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ABSTRACT

Widespread computer-aided design and manufacturing technologies enhanced the possibilities to 
design and produce forms of increasing complexity. One of the byproducts of these technological 
advancements in the architectural practice is the pervading trend where materials are forced into 
predefined geometries, resulting in supremacy of form over matter. 
This thesis investigates material-based form-finding methods as alternatives to the form-driven 
approach. It draws inspiration from the intrinsically efficient self-shaping processes in nature where 
forms result from complex interactions between material and the surrounding environment, hence 
focuses on forms created to a large extent by surface tension. In the man-made environment, such 
tension-active realizations are primarily represented by textile structures. 

Textiles always played an important role in the way humans interacted with their environment, 
creating a bridge between natural and man-made constructions. Due to their inherent properties 
such as softness, flexibility and high tensile strength, textiles have the potential to create novel 
solutions for efficient and adaptable structures. Analogous to the biological systems, the hierarchical 
structures of textiles allow them to evolve and adapt across different scales. These possibilities 
are further enriched by the growing influence of digitized construction, as well as developments 
of new materials with enhanced characteristics. Additive manufacturing has been one of the 
fastest evolving technologies in the last few decades, continuously expanding the possibilities of 
fabricating physical objects. This customized digital production technology together with the latest 
advancements in material science enable local differentiation of material properties and facilitate 
the fusion with other practices such as textile manufacturing.

This research proposes the use of 3D printing on pre-stretched textiles as an alternative material-
based form-finding technique. This method relies on 3D printing a less elastic material on top of 
an elastic, pre-stressed fabric. Upon the release of tension, the fabric self-shapes into balanced, 
three-dimensional structures. Forms created this way are pure representations of their material 
properties, elastic energy stored in these materials and forces acting on them. 
Large part of the investigation focuses on experimental prototyping, classifying possible shapes 
that emerge from this process, as well as identifying their potential and limitations. It advocates 
a bottom-up design methodology in place of reverse engineering of target shapes, which has 
notable implications on conceivable forms. The analysis concentrates on two different design 
strategies: 3D printing open and closed shapes. 

Both design methods are explored by design in three consequent case studies, looking at different 
aspects of textile composite structures such as scalability, adaptability and local differentiation- 
heterogeneity. The first case study examines the possibilities of continuous, out-of-the-roll 
manufacturing as a method to upscale the production process. The second study looks at different 
strategies to trigger the change of shape. Finally, the third exploration focuses on the possibility 
to program the behavior of knitted fabrics by locally alternating the structure of the knit. Contrary 
to most architectural textiles, being framed and bereft of their intrinsic characteristics such as 
softness and malleability, this approach keeps the fabric in movement and allows us to envision 
novel textile tectonics of seamless, heterogeneous and adaptable spaces. 
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INTRODUCTION

Human impact on the Earth is now so severe that a new geological era needs to be acknowledged- 
the Anthropocene (Waters et al., 2016), “defined by nuclear tests, plastic pollution and domesticated 
chicken” (Carrington, 2016). Starting from the widespread adoption of agriculture, the alternations 
of the planet, driven by anthropological activity, happen at an ever-faster pace, thus increasingly 
influence all the domains of human existence. 
Considering the wasteful use of materials and resources, amplified and accelerated by the 
perpetual population growth, the future of life on Earth demands fundamental changes in the way 
we live and construct our habitat. Given these accelerating changes, “the science fictional way of 
thinking” (Asimov, 1978) represented by the American writer Isaac Asimov becomes particularly 
relevant in the discussion about the future of architecture.

“It is change, continuing change, inevitable change, that is the dominant factor in society today. 
No sensible decision can be made any longer without taking into account not only the world as it 
is, but the world as it will be.”

 (Asimov, 1978)

The aforementioned global trends challenge various aspects of contemporary architectural 
practice, one of them being its preoccupation with form, which results in passive and rigid 
constructions. In this context, the abundance of form and its privilege over matter needs to give 
space to more sensitive, material-informed and dynamic systems, able to evolve and adapt to the 
forthcoming global changes. 
Rather than continuing to build static and rigid structures conceptualized for eternal operation, new 
solutions can be found, promoting the temporary, dynamic and multifunctional formats. Inspired 
by efficient and adaptable, self-regulating processes in nature, this research questions the form-
driven approach to architecture in place of dynamic, flexible and harmonious systems informed 
by the material and its interaction with the surrounding environment.
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CHAPTER 1

GLOBAL CHALLENGES

1.1. GLOBAL DEVELOPMENTS AND SOCIETAL RELEVANCE

The world we live in is mostly shaped by the after-effects of the Industrial Revolution, including 
over-exploitation of natural resources, ever-increasing environmental footprint and increasing 
amount of waste generated by the current model of production and consumption. According to 
the IPBES report (IPBES, 2019) about 75% of land and 66% of ocean areas have been significantly 
altered by people. Human activities irreversibly affect the climate and environment, perturbing the 
ecosystem around the globe. 
The environmental degradation in combination with diminishing resources and incessant population 
growth demand radical changes in the way we live, act and build. Our lifestyle choices need to 
be reconsidered and new solutions must be found for more sustainable living and efficient use 
of materials. As a result, the question of the minimal becomes much more relevant than in the 
previous decades. How can we maximize the use of natural energy sources, minimize material 
waste and design according to the local needs and conditions? 

In order to suggest potential alternatives and solutions to these problems, my research draws 
inspiration from the self-forming processes in nature. These intrinsically efficient processes 
are explored as an integral part of the design methodology, whereas the focus is put on their 
intersections with new digital production technologies and advancements in material science.

1.2. CHALLENGES FOR ARCHITECTURE

Although science and technology have greatly advanced since the rapid industrialization at the 
turn of the 18th and 19th centuries, the way we build did not change adequately. Rather than 
targeting reciprocal balance and synergetic coexistence with nature, we continue to build artificial 
barriers, trying to control its rhythms and laws.

“Humans are adapting to the artificial world. They live in artificial climates, they are always in 
residential, traveling or flying machines. They leave their artificial climate only if the natural exterior 
climate by chance matches the artificial climate!” 

(Wagner, 1971)

The United Nations in the World Urbanization Prospect 2019 predicts that by 2050, 68% of the 
world’s population will live in the urban areas, which is 25% more than in 1950 (United Nations 
Department of Economic and Social Affairs, 2019). Considering this rapid urbanization growth, 
architecture needs to become much more visionary and courageous than in the previous decades 
in order to adjust to the environmental changes and serve future generations. More responsive 
and adaptable buildings, for example, could cope better with growing societal and environmental 
challenges.

GLOBAL CHALLENGES
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One of the methods to address changing demands and uses could be spatial flexibility (Kretzer, 
2014, 2017). According to Robert Kroneberg, Professor of Architecture at the University Liverpool, 
flexible buildings are far more advantageous than static ones (Kroneberg, 2005), as they can 
quickly adapt to the different uses and technological advancements, respond to change rather 
than stagnate, and they are more economical and sustainable. The concept of flexible spaces 
recurs at several stages of this research, exploring the potential of textiles as intrinsically flexible 
constructions.  

Can we learn from nature and its laws of adaptation in order to create flexible systems adapting to 
the ever-changing environmental conditions? Can we design not only new buildings but also new 
materials and production processes? 

In the search for answers to these questions, this research takes a closer look at the natural 
systems, particularly at the way natural forms emerge, evolve and adapt. It aims to apply analogous 
principles to the form-finding and design processes, while utilizing the latest digital manufacturing 
technologies and innovations in the world of materials.

1.3. TOWARDS SOFTNESS AND ADAPTABILITY

“Natural ecosystems have complex biological structures: they recycle their materials, permit 
change and adaptation, and make efficient use of ambient energy. By contrast, most man-made 
and built environment have incomplete and simple structures: they do not recycle their materials, 
are not adaptable, and they waste energy.”

 (Frazer, 1995)

John Frazer, a pioneer in employing computational techniques in architecture, argues that 
architecture is an integral part of the natural ecosystem, hence it should learn from nature’s 
operating principles of symbiosis and evolution. 

At the present time, most of the crude architectural solutions are still far behind the dynamic, 
intelligent and intrinsically efficient structures built by nature. With the help of new cutting-edge 
technologies as well as advancements in material science and engineering, the idea of “smart”, 
adaptive architecture becomes more and more viable. Nevertheless, technological improvements 
and material innovations alone are not enough to create new concepts for more sustainable living. 
Once we have intelligent materials and new fabrication methods, the key question becomes how 
to design with these materials and technologies. How to maximize material efficiency? How to use 
its intelligence for sustainable design solutions? 

The answer to many of these questions lies in the relationship between material and form and how 
these two relate to each other. Self-shaping processes are intrinsically efficient and sustainable; 
they could serve as a role model inspiring the development of new systems and habitats. Could 
there be other ways to design form, inspired by the self-forming processes in nature, where 
form results from material characteristics and mechanical properties? Could we think of form as 
changing in time, rather than the obsolete, everlasting?

“Buildings cannot and should not be rigid structures, into which we must be squeezed (...) but 
must be along with us, a living, growing environment which eventually should be replaced” 

(Ishii, 1999)
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CHAPTER 2

RESEARCH FRAMEWORK

2.1. SELF-SHAPING

Self-shaping (or self-forming) is a process where a system adapts a certain shape (form) in search 
of equilibrium between the energy stored in that system and forces acting on it. Such formation 
is determined by its material characteristics, mechanical properties and force distribution. As a 
result, forms created through self-shaping and self-optimizing processes are structurally stable and 
inherently efficient. In this chapter different self-shaping strategies and principles are discussed, 
both natural and man-made.

2.1.1. Form in nature

2.1.1.1. Relationship between form, matter and forces

“The waves of the sea, the little ripples on the shore, the sweeping curve of the sandy bay between 
the headlands, the outline of the hills, the shape of the clouds, all these are so many riddles of 
form, so many problems of morphology, and all of them the physicist can more or less easily read 
and adequately solve: solving them by reference to their antecedent phenomena, in the material 
system of the mechanical forces to which they belong, and to which we interpret them as being 
due.”

(Thompson, 1917)

Forms of nature arise from various self-shaping and self-organizing processes, some of them 
lasting a few seconds such as falling drops of water, others being shaped through thousands of 
years such as geological formations of mountains and valleys. All biological forms are shaped by 
the morphogenetic processes influenced by their material characteristics, environmental context 
and forces acting on them. Peter S. Stevens, the author of ‘Patterns in Nature’ poetically expresses 
that „nature makes cups and saddles not as she pleases but as she must, as the distribution of the 
material dictates” (Stevens, 1974).

Moreover, most natural forms and patterns result from dynamic processes that happen in space 
and time, such as the forms of dunes shaped by wind and sand, the ramified river systems caused 
by rain or erosion (Meinhardt, 1998), or shapes of plants emerging due to their growth process. 
The shapes of plant ‘s leaves and flowers are determined not as much by their genetic code, as 
by spatial and temporal patterns of growth and varying mechanical properties of the underlying 
tissues (Prusinkiewicz et al., 2010; Liang et al., 2009; Sidney Gladman et al., 2016). 

Kale leaves, for example, are characterized by highly rippled edges, as they grow more at the 
perimeter than at their base and therefore wrinkle more towards the edge (Fig. 1.1). Such a growth 
profile varies exponentially from the center to the perimeter, producing fractal ruffles with an 
increasing wrinkling frequency towards the edge (Prusinkiewicz et al. 2010). These intricate three-
dimensional surfaces of leaves originate from in-plane growth distributions (Sharon et al., 2007). 

RESEARCH FRAMEWORK
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Both leaves and flowers are made of thin elastic membranes. As bending energy is proportional 
to the cube of thickness, very thin objects buckle under compression, rather than significantly 
extending their length (Sharon et al., 2004). Bending costs them less energy than extending, 
therefore most leaves and flowers assume complex buckled shapes.

Similarly, seashells curl more towards the perimeter (Fig. 1.2) because this is where they grow at 
a faster rate (Stevens, 1974). Out-of-plane deformation is also in this case the most efficient way 
to deal with the material access. Some shells can extend only at their perimeter, which affects 
not only their form but also the pattern. In the shells of molluscs, for instance, new pigments can 
be added only at the edge, thus the calcified pattern represents its formation in time (Meinhardt, 
1998).

The underlying mechanics which determine the curly edges of plant’s leaves and seashells 
serve as a source of inspiration for further research into self-shaping processes. Moreover, as the 
morphogenetic processes are principally scale-free, understanding their formation processes is 
advantageous for further exploration of alternative form-finding methods with potential applications 
in design and architecture. 
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Figure 1.1: Kale leaf- an example of a leaf curling towards the 
perimeter, demonstrating the most efficient way to deal with the 
material excess. Photo: Dorota Kycia

Figure 1.2: A seashell. Since the perimeter of the shell grows at a 
faster rate than the center, the edge curls and wrinkles. copyright 
© 1974. Reprinted by permission of Little, Brown, an imprint of 
Hachette Book Group, Inc. (Stevens, 1974)
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2.1.1.2. Shaped by tension 

“The form of the vast majority of self-forming and self-optimizing structures is determined by tensile 
forces”

(Gaß, 1990)

Self-shaping processes may be categorized depending on the main force acting on the structure 
(Fig.2.1) such as tension, compression or bending, however most of them are shaped by tension 
(Gaß, 1990). Forms shaped to a large extent by tensile forces are by nature very efficient, balanced 
and sustainable. Transmitting tensile forces requires a minimum amount of material, therefore 
tension determines the shape of many natural forms and self-shaping processes, from the water 
drops to ocean surfaces.

2.1.1.3. Non-living nature

One of the purest geometrical formations found in nature is a sphere. Having the least surface from 
all the solids for a given volume, a spherical form can be observed in the shape of water drops, 
soap bubbles, atoms or even planets. 

“The appearance of water produces a new characteristic world of forms, all typical forms of which 
are determined by the surface tension of the liquids “

(Gaß, 1990)

Water drops form spherical geometries as they locally minimize surface area (Fig.2.2, 2.3). The 
adhesive forces of free water molecules are surrounded by the cohesive forces of the molecules 
near the surface where the liquid meets the air. As a result, the outer surface shrinks, manifesting 
itself as surface tension, or as D’Arcy Thompson poetically frames it “there is a lack of equilibrium 
and a consequent manifestation of force” (Thompson, 1917). This process repeats itself until the 
outer film becomes a minimal surface. 
Such self-shaping phenomena occur in the absence of other forces, however most liquid forms 
usually result from more complex interactions between surface tension and other forces such as 
gravity, osmosis or mechanical pressure. The shape of raindrops (Fig. 2.4), for instance, deviates 
from a spherical form and changes under the influence of its own weight.

Surface tension is a comparatively small force, but on a surface with great curvature, it causes great 
pressure, directed inwards- towards the center of curvature (Thompson, 1917). Consequently, a 
small drop of water is predominantly shaped by surface tension. Larger water surfaces in lakes 
(Fig. 2.5) and oceans are shaped by a combination of forces where gravity is predominant, being 
not curved but flat (Thompson, 1917). 

Dynamic formations of liquid films such as waves or vortexes are strongly influenced by additional 
outside forces. These moving forms usually change over time. Depending on the type of external 
forces, they develop a great variety of forms (Gaß, 1990). Ripples for instance create periodic 
concentric forms, as they are a combination of transversal and longitudinal waves. 

Minimal surfaces also define the shape of pneumatic structures such as air-filled soap bubbles. 
Due to the difference in outside and inside pressure, the layer of soap film has constant mean 
curvature and resembles a perfect sphere, which encloses maximum volume with a minimum 
surface. This pure and symmetrical spherical form is expressed by surface tension in absence of 
other forces in the field (Thompson, 1917).
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As soon as at least two bubbles meet, it becomes more economical for the sphere to change the 
shape (Bush et al., 1980). When two equal bubbles meet, the pressure is also equal, and their 
intermediate partition is straight. When unequal bubbles join, the partition blows into the larger 
one where the pressure is less. The bigger the difference between the bubbles, the larger the 
deformation of the intermediate partition (Bush et al., 1980). When several soap bubbles meet, 
they merge into dense clusters known as foam (Fig. 2.6), which is the optimum way of enclosing 
several volumes filled with air with the least surface area. 

Soap bubbles reconfigure and self-organize themselves in such a way that maximum three bubbles 
meet along a line. If the surface tension is equal in all the bubbles, they all meet at a 120-degree 
angle (Fig.2.7), as the three-way junction of 120 degrees uses the least material. Various soap 
bubble configurations can be seen on Figure 2.8. Detailed characteristics of soap films were 
described in Plateau’s laws formulated in the 19th century by Belgian physicist Joseph Plateau in 
his work ‘Statique Experimentale et Theorique des Liquides’ (Plateau, 1873).

RESEARCH FRAMEWORK
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Figure 2.1:  Form-finding processes. Structures which develop from self-forming processes, classified 
according to the generating forces. Sketches: Claudia Voigtländer, 1989 (Gaß, 1990)
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Figure 2.2: Water drops on grass forming spherical geometries, 
Biebrza National Park, Poland. Photo: Dorota Kycia

Figure 2.3: Spherical water drops on the web, Biebrza National 
Park, Poland. Photo: Dorota Kycia
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Figure 2.4: Water drop hanging from a branch, deforming from 
the spherical shape.  Biebrza National Park, Poland. Photo: 
Dorota Kycia

Figure 2.5: Water surface shaped by surface tension in 
combination with other forces. Photo: Dorota Kycia
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Figure 2.6: Polyhedral foam between parallel plates. The outer 
sides show predominantly hexagonal surfaces, whereas in the 
middle we can see liquid polyhedrons with pentagonal sides. 
Macroscopic photograph, magnification approx. 20 times. Photo: 
IL- Klaus Bach – 1986 (Bach et al., 1988)

Figure 2.7 (left): Foam structure of densely packed and three 
dimensionally clustered bubbles. The photogram projection 
shows clearly three chamber walls meeting at 120-degree 
angles. Photogram: IL-Braun, 1973 (Bach et al., 1988)

Figure 2.8 (right): Simple planar combinations of hemispherical 
soap bubbles seen from above. The “square” array (e) is unstable 
(Pearce, 1980) 
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2.1.1.4. Living nature 

“The microsphere, which is equivalent to the soap bubble with regard to its form and structure, is 
considered to be an archetype of all living structures”

(Gaß, 1990) 

According to D’Arcy Thompson, not only soap bubbles, but also cells and tissues in living 
organisms are shaped by the same physical mechanisms. He argues that tissues behave like fluids 
with a given surface tension, whereas formation and organization of tissues is determined by the 
differences in tissue surface tension (Heisenberg, 2017). Growing tissues depend on the physical, 
chemical and biological stimuli from the environment. They can adhere to other three-dimensional 
surfaces and where they do not adhere, their shape is defined by surface tension (Dunlopl et 
al., 2020).  Tissue-forming cells can self-organize into three-dimensional arrangements, as they 
demonstrate “emergent physical properties such as fluid behavior” (Ehrig et al.,2019).

2.1.1.5. Structures built by animals 

Structures built by animals are not pure representations of the self-shaping processes, as it is 
in the case of living and non-living nature. There is no single perfect shape for a spider web 
or bird ‘s nest. Animals construct intentionally, choosing one element versus another one, what 
characterizes more a design process than an automatic formation. In the animal kingdom, similarly 
as among humans, one can find “gifted architects, competent engineers and skillful craftsmen” 
(Ludwig, 2018).
Tensile forces are used by different animals to build their efficient and sustainable structures. 
Suspended spider webs are perfect examples of tensile constructions (Fig. 2.9,2.10), where 
tension defines their overall shape and helps to stabilize them during the construction process. 
Spider threads have the highest mechanical strength among all the natural fibers and as such they 
can be considered as very high-tech constructions. They are ten times thinner than hair (around 
0.01 mm diameter), four times stronger than steel and more elastic than nylon (Michalak et al., 
2005). In addition, they are also waterproof, frost-resistant and biodegradable (Ludwig, 2018). 
Moreover, material properties of the silk threads allow the threads to switch from liquidlike to solid-
like behavior as tension across the thread changes. As a result, the threads stay taut even when 
compressed to 95% and spiderwebs remain tense (Asher, 2016). Remarkable elasticity of the 
threads allows spiders to apply tension in the construction process as they pull the threads tighter 
around their supports. Such technique resembles the concept of pre-tensioning (prestressing) 
used in civil engineering in large scale concrete constructions of buildings and bridges, placing 
spiders among leading architects and builders in the world of nature.

Other animals which use prestress when building their structures are birds – according to the 
ornithologists - best builders and most creative architects among vertebrates (Ludwig, 2018). 
They bend grass and branches as they build their nests (Fig.2.11). Such prestressed elements 
interlace each other and stay in place with the help of friction (Sehlstrom, 2019). Bird nests come 
in many different shapes and sizes: some build them on top of tree branches, others make holes 
in tree trunks and some species, such as the penduline tit, even hang them from the trees (Fig. 
2.11). This tiny bird weaves various malleable materials such as grasses and plant fibers to form 
an elongated sac suspended from a tip of a branch, whereas the finely felted inner side of the nest 
is lined with softer materials such as down or moss (David, 2019).
The concept of prestressing during the construction is also an inherent part of my research 
methodology and it is described later in chapter 4.
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Figure 2.9: Spider webs as examples of tensile constructions in 
Nature. Photo: author

Figure 2.10: Spider webs as examples of tensile constructions 
in Nature, Photo: author
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Figure 2.11: Penduline tit constructing the hanging nest. Photo: 
Dorota Kycia
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2.1.2. Man-made structures

Intrinsically efficient and functional, but also very complex and fascinating forms of plants and 
living organisms, have been inspiring architects and designers for centuries. As morphogenetic 
processes are not bound to any specific scale, they often serve as inspiration for large-scale, man-
made constructions. 

Nature’s drive to maximize performance and minimize resources became a role model that humans 
continuously learned from, which triggered developments of many efficient structures, materials, 
tools and methods. The perfection and simplicity of natural solutions still seems unsurpassed 
compared to most man-made structures, but understanding form through its interdependence 
of material and forces may shed new light on the existing building solutions, thus creating novel 
visions for future constructions. This chapter outlines the relationship between form and material 
in the built environment and presents different examples of man-made structures that use the self-
shaping principles to develop form.

2.1.2.1. Detachment of form from material

“While the biological world expresses functionality from the bottom up - through self-organization, 
cell differentiation, growth, remodeling and regeneration - the practice of design traditionally 
operates from the top down, establishing constraints that inform or guide form generation and 
construction.”

 (Oxman, 2015)

Unlike in nature, where the process of creation begins with matter shaped by the physical forces, 
contemporary architectural practice tends to be primarily preoccupied with form. It favors form over 
matter by forcing materials into predefined, often superficial geometries, whereas the functional 
aspects are often relegated to the materials or energy demanding, mechanized systems. This 
is a natural consequence of a top-down design process where construction and materialization 
happen at the very end and they do not influence the previous phases when the form is invented. 
As Neri Oxman aptly noticed, architects usually perceive materials in terms of choosing one or 
another (Oxman, 2010), rather than looking at their form-generating capacities. 

“The privileging of form is deeply embedded into our working practices, and material is rarely 
examined beyond its aesthetic or technological capabilities to act as a servant of form”

 (Thomas, 2007)

This form-driven approach can be increasingly seen in the recent decades, due to the expanding 
digitization that facilitates the design of all kinds of complex forms. Moreover, contemporary 
architecture with its economical restrictions and cultural liabilities is not as susceptible to changes 
and innovations as other industries, such as entertainment or automobile industry. Building design 
and construction are long and complex processes, therefore the superficial form often precedes 
the choice of the material, rather than the material informing the form. 

This tendency is amplified by the proliferating size and complexity of the architectural projects 
as well as increasing specialization of the architectural profession. Consequently, architects who 
design buildings have less control over their construction and operation. Large projects usually 
result from the collaboration between specialized groups coming from different fields, spanned 
over years. 

RESEARCH FRAMEWORK
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As a result, the fundamental information that unites the early conceptual phase with the construction 
phase are the drawings and models of the form. This tendency can be observed in contemporary 
built architecture, however, this has not always been the case. The times when form and material 
were closely related with each other are described in the following chapter.

2.1.2.2. Synergy of form and material

The history of material science aligned with the development of early civilizations and the way they 
interacted with the surrounding environment (Oxman, 2010). The relationship between building 
materials and possible structures that can be built from them was mentioned already around 15 
BC by the Roman architect Marcus Vitruvius Pollio in De architectura (published as Ten Books on 
Architecture), considered as the earliest treatise on architectural theory (Marcus Vitruvius Pollio, 
n.d.).  In the second volume of his book, Vitruvius distinguished several building materials provided 
by nature: brick, sand, lime, pozzolana, stone and timber. Referring to the theories of ancient 
Greek philosophers, he assumed that each natural material consists of primordial elements, or 
“indivisible bodies” such as water, fire, air or atoms, which cannot be cut up, harmed or dissolute 
and thus “retain an infinite solidity“ (Marcus Vitruvius Pollio, n.d.). Consequently, the inherent 
characteristics of each of these natural materials determine a range of forms that they can be 
shaped into (Wetmore et al., 1916).

Similar tendencies can be observed in a more contemporary discourse such as the theoretical line 
of New Materialism elaborated by the Mexican-American philosopher Manuel DeLanda (DeLanda, 
2015), for whom “neo-materialism is based on the idea that matter has morphogenetic capacities 
of its own and does not need to be commanded into generating form” (Van der Tuin et al., 2012). As 
any other theoretical framework, this concept has been mentioned before by other philosophers, 
but only recently it has converged with analogous values represented by science and technology.

These theories did not find their way yet to fully manifest themselves in the conventional architectural 
practice, but they stimulated numerous developments at smaller scales. The concept of active 
matter continues to revolutionize the world of design and construction, driven by technological 
advancements and material innovations. One of the new fields emerging within this conceptual 
framework are self-shaping textiles, described in chapter 2.4. The following chapter takes a closer 
look at the nature of the self-shaping processes and what it means to design the self-shaping.

2.1.2.3. Designing the self-shaping

If we understand design as the will to form (Gaß, 1990), the process of designing becomes the 
process of form-finding. In a traditional top-down approach, outlined in chapter 2.1.2.1, a designer 
forces material to be shaped into the desired geometry. Self-shaping processes act in an opposite 
way. Here the material “finds” the most appropriate, efficient form and self-shapes into it. In nature 
such processes happen innately, but how could one design the self-shaping?

A designer has no influence on the self-shaping process as such, but he/she can design the 
boundary conditions and the environment where the formation takes place. The result of uncontrolled 
forming processes can be influenced by varying boundary conditions. By understanding the self-
shaping principles, one can intentionally design the boundary conditions in such a way that the 
system transforms and self-optimizes into a desired geometry, given the materiality of the system. 
Such a design method corresponds to the programmed self-shaping, which has been used by 
designers and architects to find efficient, structurally stable forms for their designs.
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Scientists, engineers, architects and designers were fascinated by the morphogenetic capacities 
and self-shaping powers of matter for centuries. Attempts to understand and explore the self-shaping 
phenomena accelerated as a response to the widespread new digital fabrication technologies 
and production methods. These rapid technological developments and material innovations in 
other fields increasingly challenged the refractory architectural conventions and contributed to the 
expansion of new research themes, exploring intrinsically efficient design solutions where form is 
defined by the self-shaping capacities of materials.

2.1.2.4. Tensile structures

Most man-made structures using self-shaping principles are tensile structures - carrying only 
tension and no compression or bending. Such structures were widely used both as scaled models 
in the form-finding process as well as in the large-scale constructions. A scientist Clerk Maxwell 
argued that “tension is the most efficient way of using any material, as it utilizes all the material at 
maximum efficiency rather than just the material at the extremes of the cross-sectional form, as 
in bending” (Wood, 2020). Nevertheless, one should acknowledge that most tensile structures 
are not standing on their own. Usually, they are supported by additional compression or bending 
elements that transmit the loads to the ground.
In this chapter a variety of tensile structures is shown using Siegfried Gaß’s categorization into 1D 
linear structures, 2D surface structures and 3D spatial structures (Gaß, 1990).

1D – Linear Structures

• Catenary chain

The most basic tensile structure is a hanging chain under its own weight (Fig.2.12), supported at 
its ends (Meissner, 2015). The geometry defining the shape of such a structure is called a catenary 
curve. Derived from the Latin catena (chain), it was first defined by Thomas Jefferson in 1788 
according to whom every part of the catenary is in perfect equilibrium (Thomas, 1830).

• Catenary arch

Robert Hooke indicated in 1670 the shape of an arch as the inversion of a catenary.

The earliest presentation of a suspended model describing the load bearing behavior of a 
compressive- stressed vaulting structure was done by Giovanni Poleni in 1748 (Fig.2.13). As an 
inverted catenary it is the most optimal form of an under its own weight, Poleni used this principle 
for the cross-section of the dome of St. Peter’s church in Rome (Gaß, 1990).

• Assembled catenaries

A three-dimensional suspended model consisting of assembled weighted catenaries (Fig.2.14) 
was for the first time introduced by Antonio Gaudi. He derived catenary curves through gravity 
acting on the interconnected strings. From each arch formed by linen threads Gaudi hung small 
sacks with pellets. The weight of those sacks corresponded to the proportionally downscaled 
weight that those arches would need to support. Such a hanging chain model informed the design 
of Colonia Guell Church (1898-1908) (Tomlow, 1989). Furthermore, the search for buildings with 
equilibrated geometries inspired plenty of his building designs, such as the Sagrada Familia.
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Figure 2.12: Suspended chains with different length (Meissner & 
Möller, 2015) 

Figure 2.13: The earliest presentation of a tensile-stressed 
suspended model describing the load bearing behavior of a 
compressive- stressed vaulting structure by Giovanni Poleni. 
Drawing: Giovanni Poleni. (Poleni, 1748) 
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Figure 2.14: Suspended model for the design of Colonia Güell 
Church by Antonio Gaudi. Photo: Vicens Villarrubias, 1908. 
(Tomlow, 1989) 
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2D – Surface Structures

While Gaudi’s spatial suspended structures were derived from multiple linear elements, in 1955 
a swiss engineer Heinz Isler developed a form-finding method for compression-active shells 
(Fig. 2.15) where loads were carried by the whole surface area. He used non-conventional form-
finding methods such as expanding, inflating or hanging thin elastic membranes to inform the 
inverse double-curved reinforced concrete shells. His early experiments with the technique of 
fabric formwork are illustrated in the paper ‘New Shapes for Shells’ (Isler, 1961) showing various 
inverted, frozen shapes of suspended wet fabric (Fig. 2.16). Isler experiments „freeze” the force 
distribution in elastic membranes to express it through other materials such as concrete. By doing 
that, the softness, elasticity and flexibility of membranes are used only in the form-finding process 
and then transformed into rigid, heavier constructions. 

A different approach can be found in the early form-finding experiments by Frei Otto, who used the 
material elasticity for both: form-finding of scaled models as well as large scale textile constructions. 
Otto used soap bubbles as medium to express physical laws and studied the capacity of soap film 
to form minimal surfaces, due to its surface tension. As soap film contracts to the smallest surface 
possible in a given boundary, he experimented with various boundary conditions (Fig.2.17). His 
material explorations gave foundations to the development of large-scale, lightweight, tensile 
structures such as the West German Pavilion for the Montreal Expo (1967) and the Olympic 
Stadium in Munich (1972) (Bach et al., 1988).

