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01 Introduction 
Architectural environments have long demonstrated a need for greater flexibility, 
prompting numerous attempts over the past decades to create buildings capable of 
adjusting to changing climatic, spatial, and programmatic conditions. The introduction of 
digital tools, computational design, and emerging technologies has expanded the 
possibilities of responsive architecture, offering new materials, smart systems, and 
innovative structural solutions. While many of these approaches have been 
implemented in both temporary installations and large permanent buildings, their 
broader applicability often remains restricted. High technological complexity, elevated 
costs, and reliance on rigid mechanical components limit the scalability and 
accessibility of most responsive systems. In contrast, origami-based design offers a 
materially efficient, low-cost, and geometrically intelligent alternative—one that has the 
potential to introduce responsiveness not only in advanced prototypes, but also in 
everyday architectural environments. Within this context, the thesis proposes origami 
geometry as a promising pathway toward more adaptable and widely implementable 
architectural systems. To explore this potential, the thesis investigates how origami 
principles can be translated into architectural strategies that enable controlled 
transformation.  

Origami offers a unique combination of structural flexibility, spatial modulation, and 
formal precision, allowing surfaces to fold, expand, or reorient in response to external 
conditions. By examining key folding typologies, computationally modelling deployable 
patterns, and developing physical prototypes, the research seeks to identify how origami 
mechanisms can support movement at architectural scales without relying only on 
actuators. The focus lies on understanding the relationship between geometric 
patterning, kinematic behaviour, and functional performance, establishing a design 
methodology for adaptive surface systems. 

Through this investigation, the thesis ultimately engages with the broader question of 
what it means for architecture to be responsive. Responsiveness is not simply the 
capacity to move; it is the ability of a system to meaningfully adjust its form, performance, 
or orientation in relation to environmental stimuli or user interaction. Origami-based 
geometries offer a pathway toward such responsiveness by embedding adaptability into 
the structure itself, enabling transformations that are lightweight, efficient, and 
inherently programmable By demonstrating how folding logics can support dynamic 
modulation of space, light, airflow, or enclosure, the thesis aims to contribute to a shift 
toward more adaptable architectural environments—spaces capable not only of 
accommodating change but actively participating in it.
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2.1 Introduction to Responsive Architecture 
Norbert Wiener In his book Cybernetics, first published in 1948, established the 
theoretical foundations for the multidisciplinary field of cybernetics. the study of 
controlling the flow of information in systems with feedback loops, whether biological, 
mechanical, cognitive, or social. At the core of his theory is the message, sent and 
responded to, where the quality of communication determines the system’s ability to 
maintain equilibrium.(Wiener, 2019) Applied to architecture, cybernetic principles define 
roles, hierarchies, and feedback mechanisms within a building, transforming it into a 
performative, adaptive system capable of responding intelligently to changing 
conditions.(Herdt, 2021) 

In the early 1960s, Gordon Pask, and other cyberneticians made advancements toward 
understanding and identifying the field of interactive architecture by formulating their 
theories on the topic.  Pask’s conversation theory informed much of the original 
development in interactive architecture, basically establishing a model by which 
architects interpreted spaces and users as complete feedback systems. Cybernetic 
theory continued to be developed into the late sixties and early seventies by the likes of 
Warren Brody, Nicholas Negroponte, Charles Eastman, Andrew Rabeneck, and others, 
who expanded upon the earlier ideas of Wiener and Pask. Cedric Price was perhaps the 
most influential of the early architects to adopt the initial theoretical work in cybernetics, 
expanding it into the architectural concept of anticipatory architecture. John Frazer 
extended Price’s ideas in positing that architecture should be a “living, evolving thing.” 
(Fox, 2016) 

When speaking of Cedric Price, it is impossible to ignore the Fun Palace; a system 
designed in conjunction with the theatre producer Joan Littlewood. In Fun Palace all the 
components are constantly moved by a crane system that allows the complete 
transformation of the complex. (Hernández Vargas, 2015) The design focused on a simple 
open structure rather than an enclosed monument capable of quick responses to the 
user’s desires.(Schmidt and Austin, 2016) 
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Fig.2.1: Perspective drawing of Cedric Prices “Fun Palace.”(Price, 1960-1964) 

To materialize the dynamics within the Fun Palace, Joan Littlewood invited Gordon Pask 
to be part of the project team who would later become a central figure of the cybernetic 
committee. In 1976, ten years after the rejection of the proposal for the Lea Valley, Price 
officially ended the Fun Palace project. This decision was because the project was 
originally planned to have a ten-year life cycle after which technological advancement 
and variations in social requirements would render it obsolete. (Hernández Vargas, 2015) 

 

Fig. 2.2: Section drawing of Cedric Prices “Fun Palace.” (Price, 1964) 
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Cedric’s next project The Generator was developed in collaboration with John and Julia 
Frazer and Cristiano Ceccato and explored a reconfigurable complex that accommodate 
company activities, cultural events, and artist residencies composed of 150 cubes of 3.6 
meters that are subdivided and grouped in standard modules project is configured on a 
tartan grid of 4 × 4 meters, composed of a 3.6 meters module plus a0.3 meters 
separation. This tartan type fabric had already been used in the structural system of the 
Fun Palace;15 designed under the guidance of Frank Newby (Fig. 03). (Mathews, 2007) 

 

Fig. 2.3 Generator project, White Oak Plantation, Yulee, Florida: grid layout, Menu 23 
and External Spaces (Price, 1976-1979) 

While the Generator seems to be a much simpler project, its control and transformation 
system is much more complex and arrives at a level of definition far superior to that of the 
Fun Palace, even though neither of the two projects possesses a specific plan. 
(Hernández Vargas, 2015) 

 In John Frazer’s words: “The real difficulty with the Fun Palace was not that no-one knew 
what it might look like, but that it was never clear how it would be controlled and who 
would have the fun of controlling all the gantries and moving parts. However, the 
GENERATOR offers a clear programme of how, and why change is produced and how 
these variations might affect the environment.” (Hardingham, 2003) 
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fig.2.4 Generator: Axonometric showing typical assembly details. (Price, 1978) 

 

Published as the first intelligent building, the Generator is in fact, the first project that 
precisely addresses a dynamic building capable of interacting with project users. 
(Hernández Vargas, 2015) Beyond enabling users, both Price and the Frazers intended for 
the system itself to suggest its own reconfigurations, introducing a form of non-human 
agency within the built environment.(Liu Cheng, 2023) The system could generate 
unsolicited proposals for new arrangements—responding not only to user input and 
patterns of activity but also activating a built-in “boredom” mechanism that triggered 
reconfigurations when no changes occurred for some time. Conceived as a heuristic 
program, it was intended to refine its strategies over time, learning from experience and 
adjusting its organizational logic based on user feedback.(L, 2008) 

Although the Generator Project was never realized, it stands as the first clear example of 
an architectural experiment concerned with bidirectional communication between 
human and non-human agents, positioning it as a foundational precursor to later 
concepts of architectural intelligence.(Liu Cheng, 2023) 

Aside from the more visionary theorists mentioned above and a number of architects 
attempting to project them into an architectural horizon, the notion of intelligence in the 
context of interactive environments revolved around a central control system for 
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everything; these systems were called “smart environments.”(Fox and Kemp, 2009) In the 
1990s  there were “smart home” and “smart workplace” projects being initiated at every 
turn that relished the newly available technologies. For the first time, wireless networks, 
embedded computation, and sensor effectors became both technologically and 
economically feasible to implement by computer science. (Fox, 2016) The interactive 
architecture workshop at the Bartlett School of Architecture was initiated in the early 
1990s as a pioneering forum for actual architectural pursuits under the guidance of 
Stephen Gage. In the late 1990s, the long-standing exploration of kinetics in architecture 
was revisited, based on the idea that performance could be enhanced by utilizing newly 
available computational data and processing to enable physical adaptation. 
Architecture began re-examining traditional kinetic aesthetics, integrating technological 
advancements, notably driven by Robert Kronenberg, who organized a series of 
exhibitions and conferences on transportable environments. concepts of motion, stasis, 
and order were questioned, redefined, and reshaped by the new possibilities and 
strategies introduced by technological innovations, especially those related to mobility 
and transportation in contemporary nomadic cultures. The renewed focus on adaptable 
architecture was propelled by the evolving ways in which humans interact with the built 
environment, influenced by technological progress. (Fox and Kemp, 2009) 

William Zuk and Roger Clark state in their book Kinetic Architecture that “our present task 
is to unfreeze architecture, to make it a fluid, vibrating, changeable backdrop for the 
varied and constantly changing modes of life. An expanding, contracting, pulsating, 
changing architecture would reflect life as it is today and therefore be part of it.”(Zuk and 
Clark, 1970) 
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2.2 Approaches to Responsiveness in Architecture 
Architectural responsiveness can be realized through a range of design strategies, each 
enabling buildings to sense, interpret, and adapt to changing conditions in ways 
appropriate to both the type of stimulus and the scale of the structure. Depending on 
these parameters, responsiveness may be expressed as morphological transformations, 
adaptive environmental control, or active spatial reconfiguration. The principal 
approaches through which responsiveness is typically achieved include: 

▪ material-based systems: Material-based responsiveness now increasingly leverages 
programmable, architected materials that dynamically adjust their form or behaviour in 
response to environmental stimuli, without relying on complex mechanical systems. For 
example, advanced architected materials can be “encoded in time,” meaning they evolve 
after fabrication in response to heat, humidity, or chemical changes, demonstrating built-
in temporal adaptability.(Xia, Spadaccini and Greer, 2022) 

▪ environmental and cybernetic systems: Architectural responsiveness grounded in 
environmental and cybernetic systems is based on feedback-driven control, where 
buildings sense, interpret, and adapt to their surroundings in real time. This paradigm 
draws on cybernetic theory that already in chapter 2.1 of this thesis was covered. 

