 70-80%.
Limiting the use of evaporative cooling to the amount of hours within 
high temperatures and low outdoor humidity levels would provide 
a chance to downsize equipment for cooling as peak temperature 
situations could be covered. The building regulation demands could be 
followed, and dimensions of mechanical cooling appliances be reduced. 
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Conclusions 

The test series xp2 demonstrated the potentials of textiles to be actively 
used for cooling performances. The investigations at the climate 
laboratory of Navitas were conducted in a tempered environment with 
tensioned permeable membranes in front of scaled, fan-ventilated 
climate chambers [climate box/ CC/ 32ltr.]. The cooling effect through 
the wet textile membrane inside the climate chamber was measured 
and recorded.

The outcome showed for all conducted tests falling temperatures after 
the addition of moisture [10ml]. The test series gave indications on 
how different variables were able to change the results.

Performance 
through 
materialisation /  

The overall goal of this test series has been to prove 
and investigate the [climate] dynamic ability through 
the activation of fabric. The textile as an integrated 
layer within the    thickfold was extracted and tested for 
evaporative cooling purposes. The textile could emerge 
from a layer to an agent: from a passive material to a 
permeable interface, actively able to change climate 
condition under addition of water and airflow. The 
principle of operation could be confirmed in the test 
series, and the possibility of integration in a multi-
functional compound [thickfold] seems, therefore, 
feasible.    

Performance 
due to 
temperature levels/

The results could show that rising start temperatures 
lead to a relatively higher cooling effect. The size of 
the temperature decrease is conversely enlarging. 
While for example a start temperature of 20° Celsius 
lead to approx. 2°C decrease, a start temperature of 
32° Celsius ended at approx. 9° Celsius. This tendency 
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would support the idea of taking peak temperature 
loads. For the Nordic climate, it was investigated that 
these days on average had a comparably low humidity, 
which would further increase the efficiency of the 
cooling principle.    

Material and 
performance/ 

The utilisation of textiles for active cooling purposes 
was proved for different types. Textiles with embedded 
water transporting [wicking] or uncoated high 
absorbing properties performed best and achieved the 
highest cooling results. The distinct textiles had a major 
influence on the results. For future investigations, it 
could be interesting to investigate the influence of the 
permeability on the cooling results. More open textiles 
meshes with embedded yarns of wicking abilities could 
in this respect be tested.   

Size and 
performance/ 

Investigating a series of different sizes of the permeable 
area turned out to have a higher cooling effect the 
smaller the area was. In the test setup membrane 
sizes, the front face of the test chamber was varied. 
The g  radations of 40%, 25% and 17% in size of the 
reference membrane surface were compared. The 
smallest permeable area with only 17% of the front 
surface area reached here the best cooling result with 
ΔT of 5,2 K [Kelvin]. 25% and 40% followed with 4,88 
K and 3,36 K.  

In perspective, this outcome indicates the possibility 
to embed evaporative textile screens for architectural 
purposes also in minor sizes. A full-scale version of an 
evaporative cooling screen implemented in a façade 
solution, would probably as well work with a limited 
area to achieve a cooling effect. Not the size of the 
textile in first instance would be conclusive to lead to 
the optimal cooling result, but actually the flow and the 
vaporisation of the water through the membrane.    
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Shape and 
performance/ 

Testing folded textile surfaces ended in rather 
marginally differences from the start temperature.
It was most likely caused in phase one by the thick and 
rather tight textile structure of the chosen felt material. 
The transport of moisture and the permeability got with 
this negatively influenced. In phase 2 the folded textile 
was based on the reference textile, which resulted in  
higher results of ΔT of 3,05 K and 1,49 K . Nevertheless, 
the cooling effect could not reach the higher values of 
the plane reference.    

For the next experiment series xp3 [chapter 7] it is focused on the 
dynamic ability of material-based actuation. A thermo-responsive 
material is investigated for its kinematic ability under heat impact and 
the possibility to change the movement by applied patterns.  
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07 The third experiment series xp3 covers the topic of performance 
through [thermo-responsive] self-actuation and the possible 
assistance for  the kinematic  behaviour of thickfolds. Distinct actuation 
principles are introduced, and projects with climate-responsive 
actuation in a short overview presented.  Thermobimetals were chosen 
as the objective of the investigation.    
For the test series, 54 thermo-bimetal samples with individual patterns 
were cut with a  waterjet and investigated for their kinematic behaviour 
under the impact of heat. The application of patterns into the bimetal 
aimed to open for more differentiated and tailored thermo-responsive 
movements. A detailed description of the test setup and the procedure 
follows. Finally, observations and the perspective for implementation 
in practice are elaborated.

07
test series xp3TESTING
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PRELIMINARY

Performance through self-actuation

The test series [xp3] about self-actuation extended the investigation 
on a third, more advanced level of climatic adaptability: the automated 
response to a climatic impact.
While in the first test series [xp1] exclusively the passive presence of 
a dynamically folded shape had an influence [in the simulation] on the 
performance, in the following row of experiments [xp2] the material 
was assigned an active role [agency] for cooling performance. In the 
following test series [xp3] dynamic behaviour of material embedded 
properties [sensitivity and physical response] is the ‘driving’ force for 
a self-actuated movement. A thermal impact on the surface leads as a 
climatic ‘trigger’ to a kinetic response.      
For this test series, it was investigated on how this kinetic ability to 
actively change shape could be tailored and controlled.

THERMO-RESPONSIVE ACTUATION

Activating climate skins

Approaching the design of dynamic building skins is more than the 
physical static or kinematic structure. It is to a large extent also the 
actuation process that leads to the dynamic change in behaviour.  The 
response mechanism is connected to a sequence of steps, to link the 
external stimuli [in this case the climatic impact] to desired physical 
reactions of the building skin. This sequence includes sensing [i], 
controlling [ii] and actuating [iii].  
The sensorial aspect can be distinguished primarily between  2 models1 
(Addington and Schodek 2004:212), which are relevant to this case: the  
mechatronic model on the one hand and the constitutive model on the 
other hand. While the mechatronic model uses electro-mechanically 
powered elements and different levels of advanced controlling 
[processing] of the input information, the constitutive methods purely 
base the responsive behaviour on embedded environmentally sensitive 
material properties.         

1 Addington & Schodek describe four models: The direct mechatronic, the   
 enhanced mechatronic, the constitutive and the metaphor model. The   
 progressive ‘metaphor model’ contains a description of complex response  
 behaviours, likewise of living organism, and is not further elaborated.
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Beside the sensorial detection of a change in the environment  [i] and 
the process of information and transfer [ii] the response for a dynamic 
building skin itself – the actual actuation [iii]- can be induced by 
four principles as  Kolarevic and Parlac argued (Kolarevic and Parlac 
2015:71ff.): 

Electro-mechanical actuation 
Hydraulic actuation
Pneumatic actuation
and material-based actuation

Electro-mechanical actuation [1] covers adaptive systems of sensor-
driven and motor powered mechanisms. The hydraulic principle [2] 
is based on the active transport of liquids for the transmission of 
actuation power. Pneumatic actuation [3] uses air to inflate or deflate 
volumes of building skins. Recent architectural examples mostly use 
ETFE2-cushions. A layer with a graphic print inside the volume can 
be shifted to the in or outside surface by pumping air between the 
chambers and with this achieve a dynamic sun shading function.   
All these mentioned approaches are individually dependent on 
electricity both to run the motors or pumps to provide the necessary 
power for the actuation and to be triggered by sensors and controllers. 
The last principle of material-based actuation [4] instead is 
fundamentally different.    

Responsiveness based on materials

Material-based actuation [4] is in opposite to the other principles 
an independent, self-actuating, zero-energy approach, in which 
the climatic   stimuli from the environment are transmitted into an 
immediate response. The actuation is a direct reaction of the climate 
sensitivity of the material itself.  
Using a material-based approach allows the three steps of [a] sensorial 
detection of climatic stimuli, [b] the process and transfer of this 
information and [c] the reaction to be narrowed down into physical 
materiality. With the embedded properties, so to say, the material is 
at the same time sensor, controller and actuation force combined. The 
materiality has the ability to respond to climatic impacts.

2 ETFE is the abbreviation for ‘ethylene tetrafluoroethylene’. ETFE is a 
 fluorine-based plastic, with a high corrosion resistance and strength over 
 a wide temperature range. It is widely used in architecture for lightweight 
 membrane constructions.
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The bi-layered principle 

One promising way to achieve a significant motion of the ‘material’-  
actuator, is to combine two materials with different properties in one  
bi-layered compound. 
The subsequent  references are based on major differences in expansion 
abilities by either higher extension coefficients or strong shrinking/
swelling abilities of the material layers. As one of the material layers 
can extend in size rather strong under the influence of a climatic 
impact, the second material has to stay rather unaffected with a low 
extension ability, but with a certain flexibility to enable bending. Once 
bound together the extension of the high extension material leads to a 
transformed deflecting movement, as the layer is forced to the   physical 
length of the low extension material. A climatic impact of moisture or 
heat would exemplarily trigger movement.                            