3D – Spatial Structures

Spatial structures are structures branching in space under triaxially acting tensile forces. There 
are not that many built examples of such structures due to their great complexity, however several 
scaled models have been developed (Fig. 2.18) (Gaß, 1990), demonstrating potential of such 
structures in future constructions.
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Figure 2.15: Examples of various possible shell forms, from ‘New 
Shapes for Shells’ . © IASS Archive (Isler, 1960) 
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Figure 2.16: Draped frozen fabric initially supported by a central 
pole and an arch. © gta Archives / ETH Zurich, Heinz Isler (Fivet 
& Mueller, 2016) 
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Figure 2.17: Soap film form-finding. Minimal surfaces in a frame 
with curved edges. In the upper image die arches form angles of 
90 degrees, whereas in the lower image they form acute angles. 
Photos: IL- Frei Otto - 1960 (Bach et al.,1988)

Figure 2.18 Spatial linking of a hexagonal mesh fabric. Photo: IL 
Archiv, Klaus Bach, 1987 (Gaß, 1990)
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2.2. TENSILE FABRIC STRUCTURES 

Tensile structures, which belong to the category of 2D surface structures (described in more detail 
in chapter 2.1.2.4), are constructed with the use of pre-tensioned fabrics, membranes or nets. 
As the weight of tensile structures is negligible compared with external loads such as wind or 
snow, forms of such structures are primarily determined by tensile forces. Fabrics are thin, light 
and flexible, withstand great loads and can cover large spans with minimal use of materials and 
energy, which makes them ideal for tensile constructions.

Fabric structures contributed to the formulation of a new concept of architecture as flexible, soft 
and lightweight, where the form corresponds to the condition of stress. This vision challenges 
the traditional understanding of architecture, focused on building rigid structures from heavy 
materials under gravitational force (Berger, 2005). Flexible fabrics, as opposed to rigid buildings, 
transformed the world of tensile architecture through lightweight and intrinsically efficient textile 
structures of increasing complexity.

The following quote from Kronenburg highlights the differences between fabric structures and 
traditional buildings, accentuating the revolutionary character of textile architecture:

“Architectural fabric structures are a form of building that can almost be considered a contradiction 
in terms. Fabrics represent some of the lightest artifacts made by humanity, and yet, buildings 
represent some of the heaviest. Because of their lightweight nature, fabrics are also flexible and 
mobile, whilst buildings, at least in the traditional sense, are solid and permanent”. 

(Kronenburg, 2015)

This chapter provides an overview on the historical development of textile structures in architecture, 
from their earliest use such as portable nomadic tents to present day large-scale high-tech textile 
constructions.  

2.2.1. Tent

Textile structures have been used in architecture since humankind first began to build. Nomadic 
tribes from all over the world used fabrics to build shelters for themselves and their animals, taking 
advantage of their tensile strength, flexibility and adaptability (Faegre, 1979). Fast to construct 
and lightweight tents were initially built from natural and local material such as skins, barks, woven 
mats or woolen fabrics, and as such, they are considered one of the oldest forms of vernacular 
architecture (Faegre, 1979). 
Initially, the purpose of these primal fabric structures was analogue to the one of clothing: “to 
provide privacy, environmental modification and protection, intended as a means of generating 
shelter when necessary rather than as enclosures of permanent space” (Harvie, 2020). 
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Figure 2.19: Different forms of tents: A-C based on pre-stressed 
membranes and D-G based on doubly curved prestressed 
membranes. (Otto, 1990)

Figure 2.20: Bedouin encampment in the Sahara and the Atlas 
mountains- the black tent. © Wikimedia Commons (Source: 
https://en.wikisource.org/wiki/Popular_Science_Monthly/
Volume_52/March_1898/Aspects_of_Nature_in_the_African_
Sahara:_A_Summer_Journey_I)
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There are different construction principles of the early tent structures (Fig.2.19): the more sedentary 
ones where the fabric is draped around a rigid framework and the portable ones where the fabric 
is spanned over poles with tension wires (Otto, 1990). One of the most widespread types of a 
stretched tent is the Bedouin tent, known also as the black tent (Fig.2.20). 
Black tents were primarily made of coarsely woven goat hair, which allowed the dark fabric to 
block the sun, breathe and cool the air inside. During the rain the wool fibers swell, and the weave 
becomes watertight. (Beukers & Van Hinte, 2005). These versatile characteristics of the black tent 
helped nomadic tribes to cope with the challenging environmental conditions, allowing them to 
inhabit deserts and mountains. 

“Because tents have always been designed to harmonize with their environments, they provide 
exemplary prototypes for modern shelters.”  

(Mack et al., 1980)

2.2.2. Woven origins of buildings

„As the nomadic existence of the Paleolithic age gave away to the first settlements, the transportable 
tent like huts clad in animal skins were replaced by architecture designed to last generations, the 
first building materials to emerge were not masonry, but woven. A meshwork of straw or grass 
fibers together as a roofing material, and wattle, a lattice of flexible twigs and small branches 
woven horizontally through a series of vertical wooden stakes, were the standards for a building 
‘s exterior surface. The wattle provided excellent tensile strength, held fast by clay daub – the 
combination formed as efficient structure that made an integrated fabric (….) the basic concepts 
of ancient wattle-and-daub and thatch techniques still apply to these lightweight building systems. 
“

(Beesley et al., 2005)

The concept of the building’s woven origins was developed by the German architect Gottfried 
Semper, who claimed that the “beginning of buildings coincides with the beginning of textiles” 
(Semper, 1851). In his book ‘The Four Elements of Architecture’ published in 1851, Semper used 
an example of the Caribbean hut (Fig. 2.21) to distinguish four elements of architecture: hearth, 
roof, enclosure and mound. He described the knot (Fig. 2.22) as the oldest tectonic joint in history 
(Garcia, 2006) and argued that enclosures (walls) developed historically from weaving. For 
Semper, architecture originated from the primal need to distinguish interior and exterior spaces 
with dividers such as “fencing made of branches, for example, or hanging tapestries of woven 
grasses” (Semper, 1851, All Answers Ltd., 2018).

The earliest textile structures were usually small-sized, functional and temporal. From these 
functional origins they gradually evolved into large-scale, permanent structures used in cities for 
recreational purposes, such as theaters or shelters for circus troops.
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Figure 2.21: Drawing of the Carribean Hut. (Semper, 1863)

Figure 2.22: Textile knot as the oldest joint in history. 
(Semper, 1860)



37

2.2.3. Historical development of fabric structures

Shipbuilding industry played an important role in the development and upscaling of fabric 
architecture, aiming to improve the design of sails (Fig.2.23). Sailing experience informed the 
development of numerous large-scale textile structures, dating back to the period of classical 
Roman architecture. Some of the most sophisticated examples demonstrating the technological 
transfer between shipbuilding and construction industries were the retractable shade structures in 
Roman amphitheaters (Fig. 2.24). Among many other amphitheaters, the Colosseum in Rome (AD 
70-82) was partially covered by a temporary shading structure called velarium. This tensile canvas 
with the diameter of 168 x156 meters (Colosseum, n.d.) was made of the same fabric used by the 
shipbuilders to produce sails (from Latin velum). 

Moreover, the structure of velarium was erected by sailors who were familiar with the systems 
stabilizing the masts of the sailing ships (Kuusisto, 2010). The fabrics were suspended from 
horizontal “masts”, which cantilevered from vertical masts, connected by the network of stay 
ropes and struts (Berger, 1996). Those retractable textile roofs can be considered a milestone in 
transferring maritime technology to architecture (Shareef & Al-Alwan, 2021).

Furthermore, the lightweight and portable character of textile structures brought about the 
expansion of military tents, first designed by the Romans to satisfy the army requirements. These 
tents could be easily assembled and dismantled on site. By the first century BC the tents of the 
Roman Legions were widespread (Shareef & Al-Alwan, 2021), however utilizing these portable 
and mobile fabric structures was inherited also in other parts of Europe, such as by the Byzantine 
armies of the seventh century (Harvie, 2020).

Finally, textiles allowed people to conquer not only water, but also air. Their lightness inspired the 
development of lightweight structures related to aviation, such as kites (Kuusisto, 2010). Kites may 
be seen as predecessors of airplanes as well as architecture (Rudofsky, 1977), as they existed 
for about 3000 years (Beukers & Van Hinte, 2005). Man-lifting kites (Fig.2.25) are believed to 
have been used extensively already in ancient China, (Man-lifting kites, n.d.), bringing the age-old 
dream of flying one step closer to reality (Mukherjee, 2019). One of the man-lifting kite pioneers 
in the industrial age was Samuel Franklin Cody, who invented a kite for military use called the Bat 
and in 1901 patented his design.

Described examples demonstrate the susceptibility of textiles to the influences from other fields 
and industries, as well as their potential to trigger further developments in these industries. Due to 
their unique properties such as lightness, adaptability and high tensile strength, textiles were often 
catalysts of technical and material innovations. They created numerous cross-linkages between 
the disciplines already thousands of years ago and continue to do so until now.
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Figure 2.23:  The four masted barque „Archibald Russel“ under 
sain in sea, built in 1905. Photo: Allan C. Green. © Wikimedia 
Commons. Source: State Library of Victoria - Allan C. Green 
collection of glass negatives, https://commons.wikimedia.org/
wiki/Category:Photographs_by_Allan_Green

Figure 2.24: Reconstructions by Rainer Graefe of Roman shade 
structures called “vela“. Amphitheater in Pompei (left) and detail 
showing the configuration of the vela system (right). © Rainer 
Graefe (Berger, 1996)

Figure 2.25: Man-lifter War Kite designed by Samuel Franklin 
Cody. © Wikimedia Commons (Source: https://en.wikipedia.org/
wiki/Samuel_Franklin_Cody) 

https://en.wikipedia.org/wiki/Samuel_Franklin_Cody
https://en.wikipedia.org/wiki/Samuel_Franklin_Cody
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Figure 2.26: The Hyperboloid Tower Project of 350 metres by 
Vladimir Shukhov, 1919. © Wikimedia Commons (Source: https://
en.m.wikipedia.org/wiki/Shukhov_Tower)
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The functional aspects of textile structures reappeared in the nineteenth and twentieth century as a 
reaction to the technological advancements in structural engineering. New construction methods 
enabled building first large-scale tensile structures where the overall geometry was informed by 
material tension. The world’s first hyperboloid structure (1896) by V. Shukhov (Fig.2.26) and the 
doubly curved, pre-stressed saddle structure of the Dorton Arena (1952) by M. Nowicki are one of 
the first large-scale manifestations of these new structural aesthetics (Harvie, 2010).

Development of large-scale textile structures was further advanced by Frei Otto who drew 
inspiration from earlier tent constructions, which expressed the unity of form and structure. Otto 
developed models and form-finding methods for large tent-like structures, where the form was 
produced by self-formation of soap lye within a given boundary. He categorized and cataloged 
the possible forms and distinguished various tent-line forms depending on the support type, such 
as: pointed tent – supported on one point, arched tent – with a linear support, humped tent – 
supported two-dimensionally, wave tent- supported peripherally or hybrid formats between these 
(Otto, 1990). 

The Dance Fountain pavilion in Cologne, designed by F. Otto in 1957, is an example of a wave tent, 
whose form was based on a soap-film model (Fig.2.27) (Wenzel et al., 2019). The structure covers 
a 648 sqm round dance floor and is supported by six masts with alternating high points and thus 
resembling a wavy shape and symbolizing the dancing movement (Fig.2.28). Even though it was 
planned as a temporary structure for one season, it was subsequently erected for various summer 
events, only initial cotton sailcloth was replaced in 2001 by a polyester fabric. In the following 
years, Otto built other larger textile exhibition pavilions and halls, all of them being sculptural, 
lightweight and elegant manifestations of tensile forces (Otto et al., 1995, Wenzel et al, 2019).

As rope net constructions behave similarly to membrane constructions, but they can cover larger 
spans, at some point they became alternative solutions for large tensile structures.  An example 
of such construction is the German pavilion in Montreal (Fig. 2.29- 2.30), designed in 1965 by 
F. Otto and R. Gutbrod (Kleinmanns, 2000; Meissner & Möller, 2015). This rope net structure 
was built of 12mm thick steel ropes in a 50 cm mesh grid (Otto et al., 1995) and a PVC-coated 
Polyester fabric was hung 50 cm below the net, as weather protection. This prefabricated steel net 
could be assembled on site, which allowed fast assembly process, easy manufacturing and safe 
construction (Otto et al., 1995).

Further developments include compression-active gridshell structures, which result from the 
inversion of suspended meshes under the tensile stress. Here, similarly to the early soap film 
models of Frei Otto, the tensile forces are used only in the form-finding process, whereas the final 
structure is subjected to compression. 

One of the examples of the large-scale gridshell structures is the Multihalle at the German Federal 
Garden Exhibition in Mannheim in 1975, designed by Frei Otto. The form of the Multihalle was 
created by the catenary model (Fig. 2.31), which was then translated with the help of Ove Arup’s 
engineers into a double-layers grid made of 5 x 5 cm wooden lattice (Fig. 2.32) to span over 85 m 
long hall (Meissner & Möller, 2015).
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Figure 2.28: Built Dance Fountain Pavilion. © saai | Archiv 
für Architektur und Ingenieurbau am Karlsruher Institut für 
Technologie. Werkarchiv: Frei Otto

Figure 2.27: The soap film model for the Dance Fountain in 
Cologne. © saai | Archiv für Architektur und Ingenieurbau am 
Karlsruher Institut für Technologie. Werkarchiv: Frei Otto
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Figure 2.29: Interior of the German Exhibition Pavilion at the 
World Exposition Montreal 1967 by Frei Otto. © saai | Archiv 
für Architektur und Ingenieurbau am Karlsruher Institut für 
Technologie. Werkarchiv: Frei Otto

Figure 2.30: Overall view of the completed pavilion of the 
German Exhibition Pavilion at the World Exposition Montreal, 
built according to Frei Otto’s and Rolf Gutbrod’s design in 1967.   
© saai | Archiv für Architektur und Ingenieurbau am Karlsruher 
Institut für Technologie. Werkarchiv: Frei Otto



43

Figure 2.31: Hanging chain model for form-finding of the 
Multihalle in Mannheim, 1975. © saai | Archiv für Architektur und 
Ingenieurbau am Karlsruher Institut für Technologie. Werkarchiv: 
Frei Otto

Figure 2.32: Wooden gridshell of the Multihalle in Mannheim, 
1975. © saai | Archiv für Architektur und Ingenieurbau am 
Karlsruher Institut für Technologie. Werkarchiv: Frei Otto
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2.2.4. Recent developments of textile architecture

“In early times and until the 1970s, most of the membrane structures built were meant to be 
temporary. This applies to early Roman shading systems, military, nomad and circus tents, as well 
as to Frei Otto’s early oeuvre. Today, this has changed significantly. Nowadays, most buildings that 
use foil and coated textile materials are planned and realized to last for years, if not decades.” 

(Cremers, 2015)

The second half of the twentieth century and the beginning of the twenty-first century witnessed the 
widespread permanent textile structures (Chilton, 2010), taking advantage of their tensile strength 
and ability to economically span large distances. Examples of such large-scale structures are the 
roof of the Hajj Terminal at Jeddah Airport (1981), Richard Rogers’ 320 m diameter Millennium 
Dome (2000) or Nicholas Grimshaw’s Space Center Rocket Tower in Leicester (2001). This digital 
era is characterized by the developments in computer technologies as well as computer-aided 
manufacturing, profoundly influencing the possibilities of design and construction. Contemporary 
textile structures, informed by advanced CAD/CAM technologies, contribute to the architectural 
discourse that the dutch architect Lars Spuybroek described as a “textile way of thinking” in 
architecture (Garcia, 2006).

Alongside with the polymeric materials represented by textile membranes and coatings, the 
beginning of the twenty-first century is portrayed also by other material innovations (Shareef & Al-
Alwan, 2021), as well as development of high-tech fibers. The emergence of advanced materials 
and synthetic fibers revolutionized textile architecture, as robust and resistant membranes became 
an alternative and attractive solution compared to other building materials. Another advantage of 
fabric architecture is the potential to lower the energy costs of buildings, as it could reduce solar 
gain, cooling loads and peak electricity demands (Garbe, 2010).
Yet most contemporary architectural fabrics are framed by rigid elements, thus bereft of their intrinsic 
softness and elasticity. Additionally, built textile structures usually use fabrics as homogeneous 
and uniform surfaces. Most of them utilize membranes in the macro scale to cover large areas, but 
there are not many realized projects that look closer at the meso scale of the textile logic, or even 
at the micro scale of the fibers. Such complexity can be observed in fashion and textile industries, 
where knitted fabrics display enormous diversity of patterns and densities, but it is still missing in 
the architectural realm. 

One of the recently erected textile structures, challenging these hitherto conventions, was Isoropia- 
a textile hybrid structure, built in 2018 for the Danish Pavilion at the Giardini della Biennale in Venice. 
This spatial installation was a collaborative effort between CITA, Center of IT and Architecture, str.
ucture, AFF-A. Ferreira & Filhos, SA, DSM Dyneema B.V and Alurays lighting technology GmbH. 
It consisted of flexible glass fiber rods and CNC- knitted fabric produced to optimize its structural 
performance. Its form resulted from the search for equilibrium between the tensile forces of the 
bend rods, counterbalanced by the knitted fabric with areas of more and less stretch. (Isoropia, 
n.d.) Isoropia was made from more than 40 custom CNC knitted membranes that were set in the 
structural balance with bent GFRP rods and tensioned cables. (Isoropia at the 16th international 
architecture exhibition, La Biennale di Venezia, n.d.; La Magna et al., 2018)
This 35-meter-long canopy was not yet a fully functional building, but an example of what can be 
done in the context of large-scale fabric structures with the help of digital modeling and simulation 
tools, as well as new fabrication techniques. Considering recent developments in material science 
and technological innovations, the vision to materialize equilibrated forms with optimized structural 
performance and minimized use of material, can now become the reality.
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2.3. TECHNOLOGICAL ADVANCEMENTS

2.3.1. Materiality in the digital age

The concept of materiality has been evolving since the beginnings of philosophical thought and so 
has the material creation. Materiality in this context is referred to as “the quality of being material” 
(Material vs Materiality, n.d), where material is matter that can be shaped. Both terms have been 
theorized in accordance with the technological progress triggering the erection of buildings, 
machinery and everyday objects. Just as the First Industrial Revolution transferred craftsmanship 
to mechanized and standardized production, the twenty-first century technological developments 
brought digitalization of material culture. 

With advanced computational design and production methods we can nowadays integrate 
performance-based feedback and material constraints into the very early phases of the design 
process. Achim Menges argues that the role of materiality in the architectural practice gradually 
acquires new understanding, where material becomes an active form generator. Consequently, 
we are facing a perceptual shift, where „materiality coexists with design in the form of explorative 
cyber-physical process” (Menges, 2015). According to Menges, digitization continuously changes 
our conception of material, as the design process and the production process are no longer 
separate entities. Subsequently, computation becomes “a key interface for material exploration, 
enabling engagement with aspects of the material world that until recently were too far removed 
from the modalities of designer’s sense and intuition” (Menges, 2015). 
By being able to explore with the help of digital technologies not only the geometrical, but also 
the material aspects in early design stages, we can address the materiality in the very beginning 
and design according to its potentials and limitations. In consequence, the perception of material 
as static and passive is increasingly challenged by visions of “active matter” (DeLanda, 2015, 
Tibbits, 2017) where material can be programmed for desired behavior. The idea that material has 
its morphogenetic capacities was further elaborated by Manuel DeLanda who formulated a wider 
theoretical framework of New Materialism, described in chapter 2.1.2.2.

“Gone is the Aristotelian view that matter is an inert receptacle for forms that come from the outside 
(transcendent essences), as well as the Newtonian view in which an obedient materiality simply 
follows general laws and owes all its powers to those transcendent laws. In place of this, we can 
now conceptualize an active matter endowed with its own tendencies and capacities, engaged 
in its own divergent, open-ended evolution, animated from within by immanent patterns of being 
and becoming.”

 (DeLanda, 2015)

Parametric design models informed by simulations of material performance outline only one 
aspect of how the digital era reshapes design processes. Another aspect is material innovation. 
Recent technological advancements and inventions on the molecular level of material composition 
revolutionize the world of materials, pushing the limits of scale and functionality. Everyday objects 
become smaller and smaller as their performance constantly increases. Materials become smarter, 
lighter, stronger and more sustainable. Additionally, researchers and designers increasingly 
explore a growing field of adaptive and living materials, able to self-actuate and reconfigure. MIT 
Center for Bits and Atoms develops digital materials with programmable properties, continuously 
overcoming the limits of what is possible.
Neri Oxman highlights further aspects of how computation affects the understanding of materials, 
simultaneously criticizing the way we primarily use the digital tools. She claims that even though 
advanced computational tools allow us to fabricate forms of increasing variety and complexity, 
they mostly take into consideration only materials with homogeneous properties. 
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According to Oxman, such simplification of architectural materials is very far from natural 
materials (Oxman, 2015). Most of the materials found in nature are anisotropic- having directional 
dependency of physical properties. Physical properties of wood for example, such as strength 
and hardness, differ significantly depending on the direction where they are measured. Inspired 
by such characteristics of natural materials in combination with advanced digital design and 
fabrication tools, Oxman envisions Material-based Design Computation where material anisotropy 
is used as design strategy to create heterogeneous structures, emphasizing a “nonhierarchical 
relationship between form, structure and material” (Oxman, 2010).

Despite these visionary attitudes and cutting-edge developments, there is still a gap between 
the very progressive experiments on a smaller scale and the more conservative large-scale 
building constructions. Digital technologies allow us to compute enormous complexities, but their 
manufacturing process remains relatively complicated and expensive. How could we efficiently 
materialize such complexities? Could intelligent, programmable materials able to adapt to various 
conditions be an answer to that question?

2.3.2. Additive manufacturing 

Additive manufacturing, colloquially referred to as 3D printing, has been one of the fastest evolving 
technologies in the last couple of years, continuously expanding the possibilities of fabricating 
physical objects. From the first 3D printing machines of the early 1980’s until now the 3D printing 
technology has developed significantly and continues to evolve and innovate. Different industries 
explore its potentials by looking at aspects such as scalability, materiality or printing resolution. 
This robust technology revolutionizes sustainable design not only by using advanced and eco-
friendly materials, but also by implementing new business models such as local production.

2.3.2.1. What is 3D printing? 

3D printing (also named rapid prototyping) refers to a variety of additive processes in which 
material is deposited, joined or solidified to create three-dimensional solid objects from a digital 
file, typically layer by layer (3D printing, n.d.). This digital aspect differentiates 3D printing from 
other additive building processes which existed throughout history such as welding or bricklaying 
(Warnier, 2014).In order to print a three-dimensional object, its 3D model must be translated 
into a so-called G-code – a language that the printer can read. For such data translation, the 
object is sliced into horizontal layers, which are further converted into X and Y coordinates. The 
layer thickness affects the print resolution- the lower the thickness, the higher the resolution and 
smoother the surfaces of the object. As the precision, repeatability, and material range of 3D 
printing have immensely increased in the last couple of years, 3D printing is now considered 
viable as an industrial-production technology (3D printing, n.d.). 

2.3.2.2. Types of 3D printing processes

Numerous different 3D printing technologies were developed over the last 40 years and new 
technologies appear on the market all the time. Within this broad range of possibilities, most 
used technologies are now fused deposition modeling (FDM), Selective laser sintering (SLS) and 
stereolithography (SLA) (Warnier, 2014).
Fused deposition modeling is a process where a continuous thermoplastic filament is melted, 
extruded through a nozzle and deposited layer by layer. Every new layer connects to the previous 
one through heat and hardens soon after the extrusion. 
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Selective laser sintering is another process which uses a laser to sinter powdered material. First, 
a thin layer of powdered material is deposited on a built-in platform. Secondly, the laser draws in 
space a section of a given model and melts material by heat. After the laser passes, another layer 
of powder is deposited, and the process repeats until the 3D model is printed. Stereolithography 
(also known as resin printing) on the other hand uses photopolymerization – photochemical 
processes where material bonds with light. Here the laser draws sections on the surface of a liquid 
photopolymer resin that solidifies when exposed to light (Warnier, 2014).

2.3.2.3. Scaling up 3D printing processes

Researchers and engineers incessantly come up with new inventions in order to overcome the 
size limitations of the 3D printers, creating future visions for 3D printed architectures. Construction 
industries use robotic 3D printing, which allows to enlarge the print size to the extension of the 
robotic arm. In order to overcome these limitations, researchers from IAAC developed a system 
of distributed small robots with various functionalities, enabling printing large-scale structures 
directly on site. These small-scale construction robots were mobile and capable of constructing 
objects much bigger than the robot itself (Jin, 2013).
One of the earliest attempts to 3D print a full-scale house was the 3D Print Canal House initiated by 
DUS architects in Amsterdam (Sacchetti, 2013). The house consisted of various printed elements, 
each of them showcasing another iteration of the design process. This prototypical project aimed to 
revolutionize the building industry by offering customized building solutions. Other developments 
were carried out to showcase the possibility of 3D printing large building elements without the 
necessity to divide them into smaller parts. One of such projects was the installation Concrete 
Choreography developed by the researchers from the Digital Building Technologies at ETH Zurich. 
This series of 3D printed customized concrete columns demonstrated the potential of concrete 
3D printing as an alternative to concrete formwork (Anton, 2019). One of their older projects- The 
Digital Grotesque II focused on different aspects such as geometrical complexity and 3D printing 
resolution. This full-scale, highly ornamental grotto was 3D printed from 7 tons of sandstone, 
challenging the limitations of this fabrication technology. This project demonstrated that thanks 
to 3D printing, “complexity and customization are no longer impediments in design” (DBT, n.d.). 

Moreover, the challenge of upscaling the construction process encouraged researchers to come 
up with new, stronger and more resistant printing materials. As 3D printing cementitious materials 
gained in popularity in the last couple of years, new materials appeared on the market, such 
as ultrahigh performance concrete, suitable for large-scale manufacturing without the use of 
temporary supports (Gosselin, 2016). Such and other similar technological developments enable 
the rise of full-scale 3D printed buildings, as for example the 3D printed school in Madagascar 
designed by Studio Mortazavi, planned to be launched by 2022 (Suri, 2021). Developments of 
other types of 3D printing materials are described in the following chapter.

2.3.2.4. New 3D printing materials

Scale is not the only challenge that rapid prototyping faces before entering the construction 
industry. Compared to other technologies such as milling or casting, 3D printing is a much slower 
process, while the quality of industrial materials is often better than that of the 3D-printed ones. 
However, as 3D printers became more affordable and available to consumers, plenty of online 
open-source platforms were developed to support the community, inviting experimentation with 
low-cost manufacturing and Commons-based peer production (Kostakis, 2013; 3D printing, n.d.). 
The interdisciplinary, bottom-up communities are continuously growing, exchanging their expertise 
and developing new materials, filaments and production methods. 
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One of the emerging research fields focuses on the development of new 3D printing materials: 
phase-changing, adaptable, recyclable or biomaterials. The R&D studio The New Raw from 
Rotterdam fits in with this trend, as they utilize recycled plastic waste to create their own printable 
material, used to 3D print their products. As part of the social intervention called ‘Print your City!’, 
they ask citizens to recycle their household plastic waste and transform it into raw material for 3D 
printing of public furniture (Print Your City- Amsterdam, n.d.). 

The possibilities to create new materials are further enhanced by the developments of new 3D 
printing machines, such as multi-material 3D printers that can simultaneously print multiple 
materials and colors. Some of these printers can even read directly the material data of the CAD 
file, which allows them to produce smooth color gradients or vivid textures gradually transitioning 
from opaque to transparent or from hard to soft. 

Other material innovations are often driven by the industries, aiming to improve the technologies 
they use and the products they produce. Automotive industry, for example, explores the possible 
applications of 3D printing to enhance the production. Volkswagen 3D prints manufacturing tools 
and implements HP’s Metal Jet technology to customize metal parts such as tailgates or gear-shift 
knobs, Porsche prints multiple spare parts for the classic cars, whereas a company called Local 
Motors already in 2014 created the first fully 3D printed electric car- Strati (7 Exciting Examples 
of 3D Printing in the Automotive Industry, 2019). Numerous companies created projects for 3D 
printed motorcycles such as the topologically optimized, electric Light Rider from APWORKS 
(2016), whose frame is 30% lighter than its traditionally made counterparts (7 Exciting Examples 
of 3D Printing in the Automotive Industry, 2019).

Parallel to the on-going material research, also entirely new printing methods are being invented. 
Researchers from the MIT Self-Assembly Lab developed an experimental printing process called 
Rapid Liquid Printing (Hajash, 2017), which draws in a 3D space within a gel suspension. Such 
a process is much faster than conventional 3D printing. Other developments include rapid liquid 
printing (RLP), such as printing liquid metal within a powder support, or 3D printing of pneumatically 
activated objects (Sparrman et al., 2019). 

Moreover, additive manufacturing is often combined with other production methods and applied 
in different fields. Fashion sector, for example, experiments with 3D printing directly on textiles. 
Dutch designer Iris van Herpen is known as one of the pioneers associated with high-technology 
fashion, mainly additive manufacturing (Warnier, 2014). The 2013 collection for Voltage presented 
a variety of highly sophisticated 3D printed garments including a cape and skirt designed in 
collaboration with Neri Oxman from the MIT Media Lab (Fig. 2.35).
Another Dutch R&D studio called ‘Labeledby’ 3D prints on pre-stretched fabrics to create wavy 
garments and fashion accessories, thus supporting personalized, localized clothing production. 
They develop ways to print buttons, zippers, buckles and hooks, to then assemble textiles into 
wearables. This methodology was initially developed by The MIT Self-Assembly Lab and named 
“4D printing” (Fig. 2.36): the self-transforming structures that reconfigure into pre-programmed 
geometries, changing shape and function over time (Tibbits, 2013; 2014). As 3D printing becomes 
more robust and increasingly affordable, it has a lot of potential to be utilized in combination with 
hybrid textiles in the architectural scale. This methodology is described in more detail in chapter 
2.4.6.

The robust  3D printing technology can facilitate the shift to digital manufacturing, as part of 
the digital transformation trend. According to the AMFG, advantages of 3D printing for digital, 
localized, sustainable and customized production will “forge the path for the technology into the 
future of manufacturing” (The Fall and Rise of 3D Printing: How the Pandemic Has Impacted the 
Industry, 2020).
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Figure 2.33: Iris van Herpen and Neri Oxman: Voltage. 
Photograph: Boy Kortekaas, © Bild-Kunst, Bonn 2022 (Warnier, 
2014)

Figure 2.34: Active Shoe, Christophe Guberan and Carlo Clopath 
+ Self-Assembly Lab, MIT
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2.3.3. Developments in the textile industry

This chapter looks at the historical development of the textile industry. Even though textile making 
is an ancient activity, it has been continuously transforming and advancing in search for new, 
cutting-edge solutions. Robust and versatile textiles always played an important role in the way 
humans interacted with their environment, often driving and revolutionizing developments in other 
industries (Richter, 2016). From the very practical origins such as clothing, every-day objects, 
tent-like shelters or woven huts (Semper, 1851), textiles turned into decorative commodities and 
trademarks of luxury (Richter, 2016).  

Several inventions in textile manufacturing in the second half of the 18th century, such as the 
power loom, flying shuttle or cotton spinning mule, significantly altered the speed and scale of 
textile production. Consequently, textiles became the catalyst of the First Industrial Revolution, 
which mechanized and industrialized the prevailing handicraft production.
Another technological breakthrough emerged in the twentieth century and encompassed the 
invention of synthetic fibers and dies (Sammler, 2016). This time the spark of innovation was not 
the new technology, but the invention of a new material. 