▪ computationally driven systems: Computationally driven responsive systems employ 
digital models, algorithmic logic, and real-time data processing to adapt building 
behaviour. These systems often combine parametric design with machine learning and 
multi-agent simulation to interpret environmental and occupancy inputs, enabling 
adaptive responses in lighting, shading, ventilation, or spatial layout.(Karakoç and 
Çağdaş, 2021) 

▪ mechanical or kinetic systems: Mechanical or kinetic responsiveness in architecture 
refers to systems that physically move—through actuators, hinges, sliding or rotating 
components, and other mechanical mechanisms—to adapt to environmental conditions 
or user requirements. Kinetic architecture is fundamentally concerned with motion, in 
which parts of a building, such as façades, walls, or roofs, are designed to translate, 
rotate, or deform in a controlled and purposeful manner. This approach not only enables 
functional adaptability but also creates dynamic spatial experiences.(Akgün, Erkarslan 
and Kavuncuoğlu, 2022) In the following chapter, this thesis will examine kinetic and 
mechanically driven systems in greater detail, exploring their design principles, 
typologies, and applications in responsive architecture. 
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2.3 Responsiveness Through Kinetic Mechanisms 
The ability to not only monitor but also physically control environments is unveiling 
important implications and applications. There is great potential for dynamic 
architecture that arises from understanding what a space or object is currently doing and 
how it can aid in promoting or accommodating a specific task. Some of this 
understanding relates to dynamically changing architectural elements or spatial layouts 
that address desires to have public or private space, to optimize thermal, visual, lighting, 
and acoustic conditions, and to promote sharing or collaboration in space. (Fox and 
Kemp, 2009) 

Robert Kronnenberg defines kinetic Architecture as “systems as buildings or building 
components with variable mobility, location, and/or geometry.”(Kronenburg, Lim and 
Chii, 2003) While kinetic architecture’s modern roots are split between the utopian 
visions of Sant’Elia’s futurism and Leonidov’s constructivism and expressionism, its 
conceptual roots lie in the portable structures of prehistoric times. Kinetic architecture 
encapsulates the ability to change its shape and location – from the scale of a component 
to the entire building – in response to changing conditions. The strand grows from the 
creative desire for unlimited architectural freedom.(Schmidt and Austin, 2016) 

 

 

Fig2.5: Q1, ThyssenKrupp Quarter Essen Kinetic facade element({ArchDaily}, 2013) 
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Kinetic principles have been explored across a wide range of architectural programs and 
scales, illustrating how movement can serve functional, environmental, and experiential 
goals. The most impressive ones have been applied as responsive facades. The 
responsive facades act as a filter between the interior and the exterior, which control the 
shade, sunlight, ventilation and even the view. The well-known examples of the 
responsive facades applied in architecture are the Al Bahr Towers in Abu Dhabi, the Arab 
World Institute in Paris, the Q1 Thyssenkrupp Headquarter in Essen, the Kiefer Technic 
Showroom in Bad Gleich Enberg and the Thematic Pavilion EXPO 2012 in Yeosu.( Some 
of the buildings mentioned here are examined in greater depth in Section 4 as case 
studies within this thesis.)(Maden, 2019) On the other hand, responsive structures used 
for roofs, shelters or canopies also offer various functional and spatial solutions in 
architecture. Mostly preferred in temporary buildings, pavilions, exhibitions, sports 
venues and recreation facilities, these structures can transform from one configuration 
to another in response to changing environmental conditions or spatial and functional 
have potentials for compact storage and transportability. (Maden, 2019) 

 

Fig.2.5 The Façade elements of the Al-Bahr Towers as seen from the outside(Karanouh 
and Kerber, 2015) 
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The kinetic mechanisms include two types: spatial-real movement and non-spatial-
material deformation. The former presents basic movement—folding, sliding, rolling, 
expanding and transforming—by changing the axis, strength and direction of kinetic 
elements. The latter uses smart materials driven by their molecules’ ability to change 
form, function or appearance.(Megahed, 2016) In the kinetic architecture literature, the 
most prevalent interactive behaviour (IB) is structural adaptive behaviour achieved 
through folding mechanisms. Many kinetic systems use linkages—such as Watt-I 
linkages (with one degree of freedom), spherical linkages, or more complex multi-joint 
linkages—to achieve smooth folding and unfolding.(Lee and Ostwald, 2021) These 
mechanisms allow for large-scale transformations like roof openings, façade 
modulation, or deployable structures. In addition, some designs incorporate origami-
inspired folding or curved crease folding, enabling elegant and efficient shape changes 
without heavy mechanical systems.(Lee, Ostwald and Kim, 2021)  

While a wide variety of approaches exist to achieve kinetic behaviour, the focus here has 
been on folding mechanisms due to their simplicity, efficiency, and versatility in design. 
By establishing the principles and examples of mechanical and fold-based motion, this 
discussion lays the groundwork for the following section, where the thesis will delve more 
deeply into origami-inspired geometries and their application in creating adaptable, 
dynamic architectural structures. 
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3.1 Origami Origin 
The term origami refers to the commonly known ancient art of paper folding. It finds its 
roots in the composition of the Japanese words oru, which means “fold,” and kami, which 
means “paper.”(Meloni et al., 2021) 

Origami used to be, and still sometimes is, said to originate in the second century in 
China Some say origami started in the Heian period (794–1185) in Japan., The origin of 
origami in Japan is thought to be ceremonial wrappers as represented by noshi. Noshi 
was originally a form of folded wrappers for noshi-awabi. Another example is a pair of 
paper butterflies known as ocho and mecho.(Fig3.1) The samurai warriors of the Edo 
period (1603–1868) were supposed to fold wrapping paper in a specific way according to 
what was inside when they sent a gift.(Hatori, 2011) 

 

Fig 3.1: Ocho and mecho illustration (Hatori, 2011) 

In contrast, the origin of Western origami is thought to be baptismal certificates folded in 
a “double blintz,” that is, folding all the four corners of a square to the center and 
repeating the same folds on the smaller square. The most typical European origami 
model is perhaps the little bird called pajarita in Spain and cocotte in France. Another 
popular model in Europe is the boat. Vicente Palacios argued that the boat is recorded in 
an edition of Tractatus de Sphaera Mundi published in Venice in 1490 and Also well-
known is the hat, which John Tenniel has depicted in artwork for Lewis Carroll’s Through 
the Looking Glass published in 1872 , Although both the boat and the hat are made from 
rectangular sheets of paper, most of the European traditional models are made from 
square sheets. (Lang, Wang-Iverson and Yim, 2016) 

in the 1860s and 1870s, the European education system was introduced and adopted in 
Japan. As a result, European origami was imported to Japan as a part of the kindergarten 
curriculum. In addition, as people travelled internationally, Japanese origami spread over 
the Western world. The state of origami as we know it today has been developed as a 
consequence of such a cultural exchange. (Hatori, 2011) 
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3.2 Origami Technical Terms 
Attempts have been made regarding fixing the technical terms of origami worldwide, 
mostly from the Western world. On the Origami-L email list for folders, such a proposal 
or two (or more) have been made. Lang presents a long list of origami technical terms in 
the appendix of his seminal book on the mathematical foundations of origami design. 
However, such attempts have hardly been made in Japan. (Tateishi, 2016) 

This part of the thesis introduces the key concepts of origami geometry that form the 
basis for understanding how folding systems behave and operate in architectural design. 