Wood as an anisotropic and organic material embeds the necessary 
prerequisites. The impact of moisture leads to a significant expansion in 
size. Depending on the directions along, tangentially or radially to the 
fibres, the differences vary from far less than 1%, 1,5-2% to 2-4% in 
length (Peters et al. 2012:173).
Menges points particularly to the fact that most of the common 
building materials today are based on  isotropic properties with similar 
behaviour in all directions (López et al. 2015:33). He mentions this as a 
reason for development to a rather static architecture.    
The heterogenic and hygroscopic behaviour of wood would in the 
building industry from the involved parties mostly be understood as 
‘deficiency’. In 2009 Menges proposed a new approach for architecture 
to utilise this ability for climate-adaptive purposes  (Menges 2009). 
With the projects of Hygroscope [2012] and Hygroskin [2013] Menges 
and Reichert scaled the findings up into hygro-sensitive façade 
applications (Menges and Reichert 2012), avoiding any electro-
mechanical actuation. The principle behind the wooden veneer-
composite mimicked the natural principle of a pinecone. The open-
close movement of the cone scales, stimulated by humidity changes, is 
based on two wooden layers with different swelling abilities. The dual 
layer provides with one rather stiff layer a reversible movement. 
In the latest research at the Institute of Computational Design at 
the University of Stuttgart artificial material structures with similar 
hygroscopic capacities, but thicker material dimensions are investigated 
and developed with tools of advanced additive manufacturing (Menges 
and Reichert 2015:73).
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While Menges uses his approach to arguing for new ways to utilise the   
anisotropic behaviour of wood for new responsive designs as a counter 
development of the wood industry, which strives for homogeneous 
wooden products to avoid its dynamic behaviour  (Menges 2009), the 
approach for experiment xp2 had it starting point from the opposite 
direction.   

The following experiment xp2 used metal as classical building material 
for actuation purposes instead. Metal is a typical isotropic material 
with homogeneous expansion behaviour for all directions. 
Thermostatic bimetal was introduced as responsive material. In order 
to achieve a wide span of anisotropic behaviour likewise wood, further 
processing of bimetal samples for kinematic purposes was investigated.  

Using thermostatic bimetals changes the homogeneous behaviour 
of single metal sheets with its combination of ambiguous layers. The 
expansion and in consequence the motion is triggered by the impact of 
heat. The dual layer structure leads to a bending behaviour.
Sung used the raw material of thermobimetal as dynamic cladding 
shingles for the project ‘Bloom’ at the M&A Gallery in Los Angeles 
[2011] [fig.7.1]. The small individual responsive bimetals elements, 
which covered the shell of the pavilion were able to react as a heat-
sensitive skin, like a sun protection with ventilation ability (Sung 
2016). Foged and Pasold took the dual materiality a step further 
and investigated thermally responsive building envelope based 
on customised ‘bi-materials’ (Foged and Pasold 2015). Their dual 
layer approach combined both corten steel and aluminium with 
polypropylene in a composite each. A tight cut pattern of strips, which 
were top fixed, allowed upwards bending under rising temperatures. 
The heat-responsive composite elements were designed to be mounted 
directly onto a glass façade [fig.7.2].          
The homeostatic façade system of Decker Yeadon LCC [2011] proposes 
DEAP3 ribbon directly attached to the façade as a dynamic sun shading 
system (Decker 2013) [fig.7.3]. The flaps consist of a bendable polymer 
core on the inner side and a loose but inflexible outer side, connected 
along the edges to each other. Even though this system would be 
actuated through silver electrodes by electric charge, the principle of 
actuation could be replaced by embedded bimetals in the bending inner 
wing for autonomous zero-energy activation. In a small sketch-model, 
I could prove the concept [fig.7.18-7.25]. Two flaps of polypropylene 

3 DEAP is the abbreviation for dielectric electroactive polymer 

fig.7.1  
Thermobimetal skin,
Bloom project, by Sung 2011

fig.7.2 
Composite alu/polypropylene, 
by Foged and Pasold 2015

fig.7.3
Homeostatic facade with 
DEAP ribbons, 
by Decker Yeadon LCC 2011

346

Environmental Tectonics

Figure 12.7

Bending behaviour of the physical prototype made of aluminium/polypropylene composites. Photo by Anke 
Pasold.

fig.7.3

fig.7.2

fig.7.1
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with bimetal strips in pairs back-to-back on the inside conducted an 
unfolding movement under the impact of heat from a IR lamp. 

Thermobimetals reviewed

Historically seen, the combination of metals with different properties 
for new types of layered metal with improved properties was known 
since the Iron Age for manufacturing weapons and tools4. Engineers, 
however, first discovered the thermal expansion behaviour of layered 
metal compounds, in the 18th century. Since this time bimetallic 
applications were mostly used for thermometers and temperature 
compensating functions for example in clocks. Not until after the 
Second World War thermostatic bimetals were produced on an 
industrial scale. Bimetals are nowadays to find in many applications, 
embedded in irons, electric cookers, automatic circuit breakers and 
thermostats for radiators. (Uhlig et al. 2007)   
For architectural purposes, bimetal became first with the upcoming 
interest for ‘smart’ materials in the last 10-15 years subject to 
investigations. Prototypes and direct applications of thermodynamic 
behaviour for adaptive building skin designs are still rare.                  

Tailoring actuation behaviours

Thermobimetal follows a specific material  type-specific movement of 
a bending curvature when it gets heated.    
Opposite the wooden veneer, where the fibre orientation in the hygro-
sensitive material defines a particular direction of the kinematic 
behaviour, the   thermobimetal´s heat-sensitive actuation is uniformly 
directed. Thermobimetal has an isotropic behaviour. The material 
expands and contracts to thermal influences both equally and 
predictably in planar x/y-direction.   
This uniform behaviour leads to a very narrow range of possible 
movements and limits thermobimetal to be utilised for architectural 
design applications with the purpose of thermo-responsive actuation.    
Variations in the movement could therefore only be achieved by a 
substitution to other types of thermo-bimetal sheets with other layer 
thicknesses or a new combination of metals with different elasticity 
modules  or extension coefficients. Sung investigated in her design 

4 Damascene steel can here be mentioned as a reference.
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research on bimetals geometrical shape as a way to change behaviour 
(Sung 2016:98). The expression of the form is here as a result of this 
directly connected with the functional performance  and the situation 
it is placed. The actuation purpose defines the shape.  

This following test series [xp3] investigated a new approach to tailor 
actuation behaviour of thermobimetals.
The experiment tried to seek possibilities to open up the kinematic 
limits of standardised  thermo-bimetals. Through the application of cut 
patterns into equally sized strips of bimetal sheets, it was expected to 
be able to change the thermo-sensitive behaviour and in the end to 
control the movement. But would it be possible to tailor the kinematic 
behaviour by cut patterns? And if so: is it possible to control certain 
movements, achieve more complex movements, such as twists for 
example, or even prevent a movement?   

THE TEST SERIES – XP3

In order to investigate potentials to manipulate the deflection 
behaviour of bimetals and to get a better understanding of the direct 
influence of patterns on the kinetic abilities of bimetal sheets, a test 
series was prepared.
The test runs were conducted in two two iterative sessions, comparing 
performances of similar bimetal strips with different applied cut 
patterns. 
For the first series, 29 cut patterns  on the samples were tested to receive 
indications of apparent behaviours. Ten categories were  defined and 
investigated in 2-3 variations each. Based on these observations 26 
new samples were produced in a second step.  The most promising 
patterns with significant kinematic effects were further developed and 
tested again. All-in-all 55 samples were documented [fig.7.4].  
The bimetal strips had all the same size [122 mm x 29 mm]. Under the 
effect of a heat source, the different behaviours of the bimetal samples 
were studied and compared. 
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Choosing thermobimetal

In general, thermobimetal is an easily accessible, industrially 
manufactured material. It is available in stock in many specifications 
due to common use in a wide range of everyday technical appliances. 
The material is rather cost-efficient5 and very reliable as the design 
applications over more than half a century prove.   
Physically, thermobimetal can be very sensitive to temperature 
fluctuations and react already at low temperature levels. For 
architectural purposes the indoor temperature level for the requested 
actuation behaviour would already be starting with 24° Celsius6 about 
the human thermal comfort zone, which would be exceeded in office 
buildings. But also for outdoor applications rather low temperature 
ranges would be necessary for an automated material system to match 
the surface temperatures of Nordic climatic conditions realistically.      

As earlier mentioned, thermobimetal consists of normally two layers 
of metal with each a very different heat extension coefficient. 
Both layers on the top and in the bottom expand differently. After 
bonding by either glue or a milling process, the layer with the high 
extension property is not able to conduct the movement in a plan e 
direction but is forced to redirect and to end in a curved, deflective 
shape (see fig.7.5 a-c). For some types of thermobimetals, a third 
centre layer of copper is additionally implemented to raise the heat 
conductivity. The response time after the heat impact can with this be 
shortened. Such a type was chosen for the test series, as an almost real-
time movement was desired.           

The specification for the investigated thermobimetal samples was 
TB180/05 from the Auerhammer Metallwerk GmbH in Aue, Germany. 
The different layers were bonded with MnCu18Ni10 as high expansion 
layer, Cu [copper] as an intermediate layer for enhanced thermal 
conductivity and FeNi36 for the low expansion side. This type of 
bimetal achieves a particularly  high thermal curvature at rather low 
temperature ranges.7 

5 An approximate price of 30 Euros per kg was mentioned on request at a   
 telephone conversation (16th of March 2016) 

6 The interior comfort zone is here defined in the interval 21,5° <Tindoor<24,5°C  
 concerning the SBi report ’Energioptimering af kontorbygninger’

7 The data and specifications are to find in the documentation ’Thermostatic  
 metal’ from Auerhammer Metallwerk GmbH (Uhlig et al. 2007)

fig.7.5 a
Thermobimetal consist 
of two metal strips with 
different thermal expansion 
rates.

fig.7.5 c
Bonding these metal 
strips together generates 
a thermobimetal strip. As 
the metal strip with the low 
thermal expension limits the 
strip with the high thermal 
expansion from inde-
pendently expanding, the 
bimetal compound follows a 
deflection curve.

fig.7.5 b
If these metal strips are 
heated they expand differ-
ently.
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Processing the samples

A waterjet-cutter of the type CMS Technocut Idroline at the AAA 
workshop facilities was used to cut the rather delicate and detailed 
patterns into the bimetal. The waterjet uses highly pressurised water  
with up to 4000bar combined with fine sand for the cutting process. 
As the high pressure would have caused deformations on the sheet 
material, the 0,1mm thin bimetal plates were placed during cutting in 
between 2 layers of 6mm birch plywood.  