Nowadays, new methods of textile processing and fabricating such as three-dimensional 
knitting, digitally driven looms or robotics allow to reintroduce the traditional techniques of textile 
manufacturing and craftsmanship, while at the same time allowing customization in various scales 
– from the macro scale of textile construction techniques to the micro scale of fiber materiality. 
Moreover, the  integration of the global market and widespread digital technologies intensify the 
exchange between the textile industry and developments in other fields. Advancements of CAD, 
CAM and CIM technologies as well as expanding digitalization once again transformed the textile 
industry, enabling production of highly engineered fibers that challenge the weight-to-strength 
ratio. Unlike the early synthetics once developed to imitate natural fiber, the new generation 
synthetic fibers can be made to the exact specifications (Clarke, 2005), such as ultra-lightweight 
and high-stretch or hollow fibers that trap air to retail heat. Resulting microfibers have 1/60th 
the thickness of an average human hair and ultra-microfibers 1/200th of that thickness (Clarke, 
2005). Matilda McQuaid in the introduction to the book ‘Extreme Textiles: Designing for High 
Performance’ (McQuaid, M, 2005) argues that high-performance textiles are some of the most 
innovative and purest examples of design today and they can be seen everywhere, from clothing 
and accessories, sailing boats, car skins, spacesuits all the way to large-scale building canopies. 
“What can be stronger than steel, faster than a world’s record, lighter than air, safer than chin mail, 
and smarter than a doctor?” (McQuaid, 2005) According to McQuaid, textiles are the answer to all 
those questions.

Textile production nowadays is highly influenced not only by the digitized construction, but also 
by an entirely new approach to materials. The intersection of textile construction with information 
technology and electronics initiated the development of smart materials, able to respond to heat, 
light or chemical changes and act by conducting electricity, harvesting energy or even changing 
shape (Colchester, 2009). Smart textiles now have properties that were previously unimaginable. 
The growing field of e-textiles, for example, takes advantage of the thermo-chromic inks and 
conductive fibers to promote textiles responding to the external stimuli. 

Furthermore, recent developments in nanotechnology and material science brought about another 
technological revolution where materials can be designed at the atomic scale (Colchester, 2009). 
A combination of digital textile production techniques and the possibility to locally control the 
properties of fibers and yarns allows us to envision a new world of sophisticated, continuous 
fibrous constructions with enhanced performance and heterogeneous properties.
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2.4. SELF-SHAPING TEXTILES

2.4.1. Hierarchical structure of textiles

Textile (Lat. Textilis: woven) is not a material in the sense of a tangible substance. Instead, it is defined 
by the construction method of combining fibers or yarns. David J. Spencer in his comprehensive 
book on the knitting technology distinguishes three principal methods of mechanically manipulating 
yarns: interweaving (weaving), intertwining/ twisting (including various techniques such as 
braiding and knotting) and interlooping (with knitting as the most common method) (Spencer, 
1996) (Fig. 2.35). Yarns themselves can be composed of quite different materials, from the natural 
plant and animal fibers to the technical fibers developed from glass or carbon (Sauer, 2016). The 
term ‘textile’, analogous to its synonyms such as cloth or fabric, refers to a soft, flexible piece of a 
fiber-based material (Blonder et al., 2019). Here the characteristics of both: material and structure 
are interconnected, which resembles the relationship between material and structure in natural 
organisms where both grow simultaneously (Fratzl & Weinkamer, 2007). 

Another feature that brings textiles and natural materials closer to each other is their hierarchical 
structure. Many biological tissues, such as wood or bone, are fiber composites with a hierarchical 
structure (Fratzl & Weinkamer, 2007), which allows them to display different properties and 
functionalities by adapting the structure across different scales (Vincent, 2008). According to Julian 
F.V. Vincent from the University of Bath, one of the consequences of the hierarchical structure is 
adaptability, which increases proportionally to the amount of hierarchy levels (Vincent, 2008).

“And the hierarchy is a direct outcome of the self-assembly system in biology, itself driven by the 
in-formation at molecular level.” 

(Vincent, 2008)

Hierarchy can be also observed in textile structures, which makes them robust and prone to 
local differentiation. The process of knitting, for example, embodies at least three different levels 
of hierarchy: the level of fiber, yarn and fabric (Eadie et al., 2011). Properties and mechanics 
of a knitted textile can be altered locally on every scale: on the level of fiber- influenced by its 
materiality, on the level of yarn- by the amount of twist, and on the level of fabric- by the stitch 
pattern. This multiscale control over the textile allows us to embed different properties on different 
hierarchy levels and thus, create multifunctional and adaptable structures. Consequently, textiles 
become perfect case studies for testing Oxman’s theory of heterogeneous, anisotropic materials 
described in chapter 2.3.1 and conceptualizing adaptive textiles that shape themselves due to 
their hierarchical inner structure.
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Figure 2.35: Textile construction techniques from top to bottom: 
Interweaving, Intertwining/ twisting, Interlooping. Categories 
defined by Spencer. (Spencer, 1996)
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2.4.2. Textiles that shape themselves

Self-shaping textiles investigated in this doctoral thesis refer to the textiles produced through  
digital fabrication technologies, such as additive manufacturing, but the concept of self-shaping 
textiles existed also far before the invention of computers. An example of such textiles are fabrics 
woven with highly twisted yarns, dating back at least to ancient China, with the silk fabric from 
the Shang Dynasty (1600-1027 BC) being one of the earliest found examples (Richards, 2012). 
Although these fabrics are flat while woven on the loom, once washed, they transform and self-
organize into rippled or pleated textures. As the water is absorbed, yarns of different elasticity pull 
against one another and deform the fabric (Richards, 2012). 

2.4.3. Highly twisted yarns

Yarns may be created either from continuous filaments or shorter fibers. These made of short 
fibers, such as wool or cotton, must be twisted in order to gain more strength. Twisting fibers into 
a yarn in the process called spinning can be dated back to the Upper Paleolithic (Johnson, 2015). 
Yarns can be twisted in two different directions (referred to as S-twist and Z-twist) and by different 
amounts, which determines the angle of the twist. In general, the higher the twist, the stronger 
the yarn, however after reaching a certain limit, the strength starts to decrease. Highly twisted 
yarns accumulate stress and become unbalanced – tending to untwist and spiral as it is the most 
efficient way to deal with the extra stress (Fig. 2.36) (Richards, 2012). This effect is used in woven 
fabrics for the self-shaping effect (Fig. 2.37), where single yarns fold and ripple depending on the 
twisting parameters (Richards, 2012). These examples reveal how textiles can store mechanical 
potential energy that can be used for their activation. Potential energy (Jain, 2009) refers here to 
the energy held by the yarns because of their position relative to other yarns and internal stresses 
resulting from the torsion.

2.4.4. Reversible shape-change

Knitted textiles also have ways to self-shape. Jane Scott in her project entitled ‘Programmable 
knitting’ (Scott, 2016) explores the swelling phenomenon of natural fibers as a reaction to moisture, 
inspired by the hydromorphic behavior of pinecones (Dawson et al., 1997).   
Her CNC knitted textiles behave analogue to a bilayer system found in pinecones. As individual 
yarns absorb water, they extensively swell in the transversal direction and twist, triggering the 
shape-change of the fabric (Scott, 2016). For textiles composed of natural fibers such as silk 
or linen, this actuation mechanism is reversible and repeatable and can be responsive to the 
changing environmental stimuli. 

2.4.5. Shrinking yarns

Knitted textiles can form themselves not only due to the twisting and swelling of yarns, but also 
due to their shrinkage. Certain synthetic fibers shrink under the influence of heat. This behavior 
was used as a design strategy in the seminar called ‘Digital Tools’, which I taught in 2017 at the 
weißensee kunsthochschule berlin. During this course, the textile-and surface design students 
manufactured custom-made punch cards and used them to knit different physical samples, using 
two types of yarns: black natural wool and white synthetic shrinking yarn. Once the heat was 
applied to the knitted samples, the white yarn shrunk and caused the black one to deform (Fig. 
2.38). This formation process was determined by the pattern and the density of the knit, allowing 
a large variety of three-dimensional forms. Yet, this transformation was not reversible.
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Figure 2.36: Highly twisted yarn. (Richards, 2012)

Figure 2.37: Weaving textiles that shape themselves.  (Richards, 
2012)
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Figure 2.38: Textile custom-knitted using black wool and white shrinking yarn: before applying heat (left) 
and after applying heat (right). Seminar Digital Design Tools taught by A. Kycia, SoSe 2017,  weißensee 
kunsthochschule berlin. Design: X. Pan, Y. Zhou, S. Köllmer. Photo: author
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2.4.6. 3D printing on pre-stressed textiles

A more recent method for self-shaping textiles uses highly elastic fabrics together with one of the 
most rapidly developing digital fabrication technologies of the last years - additive manufacturing. 
This material form-finding method was developed by the MIT Self-Assembly Lab. It relies on 3D 
printing a more rigid material such as thermoplastics on top of an elastic, pre-stressed fabric 
(Tibbits, 2017). 
Once the tension is released from the fabric, the textile transforms into a specific three-dimensional 
shape as means to find a balanced state. This three-dimensional form is influenced by the 3D 
printed pattern, but it also depends on pre-tensioning the fabric –  the higher the stretch, the 
larger the deformation. Once the fabric is exposed to the elastic deformation, it stores mechanical 
potential energy, referred to as the elastic energy (Landau & Lifshitz, 1986). This is true for all 
the elastic fabrics, able to return to their initial shape and size when the tensile force is removed 
(Elasticity, n.d.). Knitted fabrics, depending on their materiality and stitch pattern, can be extremely 
elastic, thus they are best suited for this purpose. Knits are made of interloping yarns and they 
may stretch up to 500% of their original size (Kyzymchuk & Melnyk, 2018), with full recovery of the 
initial dimensions after unload. 

The following research examines the out of plane deformations resulting from the process of 3D 
printing on pre-stressed, knitted fabrics. First, the state of the art is outlined by describing chosen, 
most adequate examples that use this fabrication method (chapter 2.3.3.). Second, a categorization 
of different strategies is introduced, based on the number of performed experiments (see chapter 
5). Finally, the most relevant aspects are elaborated in the form of three different case studies, 
described further in chapter 6. 

2.4.7. Examples from the field

Intersection of new manufacturing technologies with advanced material research led to the 
expansion of the new field exploring robust and intrinsically efficient, material-informed design 
strategies. One of the earliest contributions to this flourishing field was provided by the MIT Self-
Assembly Lab directed by Skylar Tibbits. Tibbits and his team explore different manifestations 
of active matter – “a newly emerging field focused on physical materials that can assemble 
themselves, transform autonomously, and sense, react, or compute based on internal and external 
information” (Tibbits, 2017).
As part of this material investigation, the MIT Self-assembly Lab developed a method for 
transforming textiles into desired three-dimensional shapes, mentioned before in chapter 2.3.2.4. 
The first case-study developed with this technique was the Active shoe (Fig. 2.36), where material 
of varied height and property was deposited onto pre-stretched fabric (Guberan & Clopath, 2016). 
This project explored the future of production and performance of shoes, which offer both flexibility 
and stability. 

This methodology was further elaborated by David Schmelzeisen and his colleagues from the 
Institut für Textiltechnik (ITA) at the RWTH Aachen University, who formulated a concept of “4D 
textiles” by applying the idea of 4D Printing to textiles. 4D printing refers to the 3D printing 
enhanced by the fourth dimension: time (Tibbits, 2013), thus it results in a time-dependent shape 
change. Following this definition, 4D textiles are hybrid textile/3D printed systems that can change 
their shape over time due to the application of external energy (Schmelzeisen et al., 2017, Simonis 
et al., 2017). The underlying concept behind this hybrid system is to employ the pre-stretched, 
elastic knitted textile as energy storage. Releasing the elastic energy after printing leads to the 
structural change of the system and its spatial transformation. 

RESEARCH FRAMEWORK
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Furthermore, according to Schmelzeisen, such systems could have multiple stable configurations 
which could be switched back and forth by applying nominal energy such as for example heat 
(Schmelzeisen et al., 2017).

As additive manufacturing becomes increasingly accessible and affordable, the technique of 3D 
printing on pre-stretched textiles also gains in popularity. One of the common aspects shared by 
many researchers became the reverse engineering of target, three-dimensional forms. A multitude 
of different techniques were developed to simulate and fabricate these forms.

Design studio Nervous Systems investigated the morphing principles of stiff hexagonal tiles 3D 
printed on a pre-stretched fabric. They used Boundary-First Flattening algorithm (Sawhney & 
Crane, 2017) and OpenFrameworks software to compute a two-dimensional pattern which would 
morph into a target three-dimensional shape upon the release of fabric tension (Fields, 2018). The 
algorithm computes the Gaussian curvature of a desired surface, then calculates local changes in 
size needed to flatten it. Resulting flat version of the three-dimensional surface informs the sizes of 
the hexagonal tiles to be printed on the fabric: the areas which got stretched upon flattening will be 
printed with smaller hexagons, whereas the contracted areas will be printed with larger hexagons. 
After the release of fabric tension, the textile composite contracts more in the areas covered with 
smaller hexagons, hence locally reconstructing the Gaussian curvature and morphing into the initial 
target shape. Given the high thickness-to-radius ratio of the individual tiles, they do not deform; 
instead the fabric deforms only in the spaces between the tiles. Therefore, this methodology uses 
the 3D printed tiles basically as rigid elements that locally constrain the fabric to its stretched state.

Perez and coauthors from URJC Madrid and Disney Research proposed a different methodology 
to design target surfaces. They developed computational tools to simulate the morphing of thin, 
elastic rod networks, 3D printed on pre-stretched fabrics (Perez et al., 2017). Their approach is 
complementary to the one developed by Nervous Systems, in which 3D printed tiles are surrounded 
by an elastic fabric, as here the fabric is subdivided into smaller surfaces surrounded by the 3D 
printed rods. 
As the release of tension in the pre-stretched fabric surrounded by a more rigid boundary 
approximates the minimal surface problem (Bach et al., 1988), this approach allows the researchers 
to model the composite textile systems as Kirchhoff-Plateau surfaces, however it is not free of 
limitations and challenges. Kirchhoff-Plateau surfaces consist of minimal surface patches which 
can only assume shapes with vanishing mean curvature, whereas their boundaries can only 
assume shapes where the planar rods are in equilibrium (Perez et al., 2017).
Consequently, Perez and his colleagues provide a semi-automated, digital and interactive tool 
to design 3D shapes as equilibrium configurations of pre-stretched fabrics structured with rod 
networks. However, as this methodology demands enough membrane stretch and enough rigidity 
of the rods, it explicitly avoids sagging and wrinkling of the membrane (Kycia & Guiducci, 2020).

Jourdan and coauthors (Jourdan et al., 2020) from Université Grenoble Alpes and University of Texas 
at Austin also aim at creating target shapes, however they 3D print and simulate the morphing of 
repetitive, star-shaped patterns, what places their research closer to the one of Nervous Systems. 
Rather than looking at minimizing closed surface patches, they explore repetitive patterns that 
produce small-scale contractions of the surface, such that the mean curvature emerges at a large 
scale.

Other examples from the field look at analogous morphing behavior by utilizing different 
manufacturing techniques, such as tailored fiber placement in place of 3D printing (Aldinger et 
al., 2018). Aldinger utilizes this technique to generate synclastic and anticlastic curvatures from 
flat grids and deploys finite element methods for the form-finding.
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Most case studies exploring self-shaping textiles focus on the process of simulating or fabricating 
target three-dimensional geometries. This approach resembles a common form-driven trend in the 
architectural practice, described in chapter 2.1.2.1, where form is created in the fi rst place and 
different solutions are sought to materialize this form.

Contrary to this tendency, the last decade has witnessed a growing interest in the form-fi nding and 
design methods inspired by nature, such as the approach represented by Neri Oxman, referred 
to as Material Ecology (Oxman, 2013). This emerging fi eld operates at the intersection of biology, 
material- and computer science and as such, it puts emphasis on environmentally informed digital 
design and production. Even though we are now much more capable of imitating nature’s design 
strategies by using advanced digital fabrication techniques to “grow” materials into shapes (Kycia 
& Guiducci, 2020), these tools are still very often used to favor form over matter.

2.4.8. Fields of application

Various industries such as fashion, sport, medicine or healthcare increasingly use 3D printing 
on textiles to develop customized products. At the same time, potential future applications of 
this transformative technology continuously expand and evolve, following the latest technological 
advancements and material innovations. 
Combining textiles with additive manufacturing methods allows to add new functionalities that could 
not be achieved with conventional fabrics. According to Sarah Lysann Zedler from Sächsisches 
Textilforschungsinstitut e.V. (STFI), wearables and protection clothing can considerably benefi t 
from additional 3D printed functions such as stiffening elements, slip-resistant areas or simply 
optical and haptic differentiation. The possibilities can be further enhanced by targeted design of 
hydrophobic and hydrophilic areas.

Moreover, the intersection of 3D printing and electronics brought about new developments such 
as conductive fi laments, which triggered the expansion of high-performance wearables and smart 
textiles (Lussenburg et al., 2003), gradually being introduced to the market. 
The fi eld of potential applications grows as soon as additional parameters are added to the process, 
one of them being the pretension in the fabric. As 3D printing on pre-stressed fabric results in the 
three-dimensional morphing of the textile/ 3D printed composite, it creates opportunities for new 
functionalities. Once upscaled into a continuous fabrication process (Rivera et al., 2017), it has 
potential to create new architectural applications such as exterior facade systems, roof canopies, 
temporary structures or interior surface elements to improve inner lighting conditions, acoustic 
qualities, air humidity or ventilation. 

Moreover, novel architectural applications could be envisioned for 3D printed textile systems 
that change shape in relation to the alternating environmental conditions. As such textiles could 
increase surface area, they could become effi cient strategies for passive cooling or shading of 
building envelopes, improving indoor/outdoor microclimate and thermal comfort (Rupp et al., 
2019).

RESEARCH FRAMEWORK
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CHAPTER 3

RESEARCH QUESTIONS

This research was triggered by the reflection upon the wasteful use of materials and resources 
in the way we build and act with our environment. The inefficiency and abundance of form over 
matter, juxtaposed with the growing demand for more buildings and products, desperately asks 
for new, alternative solutions. The most striking aspect of this observation is how materials are 
put into predefined forms, without engaging in their chemistry and understanding the underlying 
mechanics. Such form-driven approach is widespread in the man-made environment, whereas in 
nature forms result from material interactions with the environment, in search for the minimal and 
the efficient. This gives rise to the first, general question regarding the following research: How 
could we learn from nature, its laws of adaptation, recovery and efficient distribution of materials to 
design more efficient structures where form and material coexist in the state of harmony?

Fascination with biological forms and natural phenomena is nothing new and morphogenetic 
processes have been inspiring man-made constructions ever since. This source of inspiration 
usually manifested itself on the level of form (f.e. Art Nouveau floral motifs) or by functional 
analogies, such as the flapping wing mechanism by Leonardo da Vinci, inspired by the flight of 
birds. However, despite growing interest in disciplines such as bionics, biomimicry or biomimetics, 
defined by W. Nachtigal as “learning from nature for self-sufficient, engineerable design” (Pohl 
& Nachtigall, 2015), translations from biology to technology often excessively abstracted and 
simplified natural solutions. They often lacked understanding of the material properties, its 
complex, hierarchical structures and underlying principles (Oxman 2010 b), and therefore rarely 
approached multi-faceted design tasks as integrated strategies. 

Nowadays, probably for the first time in the history of humankind, we are facing a paradigm shift 
when advances in numerous fields and disciplines converge, revolutionizing the world of materials 
and production technologies, thus allowing to envision not only superficial translations of natural 
phenomena, but their in-depth, holistic re-interpretations. With advances in nanotechnology, 
material science and digital production, we can now address the material aspects by introducing 
local differentiation and programming behavior, which opens a lot of new possibilities to engage in 
this old discourse with new tools and technologies. 

Can the design of heterogeneous, hierarchical materials bring man-made structures closer to 
those created by nature, allowing for high degrees of customization and adaptation? Could new 
digital fabrication technologies such as 3D printing help to realize such vision? Discussing the 
material aspects of the design automatically triggers the question about form. Once we assume 
that there are ways to produce complex, adaptable material structures, we naturally ask ourselves:  
How can we shape those materials? 
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This question of form became the main question driving the development of my research. Once 
again drawing inspiration from nature, I looked at the self-shaping processes, where shape results 
from the search for balance between material and forces acting on it, and asked:
What does it mean to design the self-shaping processes? What kinds of forms could be reached 
through self-shaping processes? What are the potentials and limitations of this methodology?

As self-shaping processes very often result from minimizing surface tension, the object for my 
research became one of the oldest surface elements produced by man- the textile, which due to its 
hierarchical structure (from fibers through yarns to textile structures), became the ideal case-study 
to answer the following questions: Could textiles store mechanical energy? If so, how could that 
energy be used further to activate the shape-change, and therefore demonstrate the adaptable 
capacities?

Finally, this leads to the question about potential applications of created forms and structures- 
could they be used in the built environment? Once again, the idea to use textiles in architecture 
is not new, however they are usually used as frozen, rigid structures, bereft of their intrinsic 
properties such as softness and elasticity. How could we design self-shaping textiles that could 
adapt their form in accordance with the changing environment? Could self-shaping textiles allow 
us to envision architecture of soft, continuous and adaptable spaces?
In order to answer those questions, the technique of 3D printing on pre-stressed textiles was chosen 
to test different design strategies. As bridging into the architectural scale requires increasing the 
size of produced elements, it triggers additional questions, which this research aims to answer. 
What are the different methods to produce large-scale textile structures, and which ones are most 
promising? How could we scale up this methodology? What are the potential and limitations of 
every design strategy?

This research aims to understand the self-shaping processes through the chosen design and 
fabrication methodology of 3D printing on pre-stressed textiles, systematically study the parameters 
influencing the transformation and identify possible resulting shape families. A significant part of 
this work looks at the adaptability and shape-changing capacity of created forms, as well as up-
scaling strategies. Finally, it outlines potential applications of this strategy and provides an outlook 
for future developments. Ultimately, the research question comes down to the following: Could we 
use the elastic energy embedded in textiles to trigger the self-shaping processes, thus realizing 
the vision of continuous, heterogeneous, soft and adaptable architecture?

RESEARCH QUESTIONS
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CHAPTER 4

MATERIALS AND METHODS

This chapter describes materials and methods used in this research: both technical as well as 
conceptual and methodological.

4.1. MATERIALS

The composite textile structures consist of two main elements: the 3D printed geometry and 
the fabric. Each of those elements is characterized by its geometrical and material properties, 
described further in the consequent chapters.

4.1.1. Materiality of the 3D print

All 3D printing materials tested in this research are referred to as thermoplastics - plastic polymer 
materials which become moldable at a certain temperature and solidify upon cooling. Most of the 
studies were carried out using polylactic acid filament (PLA) with the density 1.25 g/cm3 from 
Filafarm – a thermoplastic polyester derived from a renewable mass. Depending on the used 3D 
printing machine, the diameter of used filaments varied from 1.75 mm to 2.85 mm.

Additionally, the following filaments were tested for chosen case-studies:

- PLA Glow in the Dark / Spectrum (1.24 g/cm3)
- TPU 95A (Thermoplastic polyurethane) / Extrudr (0.95 – 1.06 g/cm3)
- Conductive PLA / Proto-Plasta (1.15 g/cm3) 
- Magnetic PLA / Proto-Plasta (1.85 g/cm3)
- PETG / Das Filament (1.23 – 1.27 g/cm3)
- POROLAY Lay-Fomm 60 (with PVA filler) / CC-Products (no density data)
- LayWoo-D3 (PLA with wood particles) / CC-Products (no density data)
- Polyolefin / custom developed by STFI Chemnitz (no density data)

As the type of material used for 3D printing affects numerous printing parameters, it is advisable 
to adjust all the 3D printing settings (including bed leveling) every time when the new material 
is being tested. In order to maximize the potential of every material and its unique properties, 
certain experiments were conducted using multiple materials in one print. The softer thermoplastic 
polyurethane (TPU 95A), for example, adheres better to the fabric than the more rigid polylactic 
acid (PLA). On the other hand, TPU 95A has its limits when it comes to creating rigid elements that 
counteract the tensile forces of the fabric. 
To print more rigid elements and at the same time improve their adherence to the fabric, a solution 
was found where the first couple of layers were printed with a more flexible material (such as TPU 
95A) and the rest with the more rigid PLA. More detailed information on the adhesion follows in 
chapter 4.1.3.1., whereas multi-material printing is introduced further in chapter 6.2.3.3.1
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4.1.2. Materiality of the fabric

Most of the physical experiments were performed on homogeneous knitted fabrics. An exception 
are custom-knitted fabrics with variable patterns and densities, introduced in chapter 6.3.
The typical setup for the form-finding studies consisted of the thick and elastic knitted fabric, on top 
of which thin layers of thermoplastic material were deposited. The textiles were 100 % synthetic, 
as synthetic fibers demonstrated greater elasticity and enhanced bonding with the filament. Early 
tests were printed on smaller machines such as Ultimaker 2, Ultimaker 3 (extended) or Craftbot 
Plus Pro on top of Lycra 4-Stretch Jersey (85% PA, 15% EL). These experiments include studies 
done during the ArcInTex Self Forming Textiles workshop at the Aalto University in Helsinki, the 
seminar Self-Shaping Textiles in 2017 at the weißensee kunsthochschule berlin as well as all the 
multi-material prints described further in chapter 6.2. 
All other experiments were performed on the larger, custom-built 3D printer, designed and 
constructed by Lucas Bahle. These larger patterns were printed on top of Bi Stretch Laguna from 
Fucotex (80% PA 20%EA, CA. 280 G/M). 

Exception The last case study focuses on the exploration of different custom-knitted patterns. 
All the samples were knitted at the Sächsisches Textilforschungsinstitut e.V. (STFI) in Chemnitz 
with the following fibers: PES 167 dtex f144/1, Elastane Roica 150 dtex with the NP value of 11,0. 
Detailed description of tested knit patterns can be found in chapter 6.3.3.

4.1.3. Composite logic

The composite textiles are characterized not only by the material characteristics of both components, 
but also by other factors determining how they merge with each other. Some of the most influential 
aspects include the adhesion (defining the bonding on the material level) and the orientation of 
the print in relation to the fabric (describing the geometrical relationship between both elements).

4.1.3.1. Adhesion

Adhesion of the filament to the fabric depends on both components of the textile composite: the 
fabric and the 3D printed geometry. Both elements have been examined separately by researchers 
from various fields. Eujin Pei and his colleagues from the School of Design, De Montfort University 
in Leicester investigated the adhesion of various polymer materials on different types of woven 
and knitted fabrics (Pei et al., 2015). According to their experiments, PLA showed best results, 
displaying a high quality of print with good flexural strength. Other researchers, such as Prisca 
Aude Eutionnat-Diffo, looked at different properties of the fabric and observed that its adhesive 
properties can be improved by surface roughness, mean pore size and thermal conductivity of the 
fabric (Eutionnat-Diffo, 2020).

Besides the materiality of both composite elements, also different variables of the 3D printing 
process affect the adhesion, such as the temperature of the extruder, the temperature of the 
printing bed as well as printing speed (Sanatgar et al., 2017). Important role in this process plays 
the first printed layer. In the conducted experiments, best adhesion was observed while printing 
with the so-called sandwich principle (Fig. 4.1), where the first one or two layers were printed 
directly on the printing bed, then the fabric was stretched on top of them, and the following layers 
were printed on top of the stretched fabric. However, this method is advisable only for very thin 
and porous fabrics such as tulle, net or stretch mesh, as the filament can then easily flow through 
the little holes and bind with the previous layer. If the fabric is too thick and the gaps too small, the 
filament may not be able to penetrate them. 

MATERIALS AND METHODS
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Most of the experiments used a thick fabric (Bi Stretch 80% Polyamide (PA) 20% Elastane (EA) 
CA.280 g/m2), which proved to be too thick to apply the “sandwich principle”. In this case, best 
results were noted when the fabric was stretched first, and all the layers were deposited on top 
of it. The initial distance between the nozzle and the fabric played an important role: it had to be 
big enough, so that the nozzle does not drag or burn the fabric (Fig. 4.2), and not too big, as then 
the filament does not adhere to the fabric (Fig. 4.3). In order to adjust the level of the printing bed 
accurately, manual leveling proved more appropriate. 

Additional parameters which enhanced the adhesion of the filament were increasing the temperature 
of the nozzle and the printing bed, as well as lowering the speed and increasing the flow of the first 
printed layer. PLA was proven to penetrate the fabric significantly stronger at higher temperatures, 
as high nozzle temperatures reduce PLA viscosity allowing the material to penetrate deeper into 
the fabric (Spahiu, 2017). For this reason, the experiments were printed with a higher temperature 
than it is recommended for regular prints (detailed settings in the Appendix). Moreover, as the 
custom-built 3D printer used for most of the experiments did not have a built-in heated bed, it is a 
suggested addition for future research.

Another factor that affected the adhesion was the size and proportions of the printed geometry. 
The optimal settings varied depending on the used printer, nozzle size and material, but one could 
conclude that both: very thin elements and large, fully filled surfaces did not attach well. Specific 
examples with the ideal dimensions are specified in the chapter 11- Appendix. 
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Figure 4.1: The “sandwich principle” where the first two layers are printed directly on the printing bed, the 
fabric is stretched on top of them and the following layers are printed on top of the fabric. This print was done 
on Polyester tulle mesh (22g/m2) using Ultimaker 3 (extended). Photos: author

Figure 4.2: Locally burnt and ripped fabric resulting 
from an error in leveling. The nozzle was too close 
to the fabric. This print was done on Lycra 4-Stretch 
Jersey (85% PA, 15% EL) using Ultimaker 3 
(extended). Photo: author

Figure 4.3: 3D printing error. Filament does not adhere 
to the fabric, resulting from different factors: the 
nozzle being too far from the fabric, the temperature 
and material flow not being properly adjusted. This 
print was done on Lycra 4-Stretch Jersey (85% PA, 
15% EL) using Ultimaker 3 (extended). Photo: author
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4.1.3.2. Orientation

Many researchers already studied the influence of fiber orientation on self-shaping processes 
in different material systems. David Correa and his coworkers from ICD Stuttgart together with 
the researchers from MIT Self-Assembly Lab looked at anisotropic and hygroscopic properties 
of wood to design and 3D print custom wood grain structures that self-fold (Correa, 2015). Their 
research was inspired by the behavior of biomimetic bilayers found in pine cones which change 
their shape as response to environmental humidity (Reyssat & Mahadevan, 2009). By changing 
the orientation of custom-printed wood fibers, Correa and his colleagues informed the three-
dimensional transformation of created structures, once submerged in water. 

Self-shaping textiles also can be considered a bilayer system, as they consist of the fabric layer 
and the layer of the deposited geometry. Hence orientation of the 3D printed geometry in relation 
to the stretched fabric plays an important role in the self-shaping process. If we abstract the 
yarn to a one-dimensional linear element, the fabric becomes a two-dimensional surface with two 
principal directions. Depending on the type of textile construction, its properties differ. 
Woven fabrics consist of longitudinal warp yarns and transversal weft yarns, whereas knitted fabrics 
have courses and wales. A coarse is a meandering path of the yarn which forms loops, whereas 
a wale is a column of lengthwise running loops. Moreover, these two directions correspond to 
the directions of the forces embedded in the fabric after the pre-tensioning. Upon the release of 
tension, the compressive forces act on the 3D printed geometry in the opposite direction to the 
prestress. As a result, the orientation of the print greatly affects the three-dimensional morphing.

Figure 4.4 demonstrates the same geometry (a 50 x 50 mm large square, line thickness 5mm) 
positioned in three different ways in relation to the directions of the knitted fabric: in the top row two 
alternating edges of the square are perpendicular to the course direction of the knit ( 90° angle), 
in the middle row they are rotated 45° and in the bottom row- 30°. The resulting three-dimensional 
geometry after releasing the fabric tension is different in each case, which exhibits the significance 
of orienting and positioning the print. More examples demonstrating the influence of orientation on 
the outcome are shown in the design-driven case studies described in chapter 6.