▪ Fold angle:  it is intended the dihedral angle between two consecutive faces 
divided by a crease at any moment of the folding motion. The dihedral angle is an 
angle between two planes in a third plane, which is perpendicular to the 
intersection line between the former two planes. To measure the fold angle, we 
can measure the actual angle between the two planes from surface to surface, or 
we can measure the angle between their normal vectors. In the former case, the 
fold angle of a flat-foldable origami with one single linear crease goes from 180° 
(unfolded flat configuration) to 0° (folded configuration) or from 180° to 360° 
depending on the mountain/valley assignment. In the latter, the fold angle goes 
from 0° (unfolded flat configuration) to ±180° (folded configuration).(Foschi, 2022) 
 

▪ Rigid-Foldability An origami pattern is rigid-foldable when it can be folded and 
unfolded without bending, stretching, intersecting or cutting the faces. This kind 
of origami structure is not like paper origami, because the faces must be infinitely 
rigid (Osorio, Paio and Oliveira, 2023) 
 

▪ Mountain and valley two types of folds: mountain folds (which form a ridge) and valley 
folds (which form a trough).(Lang, 2011) 

 

Fig3.2: A mountain fold is the same as a valley fold turned over.(Lang, 2011) 
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▪ Crease: On the other hand, perhaps there are three types of fold: valley folds, 
mountain folds, and unfolds. If we fold the paper in half and unfold it, we will be 
left with a line on the paper— a crease—which is also a type of fold. Creases are 
sometimes merely artifacts, leftover marks from the early stages of folding, but 
they can also be useful tools. Creases can provide reference points (“fold this 
point to that crease”) and in the purest style of folding (no measuring devices, 
such as rulers, allowed) creases, folded edges, and their intersections are the only 
things that can serve as reference points. Creases are also commonly made in 
preparation for a complex manoeuvre. (Lang, 2011) 

 

Fig3.3:  Valley folds, Creases, and mountain folds are all part of a continuum.(Lang, 2011) 

 

▪ Base and Preliminary Fold: a geometric form with the same general shape and/or 
number of flaps as the desired subject.” there are four shapes known for hundreds 
of years in Japan and they are often called the four Classic Bases of origami and 
are named for the most famous models that can be folded from them: the Kite, 
Fish, Bird, and Frog Base.  The Classic Bases are not the only bases in regular use. There 
are a few other candidates for standard bases: the so-called Preliminary Fold (a precursor 
to the Bird and Frog Bases), the Waterbomb Base (obtainable from the Preliminary Fold 
by turning it inside-out), the Cupboard Base (consisting of only two folds), and the 
Windmill Base (also known as the Double-Boat Base in Japan). The Preliminary Fold was 
named Fold rather than Base by Harbin since it was a precursor to other bases, a 
somewhat artificial distinction that has stubbornly persisted in the English-speaking 
origami world. (Lang, 2011) 
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Fig3.4: Left Column: Four origami Bases | Right Column: Preliminary Fold(Lang and Hull, 
2011) 
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3.3 Origami Tessellation 
Origami tessellations are foldable paper models that take advantage of repeated 
patterns in the geometry of their crease patterns it involves folding a sheet of paper into 
repeated geometric patterns that tessellate (i.e., tile) the plane, commonly through 
pleats, twists, and grid-based designs.(Xing and You, 2023) Tessellations can serve as 
deployable surfaces, material metamaterials, and architectural skins, thanks to their 
capacity for folding, unfolding, and reconfigurability.(Osorio, Paio and Oliveira, 2023)  

The field’s modern foundations were laid by Shuzo Fujimoto, whose Twist Origami book 
series introduced fundamental twist-based molecules such as triangle, square, and 
hexagon twists.(Fujimoto, 1978) 

 

Fig3.5: Fujimoto's hand-written notes (Fujimoto, 1978) 
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Fig3.6: Fujimoto's Tessellations from his book (Fujimoto, 1978) 
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In the 1960s and 1970s, Ron Resch significantly advanced the field by combining artistic 
folding with computational modelling, ultimately influencing engineering and 
architectural applications. In more recent decades, Eric Gjerde has helped systematize 
tessellation design for a broad audience: his book Origami Tessellations: Awe-Inspiring 
Geometric Designs offers both historical context and step-by-step crease 
patterns.(Osorio, 2014) 

 

 

 

Fig3.7: Pre-show assembly of my basic Triangle fold by Ron Resch(Resch, 1967) 
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In addition, research by Tomohiro Tachi—particularly his work on freeform origami 
tessellations—has extended and generalized Resch’s early explorations into fully three-
dimensional, continuously varying tessellating surfaces, enabling new possibilities for 
deployable structures, adaptive geometries, and mechanical metamaterials.(Tachi, 
2013) 

 Together, these contributions illustrate how origami tessellation has developed into a 
rich and interdisciplinary field at the intersection of geometry, materials science, 
computation, and architectural design. This synthesis of artistic intuition and 
mathematical precision continues to shape contemporary research and applications, In 
Section 5 of this thesis, several iconic tessellation patterns were examined in greater 
detail, and the geometric principles that govern their behaviour were analysed. 

 

Fig3.8:  Tomohiro Tachi’s work on Ron Resch’s tessellation(Tachi, 2013) 
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3.4 Origami Application in Design 
Although origami has existed for centuries, and it became a powerful source of 
inspiration for designers, engineers, and architects. What began as a traditional art of 
paper folding has evolved into a sophisticated design strategy capable of solving complex 
spatial, structural, and functional challenges. Today, origami principles appear in an 
astonishing range of fields—from architecture and product design to biomedical devices 
and aerospace engineering—demonstrating how a simple fold can unlock entirely new 
ways of thinking about form, movement, and material efficiency. 

Indeed, the fields in which origami principles are applied are remarkably diverse, but they 
can be broadly categorized into several key areas:  

▪ Permanent Architecture: Historically, architectural projects that drew inspiration from 
origami primarily used folding as a formal, geometric, and static concept. Buildings such 
as the American Concrete Institute Building (Minoru Yamasaki, 1958), the USFA Cadet 
Chapel (Walter Netsch Jr., 1962, Skidmore, Owings & Merrill), and the Miami Marine 
Stadium (Hilario Candela, 1963) exemplify this approach, where folds functioned as 
geometric devices to articulate form, structure, and rhythm while remaining materially 
rigid. In these cases, origami-inspired folds were primarily structural motifs, embedded 
in planar surfaces or roof forms, with the fold’s logic residing largely at the level of shape 
and geometry. A transitional example is the Art Tower Mito, where origami principles were 
applied more structurally, integrating the fold into the building’s support system rather 
than merely its aesthetic envelope. In more recent projects, such as Poly International 
Plaza, Beijing (2016, Skidmore, Owings & Merrill), origami continues to inspire form and 
static geometry, demonstrating that folding logic still informs large-scale architectural 
massing and roof articulation even in contemporary design. In contrast, a separate 
approach—discussed in Section 2.3—applies origami primarily to façades and kinetic 
surfaces, where the fold becomes a dynamic, performative mechanism rather than a 
static structural or geometric element. 

▪ temporary architecture: In temporary architecture, origami principles are leveraged to 
create deployable, lightweight, and structurally efficient systems that can be easily 
transported and reconfigured. The classical Miura-ori fold, first introduced by Kōryō Miura 
in 1985 for packaging large membranes in space, provides a powerful geometric logic for 
compact storage and rapid deployment.(Miura and Kenkyūjo, 1985) Research in 
composite origami structures, such as the work by O’Neil, DeLeo, Yasuda, and 
colleagues, demonstrates that bellows-like origami modules, made with composite 
materials, can offer high stiffness and mechanical behaviour ideal for temporary shelters 
or relief structures.(O'Neil et al., 2018) 

▪ Installation and Performance 
▪ Furniture and Interior design 
▪ Fashion, Robotics 
▪ Industrial Design 
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This chapter presents the case studies examined as part of the research. The selected 
projects are organised into two main groups according to their approach to 
responsiveness and their relevance to the development of adaptive surface systems. 

 

Group A: Responsive Architectural and Performative Projects (Case Studies 1–8) 

The first group comprises eight projects that demonstrate responsiveness at an 
architectural or performative level. The analysis of these projects serves two primary 
objectives: 

▪ To clarify the concept of responsiveness in architecture—specifically, to understand how 
responsive strategies influence spatial behaviour, environmental adaptation, and 
dynamic performance. 

▪ To broaden the perspective on structural, material, and technical strategies that enable 
responsive behaviour within built systems. 

Particular attention is given to the relationship between responsiveness and material 
systems, including construction details and kinetic mechanisms. While these projects 
do not necessarily employ folding principles, they establish an essential conceptual and 
technical foundation for the thesis, which ultimately focuses on origami-based adaptive 
systems. 

 

Group B: Origami-Inspired, Folding-Based Responsive Projects (Case Studies 9–19) 

The second group includes projects that rely primarily on folding mechanisms or origami-
inspired design strategies. These case studies are central to understanding the current 
state of origami applications in architecture, spanning both theoretical investigations 
and built implementations. 