The pattern designs for the bimetal application were transferred from 
CAD line drawings of AutoCAD dxf-files and imported into the waterjet 
CAM software TecnoCAM on-site to start the digital fabrication. The 
final cut lines were measured 1,1 mm.

Corrosion was an issue during the production. Nevertheless, it was 
accepted  in this fabrication process that a risk of corrosion of the 
bimetal was present due to the contact of the ‘conterminated’ water 
in the waterjet basin. However, this could be prevented. The samples 
were immediately after the cutting process cleaned with fresh water 
and dried. Alternatively, this could have been avoided with bimetals, 
cladded with protective layers. Electroplating or other types of bimetal 
with stainless steel layers would also have been possible.

Considering heat sources

In order to simulate a climatic [thermal] impact on the bimetal under 
laboratory conditions, a suitable heat source had to be chosen, evoking 
a thermo-responsive actuation. Different options were considered, as 
the chosen solution had to fulfil several criteria within the test setup: 
The heat source had in the first instance to provide constant 
temperatures, secondly to be rapidly switched on and off and finally 
within the setup to allow an easy exchange of the samples between 
the tests. 

fig.7.6 
The waterjet in 
process

fig.7.7 
Waterjet cutting 
trough birch plywood

fig.7.6

fig.7.7
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fig.7.8 
Considering heat 
sources
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[see fig.7.8] A climate chamber [a], the heated water tank [b] and the 
heated surface [c] would have been very time-consuming, as all three 
solutions would have to be cooled down between each test. 
A fan or hair dryer [d] as an option would probably have caused 
uncertainties in measuring temperature due to air turbulences. Even 
worse, the constant air stream would have influenced the movement 
of the thin and fragile samples.
Using electricity for the actuation [e] was also considered as an option 
for a fine adjustment. Risks of short circuits as well as an additional 
weight of the connector at the suspending edge of the sample would     
have affected the deflection by the added weight.  
The finally chosen method ended to be an IR lamp as heat source [f], 
centrally placed above the test sample. This type of heat source could 
immediately be turned on and off, as well as temperatures on the 
same level could repetitively be provided. The samples were easily 
exchangeable without interfering the setting for the following test 
samples.
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fig.7.13 
Schematic test setup and 
position of samples

3

The test series are conducted in a workshop environment. The temperature 
is measured with a 2 channel thermometer (thermal datalogger. The results 
are logged in a datafile.

An IF lamp with 150W/240Vis placed above the cantilevered thermobimetal 
strips in a defined distance. Each sample is placed centred under the bulb 
under room temperatures.The pictures are taken from a fixed position for all 
samples. Subsequently after the IF lamp is switched on, another picture is 
taken with the resulting movement of the strip. all picture are taken in front 
of a millimeter paper and the documented deflection curvature can be com-
pared with a reference line of the untreated bimetal strip.

The distances and placement under the bulb are for each sample repeated 
in order to base the indications on the same starting point conditions.

IR lamp: 
bulb type IRred Eider 
with 150 W/240V, 
diameter 120mm

the test setup
thermobimetal TB 180/05

direct distance D1 
between IR bulb and
bimetal strip (before the 
actuation): 119 mm

one-sided clamped bimetal strip,
cantilevered under the heat source

distance D2 
deflection height

temperature measured at the same height 
directly beside the bimetal strip
T1: room temperature
T2: temperature after lamp switched on

thermal
sensor2

thermal
sensor1

distance bulb to sensor1:    120 mm 
distance bulb to sensor2:      70 mm
distance sensor to clamp 
of bimetal horisontally:          90 mm
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Setting and procedure

The location for the setup was placed in a workshop environment of 
my private basement. The indoor conditions were between 20 and 22 
degrees Celsius with a humidity level of around 50%. 
The bimetal samples were clamped one-sided cantilevered to a test 
stand, centrally placed under a suspended bulb of an IR lamp [type IRed 
Eider, 150W/240V, diameter 119mm]. Each sample was accurately 
placed in the same position. A millimetre paper in the background was 
used to improve the legibility of the deflection on the frontal recorded 
photo documentation.    
The measuring equipment consisted of a 2-channel thermometer 
[thermal datalogger with two external sensors, type: Voltcraft PL125-
T2USB] to quantify and monitor the temperature, a Nikon F3001 
camera with an 18-110mm objective to document the deflection and a 
FLIR thermal camera  [type T4xx series, 18mm] to take short videos of 
the movement. The FLIR camera was not used as a tool to measure the 
temperature. The reflective surface of the bimetal would have misled 
the thermal measurement. 
For each test, a start picture was taken for the fixed bimetal sample with 
the heat source switched off. Subsequently, the IR lamp was turned on. 
At a measured temperature of approximately 30 degrees Celsius, the 
deflection was documented and the exact temperature measured  and 
recorded8.     
The distances and placement under the bulb were exactly repeated to 
base the indications on the same starting point conditions. 

Results

The observations
For both test series, it could be stated an immediate reaction and 
responsiveness of the bimetal samples to  the heat impact of the IR-
lamp. The temperature increased as a result of this in average about 10 

8  It has to be mentioned that the temperature levels between the 2 test 
 series differ slightly. It is caused by a replacement of the upper temperature 
 sensor downwards to match the actual deflection level better in the second 
 round. The results of each test series stand on its own as the measurements, 
 the documentation and the evaluation of the deflection are related to the 
 reference sample of the untreated bimetal sheet [without cut pattern] in the 
 start of both test series.

fig.7.9 
Test setup at workshop

fig.7.10 
Reference bimetal 
strip, 122mm x 29mm 
clamped 
to test stand

fig.7.11 
IR lamp switched on,       
deflecting bimetal

fig.7.12 
Clamped bimetal piece, 
close-up

fig.7.12

fig.7.11

fig.7.10

fig.7.9
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fig.7.14 
Test series 
xp3,
1.round 
with bimetal 
samples 
clamped 
one-sided 
under IF 
lamp

fig.7.15 
Test series 
xp3,
2.round like 
above. The 
images are 
taken with 
a digital 
thermal FLIR 
camera 
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degrees Kelvin up to around 30 degrees Celsius.    
The same reverse movement occurred when the heat source was 
switched off, and all samples went back into the original shape. An 
exception was the squared spiral  [spir3_square], which received 
minor deformations during the deflection movement and could not 
fully accomplish it. 
The selected test patterns in the first test series caused less difference 
in movement than initially expected. Neither directed, strong twist 
could be detected, nor particular extreme behaviours in the middle 
parts of the bimetal strips where the most of the pattern s were placed.     
However, there was a clear indication that longitudinal cut line patterns 
lead to substantial higher curvatures. Opposite to that, the lowest 
deflecting curvatures were to find between within the auxetic patterns. 
Also, patterns in cross direction lead to a comparatively lower  bending 
capacity.    

The second test series was conducted under the same conditions, 
the same location and the same setup as the previous test series.  
The indication of the first test series got confirmed. Line patterns in 
longitudinal direction were bending most. A fine line pattern covered 
over the whole strip and in the full length resulted in the highest 
deflection. Variations in the longitudinal line pattern had only minor 
effects on the deflection behaviour.   

Partly covered longitudinal patterns still ended in higher deflection 
behaviour than the untreated reference strip of the bimetal. Interesting 
here were the pattern  [dia1] and [dia2], which had an asymmetrical 
pattern. It  was not sufficient to result in a significantly twisted 
movement. 
A line pattern diagonal in the cross direction [dia3] reacted very 
differently. The bimetal strip twisted strongly to one side, and the 
deflection followed a much lower curvature than the reference. 
An interrupted longitudinal line pattern [rou1] led almost to a 
neutralisation of the strong deflecting line pattern. The sample reached 
only the height of the untreated reference strip. 
Patterns with offset cut lines to the strip edges, like small arches 
[arc1+2], deflected each in individual movements with a result of a fan-
like object under heated conditions. The more complex cross-, arrow-, 
and c-shape patterns were designed the more it led to a weakening 
of the bimetal strip. The curvatures were very low and far under the 
deflection heights of the reference sample. 
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Evaluation over the deflection behaviour of the thermobimetal samples_1.series
Results of the 1.test round of thermobimetals samples with applied cut patterns
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Evaluation over the curvature behaviour of the thermobimetal samples_2.series
Results of the 2.test round of thermobimetals samples with applied cut patterns
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The sample [c-s1] with the tightest pattern and very short sequences 
of continuous longitudinal pieces within the cut design was the most 
fragile one and consequently ended with the lowest bending. Under 
the impact of the heat source,  the strip still had a slightly negative 
deflection, compared to a horizontal cantilevering state. Interesting 
was the rather apparent twisting movement, which is not explicable 
by the symmetrical pattern.    
Rather simple cuts in the centre of the strip-like  [arc3], with a diagonal 
cross and [c-s3] with altered C-cuts resulted almost similar to the 
deflection of the “untreated” reference sample.       
The spring disc, which is described in the literature  as a possibility for 
heavy-duty applications, did not deflect into a radially curved shape 
but ended instead in a directed curved shape. It is probably to explain 
by  imprecise and rough cut edges as a result of the harsh waterjet 
cutting process.  

CONCLUSIONS

The test series has to be seen as an initial investigation into control and 
manipulation of kinetic, material-embedded behaviour for actuation 
purposes. It could be proved with the investigation that applied 
patterns were able to change the original standard material-specific 
behaviour.   