Figure 4.5 reveals the dependency of the resulting 3D form not only on the orientation of the fabric, 
but also on the amount of pre-stretch. This life-physics simulation (developed with Kangaroo 
Physics for Rhino Grasshopper) shows two different orientations of the square (90° angle to the 
coarse direction and 45° angle), each of them in two variations: equiaxial stretch and uneven 
stretch in each direction. For simplification of the results and analysis, the differences in elasticity 
between course and wale directions were neglected and the transformation was constrained to the 
two dimensions. The outcomes varied significantly depending on both parameters: the orientation 
as well as the amount of tension. This study was pursued as a complimentary tool, supporting the 
design process and shape analysis described further in chapter 5.   
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Figure 4.4: A 50x50 mm square 3D printed on a 50% biaxially pre-stretched fabric in three different positions: 
orthogonal to the course direction (top row), rotated 45° (middle row) and rotated 30° (bottom row). All prints 
were done on Lycra 4-Stretch Jersey (85% PA, 15% EL) using Ultimaker 2. Source: author
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30°



67

Figure 4.5: Life-physics simulations (using Kangaroo Physics for Rhino Grasshopper) showing two-
dimensional morphing of pre-stretched fabrics looking at different parameters: the orientation of the print in 
relation to the courses and wales of the fabric as well as the amount of pre-stretch in each direction. Left 
column shows the pre-stretched state and the other columns the shape upon the release of tension, while 
the tensile forces gradually increase towards the right. The consequent rows (from top to bottom) represent 
the following configurations: orientation 45° angle and equiaxial stretch, orientation 45° angle and non-
uniform stretch, orientation 90° angle and equiaxial stretch, orientation 90° angle and non-uniform stretch. 
Source: author

SELF-SHAPING TEXTILES: Form-finding of tensile surface structures through 3D printing on prestressed fabric
24.09.2020 /// Agata Kycia
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4.2. METHODS AND TOOLS

4.2.1. Research methodology

4.2.1.1. Practice-based research

This is a practice-based research (also referred to as artistic research or research by design), and 
unlike classical scientifi c methods, it accepts subjectivity and uses qualitative methods for critical 
analysis (Eisner, 1981). Here the design results are considered both the research and the object 
of research itself (Research, n.d.). Although practice-based research has been present in the 
academic context for over 35 years (Candy & Edmonds, 2018), especially in North American and 
UK institutions (Elkins, 2005), its defi nition and discourse have not fully settled yet. 
In practice-based research the questions arise from the practical work, whereas the answers 
enlighten and enhance the practice (Candy & Edmonds, 2018). Here the outcomes inform the 
practice and therefore generate new forms of knowledge. 
An American art historian James Elkins distinguished three confi gurations of a Practice-Based 
PhD. In the fi rst model the dissertation is research that informs the art practice, whereas in the 
remaining models the dissertation is implicated in the artwork, or even considered as the artwork 
(Elkins, 2005). Given this categorization, my work oscillates around the fi rst category, where the 
dissertation gives historical and theoretical overview, technical report, frames and informs the 
creative work. 

In practice-based research “intuition is utilized as a method to identify a wide range of new and 
unexpected productive modalities” (Topal, 2014). Although intuition plays a very important role in 
the development of my research, it is not explicitly driven by subjective design decisions. Chosen 
aspects and phenomena (such as the wrinkling behavior) are also tested using systematic, 
empirical methods of acquiring knowledge. These empirical observations are further used in 
the case studies (see chapter 6), strengthening the design exploration and feeding the design 
process with new discoveries. 
Analogous methodical approach is also applied to the categorization of acquired shapes, resulting 
in the Shape Matrix (see chapter 5.1) and the analysis of the fabrication parameters. The most 
relevant tests are collected in chapter 11-Appendix, together with all the technical parameters 
necessary to repeat the process. Ultimately, both research methodologies coexist and support 
each other: empirical experiments informing design process and design outcomes triggering new 
experiments. My work can therefore be seen as a combination of practice/ design-based research 
and basic research, where experiments play a central role in the process of acquiring knowledge.

4.2.1.2. The experiment

The experiment appears in the context of this research in two different ways: fi rstly, as part of the 
scientifi c method to test certain hypotheses and secondly, aiming to answer the question “what if?” 
without any specifi c expectations about the outcome. This second type of the experiment has an 
open, exploratory character and it is driven by the subjective and intuitive design vision in search 
for desired qualities, harmony or beauty. 

MATERIALS AND METHODS
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Such understanding of the experiment and its importance as part of the creative processes 
was the core of teaching and learning methods at the Bauhaus, starting in 1922. Anni Albers, 
a German-born American textile designer and teacher at the Bauhaus, believed that a free way 
of approaching material was a legible method to learn. In her seminal book ‘On Weaving’ Albers 
wrote: 

“Beginnings are usually more interesting than elaborations and endings. Beginning means 
exploration, selection, development, a potent vitality not yet limited, not circumscribed by the tried 
and traditional” 

(Albers, 2017)

The focus of my research is put on the physical experiments, however selected tests are supported 
by digital simulations. Results from the finite element analysis are compared with the physical 
experiments, aiming to confirm the empirical observations by numerical, quantitative methods. 
Despite the utilization of digital simulations in several case studies, the physical tests serve as the 
main design tools, informing the explorative process. Such a design process is closely related to 
the concept of aesthetics, examining subjective and sensori-emotional values and taste (Zangwill, 
n.d.). As a result, the design decisions are evaluated not only by quantifiable parameters such as 
performance or functionality, but to a large extent also by the aesthetic qualities of the outcome. 
These subjective, visual values include many factors such as balance, light, color, movement, 
shape, composition, scale and proportions, all of which play an important role in the creation of 
the physical models, thus influencing the design choices.

The experimental nature of this research has numerous consequences, such as the unavoidable 
appearance of the errors and mistakes, accepted as an integral part of this methodology. A large 
part of the research was executed through empirical and physical experiments; therefore, the 
practicality of the production process was of great importance in this context. The emergence of 
errors stimulates further development and improvements in the design process, but because of 
their unpredictable nature, errors also have potential to inspire and trigger new ideas. Numerous 
“mistakes” (see Fig.4.6, 4.7) which appeared during the production process demonstrated great 
inspirational power, some of which instructed further experiments, while others generated new 
ideas to be developed.
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Figure 4.6: The 3D printed geometry shifted in relation to the 
printing bed; thus, the printed parallel lines extend over the 
printing bed, resulting in vertical connections created by freely 
hanging filament extrusions, as the nozzle moves from one 
line to another one. This effect is amplified by small material 
retraction. The print was done on the Bi-Stretch fabric (80% PA), 
20% EA) using custom-built FDM printer. Photo: author

Figure 4.7: The process of scaling up a circular module. The soft 
filament creates a wrinkling edge, inspiring further exploration of 
the wrinkling phenomenon in other shapes. This print was done 
on Lycra 4-Stretch Jersey (85% PA, 15% EL) using a custom-
built 3D printer at the Sächsisches Textilforschungsinstitut e.V. 
(STFI). Photo: author
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4.2.2. Research tools 

4.2.2.1. Hardware

Depending on the type and size of a used 3D printer, one of the two basic fabrication setups was 
chosen. Most of the prints included in this publication use one of those two processes. For all the 
exceptions using a different setup, an additional description is added.

Small prints
Most smaller experiments (max. size of 250 x 220mm) were printed on top of the thick elastic fabric: 
Lycra 4-Stretch Jersey (85% PA, 15% EL), CA 190 g/m2 (150 cm wide roll). Consequently, thin 
layers of thermoplastic material were deposited on top of this fabric. Most prints were performed 
on the Fused Deposition Modelling (FDM) printer called Ultimaker 3 (extended), with a 0.4mm 
nozzle (Fig. 4.8). Base material was polylactic acid (PLA) filament with a diameter of 2.85mm. PLA 
was printed at the temperature of 205 °C. whereas the glass printing plate (256 x 228 mm) was 
heated up to the temperature of 60 °C. Prior to every print, the fabric was cut into proportionally 
smaller rectangular parts (320 x 180mm), folded and sewn from three sides. This textile pocket 
(150 x 180mm) was stretched around the glass plate and clipped along the fourth open edge with 
10mm long paper clips (Fig. 4.10), ensuring the equibiaxial stretch of 50%. Such a wrapped plate 
was then placed back into the printer. Manual leveling was performed in order to optimally adjust 
the height of the nozzle to the fabric. Exceptionally, several small prints were done using Ultimaker 
2 and Craftbot Plus Pro, however in these cases the information about the 3D printer is added.

Large prints
All larger experiments were printed on top of the thick elastic fabric: Bi Stretch, 80% Polyamide 
(PA), 20% Elastane (EA), CA.280 g/m2 (150 cm wide roll) from Fucotex. Consequently, thicker 
layers of thermoplastic material (0.3 – 0.4mm) were deposited on top of this fabric. Base material 
was polylactic acid (PLA) filament with a diameter of 1.75mm. The prints have been performed on 
the custom-built Fused Deposition Modelling printer (Fig. 4.9) built by Lucas Bahle. This printer 
was equipped with the Volcano hot end and a 1 mm nozzle, but it did not have a heated bed. To 
compensate for the lack of the heated bed and printing with the larger nozzle, PLA was printed at 
a higher temperature of 230 °C. 

The main aluminum printing bed was 70x70cm, however the prints were not deposited directly on 
this bed. Instead, they were printed on the exchangeable aluminum tables placed on top of the 
main plate. Introducing smaller tables considerably decreased the maximum print size, but it had 
several advantages: minimizing the inaccuracies of the large plate, facilitating the pre-stretching 
and attachment of the fabric, and finally creating more space for the fabric around. Depending 
on the size of the print, two different table sizes were used: 30x30cm and 50x50cm. In order to 
minimize the heat loss, a BuildTak printing foil was glued on top of both aluminum tables. Prior 
to every new print, the fabric was stretched to the desired amount and clamped to the table with 
50mm long paper clips. To achieve the equibiaxial stretch of 50% on the 50x50xm large table, 
a 33.3 x33.33 cm square was drawn on the fabric using a cardboard cut-out. The fabric was 
stretched until this square matched the edge of the table (Fig. 4.11), what ensured the precision of 
the tensioning. Moreover, the bent edges of the table simplified the process of attaching the textile, 
as they allowed clamping the fabric from below. Analogously, to achieve the equibiaxial stretch of 
50% on the 30x30xm large table, a 20 x 20cm square was drawn on the fabric, which was then 
stretched until the drawn square matched the size of the table.
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Figure 4.8: FDM printer called Ultimaker 3 (extended) used for 
smaller prints. Photo: author

Figure 4.9: Custom-built FDM printer used for larger prints. 
Photo: author
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Figure 4.10: 3D printing setup for small prints performed on the FDM printer Ultimaker 3 (extended): 
preparing the fabric, pre-stretching and attaching to the printing bed. Photos: author

Figure 4.11: 3D printing setup for large prints performed on the custom built FDM 3D printer: preparing the 
fabric, pre-stretching and attaching to the printing bed. Photos: author
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4.2.2.2. Software settings 

Ultimaker 3.0 (extended)
Parameters of the 3D print were set up in the slicing software called Ultimaker Cura. Since the 
prints were deposited on top of the fabric, there was no build plate adhesion type nor brim chosen 
in the setup. In order to improve the adhesion of the filament to the fabric, the settings of the first 
printed layer differed from the rest: the speed was slower, the material flow was increased, and the 
printing temperature was lowered. The exact settings varied depending on the chosen filament, 
thus they are specified in the overview of the most relevant samples in chapter 11- Appendix.
Most small models (max. size of 250 x 220mm), printed with Ultimaker 3 Extended and 0.4 mm 
nozzle, used 0.2mm layer height and 0.35mm line width. Instead of using an “infill” to fill the outline 
of the geometry, the wall thickness of its “shell” was significantly increased, so that the whole 
geometry was printed as a shell. This solution allows to control and simplify the printing path, as 
the trajectory of all the inner lines follows the outline.

Custom-built FDM printer
Most larger models printed on the custom built FDM printer with the 1cm nozzle and 0.4 mm 
layer height (first layer 0.3mm) and 1mm line width. Instead of using an infill (Fig. 4.12), the wall 
thickness of the Shell was increased so that the whole geometry was printed as a shell (Fig. 4.13) 
and the trajectory of the lines followed the outline.

4.2.2.3. Digital simulations

Two types of digital simulations were used to complement the physical experiments. The first one 
aimed to foresee the general tendencies and characteristics of shapes formed during the 3D 
printing on pre-stressed fabric. It was done using Kangaroo Physics- a Live Physics engine for 
interactive simulation, developed by Daniel Piker as a Rhino Grasshopper Plug-in. The focus was 
put here on different parameters triggering the form-finding process such as forces embedded 
in the fabric or orientation of the print. The results were not coupled with the exact same material 
properties used for the physical experiments, but rather looked at their behavioral patterns without 
the concerns about the scale.

The precise translation of the physical parameters into the digital setup was developed by Lorenzo 
Guiducci (Matters of Activity. Image Space Material Cluster of Excellence at Humboldt-Universität 
zu Berlin), aiming to analyze the wrinkling behavior of 3D printed multiple lines, as part of our 
collaboration. This time the finite element analysis (Abaqus 6.19, Dassault Systémes) was used 
to simulate the morphing of the 3D printed textiles with the geometries analogous to the physical 
experiments. For all the models, the fabric and rectangular rods were respectively discretized 
into linear membrane elements and linear shell elements (Kycia & Guiducci, 2020); the fabric 
thickness was set at 0.2 mm, whereas the rods’ thickness and interline spacing are given in the 
captions of the respective images.
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Figure 4.13: A single line (width w=3mm, thickness t=1mm) sliced 
in Ultimaker Cura 4.3.0: The wall is thickened in such a way that 
no additional infill is needed. Parameters: Wall thickness 1,5mm, 
Layer height 0,2mm. Source: author

Figure 4.12: A single line (width w=3mm, thickness t=1mm) sliced 
in Ultimaker Cura 4.3.0: Parameters: Wall thickness 0,76mm, 
Infill- Lines 100%, Layer height 0,2mm. Source: author
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CHAPTER 5

SHAPE GRAMMAR

5.1. SHAPE MATRIX

Variety of shapes resulting from the physical experiments contributed to the development of the 
shape matrix – a catalog of possible forms created in the self-shaping process. (Fig. 5.1) Such 
forms express the equilibrium between two different components: the 3D printed geometry and the 
pretensioned fabric. Both elements become the main variables influencing the formation process. 
Moreover, the resulting composite is determined not only by the geometrical characteristics of 
those two components, but also by their material properties, mechanical attributes and embedded 
forces. Shape matrix presents a subjective categorization, based on the conducted, design-driven 
experiments; thus, it is not the only possible categorization and there could be many other, equally 
valid catalogs. 

This classification aims at defining the important design parameters which affect the formation 
of self-shaping textiles, done by looking at their geometrical characteristics through the prism of 
chosen materials and production methods. As such, the catalog becomes a design tool for the 
creation of self-shaping experiments. It is not meant to provide an obsolete, hierarchical structure, 
but rather an open framework which can expand, adapt and gain complexity together with the 
growing list of new experiments. Presented chart (Fig. 5.1) represents the current state based 
on the list of performed and completed experiments, arranged according to the classification. 
For every category where experiments were executed, an exemplary, representative photograph 
is placed. Empty spaces in the matrix identify categories which were not investigated, thus 
suggesting potential directions for the following researchers. 

Individual categories refer to the simplified, two-dimensional top-view representations of those 
shapes, rather than to their actual three-dimensional forms. Furthermore, in the matrix there is 
no information on height/thickness, as those parameters are explored and explained separately 
within each of the categories. All geometrical definitions are provided according to the fabrication 
setup using the custom-built FDM printer, described in chapters 4.2.2.1 and 4.2.2.2.
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Figure 5.1: Shape matrix categorized by the geometrical properties of the 3D print and different properties of the fabric
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5.1.1. Printed shapes

Classification of the 2D shapes is based on their geometrical characteristics, however their 
materialization is determined by the fabrication technique of 3D printing on a pre-stressed fabric. 
Those physical/material aspects define the sizes and proportions which qualify a given form to 
one of these shape families. An abstract mathematical point, for instance, has no length, width, 
or thickness. A materialized point in self-shaping textiles assumes a certain size and proportion 
depending on the tools, methods and materials used. These characteristics may vary from 
one printing setup to another one and therefore their definitions remain flexible and adjustable. 
Exemplary sizes and proportions are given for the printing setup described in chapters 4.2.2.1. 
and 4.2.2.2. Furthermore, the categorization of the 2D shapes refers to the printed geometries 
before releasing the fabric tension.     

Two-dimensional shapes are differentiated into Open Shapes and Closed Shapes, as each of these 
categories has very different design implications. Open Shapes promote softness and flexibility 
of the textile, encouraging phenomena such as wrinkling or continuity. Closed Shapes instead 
are enclosed by a given boundary. For every boundary there is an optimal shape of the inner 
surface, minimizing its area. Such optimal shape is referred to as minimal surface and it requires 
a significant amount of surface tension in the enclosed fabric. As a result, Closed Shapes support 
more stable and rigid configurations.

5.1.2. Textiles

For the comparability of the results, most tests were printed on top of the homogeneous, bi-axially 
stretched knitted fabric. An exception is the case study described in chapter 6.3 where different 
types of heterogeneous textiles are explored. These heterogeneous qualities include different 
levels of stretch as well as custom knitted patterns. 
Another variable introduced into the fabric is a cut, re-appearing in the case studies described in 
chapters 6.1 and 6.1. Cutting the fabric is equivalent to adding a new boundary, thus changing 
its mechanical properties. As a result, adding cuts has considerable influence on the morphing.

5.2. OPEN SHAPES

This chapter looks at the categorization of Open Shapes such as points, lines and curves. Open 
Shapes contain one or more segments which have at least one so-called „open end“, meaning 
that the start point does not coincide with the end point. 
Given the continuous character of both: the 3D printing technology and the textile production, 
one can easily envision continuous fabrication of large-scale Open Shapes. Moreover, printing 
Open Shapes allows to maintain the inherent properties of the fabric such as elasticity and 
softness. Because of these characteristics, Open Shapes are advantageous to realize the vision 
of continuous, soft and adaptive spaces.
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5.2.1. Single shapes

The investigation of Open Shapes started by analyzing the characteristics of single shapes to 
then gradually increase complexity and shift to the multiple shapes.

5.2.1.1. Point

„The point is a small world cut off more or less equally from all sides and almost torn out of its 
surroundings. Its fusion with the surrounding is minimal, and seems to be non-existent in cases of 
perfected roundness.”

 (Kandinsky, 1926)

Wassily Kandinsky in his book entitled ‘Point and Line to Plane’ elaborated on definitions of all basic 
geometrical elements in painting. Rather than referring to their pure mathematical descriptions, he 
was interested in their manifestation and materialization on the painter’s canvas. A point was for 
him the proto-element of a painting, however defining it as the smallest elementary form was not 
exact enough (Fig. 5.2). Where are the limits of the smallest form? 
For Kandinsky, “the invisible geometric point must assume a certain proportion when materialized” 
(Kandinsky, 1926), hence the size of a point in painting is related to the size of the plane and sizes 
of other forms on this plane. 

In this research, all basic geometrical forms are defined in accordance with the production technique 
of 3D printing on pre-stressed textiles. This specific fabrication method with its constraints and 
limitations, as well as the choice of materials, are among the main physical constraints which 
determine the characteristics of a form. Point in this context becomes the smallest entity which 
can be 3D printed on a prestressed fabric. Consequently, the size of a point in self-shaping textiles 
relates to:

• the size of the fabric
• sizes of other forms on this fabric
• pretension of the fabric 
• adherence to the fabric 
• materiality of the print and the fabric 

Based on the series of empirical experiments, the minimum dimension of a 3D printed point 
(assuming the larger 3D printing setup described in chapter 4.2.2.1.) was a circle with a 3mm 
diameter, as any smaller form would cause difficulties in adhering to the stretched fabric. An 
important feature of a point in self-shaping textiles is the fact that upon the release of fabric tension, 
its deformation is insignificant (Fig. 5.3). Only the fabric around it deforms. The maximum size of a 
printed point is not defined, as it depends on its height, material and relation to the other printed 
geometries. The higher the print, the stiffer it gets, thus the larger the diameter of a point can be.

SHAPE GRAMMAR



81

Figure 5.3: Different base geometries 3D printed on a 50% pre-stressed fabric, upon the release of fabric 
tension: top view of the CAD file (top row), forms upon the release of tension (middle row) and forms seen 
from the opposite side of the fabric (bottom row). Source: author

Figure 5.2: Examples of point forms. (Kandinsky, 1926)
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5.2.1.2. Line

This study looked at the characterization of single lines. The focus was put here on two different 
parameters: the line thickness and the pre-stretch of the fabric. In a series of physical experiments, 
straight lines of various thicknesses were 3D printed on differently stretched fabrics. The uniaxial 
pre-tension was applied along the coarse direction of the knitted fabric, following the length of the 
deposited lines. Considering the choice of the 3D printing setup described in chapters 4.2.2.1. 
and 4.2.2.2. (using the custom-built FDM printer), the optimal width of a single line was 3mm, as 
this was the minimum size that ensured its proper adherence to the fabric. 

This chapter put emphasis on the systematic evaluation of both parameters: the line thickness and 
the pre-stretch of the fabric. The morphology of the physical models and their morphing behavior 
were further analyzed and compared with one another.

The wrinkling phenomenon
One of the primary observations while printing single lines was the wrinkling phenomenon. Once 
the tension is released from the fabric, the line starts to form waves and wrinkle (Fig. 5.4). The 
physical experiments showed that both parameters- the pre-stretch of the fabric and thickness of 
the deposited line- significantly alter the wrinkling behavior. One could observe that for a given line 
thickness, the number of waves per length of the printed line is constant (Fig. 5.5, left), meaning 
that the wrinkles’ wavelength at the onset of wrinkling is only dependent on the line thickness (Fig. 
5.6). Instead, increasing the pre-stretch for a given line thickness results in narrower wavelengths 
and higher amplitudes (Fig. 5.5, right) (Kycia & Guiducci, 2020).

A different phenomenon could be seen by printing single lines with considerably increased 
thicknesses. The behavior of the lines transitioned from wrinkling to rolling, following the gradual 
increase of thickness (Fig. 5.7). This behavior was further studied by printing multiple lines and 
described in chapter 5.2.2. 
The technique of 3D scanning (Fig. 5.8-5.9) was used to refine the shape analysis, however 
resulting quantitative descriptions of the geometry belong to the future developments.
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Figure 5.5: Lines with varying thickness (0.3 mm, 0.6 mm, 1.2 mm, upwards) printed on a 50% pre-stretched 
fabric. (bottom left) Given constant length of the line, the thinner lines create more waves than the thicker 
ones. Lines with 0.3 mm thickness printed on differently pre-stretched fabric (176%, 150%, 130% upwards) 
(bottom right). Diagrams on the top explain the influence of the following parameters: the line thickness (top 
left) and the pre-stretch of the fabric (top right).(Kycia & Guiducci, 2020)

Figure 5.4: Single line 3D printed on a 50% pre-stressed fabric: before the tension release (left) and after 
partial tension release (right). Photos: author
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Figure 5.6: Plot representing the relationship between wavelength of the wrinkles at their onset and line 
thickness. Each marker indicates a different printing batch. (Kycia & Guiducci, 2020)
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Figure 5.7: Single lines printed with decreasing line thickness showing the transition from rolling to wrinkling 
behavior (from left to right). (Kycia & Guiducci, 2020)
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Figure 5.8: 3D scanned models of a single line 3D printed on a 50% stretched fabric with the following 
thicknesses: 12mm, 11mm, 10mm, 9mm, 8mm, 7mm, 6mm, 5mm, 4mm, 3mm (from top left towards bottom 
right) Source: author

Figure 5.9: A 3D scan of a single line 3D printed on a pre-stressed fabric, A. Kycia (left) and a finite element 
simulation of a single line 3D printed on a pre-stressed fabric, L. Guiducci (right). (Kycia & Guiducci, 2020)
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5.2.1.3. Curve

The following series of experiments looked at transformations of curved lines. In order to analyze 
the relation between the geometry of the curved line and pre-stretch of the fabric, several arcs 
(subsets of differentiable curves) were deposited on uniaxially and biaxially stretched fabrics (Fig. 
5.9). All arcs were printed with the following proportions: width w=3mm, thickness t= 0,6mm. 

In the case of equibiaxial stretching, one could observe that the orientation of curved lines did 
not affect the wrinkling behavior, that is, the wrinkles were evenly spaced on each curved line and 
their wavelength was the same as for the straight-line case. Instead, for the uniaxially stretched 
fabric the wrinkles were dependent on the pre-stretch direction: they were most evident along the 
pre-stretch direction and they increasingly flattened as the printed curved lines approached the 
perpendicular direction to the tensile force. 

SHAPE GRAMMAR

Figure 5.10: Arcs 3D printed on a 50% pre-stressed fabric: before tension release (left), after tension release 
from an equibiaxial stretch (center) and after tension release from the uniaxial stretch aligned with the wale 
direction (right). (Kycia & Guiducci, 2020)
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5.2.2. Multiple shapes

This chapter focuses on the characterization of multiple Open Shapes. Here one more parameter 
affects the formation process- the spacing between the consequent shapes. In order to analyze 
the influence of spacing on the formation process, every single shape was multiplied and studied 
separately: points creating fields, lines – multiple lines and curves – multiple curves. Fields can 
assume different configurations: starting from the regular, rectilinear ones, all the way to the complex 
and irregular structures. The study of multiple lines and multiple curves, on the other hand, focuses 
on their linear arrangements- referred to as line bundles, rather than on the intersecting networks 
of lines. Here single shapes are multiplied on the fabric in such a way that they do not overlap or 
intersect. 
Two different research methods were applied in both sub-categories: multiple lines and multiple 
curves. The first method encompassed the systematic analysis of the relation between the spacing 
and the transformation of 3D printed shapes. The second approach included a design-driven 
study where various forms and configurations were explored as part of the creative process. The 
emphasis is put either on the first method or on the second one, depending on the category; in the 
case of field and multiple lines, the focus is put on the empirical analysis, whereas the potential of 
multiple curves is explored to a large extent through the design-driven process.

5.2.2.1. Field

Field in the context of this research is a multiplication of single shapes (such as points) in a two-
dimensional space. It covers a wide spectrum of possible arrangements: from the very regular, 
orthogonal arrays to the smoothly transitioning gradients of densities. Shapes multiplied to create 
fields are further subdivided in two different categories. The first family of shapes consists of those 
that remain rigid and do not deform upon the release of fabric tension. They have a high thickness-
to-radius ratio and locally constrain the fabric to its stretched state. In this case, the fabric deforms 
only in the space between the individual shapes, analogous to the methodology used by the 
design studio Nervous Systems described in chapter 2.4.7.  

The second group contains shapes that deform marginally, primarily through bending. There is 
no distinct limit to such a deformation, as it relates to the proportions of the two-dimensional 
geometry and its thickness. The influence of spacing on the morphing of rigid shapes can be 
seen in Figure 5.11, which shows a configuration of multiple circular shapes (diameter d=6mm, 
thickness t=0.4mm) in a curvilinear grid, where the spacing gradually increases from 1.2mm to 
50mm. As soon as the spacing was smaller than 30mm, one could observe the fabric folding out 
of plane, thus forming three-dimensional, textile composite structures (Fig.5.11-5.12). In the areas 
where the spacing was smaller than 3mm, the textile behaved as a faceted surface consisting 
of rigid shapes, separated by a network of folding lines. A small distance between the individual 
elements implied that the spacing between those elements upon the release of the tension was 
close to zero. As a result, the single shapes interlocked with each other, whereas the overall 
surface became malleable and reconfigurable. 

The observed thresholds are exemplary for this specific fabrication setup. These dimensions 
may vary depending on the deposited geometry and other print parameters; however, this study 
reveals the general tendencies, relations and behaviors, which are valid for the field category 
independently of their scale. The same remark applies to the boundaries between the proposed 
categories of shapes. As they are based on the limited number of conducted experiments, these 
suggested boundaries remain flexible and open to updates as soon as new experiments feed the 
database. Moreover, some of the models could fit into more than one category, or even bridge 
between several different categories.
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Figure 5.11: Field of 3D printed circular elements (diameter d=6mm, thickness t=0,4mm) with variable 
spacing (1.2 mm – 50mm), before tension release (left) and after tension release (right). Appendix: Prototype 
nr. 01_02, p. 290. Photo: author

Figure 5.12: Field of 3D printed circular elements (diameter d=6mm, thickness t=0,4mm) with variable 
spacing (1.2 mm – 50mm). View at the opposite side of the fabric. Appendix: Prototype nr. 01_02, p. 290. 
Photos: author
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5.2.2.2. Multiple lines

The following set of experiments examines the behavior of multiple parallel lines (Fig. 5.13). Since 
straight lines preserve a translational symmetry and they are separated by a constant spacing, 
this study transitions from a one-dimensional system towards a two-dimensional system. The 
investigation starts by analyzing parallel lines with a constant spacing and continues to increase 
complexity by varying the interline spacing and line orientation.

From wrinkling to bending
The results of the physical experiments are presented as a phase diagram of all the shapes 
which were obtained by independently varying the spacing between the lines (s) and the line 
thickness (t). The phase diagram is a matrix with 8 cells corresponding to the interline spacing 
(s=0, 5, 10, 15, 20, 25, 30, 35) and 3 cells corresponding to the line thickness (t=0.3, 0.6, 0.9). 
Based on the observations, all morphed shapes were classified into four different types: bending, 
rolling, coherent wrinkles, independent wrinkles, which appear depending on the line thickness 
and spacing (Fig. 5.14-5.16). This empirical classification proved to be suitable to qualitatively 
understand the morphing process. Increasing the line thickness results in wrinkles getting larger 
and wider, until the fabric transitions from a wrinkled to a rolled shape. This transition appears as 
soon as the wavelength is comparable with the length of the line itself.

This behavior is controlled by the spacing between the lines: the smaller the spacing, the more 
the lines resist the fabric contraction and the less it bends (Fig. 5.14, at t=0.9 going from s=10 to 
s=0 the morphed shape transitions from “rolling” to “bending”). On the other hand, at very large 
spacing, neighboring lines are not affected one by another and behave as if they were single lines. 
As the spacing decreases, the tension in the fabric between two lines causes the lines to wrinkle 
coherently (meaning that the wrinkles are aligned and in phase). This behavior is moderated by 
the line thickness: for the same spacing, thicker lines cause the wrinkles to align (Fig. 5.14, going 
from t=0.3 to t=0.6 at s=25). 
Therefore, one can conclude that the spacing between the lines is an important factor affecting 
the morphing of the fabric, interacting in a non-trivial way with the effect of line thickness (Kycia 
& Guiducci, 2020, Guiducci et al., 2022). All morphed shapes and their dependence from the 
lines’ thickness and spacing were qualitatively captured by preliminary finite element simulations 
(Fig.5.15).