This group encompasses permanent, large-scale architectural works as well as research-
oriented prototypes and studies originating from disciplines outside architecture. 
Incorporating examples from engineering, product design, and material science allows 
the thesis to: 

▪ Draw insights from parallel explorations of folding and deployable systems, 
▪ Identify transferable principles with architectural potential, and 
▪ Explore opportunities for adapting non-architectural folding strategies into architectural 

contexts.  
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The table presents the final comparative overview of all case studies and categorises 
them into two groups: passive responsive systems (shown in green) and active 
responsive systems (shown in violet). The horizontal axes organise the projects 
according to material type and year of development, allowing a chronological and 
material-based reading of responsiveness strategies. The vertical axis represents the 
scale of application, illustrated through stepped extrusions: 

▪ One-step extrusion: research projects 

▪ Two-step extrusion: installations and performance pieces 

▪ Three-step extrusion: furniture-scale works 

▪ Five-step extrusion: pavilions 

▪ Highest-step extrusion: large-scale buildings 

This overall comparison provides a comprehensive understanding of which technologies 
have been most effectively implemented within responsive design and highlights the 
fields in which responsiveness has been most actively explored. This diagram therefore 
serves as an essential synthesis, offering clear insights into the current state of 
responsiveness research and informing the design investigations that follow. 
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Fig 3.1: Overview of passive (green) and active (violet) responsive projects organised by material, year, and application scale. 
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5.1. Exploration of Origami Folds and Geometries 
As discussed in Section Three (Origami: Geometry, Mechanics, and Design Potential) of 
this thesis, the exploration of origami geometry focused on its mechanisms, various 
folding patterns, and their defining characteristics. This investigation considered factors 
such as geometric complexity, base form, folding type, aesthetic quality, and 
architectural applicability. While the range of potential origami patterns suitable for 
architectural surface design is vast and virtually unlimited, practical constraints 
necessitated a narrower focus. As a result, many patterns were excluded, and the 
preliminary analysis was limited to a selection of nine specific patterns:

 

Fig 5.1: Selected patterns in 70%-folded configuration. 
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5.1.1 Huffman’s family 
David A. Huffman (1925–1999) is widely recognized in computer science for developing 
Huffman codes in information theory, and in the origami world as an early innovator in 
curved-crease folding. His origami tessellations stand out from most contemporary 
styles. While modern tessellations usually fold flat and are "locked" (meaning they 
cannot be unfolded without bending parts of the paper not marked by creases), 
Huffman’s designs are often three-dimensional and fold rigidly, using only the crease 
lines without requiring extra bending. Many of his tessellation patterns are variations on 
each other. Two designs are considered directly related if a simple transformation 
connects them, and they’re considered part of the same family if a series of such 
transformations links them.(Davis et al., 2014) 

 

Fig 5.2: The components of repeating pattern (Davis et al., 2014) 

 

By ignoring the auxiliary creases in most of Huffman’s work, we can identify a 
fundamental repeating unit, as illustrated in Figure 5.2. This unit typically consists of a 
bounding polygon and an internal tree-like structure. In transformations between 
tessellation designs, it is permitted to alter the bounding polygon to fit different tiling 
shapes, and to modify auxiliary creases as needed (Figure 5.3). However, the mountain-
valley assignment of individual creases must remain unchanged, since altering them can 
break the structural logic of the fold. That said, it is acceptable to flip all creases at once 
— changing all mountains to valleys and vice versa — which results in a mirrored version 
of the original model. (Davis et al., 2014) 
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Fig 5.3: Enlargement of Nodes and Scaling of Boundaries in base unit in Different Patterns 
of Hoffman’s Family (Mountain folds have red stroke, Valley folds have blue stroke) 
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Fig 5.4: Selected patterns in the Huffman’s Vanes Family Tree(Davis et al., 2014) 
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5.1.2 Ron Resch Triangular  
The Resch Triangular Tessellation (RTT) is a well-known example of an origami tessellation 
design. It was developed and patented in the 1960s by Ronald Resch, who was an artist, 
computer scientist, and expert in applied geometry. This design features a repeating 
triangular pattern that appears consistently in both its folded and unfolded forms. 
(Resch, 1968) 

 

Fig. 5.5:  Fig. 1: Top view of the geometric device in the closed position, showing identical 
equilateral triangle sections. 
Fig. 2: Top view showing the device in a partially opened position between closed and fully 
open. 
Fig. 3: Top view of a section of the device in a more advanced intermediate opening stage. 
Fig. 4: Top view of a section of the device in the fully opened position.(Resch, 1976) 
 

 
Fig. 5.6: The folding process of Ron Resch Triangular Tessellation and the twisting 
behaviour of the minimum unit(Haitong et al., 2023) 
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5.1.3 Waterbomb  
The waterbomb is a traditional Japanese origami model, often referred to as the “water 
balloon” due to its ability to be filled and burst like a toy. The six-crease waterbomb base 
originates from a square sheet and features two mountain folds and four valley folds 
radiating from a central vertex.(Chen et al., 2016) 

 

 

Fig. 5.7: Geometric Transformation of the Waterbomb Tessellation in Fold and Form 
(Jackson, 2011) 

 

Mechanically, the waterbomb pattern functions as a spherical 6R linkage, with each 
vertex behaving like a mechanism composed of six rotational joints, offering up to three 
degrees of freedom. However, when geometric symmetry is applied—particularly in 
cylindrical or uniformly tessellated forms—this complex motion simplifies to a single 
degree of freedom, making the pattern significantly more predictable and controllable for 
engineered applications. Furthermore, the waterbomb configuration can demonstrate 
multistable behaviour, allowing it to maintain stability in multiple distinct folded states 
depending on its geometric parameters.(Chen et al., 2016)
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5.1.5 Miura Ori   
The Miura Ori is a well-known origami corrugation named after the astrophysicist Koryo 
Miura, who proposed it in 1985 as a way to pack solar panels for deployment in 
space.(Stachel, 2009) 

 

 

Fig. 5.8: A single module extracted from the Miura pattern clearly illustrates the folding 
behavior, allowing for easy identification of mountain and valley folds.(Jackson, 2011) 

 

The Miura fold creates a tessellation of parallelograms with two types of crease 
directions: one with straight lines where each parallelogram is a mirror reflection of its 
neighbor, and another with zigzag lines where each parallelogram is a translated copy of 
its neighbor. Zigzag crease paths consist entirely of mountain or valley folds, alternating 
between paths. Straight crease paths alternate between mountain and valley folds. 
Importantly, the Miura fold is a type of rigid origami, meaning it can fold through a 
continuous motion without bending the faces, allowing it to be made from rigid 
materials.(Yogesh et al., 2021) 

 

  

Fig. 5.9: Geometric Transformation of the Miura Ori Tessellation in Fold and Form. 
(Jackson, 2011)
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5.1.6 Kresling  
Twist buckling designs (also named “Kresling pattern”) is named after Biruta Kresling, a 
biologist who discovered it during her courses in the 1990's at Arts Décoratifs in 
Paris.(Kresling, 2012) The traditional structure of the Kresling origami is featured by only 
one mountain and one valley crease lines within each unit cell, which is of interest for its 
bistable property during the folding process. (Wang et al., 2024)  

The cylindrical structure of the Kresling origami enables it to provide stable nonlinear 
axial stiffness. Moreover, its nonlinear behaviour can be easily adjusted through small 
changes in geometric design, offering a wide range of configurations from monostable to 
multistable.(Yin et al., 2024)   

 

 

  

 

Fig. 5.10: Kresling origami configuration: (a) unfolded paper with a folding pattern for 
Kresling origami; (b) folded Kresling origami; (c) top view of Kresling origami; (d) 
configurations of Kresling origami undergoing compressing and uncompressing 
motion.(Yin et al., 2024)  
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5.1.7 Yoshimura 
Yoshimura buckling, named after Japanese researcher Yoshimaru Yoshimura is a 
triangular mesh buckling pattern that was first observed when a thin cylindrical shell was 
subjected to axial compression.(Yoshimura, 1955)  

The pattern consists of isosceles triangles that share a common base edge, forming a 
repeating arrangement of rhombuses.(Sachithanandan, Uriol Balbin and Solano López, 
2023) By adjusting the angles and dimensions of these individual triangles, slightly 
different buckling patterns can emerge, allowing for variations in the overall 
structure.(Yamaki and Kodama, 1976) 

 

 

Fig. 5.11: Yoshimura model with different unit ratio (Jackson, 2011) 

 

The pattern has more than one degree of freedom, which gives it greater flexibility in 
movement. Although the pattern is locally rigidly foldable for α<π/2, except under 
specific circumstances, global self-intersection occurs before the second flat state can 
be reached with this fold path.(Evans et al., 2015) 

 

 

Fig. 5.12: Demonstration of α in Yoshimura pattern. (Mountain folds have red stroke, 
Valley folds have blue stroke) 
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5.1.8 Conclusion  
After a thorough analysis of the nine selected origami patterns—each examined 
individually in terms of geometric structure, architectural expression, kinetic potential, 
and constructability—a comparative summary table was created to distil the most 
relevant design characteristics. This table served as the basis for selecting the most 
appropriate patterns for continued development in the context of responsive 
architectural surfaces. 