 
Performance 
through 
self-actuation/ 

The reaction of bi-layered material [thermobimetals] 
on temperature differences and the subsequent 
physical shape change led to independent kinetic 
behaviour. The reversible movement was a result of 
a direct response to climatic conditions. Without any 
electro-mechanical control, the material was able to 
actuate autonomously. This material-based actuation 
is predictable for the magnitude of the deflection 
behaviour under heat impact. 
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Patterns change 
performance/

With the application of geometrical patterns of lasered 
cut lines in the bi-materiality, the movement could 
be changed. The range of tests with 55 patterns gave 
indications on how to tailor deflection curvatures. 
Particularly longitudinal line patterns demonstrated 
stronger and higher curvatures compared to the 
untreated reference sample. The range of movement 
could thus be enlarged. Patterns in cross direction 
behaved instead rather neutral and limited the 
deflection on a lower level. More complex geometrical 
patterns resulted in even more reduced deflection 
behaviour. Twisted movements could as well be 
documented for some few patterns. These would 
particularly be interesting to develop to intensify 
the twisting behaviour for an even broader range of 
applications.  

Thermal 
sensitivity and 
performance/ 

The tested type of thermobimetal was very sensitive 
to rising temperatures. Already at low temperatures of 
around 20°C,  an immediate response started to take 
place and lead to significant deflections already at 
30°- 40°C. It is interesting as this range of temperature 
levels is commonly achieved at outdoor situations 
even in the Nordic region. Surface temperatures of 
façades exceed under intensive solar impact by far the 
outdoor temperatures. Absorbed heat gains through 
direct solar irradiation can reach from 30° and up to 
80°-90° Celsius on the surfaces (Pelsmakers 2012:75) 
depending on the material and its reflection behaviour 
during sunny summer situations.      
For applications of thermobimetals in climate-adaptive 
building skins, the prerequisite of climatic stimuli 
would be fulfilled for outdoor conditions. However, 
the implementation of such actuators in the design 
of kinematic building skin elements would have to  
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ensure that locally maximised temperatures reach the 
bimetals for optimal performance.      

Size and 
performance/ 

Even though the forces could not quantitatively be 
measured for a defined load for each the of the bimetal 
strips, there were clear indications that the forces 
for the deflection  s were very low. Through the test 
series, it was only focused on lifting the dead weight 
of the strips.  In combination with the fragile material 
property as used in the test series, particularly small 
scale applications would have to be targeted to utilise  
the actuation potential.  

Autonomous 
actuation
performance/

The thermo-responsive behaviour of the bimetals 
enable the possibility for actuation independent 
from electricity and only controlled by changes in 
temperature levels. A kinetic system based on material-
based actuation can operate entirely autonomously. 
This behaviour could be adjusted, and ranges of 
deflection as well as the movement could be defined 
by tailored patterns applied to the thermo-responsive 
material.        
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Differentiation of 
bending behaviour 
of each strip

fig.7.21 
Triangular and flexible connected bimetal strips at an 
increased temperature of 30 degrees Celsius heated by an 
IF lamp.

fig.7.18 
Selected knots are connected with a triangulated bimetal 
frame [actuator]. Each of the sides is related a specific 
bending behaviour depending on the length contraction 
needed

a

b

c

b

c a

a

b

c

b

c
a

fig.7.19 
Triangular and flexible connected bimetal strips at room 
temperature of 20 degrees Celsius.

fig.7.20 
While [a] should remain rather uneffected, [b] has to pro-
vide a rather strong bending behaviour. [c] has to bend 
less. As a result of the bending the knots are moved and a 
contraction takes place.
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CONSIDERATIONS

Considerations I: Actuation through triangular bimetal actuators

As thermobimetals react quite sensitive on temperature differences 
they can be embedded in building skins thermo-responsive actuation.
This concept is based on the idea of a primary and secondary structure 
to provide a climate responsive behaviour. 
The primary structure is the folded structure itself: the thickfold. The 
secondary structure consists of triangulated bimetal frames, which use 
the deflection ability to fold/unfold a folded structure.
As such a folded structure has different length contraction between 
each of the knots, the findings of the different deflection behaviours 
of bimetals caused by applied cut patterns as shown in the test series 
could be utilized.
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fig.7.25 
Bimetal strips, back-
to-back orientated, 
on the innerside of 2 
polypropylene flaps at 
30°+ Celsius 

fig.7.23 
Bimetal strips, 
back-to-backorientated, 
on the innerside of 2 
polypropylene flaps at 
20° Celsius

fig.7.22 
The top and valley foldlines are connected with strips 
of bimetal ribs. The ribs are in pairs placed back-to-
back with the high expansion side inwards.

fig.7.24 
Under the impact of heat the bending behaviour of the 
ribs pushes the fold factes from each other.
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flexible joints  
bimetal strips 
polypropylene [r1] [r2] [r3]

fig.7.26
Considered scenarios
for the bimetal ribs 

Considerations II: Actuation through bimetal ribs

This suggestion takes starting point in bimetal ribs, which are spread in 
a herringbone pattern on the surface. Thermal impact leads to bending 
and in consequences to ribs pushing the flaps or in the case of the fold 
the opposite lying facets from each other.

The fixation can be applied in different variations. Three scenarios are 
considered [fig.7.26]:

[r1] The ribs are fixed in the valley fold line and have loose end. 
The bending ability of the ribs is here probably strongest.

[r2] The ribs are fixed both in the valley fold line and at the 
edges. The force of the movement is probably.

[r3] The ribs are fixed at the edges of the fold. The inner rib 
ends are connected to each other but loose to the fold. This 
leads probably also to a strong deflection with lower forces.
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fig.7.28 
rising temperatures unfolds the fold [expansion principle]

fig.7.29 
rising temperatures compresses the fold [contraction principle]

bimetal plates

bimetal discs 
on a rod

fig.7.27
actuating the thickfold
through linear actuation



225

Considerations III: Actuation through linear actuation

As thermobimetals react quite sensitive on temperature differences 
they can be embedded in building skins thermoresponsive actuation.
With this in mind, two principles are suggested to either expand a 
folded structure or contract it.

The expansion principle works with stacked discs, lined up on a rod in 
alternated directions, which lead to high forces and high extension of 
the linear actuation [fig.7.28].

The contraction principle is based on two paired slim strips, fixed at 
both ends to the foldable structure. The high extension layer of the 
bimetal layer turn to the outside [fig.7.29] Alternatively the expansion 
principle could be used in a reverse function by redirecting a rope and 
contracting the folded structure instead.
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fig.7.30
Test samples of 
thermobimetal strips
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SYNTHESIS AND DISCUSSIONS. 08 The primary results of 
the single chapters including the experiments are here collected 
and critically reflected. A summary of the most relevant findings as 
the outcome of the different test series and studies concludes the 
dissertation and highlights the contributions. Intentions for future 
studies point furthermore towards gaps in the field and indicate 
potentials for further contributions to be made.        
Bibliography and photo credits are placed at the end of the document.

A separate book contains the complete documentation and the results 
of each of the test series. The setup of the experiments and their 
process can here be followed both visually in images and graphics as 
well briefly described in the text. The individual experimental data is 
listed and structured, followed up by a summary of the results at the 
end of each document.

08
SYNTHESIS 

AND DISCUSSIONS
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SYNTHESIS 

The project studied folding principles and their potentials to 
[passively, actively and responsively] affect and enhance environmental 
performances for architectural application [of climate skins]. It took 
the starting point in the need for dynamic solutions to  adjust and 
influence solar thermal impact.

The body of work aims to contribute to a better understanding of the 
potentials embedded in the principle of folding by its geometry and the 
kinematic behaviour transferred to thickfolds.
The knowledge production was based on gained experiences from 
explorative RtD studies combined with a literature review as well as 
data collection of empirical-analytical studies of three major test series 
to document performance enhancements.
From the rather broad perspective of the initial investigations to 
map performance potentials for climate-responsiveness, further to 
the design-based research of developing a thickfold, and finally to 
the experiments of single extracted aspects of dynamic behaviour, 
the project offers contributions to document and utilise the dynamic 
potential of folded structures.     
The project unfolded performance potentials and folded morphological 
behaviour, as well as scientifically proved the assumption of dynamic 
enhancement through analytical-empirical investigations.

The selected methods of investigation stated the following performance 
potentials:

Multi-performance through fold principles
(1) Phenomenological investigation 

The principle of folding is described and contextualised to a broad 
palette of applications and potentials for climate-responsive 
behaviour through shape, materialisation and kinematics. Particularly 
the kinematic ability for a wide range of folds seems not to be fully 
exploited yet for dynamic architectural solutions.       
A first matrix visualised and organised similarities between 53 paper 
fold patterns, architectural examples and linked performance purposes. 
Biomimetic references are set aside to learn from their environmental 
adaptation and validate the value behind the folding principle.        



232

The second matrix evaluated and systematically lined up both 
geometric layout and kinematic behaviour. Patterns of [fold] lines 
define the position and angles of vertexes the final 3-dimensional 
shape and simultaneously the direction and type of movement. The 
arrangement of lines in a top- and valley crease pattern programs a 
particular motion with the possibility for surface changes.        
The overview [matrix 2] allows picking individual folds regarding their  
kinematic particularities as well as deselect quickly from limitations 
for targeted design purposes. 
Exploiting the folding principle by linking scientific origami to kinetic 
architectural applications would save resources and add performance 
to the built environment.      

Performance of thickfolds
(2) Explorative Research-through-design [RtD] studies

RtD stated the possibility to transform paper folds with their kinematic 
behaviours into materialised structures. Mechanical hinges could be 
substituted, and a continuous foldable structure on the base of a centred 
membrane [or foil] be generated. The Miura-fold as the objective of 
investigation preserved both kinematic and structural behaviour in the 
transformed thickfold cardboard models. Computational simulations 
validated both abilities.   
The use of different layers for the folded materiality opens for 
the application of multiple material properties. In the idea of 
ephemeralization1 the addition leads to more [performances] than 
just the sum [of layers]. Layered materiality merges to an efficient 
structural and kinematic element, with the possibility to add properties 
by distinct material choices for the single layers.