Variable spacing
Once the dependency of line thickness and spacing was analyzed and simulated, the following 
series of experiments was initiated, looking at the variable spacing (Fig. 5.17). A wide range of 
possibilities, ranging from the gradient transitions of parallel lines to the lines that are nor parallel, 
were tested in a design-driven process, described in detail in chapter 6.1.  
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Figure 5.13: Wrinkles formation. Multiple parallel lines printed on pre-stretched fabric: before tension release 
(left) and after partial tension release (right) where they wrinkle coherently. (Kycia, Guiducci, 2020)

Figure 5.14: Phase diagram explaining the influence of line thickness and spacing between multiple parallel 
lines onto the morphed shape. These shapes are classified into four categories: bending, rolling, coherent 
wrinkles and independent wrinkles. (Kycia, Guiducci, 2020)
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Figure 5.15: Different configurations of multiple parallel lines with varying thickness (t – mm) and spacing 
(s -mm) obtained through physical prototyping (1-4) and finite element simulations (1a-4a). The morphed 
shapes obtained with digital simulations closely match those observed in the physical experiments, and 
qualitatively follow the phase diagram of Figure 5.13. Simulation results: 1-1a- independent wrinkles 
(t=0.08, s=45); 2-2a- coherent wrinkles (t=0.2; s=27.5); 3-3a- rolling (t=0.5; s=42.5); 4,4a- bending (t=1; 
s=10). Photos: author, Visualizations of the finite element simulations: L. Guiducci
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Figure 5.16: Multiple parallel lines printed with decreasing spacing (15, 10, 5, 0 mm) showing the influence 
of the spacing on the morphing behavior (from tight rolling towards bending). (Kycia, Guiducci, 2020)

Figure 5.17: Multiple parallel lines with variable spacing 3D printed on a 50% pre-stretched fabric. Morphing 
varies from independent wrinkling in the center to coherent wrinkling towards the edges. Appendix: Prototype 
nr. 02_04, p. 305. Photo: author
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5.2.2.3. Multiple curves

Multiple curves exhibit more complex behavior than multiple lines, as a result of the uneven spacing 
between different curve segments, as well as their orientation on fabric. This chapter consists of 
two parts. The first part focuses on the reverse-engineering of a desired wrinkled geometry in 
order to validate the self-shaping strategy. Here a wrinkled kale leaf is used as a target shape. The 
second part consists of several experiments aiming to explore the design space of multiple curves 
and their potential geometrical configurations.

Replicating kale leaf shape
This case-study aimed to replicate target leaf-like shapes such as the shape of a kale leaf, 
mentioned in the first chapter (Fig. 1.1), in order to validate the morphing strategy. These kale 
leaves are characterized by highly rippled edges, as they grow more at the perimeter than at their 
base and therefore wrinkle more towards the edge. Such a growth profile varies exponentially from 
edge to the center, producing fractal wrinkles with increasing wrinkling frequency towards the 
edge (Sharon et al., 2007; Liang et al., 2009; Prusinkiewicz et al. 2010). 

Two fundamental differences can be noticed while comparing the emergent forms created through 
3D printing on pre-stressed textiles with the ones of the kale leaves. First, leaves are made of a 
single material whereas the 3D printed textiles are composed of two materials: the fabric and 
the thermoplastic filament. Additionally, the formation processes differ in both cases: leaves fold 
due to the growth process and textiles form due to the shrinkage. The wrinkled edges of a leaf 
result from the release of the compression stress, whereas in the case of self-shaping textiles, the 
fabric is under tension and printed shapes under compression. Despite those differences, the 
geometrical principles guiding the final form remain analogous.

In order to replicate the shape of a kale leaf, multiple arcs were 3D printed on the fabric in such a 
way that the wrinkling frequency was larger at the perimeter than at the base (Kycia & Guiducci, 
2020). The print contained a large 90° circular arc (of radius r0=360 mm and thickness t0=0.3) and 
two concentric arcs of increasing thickness (respectively with the following dimensions: r1=280 
mm, t1=0.6 mm; r2= 200 mm, t2=0.9 mm). Line thicknesses were chosen to obtain a considerable 
decrease of the wrinkle’s frequency from the edge towards the center (Fig. 5.18).

The distance between the arcs was chosen large enough to avoid tension in the fabric and ensure 
that the lines would wrinkle independently. To guarantee constant wrinkling frequency along each 
line, the fabric was stretched uniformly and biaxially. This way the wrinkling was not dependent 
on the orientation of the arcs. The resulting shape resembled the characteristic shape of a kale 
leaf with larger areas of slightly curved fabric in the center and increased wrinkles branching into 
smaller ones towards the perimeter. 

From waves to loops
The second part of this study had an experimental, explorative character. Various arrangements 
of curved lines were tested in a design-driven process. Next to the previously studied arcs, the 
emphasis was put on the undulating, periodic curves by studying their curvature, wavelength, 
amplitude and possible assembly configurations. The behavior of periodic curves upon the release 
of fabric tension turned out to be analogous to the behavior of straight lines which wrinkle and form 
waves. One could observe that the 3D printed two-dimensional, undulating curves transform into 
three-dimensional waves/or loops, once the fabric tension was released (Fig. 5.19). Depending on 
the print parameters, patterns and spacing between the deposited multiple curves, various looping 
qualities could be achieved. Different configurations of the periodic curves and their potential are 
highlighted and are further described in chapter 6.1.

SHAPE GRAMMAR
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Figure 5.18: Model resembling the shape of a kale leaf, obtained by printing three concentric arcs with 
increasing thickness from periphery towards the center (r0=360 mm, t0=0.3; r1=280 mm, t1=0.6 mm; r2= 200 
mm, t2=0.9 mm). Equibiaxially pre-stretched state (left). Partial tension release (center). Full tension release 
and detached from the printing bed (right). (Kycia, Guiducci, 2020)

Figure 5.19: Three-dimensional loops formed by wavy curves (w=3mm, t=0.4mm) 3D printed on a 50% 
pre-stressed fabric, where every second curve is mirrored along its longitudinal symmetry axis. Appendix: 
Prototype nr. 03_07, p. 325. Photo: author

Figure 1.1: Wrinkly edge of a kale leaf. Photo: Dorota Kycia
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5.3. CLOSED SHAPES

This chapter presents shapes enclosed with a boundary. These shapes are created by enclosing 
part of the surface through a set of line or curve segments, which define a closed boundary. Such 
a boundary divides the fabric into different areas: the inner and the outer surface. This separation 
is what differentiates them from the continuous Open Shapes. Additionally, enclosing a part of a 
surface allows to keep this part in tension, as it is framed by a more rigid, semi-elastic edge. This 
is usually the most desired and optimal configuration, which due to its closed shape minimizes 
surface area and prevents wrinkling. This approach was chosen for the exploration of Closed 
Shapes as an alternative design strategy to Open Shapes which promote wrinkling and continuity.

Most of the studies in this chapter focus on the inner surface, therefore the resulting three-
dimensional shapes are cut out from the fabric along the outer edge of the boundary. By 
separating the morphed shapes from the leftover fabric, extra energy is released and amplifies the 
transformation. Consequently, these cut-out objects are bereft of the textile continuity and promote 
a modular assembly logic, contrary to the continuous fabrication of Open Shapes mentioned in 
the previous chapter.

Numerous geometries made up of line and curve segments were tested in combination with the 
biaxially stretched fabric. Even the primitive, two-dimensional figures ended up transforming into 
complex, three-dimensional forms. In order to reduce the complexity and gain control over the 
morphing process, the initial experiments explored the most basic, primitive shapes. Once the 
formation principles were chosen, the complexity was gradually increased in a controlled and 
systematic manner.  

Closed Shapes are divided into two main categories: curvilinear and polygonal, each of them 
resulting in three-dimensional formations with very different characteristics. Open lines and curves 
transform into waves after releasing the tension and the same principle applies to the enclosed 
lines or curves. Even if the boundary is based on the two-dimensional polygonal lines before the 
tension release, the morphed textiles have no straight edges or angles. Their undulating tectonics 
result from the compression forces minimizing the inner surface, aiming to settle the boundary in 
the state of equilibrium. 
These aesthetic qualities were further accentuated by the choice of printed shapes. The emphasis 
is put on the circular shapes, as their inherent simplicity and vocabulary aligns with the waves 
and ripples, which emerge during the three-dimensional transformation. The decision to focus 
on curvilinear shapes was driven by their aesthetic qualities and subjective design criteria. 
Consequently, the field of polygonal shapes was not researched as extensively as the curvilinear 
shapes, thus this field has potential to be explored in the consequent research.

5.3.1. Curvilinear

Curvilinear shapes contain the circular shapes and the free-form shapes. To the free-form shapes 
belong all the other curvilinear, enclosed geometries besides the circular ones. 
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5.3.1.1. Circular

A circle was known even before the beginning of recorded history, as it contributed to the 
development of geometry, astronomy and calculus (Circle, n.d.). In early science, most medieval 
scholars believed that there was something intrinsically divine or perfect in circles (Koestler, 1959). 
Moreover, circles can be observed in many natural forms at various scales, being two-dimensional 
projections of different spherical objects such as water drops or planets.
 
A circle is a highly symmetric shape. It has both reflectional and rotational symmetry around 
the center for every angle, which makes it a unique figure with constant distance between the 
center and any point on the perimeter. Due to its multiple symmetries, a circle 3D printed on the 
fabric will always morph the same way, no matter how it is oriented and positioned in relation to 
the coarse and wale directions of the knitted textile. This lack of directionality together with the 
inherent simplicity and perfection of a circle, made it an ideal figure to start the investigation of 
Closed Shapes. As it revealed a lot of potential during the design process, the focus stayed on it 
rather than shifting to other figures.

Three different categories of circular shape topologies were looked at in this chapter: primitive, 
concentric and radial. The exploration of primitive circles focused on finding the right proportions 
between their width and the thickness to form the approximations of the minimal surfaces in the 
given boundaries. The other two categories represent different ways of subdividing the surface 
within the boundary: with concentric rings and radial ribs, described in the consequent chapters 
5.3.1.1.2. and 5.3.1.1.3.

5.3.1.1.1. Primitive

A printed circle is basically an enclosed 3D printed curve; thus, it behaves in an analogous way 
to the curve – creating waves and ripples. The primary difference between a closed and an open 
curve is that the closed curve divides the surface of the fabric in two regions: the inner one 
enclosed by the boundary and the outer one. The three-dimensional morphing depends on the 
proportions of the printed geometry as well as on the minimizing forces. These forces act along the 
coarse and wale directions of the knitted fabric and their magnitude depends on the pre-tension. 
If all the parameters match, a primitive circle would transform into a saddle surface or hyperboloid 
paraboloid (Fig. 5.20), such as the shape of a potato chip, resulting from various compression 
forces acting in different points along the boundary. Figure 5.21 demonstrates the form-finding 
process where the same circular ring was printed with different thicknesses and thus resulted in 
different geometries ranging from rigid to soft.

The example of the 3D printed saddle shape, being one of the early models, very well demonstrates 
another phenomenon- losing the fabric tension and stiffness over time. The same geometry was 
photographed in July 2018 (Fig. 5.20) as well as two and a half years later, in January 2021 (Fig. 
5.22), exhibiting significant differences. The latest photographs display softening of the 3D printed 
geometry and wrinkling of the inner fabric, which was initially in tension. This occurrence must 
be considered as one of the side-effects of this production method, especially when addressing 
potential applications of the methodology.
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Figure 5.20: Saddle shape created by a circle with the following dimensions (diameter = d, width = w, 
thickness = t): d= 180mm, w= 5mm, t= 1.8mm, 3D printed on a 50% pre-stressed fabric using Ultimaker 3.0 
extended. Appendix: Prototype nr. 04_01, p. 355. Source: author
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Figure 5.22: Saddle shape created by a circle with the following dimensions: diameter d= 180mm, width w= 
5mm, thickness t= 1.8mm, 3D printed on a 50% pre-stressed fabric on Ultimaker 3.0 extended, photographed 
two and a half years after fabrication. Appendix: Prototype nr. 04_01, p. 355. Photo: author

Figure 5.21: Circles 3D printed on a 50% pre-stressed fabric transitioning from rigid to soft, with the diameter 
d=230mm, width w=5mm and the following thicknesses (from left to right): t=2.4mm, t=2mm, t=1.6mm, 
t=1.2mm, t=0.8mm and t=0.4mm. Photo: author
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5.3.1.1.2. Concentric

In the case of multiple lines and multiple curves 3D printed on the equi-biaxially stretched fabric, 
the wrinkling behavior depends on their length, rather than on their orientation in relation to the 
wale and coarse direction of the textile, assuming that they are in line with one of these directions 
(see chapters 5.2.2.2 and 5.2.2.3). Concentric circular rings display similar wrinkling behavior to 
the multiple parallel lines, where spacing has a significant role in the formation process (Fig. 5.13- 
5.17). 
However, an additional parameter, which varies in the case of concentric circles, is the length of 
each circle. This added variable significantly increases the complexity of the overall system. As 
the length of each circle varies, the corresponding wavelength and number of waves after the 
morphing vary accordingly. This complex relationship between the position of concentric rings, their 
length, thickness and interline spacing determines the self-shaping. By alternating the proportions 
of the individual rings and spacing between them, a wide range of different configurations and 
geometries can be created (Fig. 5.24).

In the following series of experiments, one could observe different behaviors: ranging from 
symmetrical and aligned (or coherent) wrinkling (Fig.5.23) to much more irregular, wavy formations 
(Fig.5.24). The first series of experiments tested different proportions of the individual rings with 
constant spacing, whereas the second iteration looked at gradient conditions where either the 
spacing or the proportions of the rings gradually increased/ decreased from the center outwards. 
Several of these configurations are described in more detail in chapter 6.2.

SHAPE GRAMMAR
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Figure 5.23: Concentric circles (width w=3mm, thickness t=0.8mm, spacing s=20mm) 3D printed on a 50% 
pre-stressed fabric, forming coherent, concentric waves. Appendix: Prototype nr. 05_01, p. 360. Photo: 
author



108 SHAPE GRAMMAR

Figure 5.24: Selection of 3D printed concentric rings 3D printed on a 50% pre-stressed fabric, forming 
various three-dimensional shapes. The exact printing parameters are described in the annex. Photos: 
author
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5.3.1.1.3. Radial

An alternative solution for subdividing a circle into smaller areas relies on introducing elements in 
the other direction: a radial grid. These radial lines connecting the center point with the circular 
boundary significantly stiffen the overall form (Fig. 5.25). Various strategies were tested in a design-
driven process where the number of ribs, their proportions and length varied (Fig. 5.26).

In order to significantly stiffen the overall geometry, the linear elements require substantial thickness. 
The rigidity of the outer ring, instead, determines whether the inner fabric is in tension or not. It 
also influences the overall shape: soft outer rings result in closed/ folded geometries, whereas 
stiff outer rings create much more open, circular shapes. Configurations where the radial ribs are 
stiffer than the outer boundary create shapes that resemble flowers with pointy central stalks and 
undulating, wavy boundaries (Fig.5.25). 

As part of this case study, one more variable was introduced: different lengths of the individual 
ribs, starting from the boundary towards the center. These local densifications enable the creation 
of areas with varying stiffness and folding directions. Such a design methodology is described 
further in chapter 6.2, where multiple materials are introduced within one print. Multi-material 3D 
printing allows to vary not only the geometrical, but also material characteristics of the 3D printed 
elements. This differentiation turned out to be advantageous and beneficial for the category of 
radial, circular shapes, as these shapes naturally comprise two different geometrical entities. 
Therefore, the material differentiation in this case can enhance the already existing geometrical 
differentiation.
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Figure 5.25: Radial lines enclosed by a circular boundary (outer ring: w=3mm, t=1.8mm, inner lines: (w= 
03mm, t=0.9-1.8mm) 3D printed on a 50% pre-stressed fabric. Appendix: Prototype nr. 06_14, p. 397. 
Photo: author
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Figure 5.26: Selection of radial circular modules 3D printed on a 50% pre-stressed fabric, forming various 
three-dimensional shapes. The exact printing parameters of each model are described in the annex. Photos: 
author
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5.3.1.2. Free-Form

Free-form shapes consist of all curvilinear shapes which do not belong to the category of circular 
shapes. They include those more symmetrical ones such as ellipses as well as all other free-form 
geometries where patches of fabric are enclosed by a continuous boundary. This family of shapes 
is suitable to reverse-engineer the complex, three-dimensional objects, such as in the example 
from the URJC Madrid and Disney Research (Perez et al., 2017) described in the chapter 4.4.7.

As this research looks at the bottom-up design strategies instead, the free-form shapes are not 
in the center of this investigation. The scope of possible free-form shapes has an open end and 
unless there is a specific targeted shape to be materialized, such investigation can be endless. 
This research studies the performance of more basic, symmetrical shapes, to then look at their 
transformations into complex three-dimensional surface structures. By observing and learning from 
the behavior of the material and its reactions to the forces, which act on it, this study attempts to 
develop design strategies that would benefit from these findings and allow to generate intrinsically 
efficient, robust and dynamic forms.

5.3.1.2.1. Primitive

Primitive free-form shapes are shapes enclosed by one continuous edge, without further 
subdivisions into smaller patches. Morphing of such shapes can be seen in one of the larger 
prototypes shown in chapter 6.3. (Fig. 6.165).

5.3.1.2.2. Network

Network free-form shapes consist of primitive shapes with additional internal subdivisions. An 
example of such configuration is one of the first objects created through 3D printing on prestressed 
fabric by the MIT Media Lab – the Active Shoe (Fig. 2.36) (Guberan & Clopath, 2016).
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5.3.2. Polygonal

Polygonal closed shapes are shapes created from straight line segments, connected in order to 
form closed polygonal paths. These shapes transform analogously to a collection of straight lines 
while acknowledging the varying distances between these lines and resulting variations.
As large potential was noticed in the study of continuous lines (described further in chapter 6.1), 
the exploration of enclosed polygonal surface patches did not continue much further. Several tests 
were performed and briefly described, outlining various aspects and potential for future research. 

5.3.2.1. Orthogonal

Orthogonal configurations include line segments that are perpendicular to each other, forming 
right angles.

5.3.2.1.1. Primitive

Primitive orthogonal shapes are rectangles – polygons with four edges, four vertices and four 
right angles. A square – rectangle in which all edges have equal length- was chosen to test the 
orientation of the print on the fabric and its influence on the morphing (Fig. 5.27), described in 
more detail in chapter 4.1.3.2.

5.3.2.1.2. Concentric

Concentric orthogonal shapes demonstrate numerous similarities with concentric circles. They are 
created using offsets from the outer boundary, which ensures constant spacing between every 
two consecutive shapes. The transformation corresponds to the behavior of multiple parallel lines 
described in chapter 5.2.2.2., but this time the lines are placed in two directions and connected at 
the ends. Still, enclosing the outer lines has substantial repercussions on the morphing, following 
the difference between Open Shapes and Closed Shapes. 

5.3.2.1.3. Grid

Orthogonal grids are networks of surface patches created by intersecting straight lines that meet at 
right angles. Just as single straight lines transform into waves, a network of lines transforms into a 
network of waves with doubly curved surface patches in-between. These surface patches form 
sequences of hills and valleys with synclastic (dome-shaped) and anticlastic (saddle-shaped) 
curvatures, in correspondence with the line intersections.
Orthogonal grids may be regular and repetitive or irregular, non-repetitive. Regular grids are made 
from intersecting lines that subdivide a plane into identical rectangles (Fig. 5.28), whereas irregular 
grids are formed by rectangles of various sizes. The sequence of hills and valleys depends on the 
rhythm of the grid. Regular grids morph into repetitive and modular doubly curved configurations, 
having a lot of potential for three-dimensional, modular assemblies.
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Figure 5.27: A 70 x 70 mm large square (width w=5mm, thickness t= 1,2mm) 3D printed on a 50% pre-
stressed fabric on Ultimaker 3.0 extended. Appendix: Prototype nr. 08_02, p. 406. Photo: author

Figure 5.28: A 500 x 500 mm large orthogonal grid (line width w=3mm, thickness t= 0.4mm) 3D printed on 
a 50% pre-stressed fabric. Appendix: Prototype nr. 10_02, p. 411. Photo: author
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5.3.2.2. Non-orthogonal

Non-orthogonal polygonal configurations are made of straight-line segments meeting at different 
angles, where at least one of the angles is not the right angle.

5.3.2.2.1. Primitive

Primitive polygonal shapes are closed polygons, which include regular figures such as triangles, 
pentagons or hexagons as well as the irregular ones. Any closed polyline, which does not self-
intersect, belongs to this category, as it divides the surface into an inner area and an outer area.

5.3.2.2.2. Grid

Non-orthogonal polygonal grids are networks of lines dividing a plane into multiple surface patches. 
Every way of subdividing the plane with non-orthogonal, intersecting straight lines (or polylines) 
belongs to the non-orthogonal grids. Such grids can be periodic (made of repetitive figures) and 
aperiodic (non-repetitive). 

Periodic grids (also referred to as tessellations) can be regular – consisting of identical modules, 
semi-regular or irregular. Regular, non-orthogonal configurations include triangular and hexagonal 
grids, as both figures: equilateral triangle and regular hexagon, can be infinitely copied to fill a 
plane with no gaps. Semi-regular grids are made of more than one type of polygon, but they have 
the same arrangement of polygons at every corner (Cundy & Rollett,1961). An example of such 
a grid is a configuration made of triangles and quadrilaterals seen on figure 5.29, which shows 
morphing behaviors of the same grid depending on its size and materiality. 

Irregular grids, on the other hand, can be made of other, non-repetitive shapes. Some of the most 
intricate tessellations were created by M.C. Escher, a Dutch artist who drew inspiration from forms 
found in nature to develop complex patterns from irregular interlocking figures (Escher, 1989). 
Aperiodic grids consist of multiple intersecting lines positioned freely in a plane.

Non-orthogonal grids, analogous to the orthogonal ones, turn into three-dimensional landscapes 
with hills and valleys, but as they are less regular and not aligned with the warp and weft directions 
of the fabric, such morphed landscapes become much more complex to simulate and analyze 
(Fig. 5.30). In the case of periodic grids, especially the regular ones, one can observe modularity 
and repetition, following the repetitive character of the two-dimensional geometry before the 
release of fabric tension.
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Figure 5.30: Mountain- and valley-like formations resulting from the non-orthogonal grid (width w=3mm, 
thickness t=1.2mm) 3D printed on a 50% pre-stressed fabric. ArcInTex 2017, Aalto University, Helsinki. 
Photo: author

Figure 5.29: A selection of non-orthogonal grids 3D printed on a pre-stressed fabric as part of the ArcInTex-
Self Forming Textiles workshop taught by O. Moslemian And A. Mohite, ArcInTex 2017, Aalto University, 
Helsinki. Photo: author
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5.3.2.3. Nested Grid

Some of the more complex grids are based on other, usually simpler grids. A grid based on 
another grid may be referred to as a nested grid, or hierarchical grid. Those grids usually group 
several smaller modules into larger modules. An example of a nested grid is a regular hexagonal 
grid, where each of the hexagons is based on three equilateral triangles. Nested grids have a lot 
of potential in the context of self-shaping textiles, as they allow differentiation on multiple levels, 
or across different scales, where the overall pattern can be based on one grid and the height 
variation- on another one. 

An example of such a nested grid can be seen on figure 5.31, where the triangular grid is used 
as a base, on top of which various extrusion profiles are introduced. These extrusions follow the 
hexagonal grid where every hexagon is built upon a cluster of six triangles. In order to avoid abrupt 
changes in thickness, a design strategy was proposed where the thickness gradually increases 
towards the center of the hexagon and decreases towards the perimeter. 
Three different line profiles were chosen and compared: the flat one, the linear increase of height 
and finally the exponential increase of height (Kycia, 2019). One could observe considerable 
differences in the morphing between those three variations, as each of them affected the stiffness 
and flexibility of the hexagonal modules. In the grid with constant thickness, valleys were created 
in every intersection point, thus generating a soft and malleable structure. On the other hand, 
thickening the lines only around certain vertices, locally stiffened only the areas around these 
vertices. Linear increase of thickness resulted in the dome-like surfaces within the areas of the 
hexagons. Exponential increase of thickness, instead, flattened the central parts of the hexagons. 
In both scenarios, the areas between the hexagons became soft and flexible. 

Described design strategy to locally modulate the line thickness significantly increased the 
possibilities of customization and the variety of shapes that can be generated with one base 
pattern. Moreover, imagining that such an increase in stiffness could happen due to the material 
responding to the environmental stimuli, evokes endless opportunities for flexible, modular and 
adaptive structures. Even though the systems based on grids were not developed further as 
part of this research, the design methodology to locally vary the thickness was taken further and 
implemented in the other case studies.
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Figure 5.31: Triangular grid 3D printed with variable line thicknesses: constant t= 0.4 mm (left), linearly 
increasing from t= 0.4mm to t=1.8mm (middle), and exponentially increasing from t= 0.4mm  to t= 10mm  
(right), resulting in significantly different three-dimensional shapes. Top row shows profiles of the lines. 
Source: author
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CHAPTER 6

LARGE ASSEMBLIES

This part of the research consists of three sub-chapters, where each of them describes several 
design-driven case studies while focusing on different research aspects. The first chapter examines 
the concept of continuity while printing Open Shapes, the second one focuses on circular Closed 
Shapes and related ideas of modularity, whereas the last one elaborates on the textile itself by 
exploring the field of custom-knitted fabrics. 
The topic of upscaling the production methodology is constituent of every chapter, however each 
of these three sub-chapters explores different strategies of production and assembly.



6.1. INFINITE TEXTILES
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The first case study focuses on 3D printing open shapes, especially lines and curves, as a way of 
exploring continuous materials, spaces and production processes.

6.1.1. Continuity

The concept of continuity became the force which drove the design decisions and triggered 
the development of the following textile prototypes. Various aspects of continuity are described 
separately in the following sections.

6.1.1.1. Material continuity

Can a material be continuous? What does it mean when the material is continuous? 

“A material is continuous if every subvolume within it is occupied by the material and if its properties 
vary smoothly from one point to another. A material that does not have these characteristics, in 
which properties such as density and strength vary abruptly across internal surfaces, is said to be 
discontinuous.” 

(Means, 1976)

The geologist W.D. Means defines material as continuous as soon as its properties smoothly 
transition from one to another. He argues that natural materials such as rocks are rarely perfectly 
continuous- they are approximately continuous. The idea of perfect continuity defines the properties 
of idealized materials- helpful to foresee material behavior studied in continuum mechanics.

The concept of material continuity was also challenged by the tensegrity models of Buckminster 
Fuller in the 1950s (Fig. 6.3) and more recently by Neri Oxman’s use of biomaterials and new 
digital technologies. In the case of Fuller it was a compositional, responsive continuum of factory-
produced elements, whereas Oxman used modulation rather than assembly of parts to create 
materials with locally distinctive properties (Steiner, 2020). 

In the context of this research, material continuity refers to the heterogeneous material properties 
gradually transitioning from one to another. Such gradation can be obtained on the level of the 
fabric as well as on the level of the deposited filament. Custom-made fabrics are described in 
more detail in Chapter 6.3, whereas locally changing the material properties can be achieved with 
the help of advanced 3D printing machines that control material compositions on the granular 
level. More information on multi-material 3D printing can be found in chapter 6.2.
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Figure 6.1: Sketch demonstrating out-of-the-roll production 
process as a way to scale up the system. Drawings: author

Figure 6.2: Sequence demonstrating stepwise continuous 
production. Photos: author
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6.1.1.2. Towards a continuous production process

The combination of continuous and heterogeneous materials with advanced digital fabrication 
technologies allows us to envision continuous production processes that overcomes the size 
limitations of existing 3D printers. Continuous manufacturing is widespread in the textile industry, 
which converts fibers into continuous yarns and yarns into endless fabrics. The size of the textile 
machinery usually defines only the maximum width of created fabrics. As there are no limitations to 
their length, textiles can be rolled up into bolts and sold by the meter. Such continuous manufacturing 
can be also imagined for 3D printing, enabling production of large-scale self-shaping textiles. 

3D printing of continuous lines (rather than closed patches) allows us to envision the out-of-the 
roll 3D printing on infinite textiles (Fig.6.1). Once the 3D printing method is also upscaled into a 
continuous fabrication process (Rivera et al., 2017), it could become a resource of potentially 
new architectural applications such as exterior facade systems, roof canopies of interior surface 
elements improving inner lighting conditions, acoustics, humidity or ventilation. 

For the purpose of this research thesis, continuous 3D printing was replaced by a so-called 
stepwise procedure, where parts of the geometry are printed on a larger fabric, then the fabric 
is shifted, tensioned again, and printing of the following part continues (Fig.6.2). Printing open 
shapes is further tested for continuous production where 3D printed geometries do not need to be 
interrupted.  

6.1.1.3. Continuity of space

Continuity of materials and production processes provokes spatial continuity – a concept explored 
by architects such as Buckminster Fuller (Fig. 6.3), Peter Cook or Frederick Kiesler. Fuller’s plastic 
version of the Dymaxion Bathroom, Cook’s futuristic visions of mega-cities or Kiesler’s biomorphic 
Endless House are all projects that propose interconnectivity as a role model for architectural 
spaces. Kiesler’s idea to create new kinds of living triggered by the rejection of walls and spatial 
divisions (Kiesler, 1925) created the theoretical foundations for the Endless House Project (Fig. 
6.4, 6.5).

This speculative project aimed to establish a spatial symbiosis between man, nature and 
technology (Bogner & Noever, 2001). It embodied Kiesler’s vision of a “free-form, continuous, 
human-centered living space synthesizing painting, sculpture, architecture, and the environment 
(…) endless like the human body— there is no beginning and no end.” (Cline, 2002), enhancing 
the interconnectedness of all domains of life. As a physical manifestation of these ideas, he 
designed the Space House, which was supposed to be entirely cast in plastics (Kretzer, 2017), 
smoothly transitioning between the typical structural elements: flour, wall, column and roof, thus 
representing a “continuous unit” (Mc.Guire, 2012).

The concept of spatial elasticity as a way to accommodate the ideal conditions for varying 
demands and uses (Kretzer, 2017), opens new possibilities for the large-scale applications of 
textile structures, in particular due to their inherent malleability. Textiles have played an important 
role in the development of the architecture and building construction sector for millennia, but most 
architectural textiles are framed and bereft of their intrinsic material properties such as flexibility, 
softness and adaptability. Proposed methodology challenges this conception and proposes novel 
textile tectonics of continuous, soft and adaptable spaces.
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Figure 6.3: Tensegrity Icosahedron, Buckminster Fuller, 1949. 
© Wikimedia Commons (Source: https://en.wikipedia.org/wiki/
Tensegrity)  

Figure 6.4: Model for Endless House, 1959. © Austrian Frederick 
and Lillian Kiesler Private Foundation, Vienna (Bogner, 1997)

Figure 6.5: View into model for Endless House, 1959. © Austrian 
Frederick and Lillian Kiesler Private Foundation, Vienna  (Bogner, 
1997)
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6.1.2. Geometrical studies

The following case study aims at exploring the concept of continuity by applying the knowledge 
about the morphing behavior of multiple lines to a qualitative, design-driven process. The behavior 
of parallel lines was studied in chapter 5.2.2.2., then cataloged in the shape matrix. In a series of 
physical and digital experiments, the influence of parameters such as line thickness and interline 
spacing was analyzed and evaluated. The creative potential of these quantitative experiments and 
observations was now tested through design. The morphing behavior of multiple lines was taken 
as the base for the development of heterogeneous textile structures with locally differentiated 
properties.
This exploration started by looking at multiple lines and continued with multiple curves, testing 
different patterns and orientations. Finally, the shape-defining principles were scaled up to 
demonstrate the continuous production process, thus triggering visions of possible applications 
of such textiles in the architectural context.

6.1.2.1. 3D printing multiple lines

The design exploration started by 3D printing multiple lines, aiming to experiment with various 
parameters such as the interline spacing or the orientation of lines, in relation to the structure of the 
textile. This investigation focused on different behavioral patterns and recurring phenomena such 
as wrinkling, rolling, bending or snapping.

The first series of experiments explored the transitions between different morphing behaviors to 
create fabrics with variable characteristics. A gradual change of spacing between the parallel lines 
resulted in various configurations, transitioning from independent wrinkling to coherent wrinkling 
(Fig. 6.6) or from wrinkling to rolling (Fig. 6.7). The resulting gradient transformations correspond 
to the idea of continuous production and allow local differentiation within one fabric.
An additional parameter which affects the morphing process is the orientation of the lines. The 
configurations of lines, which are not parallel to each other (Fig. 6.8), allow for analogous transitions 
in both directions. Furthermore, such a layout enables local densifications that are no longer linear 
(one- directional), but two-directional. Resulting field-like, heterogeneous conditions support the 
design of complex self-shaping structures with high level of control and accuracy.