Several key criteria guided this selection. First, patterns with a high number of creases or 
excessive geometric complexity were excluded, as they posed challenges in fabrication 
and assembly. Second, recognizing the inherent rigidity of triangular geometry in 
structural design, patterns lacking a triangle-based structure were also removed from 
consideration. Flexibility in modifying the pattern—including its proportions and folding 
ratios—was another essential factor, as adaptability is critical in responsive design. 
Furthermore, particular attention was given to the area of contraction, since the objective 
is to use these patterns in surfaces capable of dynamic shape transformation. Patterns 
with higher contraction potential offer more meaningful responsiveness and versatility in 
architectural applications. 

An additional selection criterion was the pattern’s spatial performance—its ability to 
naturally generate enclosure-like forms, such as vaults or shells, without relying heavily 
on external supports. Secondary considerations included self-supporting potential, 
directionality of expansion and contraction, and the possibility of partial or localized 
folding—qualities that can influence architectural scale, interaction, and material 
behaviour. 

As a result of this multi-criteria evaluation, three patterns were chosen for further 
architectural exploration: Kresling, Yoshimura, and the Six-Crease Waterbomb. These 
patterns demonstrated the strongest overall performance across the criteria and offer a 
promising balance between formal richness, kinetic responsiveness, and feasibility in 
construction, aligning closely with the architectural goals of this thesis. 
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5.2 Parametric Modelling and Simulation Process 
To gain a deeper understanding of the kinetic behaviour of the selected origami patterns 
and explore their architectural and formal potentials, the next stage of this thesis involved 
a simulation-based design process using Rhinoceros 3D®, Grasshopper®, and the 
Kangaroo physics plugin. This transition into digital simulation allowed for more precise 
parametric control and deeper analysis of how each pattern could respond to various 
deformation conditions in an architectural context. 

Kangaroo is a real-time physics engine plugin within the Grasshopper environment, 
which uses Verlet’s implementation (particle-spring model) to enable simulation of 
material behaviour and interaction with environmental forces. In this case, it was used to 
simulate how the origami patterns react to shape change and movement, acting as a tool 
to observe and control their transformation potential. 

The first step in the workflow was to create the origami pattern modelled as a parametric 
system on a flat rectangular base surface in Grasshopper. The next step involved 
introducing a target geometry—a vault-shaped curve—to serve as a reference form (Fig 
5.13). This target curve became the benchmark test standard for all simulations. The flat 
origami pattern was pulled toward this vault-like target form using Kangaroo, effectively 
simulating how the pattern folds, adapting to new spatial constraints and conditions. 

 

 

 
Fig 5.13: From left to right: Base surface for origami patterns, Target curve as reference 
form for our change process. 
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At this stage of the process—when both the origami pattern and the target surface are 
defined within the parametric environment—it is essential to identify and define the key 
variables and factors that influence and measure the design outcome. The following 
parameters were established: 

▪ Fold Intensity: the degree of folding applied to the origami surface. It ranges from 
0.001 (indicating a nearly flat surface) to 0.99 (indicating a fully folded state). By 
adjusting this value, the extent of deformation and the surface’s responsiveness 
to the target geometry could be modulated. 

▪ Target Deformation Strength: determines how strongly the origami surface 
conforms to the vault-shaped target geometry. It directly affects the tension and 
form adaptation during the simulation. 

▪ U and V Pattern Division Numbers: the number of divisions along the U and V 
directions of the origami pattern. These are critical parameters, as they influence 
the aspect ratio of the pattern cells, the structural performance of the surface, and 
the visual expression of the final form. 

▪ Shrink Factor: the amount of shrinkage applied to the surface in the longitudinal 
direction, representing the contraction experienced by the final vault form. It is 
particularly important for assessing the flexibility and adaptability of different 
origami configurations. 

▪ Members Stiffness: the stiffness of the origami pattern’s linear elements within 
the Kangaroo simulation; how much each member resists deformation (stretching 
or compression) under applied forces.  

The process of altering these parameters was not a linear process. It required 
continuous, iterative refinement—a back-and-forth workflow—since any change in one 
parameter directly influenced the overall deformation behaviour and its interaction with 
the target geometry. Each adjustment demanded re-evaluation of previous steps, 
reinforcing the responsive and interconnected nature of the parametric design system. 
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5.2.1 Fixed Parameters and Comparative Framework 
To conduct a meaningful and consistent comparison between the three different 
origami-based patterns, a set of fixed parameters was established. These parameters 
were applied equally across all simulations, allowing the analysis to focus specifically 
on the impact of U/V division and shrinkage factor. The fixed parameters used in this 
study are as follows: 

▪ Base Surface Dimensions: 18 meters × 13 meters 

▪ Target Vault Radius: 4.3 meters 

▪ Target Deformation Strength: 5 

▪ Fold Intensity: 0.99 (maximum folding state) 

▪ Member Stiffness: 60 (it could be between zero to infinity, higher number mean 
less deformation) 

By holding these parameters constant, only two variables were changed in the 
simulations: U/V Division and Shrink Factor. 

This approach provides a clear framework for evaluating the geometric and structural 
behaviour of each pattern under controlled conditions. The following sections will 
explore the performance of each pattern individually, followed by a comparative 
analysis. 

 

5.2.2 Unit Aspect Ratio 
The Unit Aspect Ratio (UAR) is calculated based on the actual dimensions of each base 
unit after division, rather than simply using the ratio of division counts. The formula is: 

 

𝑈𝐴𝑅 = (
𝑆𝑑𝑈
𝑈𝑑𝑖𝑣

)/(
𝑆𝑑𝑉
𝑉𝑑𝑖𝑣

) 

 

For example, if the surface dimension in the U direction is 13 units divided into 3 
segments, and the surface dimension in the V direction is 18 units divided into 4 
segments, then: 

𝑈𝐴𝑅 = (
13

3
)/(

18

4
) ≈ 0.96 
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Simply taking the ratio of U and V division numbers does not accurately reflect the actual 
proportions of the base units because the overall surface shape affects their size. For 
instance, the same U and V division counts applied to rectangular versus square surfaces 
produce units with different dimensions and aspect ratios. By using the actual physical 
dimensions of each unit (i.e., the length of the surface divided by the number of divisions 
in each direction), this method ensures that the calculated aspect ratio truly represents 
the geometric proportions of the base units. This leads to more accurate predictions of 
surface performance and behavior. 

 

 

Fig 5.14: Effect of Base Surface Dimensions on Unit Ratio: Surfaces with identical 
subdivisions (U:3, V:4) but different base shapes—vertical rectangle, horizontal 
rectangle, and square (from left to right)—demonstrate how unit proportions vary 
depending on the overall surface dimensions. 

 

5.3 Patterns Behaviour  
With the key variables defined and the simulation process established, the next phase of 
the study involved testing and comparing three different origami-based patterns. Each 
pattern was analysed through a series of controlled tests, focusing on its behaviour under 
varying U and V divisions, shrinkage factors and member deformation ranges. The goal of 
this comparative approach was to identify how different geometric configurations affect 
the surface’s adaptability and responsiveness, structural performance, and visual 
expression.  

The result was divided in three categories: 

▪ Successful Vault + Shrinkage Adaptation 

▪ Successful Vault Adaptation 

▪ Both Failed 
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Yoshimura Pattern Behaviour 
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Kresling Pattern Behaviour 
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Waterbomb Pattern Behaviour 
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5.3.1 Patterns Adaptability 
Based on the performance tables developed for each pattern, where individual 
simulation results were evaluated and classified according to vault formation and 
shrinkage adaptation, the final outcomes were consolidated and summarized in Fig 5.14. 
This summary provides a comparative understanding of the adaptability of the 
Yoshimura, Kresling, and Waterbomb patterns. Among the three, the Kresling pattern 
demonstrates the highest overall adaptability, achieving successful vault and shrinkage 
adaptation in 52.78% of cases. The Waterbomb pattern follows with 36.11%, while the 
Yoshimura pattern records 20.84% in this combined category. When focusing solely on 
vault formation, the Waterbomb pattern performs best (54.17%), reflecting its strong 
geometric flexibility despite lower shrinkage responsiveness. The Yoshimura pattern, 
while less adaptable overall, still achieves 43% success rate in vault formation. The 
“Failed in both” category further reinforces these tendencies, with Yoshimura showing 
the highest failure rate (36.11%) compared to Kresling (12.5%) and Waterbomb (9.72%). 
Overall, these results indicate that the Kresling pattern provides the most balanced 
performance between structural adaptability and shrinkage behaviour. 