The utilisation of the dynamic behaviour of folding, which is based 
on three columns of investigation in this project, exceeds the existing 
literature on  thick origami: shape, materialisation and kinematics. 

For practice, the composition of a thickfold allows fabricating foldable 
sheets both in subtractive or additive manner. New technologies of 
either automated CNC milling on the base of sandwich materials 
with flexible cores or additive manufacturing by 3D print onto textile 
membranes could be applied. Especially for big size application, 3D 

1 The notion of ephemeralization is originally coined by Buckminster Fuller
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printed models could provide flexibility, structural performance 
[strength] and durable maintenance free hinges.    

 
Shape and [passive climatic] performance
(3) Empirical-analytical investigations 

The experimental test series xp1 with a dynamic, 3-dimensional digital 
model     provided empiric data to identify quantitatively and visually 
solar performance [irradiance] benefits. Opposite to computational 
simulations based on a fixed and static model, this investigation 
conducted the calculations on the base of a dynamic shape for the most 
representative dates and orientations through the year.      
The solar radiation simulations of a dynamic thickfold surface [xp1] 
documented similar types of solar patterns of performance of the 
dynamic model for the same orientated thickfolds [xp1, excerpts 
1-3] for different compressions and dates. So even under changing 
conditions, repetitive principles for performance distribution on the 
surface    appeared.   
The simulations for the vertical and horizontal thickfolds2 could 
furthermore state almost no difference in irradiance in average3 
over the year. Thus, the reduction of irradiance for both types was 
almost equal (<0,5%).
The passive reaction, based on the shape change of either decrease 
or increase of irradiation on the surface, lead to possibilities for 
enhancement of [building] performances. Applied to practice, 
multi-facetted folded surfaces could already in the design phase be 
differentiated and matched to their performances in materiality and 
properties. As a kinematic surface , the fold is also able to ‘react’ and 
adapt dynamically to emerge to an optimised shape.                
The simulations also showed a solar radiation  performance, which 
turned out to be scaleless [xp1, excerpt 7]. Independent from scale4 
the performance was almost similar to the situation. This independence 
could be interesting to test and validate in practice in further research 
of micro applications on flat surfaces to ‘invisible’ apply materiality 
new solar properties. The studies of biomimetic references  [chapter 
3]  could support the process of developing design solutions. 

2 For a chosen point-in-time with the same compression angle and orientation 

3 Average over the whole surface, not the individual facets

4 The tested thickfolds had different sizes [10%-150%] but with the same   
 proportions
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Materialisation and [climate-active] performance
(3) Empirical-analytical investigations

The second test series [xp2] could state the ability of textiles to be used 
for evaporative cooling. The humidified membrane was capable of  
actively cooling the interior space of a small-scale climate chamber in 
various sizes, types and shapes. Based on the described setup [xp2] the 
maximum cooling effect could be achieved after around 5-10 minutes. 
Higher temperature levels reached greater cooling effects  for the 
same amount of moisturised water.        
Reducing the area of the permeable membrane led to a reversed 
increase of the cooling effect. Projected on a full-scale interior space, the 
smallest tested opening size5 would match a window-size area. In the 
scale model chamber, it was sufficient to cool the ‘room’ 6 temperature. 
A significantly lower cooling effect was measured for the coated 
polyester, as the ability for absorption [or wicking ability] of the textiles 
was low. Also, the folded series with a sample of thick felt, which 
reduced the air flow due to the tightness of the material, performed 
rather poor. 

The centre textile membrane within the thickfold construction can 
thus be used for evaporative cooling, under the precondition that 
airflow, water supply and absorption of the textile is guaranteed. 
Respectively as built elements this would mean that the outer thickfold-
panels have to be perforated to enlarge the exposed permeable textile 
layer and increase the airflow for evaporative cooling. Statically it 
could be demonstrated by the structural simulation [chapter 4] that 
critical areas were only observed along the fold lines and directly at the 
knots. A perforation would in case not influence the structural ability.          

For practice, this would mean that smart textile membranes with 
a range of applicable surplus properties could be expanded to an 
interfacial agency for active climate adaptation.   Further investigations 
would have to prove a similar fast cooling effect at up-scaled full-size 
prototypes. In this case, the principle could be applied as a peak-
performance solution to lower indoor temperatures at summer peak 
levels.      

5 The smallest opening size was reduced to 17%

6 Interior climate chamber temperature
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Self-actuation and [climate-responsive] performance
(3) Empirical-analytical investigations

In the test series xp3, material-based self-actuation was tested 
for the possibility to be adjustable. The experiment confirmed that 
laser-cut line patterns could change the actuation property based 
on the materiality. The samples of thermobimetal strips showed for 
the series distinct motions under thermal impact. Mainly longitudinal 
line patterns extended the deflection while cross-line patterns, as well 
as auxetic patterns, lowered the bending movement. All test were 
conducted at relatively low temperatures of only up to 35°C degrees, 
which are as surface temperature on a regular basis reached in summer 
even in Nordic climate conditions. 
Opposite to other research projects from Sung (2011), not the outer 
shape was changed of the sample, neither the materiality customised   
(Foged and Pasold 2015). This series confirmed the influence of simple 
line-cut pattern in identical material strips, which allows applying and 
tailoring kinetic behaviour despite the outer shape.  
For practice, this finding could lead to new and more wide-spread 
applications of autonomous material-based [and zero-energy] 
actuation within kinetic facades or building skins. In future research 
physical climate-responsive behaviour could be further investigated 
and  tailored for an optimised movement. Particularly interesting 
would be to study the application of patterns on other bi-layered 
responsive materials as well as further investigations if patterns could 
not lead to stronger and reversible twisting movements. 

---

The findings and contributions of this research can be summarised in 
the collection of dynamic performance aspects, which are embedded 
in the multi-functional component of the suggested thickfold-concept. 

The ability to achieve climate-responsiveness is documented in the 
project

[1] from the perspective of geometry 

The geometry of paper folds exceeds being an 
angled surface. The geometry is investigated for the  
combination of multi-angled surfaces and a movement, 
which is ‘programmed’ in the fold pattern.  
The simulations for irradiation through the year on 
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dynamic states of thickfolds surfaces displayed the 
potentials of passive reduction of the solar impact, as 
well as increased values for certain facets compared to 
a flat surface. Even in the dynamic simulation, repetitive 
patterns of performance distribution are pointed out. 
A series of simulation for the same folds, but for 
different scales, lead to similar irradiation results. The 
morphology of folded surfaces seems as a result of the 
simulation scalable, without changing the irradiation 
on the surface.  Transferred to practice folds could 
be applied to micro-surfaces with the perspective of 
performance improvement.

[2] from the perspective of material(isation)
A concept of a thick rigidly foldable structure is 
presented as a transferred principle of paper folding 
into a solid materialised element. Through the 
introduction of a textile layer as centre material in the 
sandwich material, mechanical hinges can be avoided 
in the foldable structure. 
As a concept for the activation of the centre layer, textiles 
were tested for evaporative cooling abilities. The test in 
the climate chamber could document the potential and 
the cooling effects of variations in temperatures, sizes 
and shapes.    
Thermo-sensitive bimetals were investigated for 
the possibility of adjusting the autonomous kinetic 
behaviour. Through applied patterns, the movement 
could be changed.  This possibility is of importance for 
the integration in dynamic elements and the controlled 
function within a material application, as the thickfold.   

[3] from the perspective of movement

The thickfold concept can transfer both geometry, 
flexibility, as well as the kinematic ability of the 
‘programmed movement’ into the thick foldable 
element.  
Despite the thickness, the element keeps the specific 
movement behaviour of the fold pattern. It can be 
transferred to the materialised structure. As a result 
of this, actuation can be simplified. And the number of 
potential actuators can be reduced, if fold patterns with 
multiplied movements, such as auxetic behaviours, are 
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chosen. Furthermore opens this concept for complex 
directed movements as shown in Matrix 2 [fig. 3.15]. 
The kinematic element also provides a load-bearing 
capacity, which is documented in a structural simulation 
of the  thickfold [fig 4.34-4.43]. This ‘stability’ leads to 
the potential of reduced mechanical fixation points and 
the ease of practical installation.               

DISCUSSION

The simulations of the dynamic fold [chapter 5] could document the 
broad variety of performance results for the different situations. They 
could also demonstrate that there is a hidden potential to address 
dynamic shapes in various situations. While most of the simulations 
conducted in practice calculate for the best performing option for 
one or at least few states, dynamic simulating allow discovering more 
potential in adaptive behaviour.    
Recent tools of virtual scripting in the combination of environmental 
simulation opens new possibilities to test buildings with dynamic 
shapes, state and climatic conditions already in early design stages. 
Adaptive solutions can so be even more effective developed and 
designed to achieve the best (dynamic) performance for a broad 
variety of conditions.  

An important aspect to point out is the ‘low-tech’ approach to the 
thickfold concept. The solutions are suggested with the idea of avoiding 
complicated electric-mechanical equipment.
The approach comes back in the simple construction of the  thickfold 
concept. Mass customisation of kinetic elements is thus realistic as 
mechanical hinges are avoided and substituted with a bendable fabric 
layer. The concept allows two approaches for industrial fabrication. 
The first is additive manufacturing, either conventionally or advanced 
3-dimensional robotically, in which the base of a textile becomes 
the connecting support of the foldable element. First attempts are 
conducted in the textile industry. The second one is a subtractive 
method, where the material is removed  along to the fold line pattern. 
In a CNC-milling process, the   sandwich material is down to the centre  
of the flexible core. This method is for some case seen in the production 
for tessellated interior coverings.   
As the model studies show, the otherwise simple (conventional) 
additive method can be used for on-site and hand-made solutions in 
developing countries. Flexible climate-adaptive solutions or temporary 
protective shelters are imaginable to be built.