Besides the previously observed morphing stages such as wrinkling, rolling and bending (see 
chapter 5.2.2.2.), other phenomena were discovered during the design process. The performed 
experiments demonstrated that modulating the spacing between the parallel lines not only 
affects their geometrical characteristics, but also the mechanical properties such as stiffness and 
flexibility. In the rolled configuration (Fig. 6.9) one could observe that the stiffness of the tubular 
form depends to a large extent on the distances between the lines. The areas with very densely 
spaced lines stiffened the overall geometry, whereas areas with larger spacing remained flexible 
and malleable. By alternating the interline spacing within the fabric, one could not only affect the 
self-shaping, but also determine its mechanical characteristics after the morphing. 

New design opportunities arose also due to the partial tension release, as opposed to the 
aforementioned full tension release. For instance, by releasing the tension only in one direction 
(perpendicular to the printed lines), the individual lines could be kept in the permanent bending 
state (Fig.6.10). As a result, the snapping behavior emerged where the slightly bent lines interlock 
with one another. This behavior demonstrates a lot of potential for adaptive systems that open and 
close or change their opacity and transparency level.  
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Figure 6.6: Multiple parallel lines with variable spacing 3D printed on a 50% pre-stretched fabric. Morphing 
varies from independent wrinkling in the center to coherent wrinkling towards the edges. Appendix: 
Prototype nr. 02_04, p. 305. Photo: author

Figure 6.7: Multiple parallel lines with variable 
spacing demonstrating transition from coherent 
wrinkling to rolling. Appendix: Prototype nr. 02_06, 
p. 307. Photo: author

Figure 6.8: Multiple lines which are not parallel to 
each other demonstrate transition from wrinkling 
to rolling. Appendix: Prototype nr. 02_09, p. 310. 
Photo: author
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Figure 6.9: Behavior of a rolled configuration with differently spaced multiple parallel lines. Appendix: 
Prototype nr. 02_05, p. 306. Photos: author

Figure 6.10: Behavior of a rolled configuration with differently spaced multiple parallel lines, tensioned along 
the lines due to the second layer of fabric. Appendix: Prototype nr. 02_03, p. 304. Photos: author
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6.1.2.2. 3D printing multiple curves 

Analogous experiments to the multiple lines were carried out with the multiple curves. Here the 
focus was put on the three-dimensional transformations of the two-dimensional periodic waves 
(waves that repeat in a regular, recurring rhythm). Depending on the printing parameters and 
applied pre-tension, such waves either behaved similarly to the straight lines (rolling or bending) 
or formed three-dimensional loops (Fig. 6.11) rather than wrinkle. The thinner the lines and the 
stronger the tension, the more three-dimensional looping could be observed. Additionally, these 
waves had the capacity to overlap and interlock (Fig. 6.12, 6.13). Depending on their thickness, 
orientation and spacing between them, different degrees of overlap and entanglement could 
be achieved. This design method demonstrated a lot of potential for adaptive systems, which 
alternate tension, described in the following chapter 6.2.

Another series of tests was performed with the gradually varying curve profiles, instead of the 
repetitive arrays of single curves. Here the general observed tendency was analogous to the 
periodic curves. Wavy curves with high thickness behaved similarly to the straight lines: rolling or 
bending. Additionally, the waves with larger amplitudes, stiffened also the neighboring areas of the 
fabric, corresponding to the maximum width of the waves (Fig. 6.14).

The following series of experiments looked at the different arrangements of curves and their 
orientation on the printing bed. Given the size limitation of the available 3D printing machine, a 
base geometry chosen for this test was the single arc, rather than the periodic undulating curve. 
Multiple arcs were positioned in various configurations (Fig. 6.15), resulting in various complex, 
interlocking three-dimensional forms. Nevertheless, this study was not pursued further due to the 
size limitations of the existing fabrication setup. For a more complete analysis and evaluation of the 
results, an increased printing size would be advisable. Yet the spatial complexity of created forms 
suggests a lot of potential for further exploration. 

6.1.3. Alternating tension as adaptation strategy

This chapter explores the potential of alternating the fabric tension as a strategy for the controlled 
shape change and adaptation. Numerous empirical tests were executed by comparing the 
shape change of an already formed geometry after applying the uniaxial and biaxial tension. For 
the increased precision and repeatability of the experiments, a 50 x 50 x 30 cm wooden frame 
with a built-in tensioning mechanism was constructed. This frame allowed tensioning the fabric 
independently in each direction, as well as in both directions simultaneously (Fig. 6.16-6.18). Figure 
6.16 shows four different tensioning states of the 3D printed multiple periodic curves, where each 
state results in a diametrically different geometry. Furthermore, a similar tensioning mechanism 
could be used for controlling the shape change in real-time. By automating and synchronizing 
the tensioning mechanism with the external stimuli, the proposed system could create responsive 
solutions for large-scale, architectural elements, adapting to the fluctuating environment.

In search of the porosity within the continuous, textile composite structures, an additional element 
was introduced into the fabric– the cut. In order to avoid the torn edges of the fabric, the 3D printed 
lines or curves were offset and doubled, which enabled the cut to be placed in-between. This 
solution allowed framing the cut by the printed boundary, thus preventing the fabric from sagging 
and loosely floating in space. 
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Figure 6.13: Overlapping curves (width w=2mm, 
thickness t= 0.8mm, spacing s=40mm) printed on 
a 50% pre-stressed fabric. Appendix: Prototype nr. 
03_11, p. 329. Photos: author

Figure 6.12: Overlapping curves (width w=3mm, 
thickness t= 0.8mm, spacing s=70mm) printed on 
a 50% pre-stressed fabric. Appendix: Prototype nr. 
03_08, p. 326. Photo: author

Figure 6.11: Three-dimensional loops formed by 
curves 3D printed on a 50% pre-stressed fabric. 
Prototype was produced as part of the Self-shaping 
Textiles course at the weissensee kunsthochschule 
berlin in 2018. Appendix: Prototype nr. 03_22, p. 
340. Source: KHB

Figure 6.14: Lines transitioning into periodic curves 
(width w=3mm, thickness t= 0.4mm, spacing 
s=17mm), printed on a 50% pre-stressed fabric.  
Appendix: Prototype nr. 03_03, p. 321. Photos: 
author
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Figure 6.15 Three different configurations of multiple arcs (width w = 3mm, thickness t = 1.6mm), 3D printed 
on a 50% stretched fabric, demonstrating different morphing behavior. The top row shows the top view of 
the digital files and the bottom row their shape upon the release of tension. Appendix: Prototypes nr. 03_17, 
03_19, 03_18 pp. 335-337. Source: author

Figure 6.16: 3D printed pattern in four different stretched states, resulting in diametrically different shapes: 
top left: no tension, top right: equibiaxial tension, bottom left: uniaxial tension in vertical direction, bottom 
right: uniaxial tension in horizontal direction. Photos: author
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Figure 6.17:  A 50 x 50 x 30 cm wooden frame with biaxial tensioning mechanism. Photo: author

Figure 6.18: Multiple curves 3D printed on a 50 % pre-stressed fabric, upon the release of tension (left) 
Multiple curves 3D printed on a 50 % pre-stressed fabric, with uniaxial tension applied (right). Photos: author



136 LARGE ASSEMBLIES

Figure 6.19: Multiple curves mirrored along their longitudinal axis, 3D printed on a 50 % pre-stressed fabric 
and cut repetitively along each of the curves. This prototype demonstrates potential for structures that open 
and close as a reaction to the controlled tensioning. Appendix: Prototype nr. 03_12, p. 330. Photo: author

Figure 6.20: Multiple open and closed curves, 3D printed on a 50 % pre-stressed fabric and cut repetitively 
along each of the curves . Appendix: Prototype nr. 03_13, p. 331. Photo: author
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Figure 6.21: Multiple undulating curves, 3D printed on a 50 % pre-stressed fabric and cut along the curves. 
This prototype demonstrates. Appendix: Prototype nr. 03_09, p. 327. Photo: author

Figure 6.22: Multiple curves mirrored along their longitudinal axis; 3D printed on a 50 % pre-stressed fabric. 
This prototype demonstrates the potential for structures that change form as a reaction to the controlled 
tensioning. Appendix: Prototype nr. 03_10, p. 328. Photo: author
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Cutting into the fabric not only introduces new openings, but it also significantly influences the 
morphing, as every new cut is an equivalent to a new boundary. Since the tensile forces along every 
boundary are reset to zero, a new cut causes an instant reconfiguration of the forces embedded in 
the textile/3D printed hybrid. As a result, the existing distribution of forces is reorganized, and the 
cut fabric assumes a new shape in search of equilibrium and new balanced configuration. 

Furthermore, by changing the tension of the fabrics through the local cuts, it is also possible to vary 
the porosity of the fabric, as the cuts open and close upon stretching and releasing (Fig.6.19-6.22). 
Numerous studied patterns and configurations of the 3D printed shapes and cuts demonstrated 
great potential of this method for creating robust textiles that open and close in correspondence 
with the change of tension. Once applied in the architectural scale, such textiles could serve as 
adaptive shading elements.

6.1.4. Scaling up

6.1.4.1. 3D printing on larger textiles

The next step, which informed the design development of the continuous self-shaping textiles, 
was scaling up the production process. The first series of experiments aimed at upscaling the 
open line bundles by increasing the size of the fabric and developing a new production method. 
The proportions of the printed lines remained unchanged. Given the constraints of the available 
technical setup and 3D printing machine, the idea of the out-of-the-roll production was temporarily 
replaced by a stepwise procedure. This methodology relied on depositing the lines on smaller 
textile patches, then shifting the fabric and printing the consequent parts of the geometry. Several 
larger prototypes were fabricated this way; however, the production method demonstrated several 
limitations and difficulties. 

The large fabric was divided into multiple smaller areas where rectangles of 33.3 x 33.3 cm were 
drawn. For every print, one rectangle was stretched up to a 50 x 50 cm size, which corresponded 
to the size of the printing bed, and attached to it with the metal clips. One of the difficulties 
encountered in this process was stretching the fabric after the first file was printed, as by then 
it had already transformed into a three-dimensional form. Moreover, the attachment of the clips 
on top of an already printed pattern often damaged the printed geometry, because the clips 
pressed the geometry and forced it into a foreign position. After recognizing these difficulties, 
the decision was taken to scale the next prototypes only in one direction. Each of the designed 
patterns was further subdivided into three separate prints (50 x 50 cm each), creating an overall 
print size of 50 x 150 cm. 

In order to amplify the effect of the variable spacing and its influence on the morphing behavior, 
the produced prototypes were created with the equally thick lines and curves, but with gradually 
changing spacing. As a result, the meter-scale textiles transitioned from wrinkling to rolling (Fig. 
6.23, 6.24, 6.25A, C, D) or from rolling to bending (Fig. 6.25 B, E). The resulting changes in the 
morphing behavior can be seen on six chosen prototypes (Fig. 6.25), demonstrating the robustness 
of the proposed methodology. The challenges of attaching and tensioning the fabric could be 
overcome by replacing the stepwise fabrication with the continuous, out-of-the-roll production 
technique. 
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Figure 6.23: Six prototypes demonstrating transitions between different morphing behaviors: A- from 
coherent wrinkling to rolling, B- from coherent wrinkling through rolling to bending, C- from rolling through 
coherent wrinkling to rolling, D- from rolling to coherent wrinkling to rolling, E- from bending through rolling 
to bending, E- three-dimensional looping. Each of those prototypes was printed in three print iterations, 
resulting in the overall print size of 50 x 150 cm. Appendix: A-Prototype nr. 02_12, p. 313, B-Prototype nr. 
02_14, p. 315, C-Prototype nr. 02_13, p. 314, D-Prototype nr. 02_16, p. 317, E-Prototype nr. 02_15, p. 316, 
F-Prototype nr. 03_32, p. 350. Source: author
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Figure 6.24: Multiple parallel lines with variable spacing, 3D printed on a 50% biaxially pre-stressed fabric. 
Resulting morphing transitions between wrinkling and rolling, depending on the interline spacing. Appendix: 
Prototype nr. 02_12, p. 313. Photo: author
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Figure 6.25: Multiple parallel lines with variable spacing, 3D printed on a 50% biaxially pre-stressed fabric. 
Resulting morphing transitions between wrinkling and rolling, depending on the interline spacing. Appendix: 
Prototype nr. 02_13, p. 314. Photo: author
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6.1.4.2. Manual deposition of polymeric materials

The second attempt to upscale the system switches to a different production process – the manual 
deposition of polymeric adhesives on meter-sized, pre-stretched elastic textiles (Fig. 6.26). 
Although this process is not as precise as the 3D printing, it allowed to obtain wavy line formations 
that were qualitatively equivalent to the 3D printing tests. Moreover, these larger models revealed 
much more complex and detailed patterns, which could not be achieved nor observed on a 
smaller scale.
Together with my colleague L. Guiducci, we have produced several large-scale prototypes, four of 
which were chosen to describe in more detail (Fig. 6.30): three different patterns printed on 1170 
x 1940 cm large, white elastic fabrics (Fig. 6.31) and one double-sized pattern, deposited on a 
1170 x 3920 large black fabric (Fig. 6.43-6.47). Each of the prototypes was based on a different 
pattern of multiple lines and curves: the first one consisted of the predominantly vertical, curved 
lines with variable spacing (Fig.6.32-6.34), the second one- straight horizontal lines with variable 
spacing (Fig. 6.35-6.40) and the third one- multiple curved lines transitioning between vertical and 
horizontal (Fig. 6.41, 6.42). The double-sized, black textile contained the horizontal straight lines 
with variable spacing (Fig. 6.43-6.47). All patterns were first printed on paper and placed on the 
large table boards. A 77 x 128 cm large rectangle was drawn on every white fabric, which was 
then stretched to fit the boards and attached with 5cm wide metal clips (Fig. 6.27). The largest, 
black fabric required a different attachment system, as the tension was too strong for the clips to 
carry. Here the wooden beams were used as an extra weight and the fabric was clamped together 
with these beams along the edge of the table (Fig. 6.28, 6.29). 
Due to the translucency of the knitted fabrics after tensioning, the line patterns, which were placed 
underneath the fabric, were clearly visible. This enabled tracing the line pattern on top of the fabric 
with the polymeric adhesives, extruded from the cartouche. The cartouche was connected to the 
compressor, which allowed us to control the speed of the extrusion. Once the deposited polymeric 
material dried out, the tension was released. The elastic energy stored in the fabrics caused them 
to transform into wrinkled, meter-sized surfaces. Despite the imprecision of the manual deposition, 
the resulting geometries demonstrated considerable rigor and ablated the inaccuracies of the 
hand, amplified by the change of scale. 

Observing the prototypes in this scale enabled us to notice the new three-dimensional patterns that 
were not visible in the smaller prints (Fig. 6.30, 6.31). Gravitational force induces additional tension 
on the fabric, exposing emerging patterns (Fig. 6.37, 6.38). The larger and heavier the print, the 
larger is the impact of gravity on the resulting shapes. Analogous effect could be observed in nature 
where drops of water change their shape as a reaction to the gravitational forces, described in 
chapter 2.1.1.3. While one of the fabrics was hung in two different ways (Fig. 6.35, 6.36), significant 
differences between both forms could be observed. The tension between the lines was amplified 
in the upper parts of the fabric, as these areas carried more weight. These variable forces locally 
amplified the tunnel-line vertical shapes, which connected the horizontal rows. This effect can be 
seen in the upper section of figure 6.35. As soon as the number of wrinkles changed between the 
rows, emergent branching structures appeared transversally to the printed lines. Similar effect can 
be seen on figure 6.39, where one of the fabrics was uniaxially stretched to mimic the gravitational 
forces. Differences between these two states become evident by comparing the stretched state 
(Fig. 6.39 right) with the loose configuration (Fig. 6.39 left).
In addition to the form alterations, one could also notice different levels of transparency (Fig. 
6.44, 6.45), which relate to the local differences in the fabric tension. The areas in close proximity 
to the wrinkled lines are most transparent, as here the fabric is most stretched (Fig. 6.47). The 
aforementioned controllable characteristics of the fabric demonstrate potential to be further 
developed into architectural elements, such as sun-shading or light-transmitting systems, where 
properties such as variable transparency (Fig. 6.47) and self-shading (Fig. 6.48) could be 
beneficial.
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Figure 6.26: Manual deposition of polymeric 
adhesives on a meter-scale pre-stretched fabric. 
Photo: L. Guiducci

Figure 6.27: Pre-tensioning the fabric and attaching 
to the plate with metal clips. Photo: author

Figure 6.28: Preparation to pre-tension the largest 
fabric. Photo: author

Figure 6.29: Attaching of the largest fabric by 
clamping wooden beams with grip clamps. Photo: 
author



144 LARGE ASSEMBLIES

Figure 6.30: Four large-scale prototypes with various patterns of deposited lines, hang from the ceiling, thus 
demonstrating the effect of gravity on the emerging shapes. Photo: author

Figure 6.31: Three large-scale prototypes with various patterns of deposited lines, hang from the ceiling, 
thus demonstrating the effect of gravity on the emerging shapes. Photo: author
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Figure 6.32: Meter-scale prototype (1170 x 1940 cm), with vertically arranged curves deposited on a 50% 
pre-stretched fabric. Prototype is hung from the upper edge of the fabric. Photo: author
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Figure 6.33: Meter-scale prototype (1170 x 1940 cm), with vertically arranged curves deposited on a 50% 
pre-stretched fabric. Prototype is hung from two points. Photo: author
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Figure 6.34: Close up of the meter-scale prototype (1170 x 1940 cm), with vertically arranged curves 
deposited on a 50% pre-stretched fabric. Photo: author
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Figure 6.35: Meter-scale prototype (1170 x 1940 cm), with horizontal parallel lines deposited on a 50% 
pre-stretched fabric. Prototype is hung from the upper edge of the fabric with the smallest interline spacing.  
Photo: author
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Figure 6.36: Meter-scale prototype (1170 x 1940 cm), with horizontal parallel lines deposited on a 50% 
pre-stretched fabric. Prototype is hung from the upper edge of the fabric with the largest interline spacing. 
Photo: author 
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Figure 6.37: Meter-scale prototype (1170 x 1940 cm), with horizontal parallel lines deposited on a 50% pre-
stretched fabric. Prototype is hung from two points. Photo: author
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Figure 6.38: Close up of the meter-scale prototype (1170 x 1940 cm), with horizontal parallel lines deposited 
on a 50% pre-stretched fabric. Prototype demonstrates emergent patterns resulting from the gravitational 
forces. Photo: author
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Figure 6.39: The effect of tension on the wrinkled surface: fabric in its loose state (left) and fabric tensioned 
vertically, mimicking the effect of gravity. Photos: author

Figure 6.40: Tensioning the fabric with multiple parallel lines creates emerging tunnel-line branching 
patterns. Photo: author
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Figure 6.41: Meter-scale prototype (1170 x 1940 cm), with curves transitioning from vertical to horizontal on 
a 50% pre-stretched fabric. Prototype is hung from the upper edge. Photo: author
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Figure 6.42: Close up of the meter-scale prototype (1170 x 1940 cm), with curves transitioning from vertical 
to horizontal, deposited on a 50% pre-stretched fabric. Prototype demonstrates emergent patterns resulting 
from the gravitational forces. Photo: author
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Figure 6.43: Close up of the meter-scale prototype (1170 x 3980 cm), with horizontal parallel lines deposited 
on a 50% pre-stretched fabric. Prototype demonstrates emergent patterns resulting from the gravitational 
forces. Photo: author
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Figure 6.44: Meter-scale fabric hung along its wider edge, with different transparency levels due to locally 
differentiated tension. Photo: author

Figure 6.45: Different transparency levels of the fabric due to locally differentiated tension. Photo: author
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Figure 6.46: Wrinkled fabric in scale. Photo: author

Figure 6.47: Close up of the knitted structure with locally differentiated tension and transparency. Photo: 
author
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Figure 6.48: Shadow studies on one of the textile prototypes. Photos: author
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6.1.5. Evaluation 

Printing continuous Open Shapes has implications not only on the emerging three-dimensional 
geometries, but also on the production process and resulting potential applications. Seamless 
deposition of polymeric materials allows the envisioning of a continuous production process, thus 
unfolding an idea of interconnected, flexible and continuous spaces. Highly controlled wrinkling 
enables local differentiation of the textile and transitions from independent wrinkling to coherent 
wrinkling, then rolling and bending. By combining several behaviors in one piece of textile, a large 
degree of differentiation is possible.

The process of upscaling Open Shapes revealed several difficulties and discoveries. Replacing 
the continuous, out-of-the-roll production by stepwise printing showed several challenges, such 
as aligning the neighboring parts of the print, dividing the large print into smaller parts, as well as 
stretching and attaching the consequent areas without damaging the nearby prints. In order to 
avoid these problems, the out-of-the-roll printing was conceptualized, as it is in line with continuous 
manufacturing in the textile industry. 

The second attempt to scale up the production process by using manual deposition of polymeric 
material, exposed several characteristics of this design strategy which were not discussed before. 
Once the production scale considerably increased, it amplified the effect of gravity on the overall 
form, resulting in new patterns emerging transversal to the printed lines. Moreover, the local 
differences in tension created areas with more and less transparency, thus affecting the visual and 
haptic appearance of the large-scale composite textiles.

Tensile forces displayed great potential not only to influence the self-shaping process, but also to 
reshape the morphed geometries afterwards. Alternating the tension has demonstrated to be a 
powerful tool for dynamic shape change, where increasing the tensile force flattens the existing 
geometry, whereas changing its direction alternates the three-dimensional form. 
Moreover, introducing additional cuts within the textile can amplify this effect by creating hybrid 
textiles that open and close upon the change of tension. The idea of porous, heterogeneous 
fabrics was explored further (see chapter 6.3), proposing custom-knitted fabrics as an alternative 
way to replace the cuts and introduce porosity on the level of the knit.



6.2. MODULAR ASSEMBLIES
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This part of the research explores the field of closed circular shapes and resulting modular 
assembly methods. Three different design strategies were chosen for this exploration: the first one 
is based on the primitive circular shapes, the second one on the concentric rings and the third 
one introduces radial elements within the circular boundary. As each of the case studies looks at 
closed shapes, the natural way of scaling up the system relies on the multiplication and assembly 
of several modules. Depending on the characteristics of the three-dimensional forms achieved in 
the self-shaping process, different assembly configurations are tested.

Additionally, each of these case studies explores also the performative, shape-changing potential 
of created forms. Different activation mechanisms are tested, from mechanical actuation to passive 
solutions where the shape change is determined by material behavior responding to the external 
stimuli.

6.2.1. Circular primitive modules

The first case study aims at designing and fabricating a primitive circular module, which can 
change its configuration from open to closed. Furthermore, a methodology is developed to multiply 
these modules into large-scale assemblies with different degrees of porosity. 

6.2.1.1. Module development

Numerous studies were carried out in order to test different possibilities of introducing an opening 
into the textile composite (Fig. 6.49). A circular module with a cut in the fabric (Fig. 6.50) was 
chosen as a base for testing the self-shaping principles (Kycia, 2018). This simple module consists 
of a 3D printed circular ring, which is partially split into two concentric rings with a gap in-between. 
This is where the fabric is cut. Consequently, a part of the circular module unfolds and creates 
an opening. By varying the length of the cut and the proportions of the concentric rings, different 
degrees of opening can be achieved (Fig. 6.51). The stiffer the opening, the more pronounced its 
out-of-plane transformation. Cutting into the module is equivalent to introducing another boundary, 
thus significantly affecting the morphing. This effect can be observed by cutting the stretched 
fabric, as the opening gradually unfolds following the trajectory of the cut (Fig. 6.52).

The impact of a hole (or an opening) onto the morphing of bilayer structures has been studied also 
by other researchers in different material systems. Georgi Stoychev and his colleagues looked at 
the shape changing capacities of stimuli-responsive hydrogels, showing how different shapes of 
polymer bilayers result in different folding configurations (Stoychev, 2015). They demonstrated 
how the introduction of holes into actuating bilayers affects their folding; how the size, location and 
shape of the hole affects the transformation.

Analogous principles apply to the textile/3D printed hybrid systems, where a hole significantly 
affects the morphing. In this case study, the final transformation of the designed circular modules 
was influenced not only by the cut and the proportions of both rings, but also by the orientation 
of the print in relation to the coarse and wale directions of the knitted fabric. The same printed 
geometry would curl differently once rotated on the fabric, which can be seen on figure 6.53, 
where each of the three openings unfolds in another direction. 
In order to create a symmetrical, harmonious transformation, the symmetry axis of the cut was 
aligned with the weft direction of the knit. This strategy was further developed into a series of 
circular modules with different sizes of the opening. The 3D printing experiments were conducted 
here on the smaller printers (Craftbot Plus Pro and Ultimaker 3 extended) using Lycra 4-Stretch 
Jersey (85% PA, 15% EL). Detailed fabrication settings are described in chapter 4.2.2.1. 
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Figure 6.49: Prototypes of the circular module with an opening, developed as part of the course Self-Shaping 
Textiles at the weißensee kunsthochschule berlin, 2017 in collaboration with TPL-Textile Prototyping Lab. 
Source: KHB
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Figure 6.50: A circular textile module with an opening, 3D printed on a 50% pre-stretched fabric. Photo: 
author

Figure 6.51: Varying proportions of the printed geometry result in different stiffness, affecting the way that 
the opening unfolds. The softer module (left) creates a curvature of the overall module, whereas in the more 
rigid one (right), the ring remains flat and the opening cantilevers considerably. Photo: author
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Figure 6.52: Cutting an opening in the stretched 
textile. Photo: author

Figure 6.53: A module with three openings, each 
oriented differently on the fabric. As the compression 
forces act along the directions of the knit, each of the 
three resulting geometries is different. Photo: author

Figure 6.54: An assembly of nine circular modules (each module with diameter d = 20 cm) developed as 
part of the course Self-Shaping Textiles at the weißensee kunsthochschule berlin, 2017. Source: KHB
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As a result, a catalog of different modules was developed, varying from closed to widely open 
ones. The textile technique of lacing was used to connect the modules together and assemble 
them into a functional, 1,2 x 1,2 meter large prototype (Fig. 6.54). For this purpose, multiple holes 
were integrated into the outer rings, which enabled connecting several modules with a thread. 
The technique of 3D printing allowed the production of customized, site-specific textile modules, 
optimized for personal needs or environmental conditions.

6.2.1.2. Scaling up

This part focused on scaling up the circular textile module. The aim of this investigation was 
to adjust the 3D printed geometry and the fabrication setup in such a way that it would result 
in the same saddle-shape upon the release of tension. However, as upscaling physical objects 
and preserving their mechanical properties is not a linear process, it remains a complex and 
challenging task.

Galileo in the ‘Dialogue on Two New Sciences’ (Galilei, 1914) elaborated on scaling laws by 
observing that bones of large animals are proportionally much thicker than those of smaller ones 
(Fig. 6.55). Analogous principles apply to the process of scaling the elements that are load bearing 
or structurally stable. Scalability depends on several factors such as geometrical and material 
constraints of a given object, as well as the physical laws and forces acting on that object.

Moreover, the complexity of this study rises as not all the elements of the composite module equally 
increase in size: only the 3D printed geometry increases, but the fabric remains unchanged. In a 
series of trial-and-error physical experiments, a non-uniform scaling methodology was explored 
until the desired setup was found. Besides increasing the overall size and proportion of both 
rings, the emphasis was put on adjusting the manufacturing parameters such as the printing path, 
speed, layer height or material flow. 

The large-scale prototyping experiments were carried out at the Sächsisches Textilforschungsinstitut 
e.V. in Chemnitz (STFI) using a large fused deposition modeling 3D printer with a built-in mechanism 
for tensioning the fabric (Fig. 6.56, 6.57). This time, a 10 x 10 cm large square was drawn in the 
middle of the fabric, which was tensioned until the square had reached the desired size (Fig. 6.56). 
The automatic mechanism to clip the fabric significantly facilitated the pre-tensioning, however 
more people had to be involved in this process, tensioning the fabric equally from each side. 

The initial circular module with the diameter d=20cm was radically scaled up to the diameter 
d=60cm. This process of scaling was even more challenging (Fig. 6.58), as not only the 3D printing 
machine has changed, but also other parameters such as the filament or the size of the nozzle. 
PLA was replaced by more liquid polyolefin (Fig. 6.59), whereas the nozzle increased from 0,4 mm 
to 1mm, which affected the resolution and speed of the printing process. 

The first test focused on the optimization of the printing time. Printing a larger module with the 
same settings would take 23 hours, which was much too long and inefficient considering the aim to 
manufacture and assemble multiple modules within a two weeks’ time frame. By changing several 
parameters such as the printing path, layer height and material flow, the production time of one 
module decreased to 1 hour and 20 minutes – the exact same time that was needed to produce 
the small module. 
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Initially, the geometry of the smaller modules was printed with a circular boundary (also referred to 
as the shell) and filled with parallel lines. This time the infill was replaced by a custom printing path 
following the boundary with circular concentric offsets (Fig. 6.59). This not only speeded up the 
manufacturing process, but also affected the visual appearance of the final form. The concentric 
rings followed the outline and smoothened the outer surface.
Printing with the larger nozzle allowed extruding more material at a faster rate, thus decreased 
the printing resolution, accelerated and simplified the production process. High-resolution prints 
also require high precision and accuracy in adjusting the height of the printing bed to provide the 
optimal bond between the print and the fabric. Low-resolution prints with larger spacing between 
the consequent layers result in prints with more pronounced layers, compensate for the subtle 
height differences and leveling imprecisions. This is particularly advantageous while printing the 
first layer on top of the fabric, as it significantly improves the adhesion of the filament.

Nevertheless, the key challenge of this experiment was achieving the desired saddle-shape 
geometry. In a series of hands-on experiments, the proportions of both rings were adjusted until 
a desired configuration was reached. The initial tests turned out to be much too soft: the outer 
boundary morphed into undulating shapes (Fig. 6.60-6.63) and the inner ring wrinkled (Fig. 6.61). 
Additional changes had to be made to avoid the breaking of the inner ring. In order to strengthen 
the weakest areas, the height of the inner ring was gradually increased and areas around the 
hinge were significantly thickened. 
After several test iterations, the desired saddle shape was reconstructed in the larger scale with 
the following parameters: fabric: 85% Polyamide, 15 % Elastane, filament: Polyolefin, nozzle: 1 
mm, tension: bi-directional, 20 %, 3D printing settings: layer height: 0.6 mm (first layer 1.0 mm), 
line spacing s=1.3 mm. The outer ring was created with the following dimensions: width w=10 mm, 
thickness t=30 mm, whereas the inner ring: width w=5 mm, thickness t=30 mm. 
Finally, nine of these modules were assembled into a 180 x 180 cm large prototype (Kycia, 2018), 
exhibited at the TU Berlin (Fig. 6.64) as well as during the Rundgang 2018 at the weißensee 
kunsthochschule berlin (Fig. 6.65). This project was developed as part of the course Self-Shaping 
Textiles, taught by me at the weißensee kunsthochschule berlin in summer 2018.

6.2.1.3. Evaluation

Described project was a survey on the different challenges that result from scaling up the 
manufacturing process of 3D printing on pre-stressed textiles. As scalability depends on multiple 
factors, there is no one single method for upscaling the production process. Instead, every case 
requires a customized procedure. 

Presented case study is a proof of concept that scaling up this design and production method is 
possible, however new challenges appear as soon as single elements are put together into larger 
assemblies. Once the modular structure was hung from the ceiling (Fig. 6.64), the weight of the 
individual elements, together with gravitational forces acting on them, played an important role in 
shaping the overall geometry. Some of the modules had to carry not only their own weight, but 
also those of the neighboring modules. As in certain areas this load was too much to carry, several 
modules ended up breaking, usually around the hinges- structurally the weakest points. 