 

 
Fig 5.14: Summary of pattern adaptability results 
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5.3.2 Aspect Ratio Influence on Performance 
Going deeper into the simulation outcomes presented in both the aspect ratio table and 
the performance maps, it becomes evident that the unit aspect ratio plays a decisive role 
in influencing both vault formation and shrinkage adaptation. Higher aspect ratios—for 
instance, in configuration U5–V40 (ratio 5.78) across all patterns—generate horizontally 
wider units that consistently exhibit stable vault formation and effective shrinkage 
response. In contrast, lower aspect ratios—such as U20–V3 (ratio 0.11)—produce 
vertically elongated units that may succeed in forming a vault but generally fail to 
accommodate shrinkage deformation effectively.  
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Fig 5.15: Top and Parallel Views of U5–V40 and U20–V40 Surfaces in Different Origami 
Patterns. From top to bottom: Yoshimura, Kresling, and Waterbomb patterns. The U5–V40 
surface (left), characterized by a horizontally wider base unit, demonstrates excellent 
shrinkage performance — achieving up to 90% contraction in both Yoshimura and 
Kresling configurations and up to 35% contraction in the Waterbomb pattern — all 
without structural deformation. In contrast, the U20–V40 surface (right), with a vertically 
taller base unit, adapts well to the vault-like curvature but exhibits significant 
deformation and structural collapse when subjected to shrinkage beyond 5%. 
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Fig 5.16: The shrinkage charts for the Yoshimura (top) and Kresling (bottom) patterns, 
arranged from low to high values, demonstrate that horizontally elongated units 
consistently exhibit superior shrinkage performance. 
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Fig 5.17: The shrinkage chart of the Waterbomb pattern, arranged from low to high values, 
shows that units with more square proportions—or slightly horizontally elongated 
shapes—achieve better shrinkage performance. 
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5.3.3 Influence of Subdivision Density on Surface Performance 
Beyond the aspect ratio, the number of subdivisions plays a crucial role in determining 
the structural behavior of origami-based surfaces. For instance, in the Yoshimura 
pattern, referring to Fig. 5.19, the surfaces U14–V40 (aspect ratio 2.06) and U3–V9 (aspect 
ratio 2.17) exhibit nearly identical aspect ratios but markedly different performances. The 
surface with more subdivisions (U14–V40) contains smaller units with a reduced fold 
height of only 2.3 cm, causing the structure to behave more like a flexible mesh rather 
than a rigid folded surface. Since the stiffness and load-bearing capacity of origami 
structures are closely linked to fold height, the surface U3–V9—with its significantly taller 
folds of 109 cm—retains high structural stiffness and preserves its arched shape under 
~54% shrinkage. In contrast, the low fold height of U14–V40 severely limits its stiffness, 
leading to noticeable deformation and restricting its shrinkage capacity to approximately 
6%. 

 

 

Fig 5.19: Comparison of Fold Height Effects on Surface Behavior in Yoshimura pattern. 

 

A similar trend is observed in the Kresling pattern: both U3–V11 and U40–V11 share an 
aspect ratio of 2.65, yet their behavior diverges. The surface with fewer subdivisions (U3–
V11) successfully maintains the vault shape and achieves a high shrinkage performance, 
while the more subdivided U40–V11 fails to form a stable vault due to the pronounced 
reduction in surface stiffness caused by lower fold height. 

In the Waterbomb pattern, a comparable effect occurs between U5–V7 (aspect ratio 1.01) 
and U20–V30 (aspect ratio 1.08). Despite their nearly identical ratios, the surface with 
fewer and larger units (U5–V7) achieves both a stable vault formation and effective 
shrinkage, whereas the denser configuration (U20–V30) loses structural rigidity and fails 
in both aspects. 
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Shrinkage Positive Result In Yoshimura Pattern 
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Shrinkage Positive Result In Kresling Pattern 
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Shrinkage Positive Result In Kresling Pattern 
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Shrinkage Positive Result In Waterbomb Pattern 
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5.4 Deformation in members 
At this stage of the project, the deformation results were analyzed based on the main 
parameters available in the dataset. Although no consistent or strong trend were 
identified, three parameters were considered potentially influential: 

▪ Shrinkage: Evaluated at two levels—first, by comparing deformation between 
cases with and without shrinkage, and second, by considering whether a greater 
degree of shrinkage leads to more deformation. 

▪ Total Number of Units (Subdivision Density): The number of units within the 
structure was taken into account to see if higher U/V subdivision density had an 
effect on deformation behavior. 

▪ Unit Aspect Ratio: Differences in unit proportions were analyzed to explore 
whether aspect ratio influences how deformation occurs. 

 

5.4.1 Deformation Analysis Based on Shrinkage Levels 
To improve understanding of the simulation results, the deformation data were converted 
into charts for each folding pattern, illustrating compression (–) and tension (+) values in 
percentages. Each chart represents deformation at two stages: before shrinkage (shown 
as bars, corresponding to the vault position) and after shrinkage (represented by lines). 
The members were arranged from left to right according to increasing shrinkage levels, 
allowing for easier identification of potential trends between shrinkage and deformation 
behavior. 

 
Fig 5.20: Member Deformation Beforevs. After Shrinkage in Yoshimura Pattern (Ordered (left to right) by 

Shrinkage level: Low to High) 
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Fig5.21: Member Deformation Before vs. After Shrinkage in Kresling Pattern (Ordered (left to right) by 

Shrinkage level: Low to High) 

 
Fig5.22: Member Deformation Before vs. After Shrinkage in Waterbomb Pattern (Ordered (left to right) by 

Shrinkage level: Low to High) 
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However, the results did not reveal any consistent or strong correlation between 
shrinkage magnitude and deformation response in any of the patterns. Both tensile and 
compressive deformations appeared scattered across the shrinkage spectrum, with 
similar deformation magnitudes occurring at both low and high shrinkage values. This 
suggests that shrinkage alone does not exert a significant or predictable influence on 
member deformation within this dataset. Consequently, it is likely that other structural 
parameters—such as geometric configuration, fold height, or subdivision density—play 
a more dominant role in governing the observed deformation behavior. 

 

5.4.2 Deformation Analysis Based on U/V Subdivision Density 
In a subsequent analysis aimed at identifying factors influencing member deformation, 
the data were reorganized according to the U/V subdivision density, arranged from lowest 
to highest. The charts maintained the same visual language as in the previous stage, with 
bars representing the vault-stage deformation and lines indicating post-shrinkage 
deformation, where compression is shown as negative and tension as positive. This 
reordering was intended to evaluate whether an increase in the number of structural 
units (i.e., higher subdivision density) corresponded to greater or lesser deformation. 

 

Fig5.23: Member Deformation Before vs. After Shrinkage in Yoshimura Pattern (Ordered (left to right) by 
U/V division density: Low to High)  
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Fig5.24: Member Deformation Before vs. After Shrinkage in Kresling Pattern (Ordered (left to right) by U/V 
division density: Low to High) 

 

Fig5.25 Member Deformation Before vs. After Shrinkage in Waterbomb Pattern (Ordered (left to right) by 
U/V division density: Low to High)  
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5.4.3 Deformation Analysis Based on Unit Aspect Ratio 
In the final stage of the analysis, the data were reorganized according to the unit aspect 
ratio to examine whether the geometric proportions and shapes of individual units 
influence member deformation. It was hypothesized that more elongated or irregular 
units might exhibit different deformation behaviors due to variations in stiffness or force 
distribution. However, consistent with the findings from the previous analyses based on 
shrinkage level and subdivision density, the deformation results did not reveal any clear 
or systematic trend across the range of aspect ratios. 