The ‘low-tech’ mind-set also comes back in the evaporative cooling 
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concept for textiles. Proposing the thickfold for active cooling, the idea 
to activate the centre layer was ideated. As a statement to seek for 
alternative principles to reduce the amounts of high energy consuming 
air conditioning units, without compromising the user comfort, the 
proposal to utilise textile screens is an alternative way under the right 
climatic prerequisites [as described in chapter 7]. In combination 
with the concept of the thickfold the textile would achieve a structural 
capacity and would open alternatives to tensile textile screens. 
Furthermore, the increased weight and forces through the dead weight 
of the water c   an be managed. For a proper function, the surface of 
plates would have to be perforated [see cover chapter 8] to achieve the 
necessary permeability for providing airflow and humidified air.      
The concept evaporation works best under the precondition of rather 
warm and dry air. Moreover, the concept adds moisture to indoor 
environments which have to be controlled to avoid problems, which 
would lead to reduced comfort. The concept was therefore introduced 
in the project as a temporary solution for peak temperature situations 
in our climate.      

Introducing climate-sensitive material [chapter7] for autonomous 
control of dynamic (climatic) environment also leads back to the idea to 
avoid complicated actuation principles for kinetic elements. Embedded 
responsive abilities of materials, as a possibility to be implemented in 
foldable elements, could replace advanced mechanically motorised 
actuation. Exploring new ways to tailor these kinetic abilities could 
lead to customised, adapted movement for the same type of sensitive 
material.           

The application of ‘smart’ materials could even further extend the 
range of dynamic performances. Referring to the vision of Mike 
Davies’ polyvalent wall [fig.1.16] and the presented ideation scheme to 
approach climatic multi-responsiveness  [fig.1.15], further properties  
of smart materials could be stacked within the existing layers of the 
material compound.  
The element of the embedded textile in the thickfold concept could 
emerge to a ´smart textile’ with added conductive, wicking, absorbing 
properties. Likewise, the  top plate material contains the possibility 
to extend the dynamic performance with an added ‘smart surface’ of 
beneficial air-purifying, reflecting, thermo-chrome [colour changing 
under the influence of heat], etc. abilities.
However, the additional smart properties open the question if the 
multi-dynamic behaviours interfere the other performances negatively. 
Like the example of Davies’ vision, all technologies of each single layer 
could after all individually be developed. But the combination of one 
single element could  still not be achieved yet after 26 years. The 
interaction of the dynamic behaviour and full-scale model would have 
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to be built and tested to find limitations and overcome interferences in 
practical applications. 
The autonomous behaviour of ‘smart’ materials as climate-responsive 
actuators [chapter7] can also be critically discussed regarding user-
interaction in the built environment. If material sensitively conducts 
responsive reactions, control by the user as a starting point  is not part 
of the concept. Design solutions would have to be specifically addressed 
to this issue to avoid environments of lost user influence. Comfort is 
perceived individually different. The ‘automated’ abilities would have 
to be designed adjustable to avoid compromising the users’ need. 

CONCLUSION

The principle of folding is investigated and evaluated in this project for 
beneficial performances, which can be transferred and addressed to 
the built environment to increase climate-responsiveness. 
Moreover, the concept of the thickfold is documented for its potentials 
of dynamic behaviour, which is approached multi-functionally for the 
aspects of shape, materialisation and kinematics:

• form can be utilised for a  beneficial passive performance 
• material can be utilised for  an active performance 
• self-actuation can be utilised  for responsive performance.  

Alternative approaches are needed in architecture to address future 
environmental challenges.  

It is my hope that the principle of folding with its dynamic performance 
potentials in a higher degree will be utilised for adaptive solutions to 
save energy as well as resources and provide enhanced user comfort.   
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synthesising the results I
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form and
geometry

the principle from paperfolds are 
applicable with their kinematic be-
haviour, despite of applied thick-
ness. Enabled by a centerlayer

the folded shape [surface] has a de-
creasing influence on the solar irradi-
ation, while the flat surface achieved 
the highest average values

fold lines become hinges. The way the are 
shape define a movement. This 
can be used for defined ranges of 
unfolding/ min+max folding angles

the dynamic 3D model allows to re-
define easily shape and proportions 
of the rigid facets and by that the fold-
ed shape and kinematic behaviour

flat to folded movement follows an equal dis-
tribution of forces. The unfolding 
can be conducted by 2 points 
only. 2 Linear kinetic axes 

changing surface angles with a 
better performing folded geometry 
can be addressed/matched with 
the climatic conditions 

statically 
positioned

the folded structure can be consid-
ered almost self-supportive, when 
fixed at 2 points at the bottom and 
one higher up to avoid tillting  

repetitive patterns of performance 
can be detected for vertical / hori-
zontal folds in a dynamic environ-
ment

dynamically 
in move

gradually changeable shape, still 
with enhanced statical abilities fixa-
ble in each position. 2 straight linear 
nodes lines could be detected

similar patterns+distributions of 
performances of the rigid elements 
can be detected for vert+hor folds 
in a dynamic environment 

scale the thickfold and the principle is 
scalable. changing size and mate-
rialities is possible

the scale seems more or less in-
dependent from the performance. 
scalability for reallife purposes 
could be investigated

the geometry, surface and size of 
the textile membrane as well as 
the type has an influence on the 
cooling ability

the textile hinges of the foldable 
structure are at the same time 
the permeable membrane for the 
‘cooling textile’

a folded membrane do not prove 
to be very beneficial. A flat me-
brane surface performs best in 
the test series

regarding tightness and optimal 
performance a fixed solution has 
advantages

the membranes were not investigat-
ed for different compressed folding 
angles as the folded membranes per-
formed less good than the flat version

the tests are only conducted on a 
small-scale version. Changes in 
behaviour for upscaling are uncer-
tain for airflow, humidity, tightness.

form and 
performance

the effect
of folding

performance through thickfolds

paperfolds add beneficial behav-
iour to the considered “zero-thick-
ness” sheet: structurally, kinemati-
cally, aesthetically, functionally

define shape and movement. 
certain patterns achieve complex 
non-linear movements, as well as 
curved lines enable flap-mechanisms

depending on the folding types/
patterns, many points to pull are 
necessary to [un]fold the pattern 
equally

the paper is added a structural 
stiffness and capacity to withstand 
additional loads depending on the 
type of fold

the kinematic abilities vary from 
linear to radial to auxetic. Like in 
popup folds twists in movements 
can be achieved

the paper fold is considered with-
out thickness. Very small foldings 
make paper proportionally thick: 
paper do not act like hinges anymore

applied cut patterns [geometry] 
influence the dynamic kinetic and 
kinematic behaviour

have with their geometry and 
their formation a direct impact on 
the movement, which has to be 
matched with the actuation 

the chosen self-actuating materi-
al has the ability to deflect when 
heated. this shape-changing ability is 
intended tailored to the foldmechanism

through application of particular 
patterns, actuation/deflection ampli-
tudes could be reduced, with dead-
weight forces evt.be neutralized

bimetal is able to react very sen-
sitive on temperature changes. 
Already at low temperatures of 
20+ degrees a movement occurs

the test are conducted for small-
scale applications to bimetal 
strips. Bigger patterns are not 
investigated.

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation

interact/ responsive 
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Performance through the thickfold concept
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referencing 
nature

folded morphology of plants as 
adaption strategy for climatic con-
ditions. Micro-surfaces

folded morphology of plants, as 
for example cacti

outcome transformation from paperfolds 
into thickfolds. Solving hinges by 
implementing a membrane in the 
centre and placing tiles on both sides 

the dynamic behaviour of shape re-
garding direct solar impact on fold-
ed/flat surface. solar performance of 
folds (dynamic investigation)

bridging to 
other fields

technical origami / origami design adaptive behaviours of plants, 
dynamic computer simulations,
new open-source simulation tools

contextualized

challenges the compressed folded shape in 
summer is acting opposite sun 
screen with maximizing the sur-
face to reduce solar gains

not complete compressable for 
this fold without loosing the static 
capacity

findings

limitations /
not invest
igated

simulations limited to few situa-
tions/orientations during the day 
and seasons. limited 124 situa-
tions with few shapes and sizes.

transforming more paperfolds 
into thickfolds. measuring forces 
for the sketch models. large-size 
models + test

the art of origami, folding princi-
ples in product design

adaptive behaviour and benefits 
(performance) of folded morpholo-
gy at plants

mapping overview performance 
of folds. referencing to plants in 
nature + examples in the field of 
design/ architecture

tessellated folds with rather many 
creases for a single knot (>4) are 
rather fragile and have a tendency 
to break up in the node points
more focus on kirigami folds which 
would be more applicable for thick-
fold purposes regarding transpar-
ency and daylight issues in practice

synthesising the results II
performance through thickfolds

kinetic, self-actuated movements 
in nature (without electricity)
through climatic stimuli are mim-
icked by bi-layered materiality 

self-actuated movement, tailored 
by geometry/patterns 

referencing mimicking plant be-
haviours, material-based actu-
ation principles, new fabrication 
methods, programming 4D

the forces are rather low and the 
expansion/extension length for 
1 element is limited (many small 
elements)
the exact forces are not measured 
or compared here. outer shapes 
could have been varied. multiple 
patterns on one shape

percipation or transpiration as 
natural principle of evaporative 
cooling in nature

cooling achievable with textile 
membranes. additional function 
to permeable skin or embedded 
center layer in a thickfold

evaporation principles in nature,
vernacular principles of glass 
houses (Paxton), HVAC alterna-
tives, smart textiles

big water consumption when up-
scaled. A low humidity is required 
for a proper effect. Avoidance of 
algeas, fungus, etc. necessary
a combination of perforated rigid 
tiles with a textile could have been 
investigated. different speeds of 
ventilation. 

strong adhesive (glue) necessary 
to fix plates to the membrane from 
both side and overcome the peel 
resistance (Schälwiderstand).