For the future developments, gravity should be considered already in the very early stage of the 
design process. It is advisable to test other, more resistant 3D printing materials, as the polyolefin 
after some time was prone to breaking. Another possible solution is to introduce additional 
subdivision within the circular boundary, aiming to control the tension in smaller areas of the fabric, 
thus preventing the undesirable deformation. Two alternative subdivision methods are further 
explored in the following chapters 6.2.2. and 6.2.3. 
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Figure 6.55: Comparison of a normal femur with a femur of an 
animal 3 times as high. (Galileo, 1638)
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Figure 6.56: 3D printing a ring (diameter d=60cm) on 
a 20% pre-tensioned fabric. Experiment conducted 
at the STFI- Sächsisches Textilforschungsinstitut 
e.V. Photo: author

Figure 6.57: A smaller frame for tensioning and 
clipping the fabric at the STFI- Sächsisches 
Textilforschungsinstitut e.V. Photo: author

Figure 6.58: First attempts to scale up the circular 
module. Photo: author

Figure 6.59: Concentric rings of polyolefin deposited 
on the pre-stressed fabric. Photo: author
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Figure 6.60: Cutting the module out of a pre-stretched fabric. Experiment conducted at the STFI- Sächsisches 
Textilforschungsinstitut e.V. Photos: author

Figure 6.61: Wrinkling of the soft edge of the opening. Experiment conducted at the STFI- Sächsisches 
Textilforschungsinstitut e.V. Photo: author
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Figure 6.62: A prototype of a circular module with an opening. Photo: author

Figure 6.63: A prototype of a circular module with an opening. Photo: author
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Figure 6.64: Meter-scale assembly of nine circular modules, hung for the PEP presentation at the TU Berlin. 
Photo: author

Figure 6.65: Meter-scale assembly of nine circular modules, exhibited during Rundgang 2017 at the 
weißensee kunsthochschule berlin. Photo: author



172

6.2.2. Circular concentric modules

The following study introduces additional concentric rings within the circular boundary. Concentric 
rings wrinkle in a similar way to the parallel lines where spacing between the lines affects the three-
dimensional transformation. 
However, in the case of concentric rings, the relationship between the spacing and resulting 
three-dimensional morphing is more complex, because the length of the consequent rings varies. 
The number of waves is proportionally related to the length of the lines; thus, the variable length 
becomes an additional parameter that affects the morphing. As the length decreases towards 
the center, the rings, which are further away from the center, naturally create more waves. This 
relationship is further studied in a design-driven process through experimental prototyping.

6.2.2.1. Module development

The consequent investigation aims at exploring the self-shaping potential of concentric rings (Fig. 
6.66). The study started with physical experiments where different parameters were systematically 
tested: the width and thickness of the rings as well as the spacing between the rings. A wide range 
of created prototypes (Fig. 6.67) varied in shape from regular configurations, where both: the 
spacing and the dimensions of the rings were constant (Fig.6.68), until more complex configurations 
with gradually increasing/ decreasing spacing as well as the geometrical proportions of the rings 
(Fig.6.69).

Understanding these parameters enables controlled manipulation of the three-dimensional wavy 
structures. For instance, by gradually increasing the proportions of the concentric rings starting 
from the center, configurations with a constant number of waves in each ring can be achieved 
(Fig.6.70). Instead, by gradually increasing the spacing between the rings with the same cross-
section, one can create complex three-dimensional objects with undulating edges that wrinkle and 
ripple in all the directions (Fig. 6.71). 
Besides the concentric rings, several tests looked at off-centered configurations (Fig. 6.72 top left) 
or replacing the rings by a continuous spiral (Fig. 6.72, top right). Other variations included cutting 
the module perpendicularly to the rings, from the perimeter towards the center. Analogously to the 
primitive module with an opening described in chapter 6.1., here the cut also altered the geometry, 
creating new spatial configurations (Fig. 6.72 bottom).

Finally, the saddle shape was chosen as a target geometry for the development of the textile 
module. It was achieved by a series of concentric, equal-size rings (width w=2 mm, thickness 
t=0.8 mm) with variable spacing (s=2-8 mm), gradually decreasing towards the outer edge (Fig. 
6.73). Such a module was multiplied and assembled into a larger performative surface with a 
network of wires, which triggered the shape change (Fig. 6.76, 6.77). 
In order to connect several modules together, the outer ring was thickened, so it could accommodate 
holes for the connecting wires. One of the challenges for fabricating identical modules was the 
pretension of the fabric. It could be observed that there were slight differences among the modules, 
resulting from the manual pretension. This imprecision could be minimized by decreasing the area 
of the printing bed; however, the problem would be fully eliminated in the industrial production with 
an automatic tensioning mechanism.
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6.2.2.2. Performance (mechanical activation)

The following step focused on the performative aspect of the module and its ability to change form 
as a reaction to the external force acting on it. The aim was to maximize the shape change while 
using a simple and efficient activation mechanism.    

Such change was possible due to the elasticity of the textile module. By pulling the two opposite 
sides towards each other, the saddle-shaped unit was compressed and turned into a vertical, 
folded surface (Fig. 6.74). Once the force was released, the module came back to the initial 
balanced state (Fig. 6.75-6.77). 

This methodology allowed to use the mechanical activation only in one direction, whereas the 
reversed shape change was driven by the intrinsic material properties of the module in search 
for the balanced state. As the mechanical activation requires an external energy source, it was 
used here mainly for testing the geometrical properties of the modules, but it is not a desired 
method for stimulating the shape transformation. Alternative, material-based solutions could 
trigger the change in both directions (analogous to the systems found in nature), thus they have 
a lot of potential for further research and development. Such material activation responding to the 
changing environmental conditions supports the idea of adaptive architecture as a self-sufficient 
ecosystem in the spirit of circular economy. 

6.2.2.3. Evaluation

Concentric rings have a lot of potential for creating complex, intricate three-dimensional 
geometries, which was not fully explored in this case study yet. Presented experiments outline 
the wide spectrum of forms, which could be achieved through morphing of concentric rings. 
The shape of a saddle, chosen for the development of the circular module, serves as a proof of 
concept and demonstrates its dynamic qualities triggered by mechanical activation, but other 
shape configurations could be explored further. 
By understanding the behavior of more complex, wavy forms, other solutions may be found. 
Moreover, by combining these findings with responsive materials that can trigger the shape 
change, novel solutions for adaptive surface systems can be envisioned, in constant exchange 
with a fluctuating environment.
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Figure 6.66: Close up of a prototype with concentric rings printed with the following parameters: dimensions: 
width w= 3mm, thickness t= 0.8mm, spacing s=20mm. Appendix: Prototype nr. 05_01, p. 360. Photo: author
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Figure 6.67: Chosen models of concentric rings 3D printed on a 50% pre-stretched textile demonstrating the 
variety of possible shapes. Source: author
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Figure 6.68: Different variations of concentric rings with constant spacing(top view of the geometry and 
photograph of the three-dimensional shape), 3D printed on a 50% pre-stressed fabric with the following 
dimensions: diameter d=240mm, width w=3mm, thickness t= 0.8mm, spacing s=20mm (top left, Appendix: 
Prototype nr. 05_02, p. 361), d=240mm, w=2mm, t=0.4mm, s=10mm (top right, Appendix: Prototype nr. 
05_05, p. 364), d=480mm, w=3mm, t=0.8mm, s=20mm (bottom left, Appendix: Prototype nr. 05_01, p. 
360), d=480mm, w=2mm, t=0.3mm, s=20mm (bottom right, Appendix: Prototype nr. 05_06, p. 365). Source: 
author
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Figure 6.69: Different variations of concentric rings with variable width end/or spacing(top view of the 
geometry and photograph of the three-dimensional shape), 3D printed on a 50% pre-stressed fabric with 
the following dimensions: diameter d=480mm, width w=2-4mm, thickness t= 0.4mm, spacing s=2-8mm (top 
left, Appendix: Prototype nr. 05_11, p. 370), d=480mm, w=2-5mm, t=0.4mm, s=10mm (top right, Appendix: 
Prototype nr. 05_05, p. 368), d=240mm, w=2mm, t=0.m3m, s=7, 15, 30mm (bottom left, Appendix: Prototype 
nr. 05_08, p. 367), d=240mm, w=2-6mm, t=0.4mm, s=10mm (bottom right, Appendix: Prototype nr. 05_10, 
p. 369). Source: author
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Figure 6.70: Concentric rings 3D printed on a 50% pre-stressed fabric with the following dimensions: w=2-
6mm, t=0.4mm, s=10mm. Appendix: Prototype nr. 05_10, p. 369. Photo: author

Figure 6.71: Concentric rings 3D printed on a 50% pre-stressed fabric with the following dimensions: 
w=2mm, t=0.3mm, s=12-30mm. Appendix: Prototype nr. 05_09, p. 368. Photo: author
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Figure 6.72: Different variations of multiple rings (top view of the geometry and photograph of the three-
dimensional shape), 3D printed on a 50% pre-stressed fabric with the following dimensions: off-centered 
rings with width d=250mm, w=2mm, thickness t= 0.8mm (top left, Appendix: Prototype nr. 05_18, p. 377), 
spiral with d=250mm, w=2mm, t=0.8mm, s=10mm (top right, Appendix: Prototype nr. 05_15, p. 374), 
concentric rings with a cut and d=240mm, w=2mm, t=0.4mm, s=2-8mm (bottom left, Appendix: Prototype 
nr. 05_24, p. 382), concentric rings with a cut and d=240mm, w=2-6mm, t=0.4mm, s=10mm (bottom right, 
Appendix: Prototype nr. 05_22, p. 381). Source: author
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Figure 6.74: Shape change of the module upon compression of two edges. Photos: author

Figure 6.73: Final module with multiple concentric rings 3D printed on a 50% pre-stressed fabric with the 
following dimensions: w=2mm, t=0.8mm, s=2-8mm. Appendix: Prototype nr. 05_14, p. 373. Photo: author
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Figure 6.75: Assembly of multiple modules connected by a series of strings, demonstrating the shape 
change upon mechanical activation: open state (top) and rolled state (bottom). Photo: author
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Figure 6.76: Assembly of multiple circular modules connected by a series of strings. Configuration upon the 
release of external forces. Photo: author

Figure 6.77: Assembly of multiple circular modules connected by a series of strings. Configuration upon the 
mechanical activation. Photo: author
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6.2.3. Circular radial modules

The search for adaptability and autonomous shape change led to the next iteration of the 
experiments. This time the space enclosed by the circular boundary was filled with straight lines, 
arranged radially from the center towards the boundary. The design process targeted no more 
saddle shapes, but shapes with undulating edges, inspired by the wrinkly surfaces found in nature. 
Kale leaves or certain species of seashells wrinkle on the perimeter because this is where they 
grow at a faster rate. As buckling costs thin sheet materials less energy than stretching, wrinkling 
is in this case the most efficient way to deal with the material access. 
Using the example of circular modules with radial stiffening elements, this chapter explores 
the possibilities of material-based stimulation for the shape change. Besides the geometrical 
investigation, also the material behavior is examined as part of this study. The first part focuses 
on the geometrical characteristics of the created modules, whereas the second one explores their 
material properties.

6.2.3.1. Geometrical studies

The physical experiments started by designing the alternations of the 3D printed geometry. 
Various arrangements of the ribs in different sizes and proportions were produced and evaluated 
(Fig. 6.78, 6.79). The first series of prototypes described in this chapter was 3D printed using the 
Ultimaker 3.0 with a 0.4 mm nozzle.   

The first tests looked at different densities of the equally long radial elements, which connected 
the center with the circular boundary. In order to attain an undulating edge and at the same time 
minimize the shrinkage of the whole module, the linear elements had to be stiffer than the circular 
perimeter. Given the radial nature of the module, the ribs required additional densification towards 
the boundary. As a result, dense radial configurations caused the ribs to interlock in the central 
area (Fig. 6.80), whereas loose arrangements did not provide enough stiffness for the geometry to 
be readable and comprehensible enough (Fig. 6.81). These observations led to the introduction 
of additional shorter ribs between every second element, which allowed to achieve the desired 
geometrical characteristics. 

Furthermore, the module was cut open along one of the radially arranged elements, giving rise to 
a spiral-like geometry with additional possibilities for dynamic shape change. 
By cutting the circular object, its perimeter grows by the two new edges, created along the cut 
line. In order to prevent the fabric from sagging, the linear elements had to be printed on both 
sides of the cutting line, so that the module can keep a continuous boundary after it has been cut. 
For this purpose, one of the ribs was doubled with a 1mm space in-between, where the cut was 
introduced.

Once the module was cut, new design possibilities arose, depending on the position of the two 
cut edges. By pushing the cut edges away from each other, revolving around a pivot in the center 
(Fig. 6.82), the flexible perimeter could change shape, transform out of plane and finally assume 
the form of a three-dimensional loop. By fixing the position of those edges in space, different 
configurations could be achieved and scaled up into larger performative assemblies, described 
later in chapter 6.2.3.4.
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Figure 6.78: Circular models with radial elements, 3D printed on a 50% pre-stretched textile using Ultimaker 
3 extended, demonstrating the development of the first radial module (from top left to bottom right). Source: 
author
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Figure 6.79: Top views of the printed geometries, demonstrating the design process and development of the 
first radial module (from top left to bottom right). Source: author
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Figure 6.80: Circular module with radially arranged 
linear elements between the perimeter and 
the center, printed with PLA with the following 
dimensions: diameter d=180mm, w=3mm, t=1mm 
(outer ring), w=1.6mm, t=1mm (inner lines) and cut 
open. Photo: author

Figure 6.81: Circular module with radially arranged 
linear elements with three different lengths, printed 
with TPU 95A with the following dimensions: 
diameter d=180mm, w=3mm, t=1mm (outer ring), 
w=2mm, t=1mm (inner lines). Appendix: Prototype 
nr. 06_02, p. 385. Photo: author

Figure 6.82: Behavior of the circular radial module while rotating the cut edges. Photos: author
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In order to develop a module, which can change shape, its two extreme states were to be designed 
first. To achieve that, the following experiments attempted to obtain two different geometries based 
on the same rib structure, where the only differences were the properties of the boundary– a soft 
one with multiple small undulations and a stiffer one, creating one larger loop. This was achieved 
by alternating the thickness and therefore also the stiffness of the perimeter. Analogous to the 
previous experiments in chapters 6.2.1. and 6.2.2., the stiffness of the outer ring significantly 
affected the wrinkling behavior: the softer it was, the more waves appeared along the outer edge. 

This design exploration results in two different circular modules, achieved by varying the thickness 
of their perimeter. The perimeter is softer, while printed with lower thickness, and more rigid, while 
printed with a larger thickness, if the material does not change. However, in order to envision one 
module, which can transition from one state to the other one, the difference needs to lie in the 
material properties and not in the geometrical alterations.

Could the difference in stiffness be achieved by using different materials rather than by alternating 
their geometrical characteristics? What if the perimeter were printed with a material, which could 
transform from hard to soft? Could the shape change be initiated by materials which change their 
properties as a reaction to the environmental stimuli?

The following study looks at possible ways to transition between the two developed geometries 
with the help of different materials and their adaptive capacities.
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Figure 6.83: Two modules 3D printed on a 50% 
pre-stressed fabric, the only difference being the 
materiality of the outer ring. The first module has the 
boundary printed fully with TPU 95A (left, Appendix: 
Prototype nr. 06_08, p. 3), whereas the second one 
has only the first layers printed with TPU 95A and the 
rest with PLA (right, Appendix: Prototype nr. 06_01, 
p. 384). Photo: author

Figure 6.84: Geometry of the final module with the 
following dimensions: diameter d=180mm, w=3mm, 
t=1.2mm (outer ring), w=2.6mm, t=1.2mm (two 
inner lines framing the cut), w=2mm, t=1.2mm (four 
remaining long inner lines), w=2mm, t=0.8mm (six 
middle inner lines), w=2mm, t=0.6mm (twelve short 
inner lines). Source: author

Figure 6.85: The softer module cut open and 
attached to a vertical structure. The undulations on 
the perimeter are small enough, so that the overall 
geometry approximates half of a circle. Photo: author

Figure 6.86: The more rigid module with cut edges 
aligned with the vertical axis. The perimeter creates 
a large, three-dimensional loop. Photo: author

Figure 6.88: Two configurations of the radial module 
depending on the rotation of one of the cut edges: 
C-shape (left) and S-shape (right). Photo: author

Figure 6.87: Shape change of the module caused 
by rotating one of the cut edges along the vertical 
axis. The boundary changes from an S configuration 
(left) to a C configuration (right). Drawing: author
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6.2.3.2. Material studies

Multi-material 3D printing
The first experiment aiming to answer these questions examined the technique of multi-material 
3D printing and the resulting potential of having multiple materials in one print. Besides the design-
driven aspects, multi-material 3D printing also has technical advantages. Considering that the 3D 
printing materials have different properties, they can be used in designated areas deliberately 
to maximize their performance and benefit. For example, the 3D printing filaments have different 
adhesive properties. 
Among the numerous tested filaments, the flexible thermoplastic polyurethane (TPU 95A) 
demonstrated best adhesion to the elastic knitted textile, significantly better than the polylactic 
acid (PLA), which was used for most of the experiments. TPU 95A, on the other hand, has a limited 
range of geometries that it can morph into. It proved to be too soft to create some of the target stiff 
geometries, as it is not a strong counterpart for the tensile forces.

In order to take advantage of both materials, several tests were performed using PLA and TPU 95A 
in the same print. The most successful results (produced with Ultimaker 3.0 with a 0.4mm nozzle) 
were those, where the first two layers were printed with the soft and adhesive TPU 95A, while all 
the others with a stiffer filament such as PLA, as it bonds well with TPU 95A. Such a strategy allows 
for the optimal use of every material, performing at its best for a given function. 

Multi-material printing was further applied to reconstruct the two circular radial modules, which 
were initially printed with PLA only and variable heights of the perimeter. Rather than vary the 
geometry of the perimeter, two different materials were used this time to print the outer edge: the 
softer TPU 95A and the more rigid PLA. The final two modules (Fig.6.83, 6.84) were achieved with 
the following dimensions: diameter d=180mm, w=3mm, t=1.2mm (outer ring), w=2.6mm, t=1.2mm 
(two inner lines framing the cut), w=2mm, t=1.2mm (four remaining long inner lines), w=2mm, 
t=0.8mm (six middle inner lines), w=2mm, t=0.6mm (twelve short inner lines), whereas the first 
one had the outer ring printed with TPU 95A only and the second one with two different materials: 
first two layers with TPU 95A (t=0.6mm) for better adhesion and on top of it PLA (t=0.6mm) for 
increased stiffness. Both 3D printed geometries can be seen on figure 6.83. The only difference 
between these two modules was the softness of the perimeter, but it was enough to create two 
diametrically different shapes. Moreover, the vertical arrangement of the cut edges (Fig. 6.85, 
6.86) amplified these differences. As a result, the module with many small wrinkles (Fig. 6.85) 
appeared much more closed and two-dimensional than the one with the stiffer edge and one 
large, spatial loop (Fig. 6.86). 

Figure 6.89: Sketch demonstrating the shape changing potential of the radial module, where shape change 
is triggered by the change of material properties, from a softer boundary (left) to stiffer one, resulting in a 
larger loop and an opening (right)This principle demonstrates potential of this methodology for structures 
that open and close. Drawing: author
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Figure 6.90: A ring 3D printed with twelve different material properties, ranging from soft to hard, printed 
using Stratasys Connex 3 Object 260. This model shows how materiality determines the mechanical 
properties and behavior of a 3D printed object.  Photos: author
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Besides the fan-like rotation of the cut edges, there were other parameters, which influence the 
final shape, such as the rotation of the cut edge around its own axis. The following example 
demonstrates the possible shape change once the cut edges are aligned vertically and rotated 
around their axis. By fixing one of the edges and rotating the other one, the overall geometry twists 
and shifts from an S-shape to a C-shape with a large opening (Fig. 6.87, 6.88). 

The design exploration of multi-material 3D printing demonstrated that by simply alternating 
material properties in the designated areas of the print, a significant geometrical alternation can 
be achieved. Given this result, a hypothesis can be made that once the outer ring of the designed 
module is printed with a material that can change from hard to soft, it would also change its 
shape (Fig. 6.89). If that shape change would be activated by an environmental stimulus, one 
could imagine and design shape-changing surfaces without the need of any external activation 
mechanisms. 

All the physical experiments presented in this chapter were carried out using an FDM printer, 
able to extrude two different materials at the time. However, there are other advanced 3D printing 
technologies available on the market, such as the PolyJet technology, which can print material 
gradients, smoothly transitioning from one material to another, with microscopic resolution and 
ultra-high accuracy. 
At the moment these technologies are not destined to print on textiles, but they help to envision 
what could be possible very soon, considering the ongoing rapid technological development 
in that field. In order to test the haptic and mechanical properties of such graded materials, an 
experiment was set where a ring with tiny holes for inserting threads (Fig. 6.90) was 3D printed 
using Stratasys Connex 3 Object 260 with twelve segments, each of them with different levels of 
elasticity. 
Being able to 3D print gradients of material properties allows to design target behavior of the 
emerging objects. In the case of the 3D printed ring, the bending radius has changed, following 
the flexibility ratio of the material. By combining such a ring with an elastic, pre-stretched fabric, 
much more complex behavioral patterns could be achieved.

The next phase of the research focuses on the materials with shape-changing capabilities, aiming 
to explore the geometrical and functional possibilities resulting from the shape change principles. 

From hard to soft
The following tests were carried out in search of materials, which alternate their mechanical 
properties in relation to the dynamic environmental conditions, such as humidity or heat. PLA 
was replaced here with LAY-FOMM 60 – a foamy, highly porous material made from the rubber, 
elastomeric polymer and PVA component. Once rinsed in water, the PVA component disappears 
and the rubbery polymer turns into a micro-porous object, softer and more flexible than directly 
after 3D printing. Once the material dries out, it becomes more rigid again. 

The first experiment verified the adhesion properties of LAY-FOMM 60 to the textile in both states: 
dry and moist. To start, the circular ring (diameter d=50mm, w=5mm, t=6mm) was printed with 
LAY-FOMM 60 directly on top of the fabric. In the dry state the material bonded well with the fabric, 
but once soaked in water the print easily detached. Best adherence was achieved by combining 
LAY-FOMM 60 with TPU 95A, where the first two layers were printed with TPU 95A and the rest with 
LAY-FOMM 60 (Fig. 6.91). Both filaments bonded well together. After soaking the print together 
with the fabric in water, the filament became malleable and still strongly attached to the textile (Fig. 
6.92). 
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Figure 6.91: A multi-material ring (diameter d=50mm, w=5mm, t=6mm) 3D printed on textile. First two layers 
are printed with TPU 95A for better adhesion and the other ones with LAY‐FOMM‐60. Appendix: Prototype 
nr. 04_04, p. 358. Photo: author

Figure 6.92: Phase-changing filament LAY‐FOMM‐60 changes from hard to soft, once soaked in water. 
Despite the change of properties, the ring remains attached to the textile.  Photo: author
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In a series of physical experiments, a suitable technical setup was found, however its geometrical 
potential was not explored. As the printed ring was much thicker than the previously tested 
ones, its form did not transform much following the change in softness. For further testing of the 
material properties, the soft ring was compressed and left to dry. Once it dried, the form remained 
unchanged. 

This example showcases the dynamic change of material properties, but it is not followed by a 
geometrical transformation. In order to change the shape, extra energy must be added to the 
system. A lot of potential for future developments lies in further fine-tuning the proportions of the 
ring in such a way, that the change from stiff to soft can also trigger the shape change, due to the 
elastic energy stored in the fabric. Such a system would need additional energy to reverse this 
process, but at least in one direction the change of shape could happen passively. 

For future development, it is advisable to focus on the search for alternative materials, which not 
only can change their properties, but also allow reversible shape changing and passive adaptation 
strategy. The ability to change from hard to soft depending on the humidity level suggests various 
possible applications, such as for example smart facade systems. 

Next chapter aims to collect observations from all the previous experiments and look at the larger 
performative assemblies. It focuses on the development of modular textile surfaces, which change 
form. Various strategies to assemble multiple modules are explored and analyzed.

6.2.3.3. Larger assembly

The following studies look at the various ways of arranging and orienting multiple modules and 
maximizing their shape-changing potential. All the examined configurations are based on the 
circular radial module developed in the previous chapter. The first example proposes the technique 
of staggering multiple modules vertically, while aligning their edges side by side (Fig. 6.93). In 
order to create a continuous vertical strip of fabric, the neighboring modules are mirrored along 
the vertical axis and shifted by half of the edge length (Fig. 6.94). The design strategy to multiply 
the strips and mirroring every second one, enabled to create a larger surface with pronounced 
openings (Fig. 6.95, 6.96). Assuming the shape-changing capacity of the individual modules, 
such a surface could open (Fig. 6.97 left) and close (Fig. 6.97 right) depending on the current 
softness of the perimeter, described in chapter 6.2.3.2.

The following example demonstrates a different strategy to develop larger performative surfaces.  
This study is based on larger, circular radial modules, following the change of the 3D printing 
machine. These modules were produced using a custom built FDM printer with a 1mm nozzle (for 
detailed specification see the section: Materials and Methods). 
Different attempts to scale the geometry and adapt the parameters to the new fabrication setup 
can be seen on figures 6.98 and 6.99. As the long linear elements, which meet in the center, 
hindered the possible movement of the module (Fig. 6.100), the design was slightly altered. An 
additional inner ring was introduced around the center, which allowed the module to move freely 
in space in such a way that the radially arranged elements do not overlap. The final module (Fig. 
6.101, 6.102) was produced with the following parameters: diameter d=240mm, w=4mm, t=1mm 
(outer ring), w=2-4.3mm, t=1mm (inner lines).
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Figure 6.93: Different configurations of connecting two modules with each other.  Photos: author

Figure 6.94: Three modules connected vertically along their cut edges, creating a seamless transition 
between the individual modules and a continuous textile structure.  Photos: author
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Figure 6.95: Larger assembly of multiple modules creating a textile structure with pronounced openings.  
Photos: author

Figure 6.96: Larger assembly of multiple modules.  Photo: author
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Figure 6.97: A concept of the larger assembly that opens and 
closes, as a reaction to the change of material properties 
stimulating the shape change. Open configuration (left) closes 
(right), as soon as the modules become softer and more 
malleable. Drawings: author



197

Figure 6.98: Different variations of radial modules, produced with the larger custom-built FDM printer (top 
view of the geometry and photograph of the three-dimensional shape), on a 50% pre-stressed fabric with 
the following dimensions: d=276mm, outer ring: w=3mm, t= 1.8mm, inner lines: w=3mm, t= 0.9-1.8mm (top 
left, Appendix: Prototype nr. 06_14, p. 397), d=494mm, outer ring: w=3mm, t= 0.8mm, inner lines: w=3mm, 
t= 0.8-1.6mm (top right, Appendix: Prototype nr. 06_11, p. 394), d=494mm, outer ring: w=3mm, t= 0.8mm, 
inner lines: w=3mm, t= 0.8-1.6mm (bottom left, Appendix: Prototype nr. 06_13, p. 396), d=240mm, outer 
ring: w=4mm, t= 1.6mm, inner lines: w=2-4.3mm, t= 1-1.6mm  (bottom right, Appendix: Prototype nr. 06_15, 
p. 398). Source: author
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Figure 6.99: Close up of the prototype printed on a 50% pre-stressed fabric with the following parameters: 
d=494mm, outer ring: w=3mm, t= 0.8mm, inner lines: w=3mm, t= 0.8-1.6mm. Appendix: Prototype nr. 
06_11, p. 394. Photo: author

Figure 6.100: Close up of the prototype 3D printed on a 50% pre-stressed fabric with the following 
parameters: d=276mm, outer ring: w=3mm, t= 1.8mm, inner lines: w=3mm, t= 0.9-1.8mm. Appendix: 
Prototype nr. 06_14, p. 397. Photo: author
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Figure 6.101: Final module 3D printed on a 50% pre-stressed fabric with the following parameters: d=276mm, 
outer ring: w=3mm, t= 1.8mm, inner lines: w=3mm, t= 0.9-1.8mm, cut open. Appendix: Prototype nr. 06_16, 
p. 399. Photo: author

Figure 6.102: Geometry of the final module with the following dimensions: d=240mm, outer ring: w=4mm, 
t= 1mm, inner lines: w=2-4.3mm, t=1mm. Source: author
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Assembly strategy relied this time on different orientations of the individual modules. Those modules 
do not change their form, but position in space.  A single module was attached to a vertical rigid 
substructure and rotated along the vertical axis. (Fig. 6.103, 6.104) One could observe that the 
intricate three-dimensional geometry appears much more open from certain sides than from the 
others. Such a module was then staggered vertically and multiplied horizontally to create a larger 
surface. 
Several different distances between the vertical elements were tested and analyzed at different 
rotation stages.  Resulting surface dynamically transitioned from closed to open, as the individual 
modules filled the whole surface at certain angles and created larger gaps at others. If such a 
system were activated by the wind energy, it would result in a fully passive and adaptive sun-
shading scheme.

Both assembly strategies described until now create two-dimensional, surface-like systems. Such 
systems could be applied in façade design as adaptive building envelopes; however, one can 
also envision fully spatial, three-dimensional systems. The following example explores various 
possibilities of spatial modular arrangements based on the same single module. 

The investigation started by testing alternative configurations to the vertical attachment and 
examines how those arrangements affect the final form. (Fig. 105) After several hands-on 
experiments, a configuration inspired by a minimal path network was chosen as the sub-structure 
to attach the modules. This three-dimensional structure consisted of linear elements with nodes 
where always three elements meet at the 120-degree angle. Three textile modules were attached 
around every node, thus filling the linear skeleton with undulating textile modules. (Fig. 6.106) The 
prototype was constructed with additional wooden rounded sticks (diameter equals the diameter 
of the textile module) and 3D printed connecting elements (Fig. 6.107). Individual elements could 
be rotated in space and therefore customized for any spatial requirements. This strategy was 
not developed further, but it demonstrated the potential of modular textile systems for spatial 
constructions. 

6.2.3.4. Evaluation

Circular radial modules were developed further than other modular strategies, as they demonstrated 
a lot of potential for dynamic shape change. Since they consist of two different geometrical entities: 
the linear, radially arranged elements and the circular perimeter, the material differentiation within 
the module becomes a natural consequence of its geometrical dichotomy. 

The design vision explored in this case study is very promising, as the geometry of the module 
allows for a significant shape change, thus resulting in a major alternation of porosity. This 
transformation could find various applications in facade design such as dynamic sun-shading 
systems responding to the external stimuli. What needs to be explored further, in order to realize 
this vision, is the methodology of 3D printing with responsive, or adaptive materials, which could 
stimulate the shape transformation. 

LARGE ASSEMBLIES
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Figure 6.103: Rotation of a single module along the vertical axis. Photos: author

Figure 6.104: Simulation of multiple modules rotating along their axis. Resulting configurations vary from 
open to close. Geometry modeled in Rhino Grasshopper. Source: author

Figure 6.105: Study on shapes resulting from different configurations and attachment possibilities of the cut 
edges. Photos: author
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Figure 6.106: Sketch demonstrating potential three-dimensional configurations of textile structures, where 
cut edges are attached to a sub-structure resembling minimal networks described in chapter 2.1.1.3. 
Drawing: author

Figure 6.107: Physical prototype of the three-dimensional configuration where the sub-structure is made of 
linear elements meeting at 120-degree angles. Photo: author
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6.2.4. Evaluation of modular assemblies

This chapter looked at three different approaches to develop closed, circular modules, upscale the 
production and multiply the modules into larger assemblies. Moreover, additional focus was put 
on their dynamic character, which was triggered in different ways: from the mechanical activation, 
where extra energy is required, to passive material reactions stimulating the shape change. 
Although the three different case studies did not reveal one optimal solution for dynamic textile 
surfaces, they outlined manifold directions and possibilities discovered in the design process 
which can serve as a base for further research and development. 

However, comparing the different modular assemblies with the previously investigated, continuous 
open shapes, raises the question about the relevance of the modular design strategy in this 
context. What is a textile module? Can textiles be subdivided just as many other surface elements, 
or would another understanding of a textile module be more appropriate? 