 
Fig5.26 Member Deformation Before vs. After Shrinkage in Yoshimura Pattern (Ordered (left to right) by 

Unit Aspect Ratio: Low to High)  

 
Fig5.27 Member Deformation Before vs. After Shrinkage in Kresling Pattern (Ordered (left to right) by Unit 

Aspect Ratio: Low to High)  
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Fif5.28: Member Deformation Before vs. After Shrinkage in Waterbomb Pattern (Ordered (left to right) by 
Unit Aspect Ratio: Low to High)  

 

 

5.4.4 Overall Interpretation  
While the analysis did not reveal any strong or consistent patterns linking shrinkage, 
subdivision density, or unit aspect ratio individually to member deformation, this does 
not necessarily imply that these factors have no influence on structural behavior. It is 
possible — and even likely — that member deformation results from a complex interplay 
of multiple factors, including but not limited to the three explored in this study. These 
variables may interact in ways that mask direct correlations when assessed 
independently. Therefore, it is important to recognize that the absence of clear individual 
trends does not rule out their combined or indirect effects. Future research could benefit 
from exploring these interactions more deeply, possibly through multivariable or 
parametric analyses that account for the hybrid nature of structural responses. 
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5.5 Conclusion 
The comparative analysis in this section provides a comprehensive understanding of how 
different folding patterns respond to varying geometric and structural conditions. By 
systematically examining the outcomes of multiple configurations, it highlights the 
ranges that lead to successful performance as well as those that result in failure or 
excessive deformation. This structured approach helps reduce trial and error in the 
design process, enabling more efficient exploration of possible configurations and 
allowing potential issues to be anticipated before physical or digital prototyping. Even in 
the absence of a single predictive formula, the analysis serves as a practical framework 
for interpreting the complex interactions within origami-inspired surfaces, offering 
insights that support informed decision-making and contribute to the development of 
reliable, functional structures. 
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6.1 Integration into Real-World Applications 
Building on the positive results obtained in Section 5, where both geometry and form 
demonstrated adaptive and responsive behavior, this stage of the research focuses on 
exploring how these findings can be applied toward design implementation. By 
identifying the factors that influence simulation outcomes and developing a collection of 
positive configurations, it becomes possible to move beyond experimentation toward 
practical applications. The aim is to achieve a design that maximizes control over the final 
results while maintaining responsiveness and adaptability. 

Based on the research objectives—including aesthetics, spatial efficiency, dimensional 
organization, structural performance, and the level of responsiveness—this stage allows 
for a deeper exploration of design options and the introduction of informed 
modifications. From each pattern studied previously, one positive case is selected as a 
case study to investigate the implementation of the surface in real-world contexts, 
focusing on its interaction with users and its functional potential. 

The criteria considered for selecting the final surface were as follows: 
the surface needed to demonstrate effective shrinkage behavior, allowing for maximum 
adaptability. Second, it was important that the surface exhibited an appropriate unit 
density, enabling partial or localized transformations. Third, the dimensions of the 
individual units were chosen to achieve an optimal folding height, ensuring both 
functional usability and sufficient positive elevation for user interaction. Finally, from an 
aesthetic perspective, the surface was selected to express the inherent qualities of the 
origami pattern and to emphasize the conceptual idea of folding in its purest form. 

6.2 Selected Case Studies 
Based on the criteria outlined above, three surface configurations were selected for 
further analysis: the Yoshimura pattern (U3 V20), the Kresling pattern (U5 V20), and the 
Waterbomb pattern (U5 V11). Among all the simulated cases presented in Section 5, 
these configurations demonstrated the most promising performance. Both the 
Yoshimura and Kresling models exhibited up to 90% shrinkage with excellent shape 
adaptability, while the Waterbomb pattern achieved approximately 35% shrinkage with 
stable deformation behaviour. In all selected cases, a high number of units in the V-
direction allowed the surfaces to undergo partial and localized shape transformations, 
ensuring improved adaptability and responsiveness. The following pages present the 
results of simulations incorporating the new target curve.   

From a visual and aesthetic perspective, the selected surfaces also provide a strong fold 
expression, with clearly visible mountains and valleys that emphasize the conceptual 
idea of folding. This visual depth is perceptible from both the interior and exterior, 
particularly in semi-folded and fully shrunken states, effectively conveying the dynamic 
and transformative nature of the structure. 
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As illustrated in Figure 6.1, the dimensions of the units and their 
corresponding folding heights are presented to clarify the geometric 
behaviour of each configuration. Regarding the folding height, it is 
important to note that the surface features folds extending both inward and 
outward relative to its vault-shaped geometry. In some patterns, the 
dimensions of these inward and outward folds differ. For the purposes of 
this study, the inward fold height is of primary interest, as it directly 
influences the usable interior height of the space. Fold height changes 
based on the fold’s state, with more advanced folding leading to greater 
height. 

 

 

 

 
FHM: Fold Height Maximum     FHA: Fold Height Actual 

Fig 6.1: Demonstration of unit dimensions and fold heights for the patterns shown from top to bottom: 
Yoshimura U3 V20, Kresling U5 V20 and Waterbomb U5 V11 
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6.3 Form Finding through Clustering 

As we explored the possibility of employing different target curves in the form-finding 
process, an alternative approach involves clustering: rather than designing complex 
surfaces as continuous forms, they can be constructed from assemblies of simpler 
modular surface units. This methodology enables greater flexibility and localized control 
over distinct regions of the geometry. For instance, a toroidal surface can be 
approximated by assembling four quarter-toroid units, rather than generating the entire 
form as a single piece. By composing complex forms from simpler elements, the 
structural and fabrication complexity is reduced, while the behavior of individual 
segments can be more systematically analyzed and optimized. Moreover, this approach 
provides the opportunity to expand or reduce the form in the future, which is particularly 
advantageous in the context of temporary and portable structures. Using modular 
surface units allows transformations to be achieved with reduced cost and complexity 
during both assembly and disassembly. Overall, this clustering strategy provides an 
effective framework for exploring intricate surface geometries while maintaining 
practical control over both form and structural performance. 

By referring to our two previous curve targets, it is possible—through simple geometric 
compositions of these forms—to achieve a wide variety of spatial configurations. 
Although the dimensions represented in this study were intended for small to mid-scale 
spaces, they can be adjusted according to the building’s purpose and performance 
goals, allowing for both expansion and reduction as needed. 
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Fig 6.2 From top to bottom: Two Proposed Target Curve, Possible Clustring 
Configuration in Form Finding 
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6.4 Design Strategies for Responsiveness and Adaptation 
Up to this point, we have explored form-finding processes and the various possibilities 
and opportunities that the mentioned origami pattern can provide in surface design. 
However, this study also has another important objective: investigating responsiveness 
and user interaction in surface design. To address this, two possible responsive actions 
were proposed: Shrinkage and Lateral Opening, which will be explained in detail in the 
following sections. 

In section 5, the concept of shrinkage within the surface was examined, focusing on its 
behaviour across different origami patterns and the associated limitations and 
opportunities. However, when considering the real-world implementation of origami-
based surfaces, it becomes essential to explore more deeply the potential applications 
of shrinkage in surface design.  

Lateral opening, on the other hand, refers to the introduction of openings along the sides 
of a vault-shaped surface. This approach represents a geometric transformation made 
possible by origami principles. As previously discussed, the selected pattern allows for 
partial deformation, giving the surface the ability to open laterally without compromising 
its overall structural integrity. Beyond enhancing adaptability and user interaction, the 
inclusion of lateral openings adds a higher level of formal complexity and visual richness 
to the design. It expands the potential for form-finding and exploration of aesthetic 
qualities, while also generating semi-open intermediary spaces that create stronger 
connections between the interior and the surrounding environment. 

For the sake of clarity, from this point onward, we will focus on one final combination of 
surfaces to continue exploring the use of shrinkage and lateral opening.  

▪ Shrinkage and lateral opening for pathways and circulation: Shrinkage can be 
used to create temporary openings within a closed surface, providing flexible 
points of entry and exit for users. This allows pathways to adapt dynamically 
during occupancy, enabling the entrance and exit locations to be changed 
according to functional needs or user preferences. 

▪ Shrinkage and lateral opening for Space Expansion and Contraction: Another 
key application of shrinkage is the ability to adapt the dimensions of a space in 
real time. A surface can be compressed to its minimum size and then expanded 
as needed, allowing the spatial volume to respond to changing functional 
requirements. 

▪ Shrinkage and lateral opening for experience change: Shrinkage allows a 
surface or structure to redefine space for multiple uses. The geometry of the 
surface, along with the varying degrees of folding, can reintroduce new spatial 
qualities and shape user experience, enabling the same physical space to adapt 
and transform according to the desired impact on its users. 
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6.5 Possible Applications 
The adaptive folding systems explored in this thesis demonstrate how origami geometry 
can enable surfaces to expand, contract, and transform in response to spatial, 
functional, or environmental demands. The ability of these forms to reconfigure—while 
remaining materially efficient and structurally stable—positions them as promising 
components within contemporary architecture. Below are key domains where such 
systems present clear potential: 

▪ Temporary and Mobile Installations: Origami-based adaptive structures are 
ideal for non-permanent, deployable architectural interventions. Their ability to 
fold into compact volumes for transportation and unfold into spatially rich 
environments allows for: 
-Urban pop-up installations that respond to shifting cultural events: 
-Mobile pavilions that can be assembled in one location today and relocated the 
next day. 
-Flexible exhibition or performance spaces that adapt to different urban sites 
without the need for heavy logistical systems. 
 