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation

interact/ responsive 
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benefits 
from 
thickfolds

thickfolds transfer basic paper 
fold performances into physical 
materiality*, which itself is able to 
enhance performance

shape+form increase passively 
performance

materials basic materials: paper/ cardboard/ 
foils, but also FRP and technical 
textiles

(purely as digital model computa-
tionally simulated)

hardware standard model cutting tools (RtD) Macbook Pro/bootcamp

software A dynamic digital GH model to 
simulate+calculate minimal com-
pression. Test of kinematics. Sim-
ulation of statics with ANSYS

Grasshopper3D, Rhino, AutoCAD, 
Ladybug plugin, Ecotect

materials 
and methods

tailoring 
behaviour

movement can be defined by 
proportions + geometry, distances 
+ thickness of the rigid elements. 
patterns for ventilation, foldlines

through the act of folding (com-
pressing), the shape [surface] is 
changed and the performance 
towards direct irradiation changes

adjustability

paper folds can be used for fast 
indicational investigation

change of patterns, sizes, pro-
portions, combined fold pattern, 
curved line patterns, parametric 
patterns, etc. changes behaviour

paper 120g

folded by hand

patterns (mostly) drawn digitally in 
autocad and printed on paper

> miura fold a objective.

synthesising the results III
performance through thickfolds

> chosen principle: tiles with dis-
tances at valley foldlines

> horizontal and vertical folds are 
rather similar in the overall per-
formance. particular patterns of 
performances are to recognize

> result

the kinematic ability of the thick-
fold surface can be matched/syn-
chronized with tailored movement 
of material based actuation

thermostatic bimetal TB180/05 by 
Auerhammer Metallwerk GmbH

waterjet CMS Technocut Idroline,
IR lamp, FLIR thermo camera,
temperature data logger

AutoCAD, CAM software Tecno-
CAM for waterjet

applied cut patterns are able to 
‘control’ / change movement. cer-
tain kinematic demands could be 
‘programmed’

> longitudinal line pattern extend 
deflection. cross directed patterns 
reduce the deflection

the moisturizing effect lead to an 
increased dead weight. The structur-
al support of the rigid elements within 
the thickfold reduce forces for fixation

watering mat textile 
MDTex textiles (acrylic/polyester),
artificial leather

Arduino micro-controller, 2 com-
puter-fans implemented in 2 
CCs, 4 humidity/temperature 
sensors connected to Macbook 

Arduino programming with Pro-
cessing, Excel.
Software for CTS control at Navitas

choice of textile, the amount of 
water, the size of the membrane, 
airflow, temperature and humidity
influence the effect

> the highest temperature, with a 
constant airflow and the biggest area 
achieved the best cooling result. small-
er areas nevertheless came close.

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation

interact/ responsive 
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benefits 
from 
thickfolds

thickfolds transfer basic paper 
fold performances into physical 
materiality*, which itself is able to 
enhance performance

shape+form increase passively 
performance

materials basic materials: paper/ cardboard/ 
foils, but also FRP and technical 
textiles

(purely as digital model computa-
tionally simulated)

hardware standard model cutting tools (RtD) Macbook Pro/bootcamp

software A dynamic digital GH model to 
simulate+calculate minimal com-
pression. Test of kinematics. Sim-
ulation of statics with ANSYS

Grasshopper3D, Rhino, AutoCAD, 
Ladybug plugin, Ecotect

materials 
and methods

tailoring 
behaviour

movement can be defined by 
proportions + geometry, distances 
+ thickness of the rigid elements. 
patterns for ventilation, foldlines

through the act of folding (com-
pressing), the shape [surface] is 
changed and the performance 
towards direct irradiation changes

adjustability

paper folds can be used for fast 
indicational investigation

change of patterns, sizes, pro-
portions, combined fold pattern, 
curved line patterns, parametric 
patterns, etc. changes behaviour

paper 120g

folded by hand

patterns (mostly) drawn digitally in 
autocad and printed on paper

> miura fold a objective.

synthesising the results III
performance through thickfolds

> chosen principle: tiles with dis-
tances at valley foldlines

> horizontal and vertical folds are 
rather similar in the overall per-
formance. particular patterns of 
performances are to recognize

> result

the kinematic ability of the thick-
fold surface can be matched/syn-
chronized with tailored movement 
of material based actuation

thermostatic bimetal TB180/05 by 
Auerhammer Metallwerk GmbH

waterjet CMS Technocut Idroline,
IR lamp, FLIR thermo camera,
temperature data logger

AutoCAD, CAM software Tecno-
CAM for waterjet

applied cut patterns are able to 
‘control’ / change movement. cer-
tain kinematic demands could be 
‘programmed’

> longitudinal line pattern extend 
deflection. cross directed patterns 
reduce the deflection

the moisturizing effect lead to an 
increased dead weight. The structur-
al support of the rigid elements within 
the thickfold reduce forces for fixation

watering mat textile 
MDTex textiles (acrylic/polyester),
artificial leather

Arduino micro-controller, 2 com-
puter-fans implemented in 2 
CCs, 4 humidity/temperature 
sensors connected to Macbook 

Arduino programming with Pro-
cessing, Excel.
Software for CTS control at Navitas

choice of textile, the amount of 
water, the size of the membrane, 
airflow, temperature and humidity
influence the effect

> the highest temperature, with a 
constant airflow and the biggest area 
achieved the best cooling result. small-
er areas nevertheless came close.
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unfolding
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outlook

perspec-
tives

new types of adaptive skins 
based on folding structures (thick-
folds). compact with no hinges. 
multi-functional.  

folded surface for targeted dy-
namic purposes to enhance the 
performance

new fab-
rication 
methods

besides ordinary assembly new 
fabrication methods are usable. 
CNC milling and 3D print on tex-
tiles (<> references) 

dynamic Grasshopper 3D mod-
els, combined with open source 
climate simulation tool (Ladybug 
plugin) 

the gap/ structural textiles. hingeless fold-
bale structures in architecture. new 
composite materials with centre 
layer prepared for CNC fabrication 

folded shape for harvesting or 
reducing solar gains. more en-
hanced performance based use of 
folded surfaces

paper as a fast test medium for 
shape and kinematic investiga-
tion, which afterwards can be 
scaled and materialized

patterns can by be transferred 
in a CAM process directly from 
a CAD program to a small scale 
laser cutting machine

more targeted exploiting the 
range of performance for architec-
ture based on fold studies, par-
ticularly the kinematic aspect

synthesising the results IV 
performance through thickfolds

tailorable, autonomous, materi-
al-based actuation (for adaptive 
skins)

micro-lasered patterns in self-ac-
tuating materiality by waterjet or 
other laser cut processes

control of larger tesselated kin-
ematic structural elements, or 
larger areas with multiple kinetic 
small-scale elements

low tech cooling for peak-situa-
tions. climatic activation of textile 
membranes in architecture

textiles designed for outdoor re-
sistance by at the same time wa-
ter absorbing/transport qualities

multi-use/purposes of one
new type of textiles for outdoor 
use allowing water transport. 

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation

interact/ responsive 
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outlook

perspec-
tives

new types of adaptive skins 
based on folding structures (thick-
folds). compact with no hinges. 
multi-functional.  

folded surface for targeted dy-
namic purposes to enhance the 
performance

new fab-
rication 
methods
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fabrication methods are usable. 
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plugin) 
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folded surfaces

paper as a fast test medium for 
shape and kinematic investiga-
tion, which afterwards can be 
scaled and materialized

patterns can by be transferred 
in a CAM process directly from 
a CAD program to a small scale 
laser cutting machine

more targeted exploiting the 
range of performance for architec-
ture based on fold studies, par-
ticularly the kinematic aspect
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performance through thickfolds
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skins)
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tuating materiality by waterjet or 
other laser cut processes
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ematic structural elements, or 
larger areas with multiple kinetic 
small-scale elements
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synthesising the results V

- shape, kinematic and structural 
behaviour, hingeless and simply 
built

the folded shape [surface] has a de-
creasing influence on the solar irradi-
ation, while the flat surface achieved 
the highest average values

- - similar patterns of performance 
detected

vertical and horizontal orientation 
perform in average similar for 
solar irradiation

scaleless performance

- - performance investigated for solar 
irradiance 

- -  -

- - - 

- -

the geometry, surface and size of 
the textile membrane as well as 
the type has an influence on the 
cooling ability

the textile hinges of the foldable 
structure are at the same time 
the permeable membrane for the 
‘cooling textile’

performance through active cool-
ing effect by humidified surface

-

-

-

performance

climate-
responsiveness

concerning performance and climate responsiveness

shape, kinematics, structural be-
haviour

-

-

-

-

-

applied cut patterns [geometry] 
influence the dynamic kinetic and 
kinematic behaviour

patterns have with their geometry 
and their formation a direct impact 
on the movement.
the movement can be tailored for 
thermal actuation purposes

performance through materi-
al-based self-actuation based on 
thermo-sensitivity

through application of particular 
patterns, actuation/deflection ampli-
tudes could be reduced, with dead-
weight forces evt.be neutralized

bimetal is able to react very sen-
sitive on temperature changes. 
Already at low temperatures of 
20+ degrees a movement occurs

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation

interact/ responsive 
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synthesising the results V

- shape, kinematic and structural 
behaviour, hingeless and simply 
built

the folded shape [surface] has a de-
creasing influence on the solar irradi-
ation, while the flat surface achieved 
the highest average values

- - similar patterns of performance 
detected

vertical and horizontal orientation 
perform in average similar for 
solar irradiation

scaleless performance

- - performance investigated for solar 
irradiance 

- -  -

- - - 

- -

the geometry, surface and size of 
the textile membrane as well as 
the type has an influence on the 
cooling ability

the textile hinges of the foldable 
structure are at the same time 
the permeable membrane for the 
‘cooling textile’

performance through active cool-
ing effect by humidified surface

-

-

-

performance

climate-
responsiveness

concerning performance and climate responsiveness

shape, kinematics, structural be-
haviour

-

-

-

-

-

applied cut patterns [geometry] 
influence the dynamic kinetic and 
kinematic behaviour

patterns have with their geometry 
and their formation a direct impact 
on the movement.
the movement can be tailored for 
thermal actuation purposes

performance through materi-
al-based self-actuation based on 
thermo-sensitivity

through application of particular 
patterns, actuation/deflection ampli-
tudes could be reduced, with dead-
weight forces evt.be neutralized

bimetal is able to react very sen-
sitive on temperature changes. 
Already at low temperatures of 
20+ degrees a movement occurs

[miura] thickfold [xp1]  shape 
adaptive react / passive

[xp2] materialisation
act / active

thinfold [paper]
unfolding

[xp3]  kinematics / 
self-actuation
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findings I

evidence

multi
performance
of folds

references (matrix) exemplified/
literature studies

thickfolds as
composites

physical sketch models
+ structural simulation (ANSYS)
+ kinematic simulation (Grass-
hopper)

materialization
+ performance

small-scale test in climate labo-
ratory (31x)

self-actuation
+ performance

physical test with material sam-
ples
+ photo documentation
(54x)

shape +
performance

dynamic simulation with data 
set and graphical outcome 
(124x)

performance through thickfolds

finding

palette of applications

in combination with introduc-
tion of centerlayer a kinematic 
+ multifunctional behaviour is 
possible

cooling achievable by textile 
membrane

tailoring behaviour

patterns of similar solar perfor-
mance detected

dynamic simulation with data 
set and graphical outcome

scale of the surface (shape)
independend of performance

scheme adapted from on [Aitchison, 2016]
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findings I

evidence

multi
performance
of folds

references (matrix) exemplified/
literature studies

thickfolds as
composites

physical sketch models
+ structural simulation (ANSYS)
+ kinematic simulation (Grass-
hopper)

materialization
+ performance

small-scale test in climate labo-
ratory (31x)

self-actuation
+ performance

physical test with material sam-
ples
+ photo documentation
(54x)

shape +
performance

dynamic simulation with data 
set and graphical outcome 
(124x)

performance through thickfolds

finding

palette of applications

in combination with introduc-
tion of centerlayer a kinematic 
+ multifunctional behaviour is 
possible

cooling achievable by textile 
membrane

tailoring behaviour

patterns of similar solar perfor-
mance detected

dynamic simulation with data 
set and graphical outcome

scale of the surface (shape)
independend of performance

scheme adapted from on [Aitchison, 2016]
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findings II

other relevant 
studies

other relevant 
studies

thickfolds
assembled 
as composite 
structures

(Tachi + Elliot)
scientific origami

Other types of textile joints by the 
scientific origami community / 
product designs

shape +
performance

- ParaGen - performance studies on 
genetic algorithms to find optimized 
shape for defined performance 
parameters in an iterative process 
(Turrin et al.)

- -

- -

- -

materialization
+ performance

Paxton (1851) claimed at have 
been tested the cooling perfor-
mance in a smale scale project

-

the connection

Building a model with a center layer 
/ testing performances for different 
geometries/ using the embedded 
movement of the fold pattern

Not statically investigated, but 
comparatively dynamic

-

-

-

Higher and faster cooling effect 
achieved (also evaporative cool-
ing/ small scale/ also textile as 
membrane/

connecting findings to literature

key findings

testing composite structures with 
a flexible center layer for stuctural 
and particularly kinematic behav-
ior

testing / simulating dynamically 
shapes for irradiation
passive performance of dynamic 
shape/ folded surfaces

-

-

-

testing the cooling ability of tex-
tiles
active cooling performance of 
textiles

[climatic relevance]

outdoor use feasable due to 
structural ability and geometric 
adaptability

regarding irradiation and thermally 
relevant (passive ability)

-

-

-

thermally relevant (active cooling 
ability)

self-actuation
+ performance

- Sung (Bloom pavilion, 2011) in-
vestigated geometries of shingles 
to act as ventilating surface

Adding cut pattern onto a simi-
lar shape (geometry) to change 
behaviour

testing tailored behaviour (self-ac-
tuation) of bimetals
responsive physical performance 
adjusted through line-cut patterns

thermally relevant (thermo-re-
sponsive ability)

similar findings different findings making sense of your 
findings vis a vis the 
literature

scheme adapted from on [Aitchison, 2016]
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findings II

other relevant 
studies

other relevant 
studies

thickfolds
assembled 
as composite 
structures

(Tachi + Elliot)
scientific origami

Other types of textile joints by the 
scientific origami community / 
product designs

shape +
performance

- ParaGen - performance studies on 
genetic algorithms to find optimized 
shape for defined performance 
parameters in an iterative process 
(Turrin et al.)

- -

- -

- -

materialization
+ performance

Paxton (1851) claimed at have 
been tested the cooling perfor-
mance in a smale scale project

-

the connection

Building a model with a center layer 
/ testing performances for different 
geometries/ using the embedded 
movement of the fold pattern

Not statically investigated, but 
comparatively dynamic

-

-

-

Higher and faster cooling effect 
achieved (also evaporative cool-
ing/ small scale/ also textile as 
membrane/

connecting findings to literature

key findings

testing composite structures with 
a flexible center layer for stuctural 
and particularly kinematic behav-
ior

testing / simulating dynamically 
shapes for irradiation
passive performance of dynamic 
shape/ folded surfaces

-

-

-

testing the cooling ability of tex-
tiles
active cooling performance of 
textiles

[climatic relevance]

outdoor use feasable due to 
structural ability and geometric 
adaptability

regarding irradiation and thermally 
relevant (passive ability)

-

-

-

thermally relevant (active cooling 
ability)

self-actuation
+ performance

- Sung (Bloom pavilion, 2011) in-
vestigated geometries of shingles 
to act as ventilating surface

Adding cut pattern onto a simi-
lar shape (geometry) to change 
behaviour

testing tailored behaviour (self-ac-
tuation) of bimetals
responsive physical performance 
adjusted through line-cut patterns

thermally relevant (thermo-re-
sponsive ability)

similar findings different findings making sense of your 
findings vis a vis the 
literature

scheme adapted from on [Aitchison, 2016]
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findings III

relevance
for practice

relevance
for theory

extend the field of application to 
architecture: multi-functional cli-
mate-responsive solutions

kinetic/ dynamic architecture could 
be approached by thickfolds link-
ing to scientific origami

exploit simple fabrication poten-
tials by thickfolds (mass-customi-
zation: CNC/ 3D print)

one principle = multiple functions,
towards ‘intelligent’ design solutions 
(e.g. foldline = vertex = defined direc-
tion for movement...not only shape)

foldable structure of evaporative 
cooling textiles for peak load per-
formances

extending membrane construction 
as cooling screens, connecting to 
vernacular examples and nature 
principles of evaporation

adaptable kinetic behaviour of 
the same bimetal sample (outer 
shape) but with applied laser-cut 
line patterns

material-embedded self-actuation,
autonomous, kinetic architecture 
[from mechanical to biological]

- -

utilize and materialize multi-facet-
ted surfaces of folds more effec-
tive and differentiated in regards 
to their performance 

form leads to measurable perfor-
mance

relevance
for future research

direct applications of (complex) 
thickfolds for architectural purpos-
es / development of fold<>per-
formance related solutions / 

testing full scale fabrication and 
prototypes
testing all ‘functions’ at the same 
time

conduction of large-scale tests in 
an architectural scale. Are these 
results to be achieved as well?

extending the test with more and oth-
er types of applied patterns, seeking 
for more complex kinematic behav-
iours. How can forces be increased-

-

conducting dynamic simulation for 
other thickfold types and compar-
ing the results

the relevance of findings

key finding relevance
for policy

-

flexible, low tech cooling appli-
ance for peak situations, aiming 
to reduce the dimension for elec-
tro-mechanical installation

autonomous zero-energy actua-
tion (tailorable)

-

conduct simulations in early de-
sign stages as a tool to discover 
new performance potentials

multi
performance
of folds

performance 
of thickfolds

materialization
+ performance

self-actuation
+ performance

shape +
performance

palette/overview of multi-function-
al applications, particular to the 
kinematic behaviour

in combination with introduc-
tion of centerlayer a kinematic 
+ multi-functional behaviour is 
possible [matrix 1+2]

cooling achievable by textile 
membrane

tailoring behaviour

patterns of similar solar performance 
detected [excerpt 1], almost no dif-
ference between vert./hor.fold for the 
average performance [excerpt 9]

independent of scale of the sur-
face (shape) [excerpt 7]

linking biomimicry closer to archi-
tecture / ‘learning from nature’, 
particularly about kinetics/kine-
matics

investigation on how this result 
could be applied to a design, 
including material studies and 
physical tests

learn more from nature (biomim-
icry), support cross-disciplinary 
research for kinetic

small-scale application to facade 
surfaces

-

scheme adapted from on [Aitchison, 2016]
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findings III

relevance
for practice

relevance
for theory

extend the field of application to 
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kinematic behaviour

in combination with introduc-
tion of centerlayer a kinematic 
+ multi-functional behaviour is 
possible [matrix 1+2]

cooling achievable by textile 
membrane

tailoring behaviour

patterns of similar solar performance 
detected [excerpt 1], almost no dif-
ference between vert./hor.fold for the 
average performance [excerpt 9]

independent of scale of the sur-
face (shape) [excerpt 7]

linking biomimicry closer to archi-
tecture / ‘learning from nature’, 
particularly about kinetics/kine-
matics

investigation on how this result 
could be applied to a design, 
including material studies and 
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learn more from nature (biomim-
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