▪ Dynamic Market and Public Space Infrastructure: Many urban contexts host 
daily or weekly markets, fairs, and temporary communal activities. Origami-
inspired surfaces can serve as: 
-Retractable canopies and stalls that open during market hours and fold away 
when not in use. 
-Shading and spatial dividers that adjust based on crowd density or flow. 
-The ability to reconfigure allows one system to serve multiple spatial scales, from 
individual vendor booths to larger communal coverings. 
 

▪ Extensions to Existing Buildings: Adaptive origami surfaces can operate as 
temporary or seasonal architectural extensions, adding functional flexibility to 
build environments: 
-Retractable balconies, terraces, or outdoor rooms that expand when needed and 
fold back to reduce footprint. 
-Pop-out study or work modules for educational campuses or co-working spaces. 
-Temporary circulation or waiting areas, especially in contexts with fluctuating 
user density (e.g., museums, hospitals). 
 

▪ Emergency and Humanitarian Deployable Shelters: The lightweight, compact, 
and rapidly deployable nature of origami-based systems makes them well-suited 
for: 
-Disaster relief shelters that can be transported efficiently and assembled quickly. 
-Expandable modular units that can adapt to family size or specific site 
conditions. 
-Climate-responsive shelters that open for ventilation or close for protection 
depending on needs. 
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▪ Environmental Control: Shading, Ventilation, and Light Modulation: Origami 
forms inherently create variable porosity and dynamic apertures, making them 
useful as environmental regulators: 
-Adaptive shading systems for public spaces, façades, or courtyards. 
- Foldable greenhouse skins that facilitate efficient installation, dismantling, or 
mobility for temporary growing zones, control solar gain, humidity, and airflow. 
-Responsive skylights that alter geometry to regulate daylight penetration or night-
time insulation. 
 

▪ Event Architecture and Festival Infrastructure: Due to their speed of 
deployment and sculptural quality, these systems are highly suited for: 
-Festival stages, domes, and audience shelters. 
-Interactive public art installations where movement and transformation become 
part of the experiential design. 
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6.6 Material and Construction 
The structural and material strategies of this project are fundamentally shaped by the 
geometric logic of origami and by the need for controlled, reversible transformation. 
Because the proposed surface is designed to fold, expand, and contract, its material 
system must balance rigidity and flexibility, while its structural framework must support 
both local deformation and global movement. This section examines the architectural 
precedents and technical principles that inform the proposal, focusing on how adaptive 
materials, lightweight composite assemblies, and kinetic structural mechanisms can be 
integrated to create a responsive vault-like surface. 

The structural concept of this project is organized around two primary components:  

▪ the material system that forms the adaptive surface. 

▪ the Structure that enables its shrinkage, expansion, and movement. 

 

6.7.1 Unit’s Material  
For the surface material itself, two primary options are under consideration, inspired by 
precedents discussed in Section 4. 

▪ Plywood: A lightweight, affordable material that is easy to machine—by cutting, 
drilling, or CNC milling. It offers a warm, natural finish while maintaining durable 
performance over time, making it ideal for modular applications. These qualities 
are clearly demonstrated in projects such as the Resonant Chamber, the 
Hygroskin Pavilion, and Translated Geometry. Standard panels—typically around 
1.2 × 2.4 m and 12–18 mm thick—simplify both design and assembly, and when 
produced under strict quality control plywood provides consistent structural 
behaviour..(Sandoval et al., 2025) 

 

Fig 6.7: Rigid Origami Inspired Pavilion in Plywood Material(Skidmore, 2018) 
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▪ PTFE: commonly known by its commercial name Teflon, is a high-performance 
fluoropolymer characterized by exceptional chemical inertness, very low surface 
energy, and outstanding thermal stability. When used in architectural membranes, a 
woven glass-fibre base cloth is coated with PTFE to produce a material that is both strong 
and durable. This makes it especially suitable for long-span tensile or membrane 
structures. PTFE fabrics resist cracking under repeated flexural stress, endure exposure 
to UV radiation, and maintain performance over decades.  In addition to durability, PTFE 
membranes are relatively self-cleaning due to their low surface tension, and they can 
transmit diffused daylight, offering both functional and aesthetic benefits.(Ansell, Hill 
and Allgood, 1983) 

 
Fig 6.8: Pavilion with PTFE material (Archdaily, 2017) 

 

6.7.2 Joints 
Each origami unit in the system is fabricated separately and then connected to form the 
whole adaptive surface. While there are many possible connection strategies, hinges 
represent the most straightforward and economical solution: they allow the panels to 
rotate relative to one another, enabling folding and unfolding behaviour without 
excessively complex joints. 
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Fig 6.8: Hinge Examples (Schumacher, Schaeffer and Vogt, 2010) 

6.7.3 Movement Structure 
The movement mechanism of the adaptive surface is primarily inspired by the portable 
façade system of The Shed in New York. While the scale of that project is significantly 
larger than the scope of this thesis, the underlying concept is simple and adaptable to a 
shrinkage/expansion strategy. The system relies on rails and rollers as the main 
components of motion: rails are fixed along the ground, providing a defined path and 
structural stability, while rollers are attached at the boundaries of the surface to allow 
smooth translation. By constraining the vault along the rails, the form remains stable 
under lateral forces while enabling controlled movement. For shrinkage or expansion, a 
driving force is applied to the structure to slide the panels along the rails, allowing the 
surface to contract or extend as needed.  

 

 

Fig 6.9: The Shed, Diller Scofidio + Renfro; External surface with possibility of 
movement.(Archdaily, 2019) 
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Anchor points play a critical role in this system. Some can be fixed to provide stability and 
braking at specific positions, while others remain movable to accommodate 
transformations, ensuring both safety and flexibility according to functional or spatial 
requirements. This design also allows the anchor points to be adjusted in real time, 
adapting to changing needs as they arise. 

 

 

Fig 6.10: The Shed, Diller Scofidio + RenfroSystem of Rail and Rollers.(Archdaily, 2019) 

 

6.7.4 Actuator 
Any mechanical system needs a source of energy in order to move. The source can be 
direct actuation by a user (manual actuation) or it can have other energy 
sources.(Schumacher, Schaeffer and Vogt, 2010) 

For the shrinkage behavior of the surfaces studied in this thesis, the structure’s low 
weight in many applications allows actuation simply through human pressure. For larger-
scale applications, however, hydraulic or pneumatic actuators positioned along the 
edges of the surface can provide the necessary force to achieve controlled deformation 
efficiently. 

Hydraulic and pneumatic actuators use pressurized fluids or gases to generate motion. 
They offer high power relative to their size . At their core, these actuators rely on motorized 
pumps that create pressure through blades, gears, screws, or pistons. In architecture, 
pneumatic actuators are particularly notable: pneumatic muscles, such as tensairities, 
consist of tubular or cushion-like chambers that expand and contract as gas pressure 
changes.(Osorio, Paio and Oliveira, 2023) 
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6.7 Imaginary Scenario of Application 
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This thesis has explored the potential of origami geometry as a tool for responsive 
architecture, demonstrating how folding patterns and adaptive surfaces can expand the 
possibilities of design. Through a review of responsiveness in architecture, the 
examination of relevant technologies, and the analysis of origami forms, the study 
established a framework for understanding how geometry, mechanics, and design 
intersect to produce adaptable structures. 

The case studies provided a comprehensive understanding of which technologies and 
strategies have been most effectively implemented within responsive design, highlighting 
areas where responsiveness has been most actively explored. These investigations 
informed the subsequent simulations and analyses, which focused on three key origami 
patterns—Yoshimura, Kresling, and Waterbomb—and their behavior under vault shaping 
and shrinkage conditions. While no single pattern emerged as universally optimal, each 
displayed unique strengths, offering multiple pathways for design depending on specific 
functional requirements. This approach emphasizes flexibility: rather than producing a 
single final design, the research generated a diverse set of options, enabling tailored 
responses to varying needs and design goals. 

The simulation and implementation phases further illustrated the richness of origami-
inspired surfaces. By employing clustering strategies and targeting specific curves, it was 
possible to generate a wide variety of configurations from simple inputs, demonstrating 
the potential for large-scale adaptability and complex form-finding. Although this thesis 
primarily explored standard geometric patterns, the findings suggest that future studies 
could expand into more intricate manipulations, varying density, exaggerating local 
deformations, or combining patterns to enhance responsiveness and aesthetic 
expression. 

Overall, this work reinforces that origami geometry offers a versatile and powerful 
approach to responsive architecture. While the technology itself is not entirely new and 
significant research already exists, the methods and comparative analyses presented 
here contribute to a deeper understanding of pattern behavior and deformation, 
providing a foundation for more informed design decisions. The maps, simulations, and 
flexible frameworks developed in this thesis serve as a tool for anticipating performance, 
reducing trial and error, and exploring the vast design space that origami forms can 
unlock. Future research can build on these insights to push the boundaries of adaptive 
structures, combining creativity, geometry, and engineering to open new possibilities in 
architecture. 
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