Spencer in his book ‘Knitting technology’ (Spencer, 1996) defines the yarn as an assembly of fibers 
or filaments, characterized by the substantial length and relatively small cross-section. Following 
this definition, a fiber itself could be seen as a module- the smallest unit used in the assembly 
process.  

Producing large surfaces out of smaller modules is a well-known solution used in the building 
construction, where walls are made of stones or bricks. However, both production methods, 
constituent of self-shaping textiles, are by nature continuous processes: textile manufacturing, 
interweaving continuous yarns, and 3D printing, depositing continuous filaments layer by layer. 

Finally, cutting the textile may be perceived as an “inconsiderate activity” on fibers and yarns, as 
their continuity is suddenly interrupted. This observation leads to another alternative method for 
obtaining the local differentiation within the textile – using the knitted structure alone to introduce 
different densities and porosities. This approach in combination with the continuous production of 
Open Shapes is further explored in the next chapter 6.3.
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The third case study does not focus on the 3D printed forms, but rather on the inherent logic of the 
textile itself. Until now, all experiments were printed on top of homogeneous, elastic knitted fabrics. 
This time the investigation shifted to the textile, by zooming into the tectonics of the knit, aiming to 
understand how different densities and patterns affect the self-shaping process. Such a design 
strategy was conceptualized to replace the cuts in the fabric, described in the previous chapters. 
By cutting the fabric, a new boundary is created where the tensile forces need to become zero. 
Changing the knitted structure, instead, allows it to gradually transition from a dense to more open 
structure and thus smoothly alter the local force distribution.
Custom-knitted fabrics are used here to demonstrate different ways of introducing local variation in 
the textile, thus locally affecting its mechanical properties. Several tests were set up in order to test 
the influence of the knit on the deformation of the fabric and locally control its stiffness, elasticity 
and porosity. A synchronization of the knitted structure with the deposited geometry could increase 
material efficiency of the composite and enhance the differentiation. All custom-made fabrics were 
knitted at the Sächsisches Textilforschungsinstitut e.V. STFI in Chemnitz.

6.3.1. Knitting as coding 

“The mechanical manipulation of yarn into fabric is the most versatile method of manufacturing 
textile fabrics” (Spencer, 1996). Among other techniques such as weaving, knitting is one of the 
most common techniques of textile production. It creates fabrics that are gradually built-up, row 
after row from connected loops that intermesh with the previous and following rows. A predominantly 
horizontal row of needle loops is referred to as the coarse and a vertical column- the wale. Stitch 
density refers to the total number of loops in a measured area of fabric (Spencer, 1996), whereas 
stitch length refers to the length of yarn in a loop. The topology of a knitted fabric is more complex 
than that of a woven one, as there is no single straight line of yarn in the knitted pattern. As a 
result, knitted fabrics can stretch in all directions and create seamless, smooth transitions between 
various stitch patterns (Fig. 6.108). Even though there is almost no limit to the number of available 
patterns and their variations, new ones are continuously being discovered (Phillips, 1971). 
Unlike weaving, knitted fabrics are made of single, continuous yarns, which can be infinitely 
extended, making them auspicious for large scale manufacturing. There are numerous examples 
of knitted structures entering the architectural scale, taking advantage of the robustness of knitted 
patterns, such as the Textile Hybrid installation at ggggallery in Denmark (Ahlquist et al., 2013), 
the Textile Hybrid Tower by CITA (Thomsen et al., 2015), the inflatable textiles at the ICD Stuttgart 
(Baranovskaya et al., 2016) or the Isoropia Pavilion at the Giardini della Biennale in Venice (Tamke 
et al., 2020). Moreover, geometrical and mechanical properties of knitted textiles are to a large 
extent determined by the knit pattern and density. By changing the arrangement of the stitches, 
one can alter the three-dimensional structure of the resulting fabric, its elasticity and mechanical 
strength (Chandrasekaran, 2021). 

“Making tiny changes, such as altering a couple of crossings in a knot, could have a huge impact 
on the mechanics of the textile. For instance, a fabric made of just one stitch type, such as a knit 
or purl, tends to curl at the edges. But combine the two stitch types together in alternating rows or 
columns, and the fabric lays flat. “

(Chandrasekaran, 2021)

The American physicist dr. Elisabetta Matsumoto, who investigates the mathematics and mechanics 
of knitting, argues that “knitting is coding” and that “yarn is programmable” (Roberts, 2019). A 
knitted fabric is for her a metamaterial, considering that the length of the yarn is elastic and in 
combination with different knit patterns it may result in fabrics with variable degrees of elasticity. 
“Due to fabric-level dependence on the stitch pattern, a single yarn can be used to create a large 
variety of fabric geometries and material responses” (Dimitriyev et al., 2019).
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Figure 6.108: Custom, CNC-knitted sample, weißensee kunsthochschule berlin. The knitted pattern is 
driven by the RGB data coming from an image input. Photo: author 
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On the other hand, one of the most influential knitters of the twentieth century- M.W. Phillips 
(Sulcoski, 2020), proposes an analogous, bottom-up methodology in hand knitting, where the 
knitter draws inspiration from the yarn itself, creating compositions of stitches informed by the 
materiality of yarns (Phillips, 1971). Both approaches demonstrate the robustness of this textile 
production technique.

6.3.2. Stitch patterns

Once the knitted fabric is seen as a metamaterial that can be programmed to display locally 
differentiated characteristics, its relationship with the deposited geometry is essential for 
understanding the self-shaping behavior. The following study investigates different ways how both 
components can complement each other. 

In a series of physical experiments, the adhesion of the filament to different types of fabrics was 
tested. Furthermore, the study examined the influence of knitted patterns and densities on the 
morphing process. Local variation in the fabric was created in two different ways: by increasing 
the sizes of the stitches and diversifying the knitted pattern. Finally, five differently knitted fabrics 
were produced and analyzed: a regular right-left stitch in two different densities, a drop-stitch 
pattern and two variations of the tuck stitch pattern (Fig. 6.109). The fabrics were knitted with the 
following parameters: 

• ADF 530-32W, machine fineness E14
• Width: 425 needles, test C with 480 needles
• Thread material: PES 167 dtex f144/1 + Roica, 150dtex with 2 [cN] EFS-strength 
• Fabric length: 9.3
• Seed: 0.60m/s

Test 01: Regular knit
• Right-Left 
• Stitch size larger than in the test_03; NP: 14.4

Test 02: Drop stitch knit
• Right-Left with “Flottung” (1x1)
• open stitch structure; NP: 14.5

Test 03: Tuck stitch knit
• Right-Left 
• Tuck stitch and stitch over 2MR with subsequent change; NP: 14.4
• 2MP with Stitch work as buffer row
• denser stitch structure than in test 04

Test 04: Tuck stitch knit
• Right-Left 
• Tuck stitch and stitch over 3MR with subsequent change; NP: 14.4
• Possibly coarse stitch structure

Test 05: Regular knit
• Right-Left 
• Stitch size larger than in the test 01; NP: 14.4
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Replacing the homogeneous Lycra by custom knitted fabrics caused new challenges, both in 
design and production. First of all, the aforementioned five different patterns were knitted as 
adjacent stripes within one piece of textile (Fig. 6.110 left). As each of the patterns demonstrated 
different elasticity (Fig. 6.110 right), combining them as one fabric has hindered the process of 
equal pre-stretching. 
The first attempts to print one layer of multiple parallel lines (width w=3mm, thickness t= 0.4mm) 
on top of the custom-knitted fabric failed. The gaps between the stitches were significantly larger 
than in the case of the previously used homogeneous Lycra, therefore the filament did not adhere 
to the fabric. Given the scale of the knitted structure, also the thickness of the lines was too low. 
As a result, after releasing the tension, the 3D printed lines ended up breaking into faceted line 
segments, instead of forming the desired smooth and continuous waves (Fig.6.111). 

Moreover, as the yarn used for custom knitting was thicker than the one in Lycra, the custom-
knitted fabric was prone to burning by the hot nozzle. (this was noticeable especially in the drop 
stitch knit shown on figure 6.112 left). The tuck stitch knit caused other difficulties. As it created 
different layers of interlocking fibers, it was more three-dimensional and considerably higher in the 
stretched state than the Lycra. This spatial pattern has proved to be the most difficult one to print 
onto. One layer of the deposited filament was not enough here to smoothly fuse with the fabric, as 
the yarn was spanned on different heights, interrupting the continuous flow of the print (Fig. 6.112 
right). The first successful prints were created with at least two layers of the deposited material and 
the minimum thickness t=0.8mm.

Printing the same geometry with two layers instead of one (width w=3mm, thickness t=0.8mm) 
significantly improved its adherence to the fabric (Fig.6.113). The bonding between these two 
materials was further analyzed through the microscopic photographs taken with the digital 
microscope called Dino-Lite. Every knitted structure was photographed with and without the 
deposited filament, in the relaxed and in the stretched state (Fig.6.115). The filament penetrated 
best the regular and the drop stitch knitted fabric, as the stitch sizes of both patterns had optimal 
proportions for the thermoplastic material to flow between the yarns. In the tuck stitch knit, instead, 
the gaps between the stitches were too large for the filament to bond with the yarns. As it was 
the most porous pattern, it also affected the smoothness of the deposited lines. Compared to 
the dense, regular knit, where printed lines were smooth and slick, printing on the tuck stitch knit 
created lines with faceted, polygonal surfaces, much more prone to breaking (Fig. 6.114).

6.3.3. How the knit type affects the self-shaping

The following study examined the elasticity of differently knitted fabrics and the influence of the 
knitted pattern on the self-shaping process. Multiple parallel lines (width w=3mm, thickness 
t=0.8mm) were printed on each of the knitted fabrics, analyzed and compared with each other.

In the case of the regular knit, one could clearly observe that increasing the stitch density 
significantly enhanced the elasticity of the fabric, resulting in the larger number of waves (Fig. 
6.116, 6.117). The same tendency could be seen in the tuck stitch knit, where the number of 
waves also increased following the stitch density. The drop stitch knit displayed medium elasticity, 
however it demonstrated noticeable differences between the stretch in each direction: the coarse 
being more elastic than the wale. In this case, another test print would be advisable for comparison, 
where the lines are rotated 90 degrees and printed along the coarse direction.
The performed experiments have shown the main tendencies and relations between the knitted 
pattern and the elasticity of the fabric. Nevertheless, additional tests and data points would 
be necessary for more accurate and detailed conclusions, leaving plenty of space for future 
explorations.

LARGE ASSEMBLIES
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Figure 6.109: Five different knitted structures, used as a base for the exploration: 1,5- regular right-left stitch 
in two different densities, 2- drop-stitch pattern, 3,4, - two variations of the tuck stitch pattern. Textiles were 
knitted at the STFI- Sächsisches Textilfoschungsinstitut e.V. in Chemnitz. Source: author, STFI



210 LARGE ASSEMBLIES

Figure 6.110: Five different knit patterns knitted as neighboring stripes: before tensioning (left) and tensioned 
(right). Photos: author

Figure 6.111: Parallel lines (width w=3mm, thickness t= 0.4mm) printed on each of the knit patterns. Photo: 
author

Figure 6.112: Close up of a single line (w=3mm, t= 0.4mm) printed on top of drop stitch knit (left) locally 
burns the fabric, whereas on top of tuck stitch knit (right) interrupts the continuity of the printed line, as it is 
more three-dimensional than other knitted patterns. Photos: author
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Figure 6.113: Parallel lines (width w=3mm, thickness t= 0.8mm) printed on each of the knit patterns. Photo: 
author

Figure 6.114: Parallel lines (width w=3mm, thickness t= 0.8mm) printed on top of the regular knit (left) and 
tuck stitch knit (right). Photos: author
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Figure 6.115: Microscope photos of five knitted structures (1-5 starting from the left) in their relaxed state 
(top row), stretched (middle row) and bonded with a 2D printed line (bottom row) Knitted patterns correspond 
to the one of Fig. 6.109. Photos: author

1 2 3 4 5
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Figure 6.117: Plot representing the relationship between the number of waves and type of the knit. Each 
marker indicates a different knitted pattern. Source: author

Print iteration

Knit type

Figure 6.116: Multiple parallel lines (w=3mm, t=0.8mm) printed on each of the knitted patterns. Photos: 
author

Number of waves
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6.3.4. Heterogeneous knits

This study explored the heterogeneous, custom-knitted fabrics with local alternations in 
transparency and porosity. The focus was put here on the integration of open, porous areas within 
the dense and regular knitted patterns. 
The initial experiment aimed to introduce a circular, more transparent pattern into the regular, right-
left knit. This seemingly easy task turned out to cause several difficulties. The very first challenge 
had a technical nature and concerned the translation of the circular geometry into the knitted textile. 
First, the perfect circle had to be translated into multiple rows of stitches. This operation required 
a certain level of simplification and abstraction, which depended on the size of the stitches- the 
larger the stitches, the rougher the approximation of the circular outline. However, this was not the 
main research objective and therefore the circular outlines were considerably simplified for the 
production purposes. 

The following experiments introduced different knitted patterns within the circular outlines and 
compared them with each other. Successful prototypes were knitted with larger sizes of the regular, 
right-left knit and with the tuck stitch knit. The drop stitch knit turned out to be more difficult, 
as this pattern required regularity and repetition in the knitted structure and not every arbitrary 
shape could be knitted using this technique. Once the circular geometry was translated into a 
series of knitted rows, the transition between the pattern within the circular outline and the outer 
one appeared in different locations in each row, where no repetitive scheme could be identified 
(Fig 6.118 left). Instead, such regularity could be created with a triangular geometry, where the 
transition from one pattern to the next shifts one stitch further in each subsequent row (Fig. 6.118 
right). Given that difficulty, the circular outline with drop stitch knit was not developed further and 
the study continued with the regular knit with larger stitch sizes and a tuck stitch knit (Fig. 6.119).

One of the first observations was the discrepancy between the digital pattern of the knit and its 
physical representation. Depending on the knitted structure, the elasticity of the fabric differed in 
each direction. The knitted textiles ended up shrinking more in one direction than in the other one, 
which was not taken into consideration in the digital pattern design. To counteract this deformation, 
the initial pattern design had to be modified and the uneven shrinking factor had to be considered 
in the design process. As a result, the fabrics were knitted with the ellipsoidal instead of the 
circular outlines, so that they turn into circles in the manufacturing process.

The intention of the next experiment was to 3D print a circular ring around the circular knitted 
pattern and explore different potential porosity levels of the morphed shapes. Several challenges 
were revealed in the production process. The equal biaxial pre-tensioning of the fabric was 
more demanding than in case of the homogeneous Lycra, because every knitted pattern had 
different mechanical properties. Custom-knitted fabrics were also more fragile and breakable 
while stretching (Fig. 6.120). Additionally, the alignment of the knitted pattern with the printed 
geometry (Fig. 6.121) required high precision and accuracy. Due to the non-uniform elasticity in 
both directions, the circular patterns were once again distorted after the equibiaxial, 150% stretch 
(Fig. 6.122).This information was further fed into the initial parameters determining the knitted 
pattern, so that it would resemble the circular openings in the stretched state.
The first ring (diameter d=260mm, width w=3mm, thickness t=0.4mm) was printed around the 
circular outline framing the tuck stitch pattern, which was knitted in three different densities (Fig. 
6.122). The resulting deposited geometry transformed into an undulating ring with six equal waves 
(Fig. 6.123 left), what distinctly influenced the local stretch in the fabric. Areas near the undulating 
ring were more stretched than the central area. They also appeared much more transparent. 
However, this desired transparency was noticeable only along the 3D printed ring. The central 
area with the tuck stitch knit shrunk and became opaque, although in the stretched state this part 
was more transparent than the rest of the fabric. 
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In the next iteration, the 3D printed ring was thickened (diameter d=260mm, width w=3mm, 
thickness t=0.8mm), aiming to create a stiffer counterpart for the tensile forces. The ring was also 
slightly shifted to test the local increase of transparency in both knitted patterns. As a result of the 
thicker geometry and off-centered position, the number of waves decreased to three, whereas 
their arrangement became asymmetrical (Fig. 6.123 right).
Analogue test was repeated on top of the second custom-knitted fabric, this time with larger stitch 
sizes of the regular knit (Fig. 6.124). The 3D printed ring was shifted once again to demonstrate 
how morphing affects both knitted patterns (Fig. 6.125). It became evident that the local stretch 
in the fabric gradually increased towards the wavy borders. The most stretched areas were at the 
same time most transparent (Fig. 6.126).

Both examples illustrated local differences in porosity and transparency of the fabric, which could be 
achieved on multiple levels. The first level is determined by the differences in the knitted structure. 
The second one appears after the transformation, resulting from the local differences in the elastic 
energy stored in the fabric. This second differentiation was also present in homogeneous fabrics, 
but here this effect was amplified through the larger stitch sizes. 

This multitude of parameters that influence the characteristics of the 3D printed/textile composite, 
makes custom-knitted fabrics much more complex to design and impedes the capability to foresee 
their morphing behavior, but it also opens a new world of possibilities for experimentation and 
further research. As these fabrics could be conceptualized as an integral part of a fully customized, 
continuous production process, the following chapters explore their potential for production of 
large-scale, heterogeneous textiles.

Figure 6.118: Close up of the transition between two digital 
knitted patterns, where border between those patterns is circular 
(top) and triangular (bottom). Source: author, STFI
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Figure 6.119: Two samples of a regular knit with a 
circular outline filled with another knitted pattern: 
tuck stitch knit (left) and increased stitch sizes (right). 
Photo: author

Figure 6.120: The fabric with tuck stitch knit, ripping 
apart while printing. Photo: author

Figure 6.121: Pre-stretching the custom-knitted fabric (left) and 3D printing a ring on top of it (right). Photos: 
author
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Figure 6.122: 3D printing a circular ring (diameter d=260mm, 
width w=3mm, thickness T=0.8mm) around the circular outline 
framing the tuck stitch pattern, which was knitted in three different 
densities. Photo: author

Figure 6.123: Morphing of the ring (diameter d=260mm, width 
w=3mm, thickness t=0.4mm) 3D printed around the circular 
outline framing the tuck stitch pattern (left) and the ring (diameter 
d=260mm, width w=3mm, thickness t=0.8mm) printed around 
the circular outline framing the tuck stitch pattern. Photos: author
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Figure 6.124: Close up of the transition between 
a regular knit with two different sizes of stitches. 
Photo: author

Figure 6.126: Pre-stretching the custom-knitted fabric with circular outline framing the regular knit with 
larger stitch sizes (left) and a circular ring (diameter d=260mm, width w=3mm, thickness t=0.8mm) 3D 
printed on top of it. (right)The ring is shifted in relation to the knitted pattern. Photos: author

Figure 6.125: Morphed geometry exhibits local 
variation in transparency, due to the different levels 
of tension stored in the fabric as well as different knit 
resolution. Photo: author
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6.3.5. Printing open shapes on custom-knits

This chapter describes several experiments where larger, custom-knitted fabrics were used as a 
base for continuous 3D printing. Design exploration focused this time on Open Shapes, mostly 
lines and curves. Before switching to a larger scale, additional tests were done to analyze how the 
three-dimensional morphing was influenced by the local changes in fabric tension, achieved by 
either opening or densifying the pattern.
Five main stitch patterns, described in chapter 6.3.3., were taken as a base for this exploration. 
Consequently, multiple undulating curves in different sizes and proportions were printed on top of 
every knitted pattern. Three configurations of curves were chosen for this experiment: L-pattern 
with three looping curves, S-pattern with six undulating curves and C-pattern with nine rippling 
curves (Fig. 6.127). 

The first test was the S-pattern (multiple curves with width w=3mm, thickness t=0.4mm) printed 
on top of knit patterns 1,2 and 3 (for knit types see figure 6.109).  As it was printed with only one 
layer, the filament did not adhere well to the fabric and broke in multiple points. Yet, the morphed 
shapes demonstrated significant differences in the fabric tension, amplified by the larger size 
of the stitches (Fig. 6.128-6.130). Increasing the thickness to two layers (thickness t=0.8mm) 
significantly improved the rigidity of the printed geometry and adherence to the fabric, but still, 
while printing the first layer, the fabric easily ripped or moved, being dragged by the nozzle. Several 
iterations were necessary to fine-tune the fabrication setup. Finally, the pattern was replaced by 
the L-pattern and the thickness increased to t=1.2mm. Resulting curves became flatter, started to 
overlap and interlock with each other (Fig. 6.131, 6.132), given the small interline spacing. 
The following examples used a different manufacturing method, which significantly improved the 
adherence of the filament to the fabric and the quality of the print. Instead of 3D printing on top of 
the pre-stretched fabric, the `sandwich principle´ (described in chapter 4.1.3.1) was used, where 
the first layer was printed directly on the printing bed, the fabric was stretched on top of it and next 
layers were printed on the fabric (Fig. 6.133). This method proved to function well also without the 
heated bed, as the existing, custom-built printer did not have one. The only inconvenience was 
removing the print from the printing bed, as it had to be detached very carefully, with the help of 
a scraper. 
Naturally, changing the fabrication method also affected the self-shaping process, as now the 
fabric was in the middle of the printed geometry and not on the side of it. For the next iteration, 
changes in size and spacing were introduced. The first tested geometry was the S-pattern with 
the width decreased to w=2mm printed on the knits 3,4,5. This experiment created interlocking, 
moderately flat loops where the differences in fabric tension were magnified by the stitch size 
(Fig. 6.134-6.136). This effect was particularly visible in the knit nr. 5. (Fig. 6.134). As the morphed 
curves were very fragile, the same geometry was re-printed with increased width (w=3mm) on top 
of the knits 1,2,3, which significantly enhanced the stiffness in the wale direction. Resulting curves 
overlapped only in the coarse direction (Fig. 6.137, 6.138). This increase in stiffness triggered a 
rolling behavior, analogous to the multiple parallel lines described in chapter 5.2.2.2., whereas the 
rolling effect was stronger on the tuck stitch knit pattern (nr. 3) compared to the drop stitch knit (nr. 
2).
The `sandwich´ strategy was further explored with different variations of the C-pattern. When 
printed with the line thickness (t=3mm), the C-pattern did not deform much out of plane, remaining 
moderately flat (Fig. 6.139). However, the curves got closer to each other, which significantly 
affected the local tension in the textile, creating a rhythm of alternating transparent and opaque 
areas. These differences could have already been noticed in the partial tension release (Fig. 6.140) 
and became more pronounced after the full release (Fig. 6.141). Distinct transparency levels could 
be seen in both types of the knitted fabric: the tuck stitch knit (nr. 4) and the regular knit (nr. 5). 
The stitches in the regular, right-left knit rigorously followed the undulating deposited geometry, 
revealing harmonious interplay between the fabric and the print (Fig. 6.140). 
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The effect was very different on the tuck stitch knit, where the dominating thread direction was 
diagonal, thus its visual grammar was not aligned with the undulating geometry.
The last experiment from this series aimed to create a more three-dimensional transformation, 
based on the same printed geometry. This was achieved by decreasing the width to w=2mm and 
printing on top of the knit patterns 1,2,3 (Fig. 6.142). The drop stitch knit (nr. 2) demonstrated 
the largest spectrum of local variation, ranging from open and transparent to dense and closed. 
The rolling behavior was amplified by the tuck stitch knit (nr.3), compared to the drop stitch knit 
(Fig, 6.142-6.145). Additionally, a geometrical twist appeared in the tuck stitch knit, but it is not 
certain if it was a recurring phenomenon related to the geometrical parameters or whether the 
twist occurred as a result of the tensioning inaccuracy. Nevertheless, the slight overlap between 
consequent curves combined with the overall rolling produced intriguing three-dimensional forms 
with a lot of potential for further exploration. The following chapter brings this experimentation 
to a larger scale with increased complexity, as it proposes continuous 3D printing on top of the 
intricate, pre-stretched textiles with multiple knitted patterns.

LARGE ASSEMBLIES

Figure 6.127: Three configurations of curves: L-pattern with three looping curves (left), S-pattern with six 
undulating curves (middle) and C-pattern with nine rippling curves (right). Source: author

Figure 6.128:  S-pattern with three curves (w=3mm, t=0.4mm) printed on top of 50% pre-stretched knit 
patterns nr. 1,2 and 3. Photo: author

S-Pattern C-PatternL-Pattern
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Figure 6.129: Close up of the S-pattern with three curves (w=3mm, t=0.4mm) printed on top of 50% pre-
stretched knit pattern nr. 2. Appendix: Prototype nr. 03_26, p. 344. Photo: author

Figure 6.130: S-pattern with three curves (w=3mm, t=0.4mm) printed on top of 50% pre-stretched knit 
patterns nr. 1,2 and 3. Different levels of tension stored in the fabric are amplified by a coarse stitch pattern. 
Appendix: Prototype nr. 03_26, p. 344. Photo: author
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Figure 6.131: L-pattern with three curves (w=3mm, t=1.2mm) printed on top of 50% pre-stretched knit 
patterns nr. 3,4 and 5. Appendix: Prototype nr. 03_27, p. 345. Photo: author

Figure 6.132: Close up of the L-pattern with three curves (w=3mm, t=1.2mm) printed on top of 50% pre-
stretched knit pattern nr. 2

Figure 6.132: Close up of the L-pattern with three curves (w=3mm, t=1.2mm) printed on top of 50% pre-
stretched knit pattern nr. 2. Appendix: Prototype nr. 03_27, p. 345. Photo: author
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Figure 6.133: „Sandwich principle “- 3D printing the first layer directly on the printing bed, stretching the 
fabric on top of it and continuing to 3D print consequent layers on the fabric. Photos: author

Figure 6.134: Close up of the S-pattern with six curves (w=2mm, t=0.8mm) printed on top of 50% pre-
stretched knit nr. 5. Different levels of tension stored in the fabric are amplified by a coarse stitch pattern.  
This prototype was produced using the “sandwich principle”. Photo: author
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Figure 6.135: S-pattern with six curves (w=2mm, t=0.8mm) printed on top of 50% pre-stretched knit patterns 
nr. 3,4 and 5. Resulting curves interlock with each other due to the small interline spacing. This prototype 
was produced using the “sandwich principle”. Appendix: Prototype nr. 03_31, p. 349. Photo: author

Figure 6.136: Close up of the S-pattern with six curves (w=2mm, t=0.8mm) printed on top of 50% pre-
stretched knit nr. 5. Resulting curves interlock with each other due to the small interline spacing. Appendix: 
Prototype nr. 03_31, p. 349. Photo: author
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Figure 6.137: S-pattern with six curves (w=3mm, t=0.8mm) printed on top of 50% pre-stretched knit patterns 
nr. 3,4 and 5. Resulting curves interlock with each other only in the coarse direction. This prototype was 
produced using the “sandwich principle”. Appendix: Prototype nr. 03_30, p. 348. Photo: author

Figure 6.138: S-pattern with six curves (w=3mm, t=0.8mm) printed on top of 50% pre-stretched knit patterns 
nr. 3,4 and 5. Differences in the morphing result from different knit patterns. This prototype was produced 
using “sandwich principle”. Appendix: Prototype nr. 03_30, p. 348. Photo: author
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Figure 6.139: C-pattern with nine curves (w=3mm, t=0.8mm) printed on top of 50% pre-stretched knit 
patterns nr. 3,4 and 5. This prototype was produced using the “sandwich principle”. Appendix: Prototype nr. 
03_29, p. 347. Photo: author

Figure 6.140: Close up of the prototype upon partial release of tension, with pronounced differences in local 
tension in the fabric. Appendix: Prototype nr. 03_29, p. 347. Photo: author
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Figure 6.141: C-pattern with nine curves (w=3mm, t=0.8mm) printed on top of 50% pre-stretched knit 
patterns nr. 3,4 and 5. and hung. This prototype was produced using the “sandwich principle. Appendix: 
Prototype nr. 03_29, p. 347. Photo: author
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Figure 6.142: C-pattern with nine curves (w=2mm, t=0.8mm) printed on top of 50% pre-stretched knit 
patterns nr.1,2 and 3. This prototype was produced using “sandwich principle”. Appendix: Prototype nr. 
03_28, p. 346. Photo: author

Figure 6.143: Close up of the drop stitch knit where the stitches follow the 3D printed geometry. Appendix: 
Prototype nr. 03_28, p. 346. Photo: author
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Figure 6.144: C-pattern with nine curves (w=2mm, t=0.8mm) printed on top of 50% pre-stretched knit patterns 
nr.1,2 and 3. This prototype was produced using “sandwich principle” and hung. Appendix: Prototype nr. 
03_28, p. 346. Photo: author
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Figure 6.145: Close up of the prototype where multiple lines were 3D printed on different knit patterns, 
demonstrating the complexity and potential of heterogeneous textile structures. Appendix: Prototype nr. 
03_28, p. 346. Photo: author
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6.3.6. Large scale prototyping

The focus of this chapter is put on the design of meter-sized, custom-knitted fabrics with variable 
transparency levels. Several 3D printing strategies were explored here in combination with different 
textile structures. The main challenges of this methodology are thematized and discussed based 
on the different design proposals; including the synchronization between the knit and the 3D 
printed geometry, continuous production process or the influence of the knitted structure on the 
geometrical transformation. 

The design methodology relies on integrating multiple different stitch patterns into the regular knit. 
In the following prototypes, different densities of tuck stitch patterns were placed within the regular 
knit, forming circular patches (Fig. 6.146). Each prototype demonstrated a different arrangement 
of these patches as well as different knitted structures. Finally, seven meter-scale textiles with 
diverse patterns (Fig. 6.147) were produced at the Sächsisches Textilforschungsinstitut e.V. (STFI) 
in Chemnitz with the following specifications:

• ADF 530-32W, machine fineness E14
• Width: 690 needles (max. machine width)
• white areas: large tuck stitch knit (NP value 13,5)
• gray areas: small tuck stitch knit (NP value 13,5)
• Thread material: PES 167 dtex f144/1 + Roica, 150dtex (Elastane), NP value 11
• Fabric length: 14.8 (width x 3)
• Speed: 0.70m/s
• Knitting time of one prototype: 120 min 

Figure 6.146: Close up of the custom-knitted fabric (patterns A-G), produced at the the Sächsisches 
Textilforschungsinstitut e.V. Photo: author
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Figure 6.147: Seven meter-scale fabrics knitted with the corresponding patterns (black areas correspond to 
the regular knit, whereas white and gray areas indicate areas with different knitted patterns). All Prototypes 
were developed at the Sächsisches Textilforschungsinstitut e.V. Source: author
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Four main strategies for placing the 3D printed geometry on top of the knitted pattern were 
developed: the first one combined linear and circular elements, the second one introduced linear 
elements only in the wale direction, the third one focused on closed shapes framing different knit 
areas and the last one placed undulating linear elements in the coarse direction. 

The first strategy unveiled most of the difficulties and challenges, which reappeared in the 
consequent tests. As these fabrics were fragile and prone to be ripped apart while stretching, 
they were not stretched to their maximum. As a result, the circular areas with the tuck stitch pattern 
appeared much more closed than desired. Given the size and complexity of knitted patterns, 
the manual pre-tension magnified the inaccuracies, which caused difficulties in aligning the 
fabric with the print (Fig. 6.148). The deposited lines were considerably shifted in relation to the 
knitted patches and resulting geometry appeared asymmetrical and uncontrolled (Fig. 6.149). The 
following tests focused on improving the alignment and synchronization between the print with the 
fabric.

In order to correct the imprecisions in the consequent iterations, the fabric was first stretched and 
photographed. This information was used as an input for the design of the 3D printed geometry, 
significantly improving the alignment of both components. This time, the linear elements were 
printed around the circular areas. This experiment was repeated on two different fabrics: the first 
one had circular patches filled with one size of the tuck stitch pattern (Fig. 6.150) and the second 
one with two sizes (Fig. 6.151), which increased the differentiation and transparency levels. The 
outcome can be seen on figure 6.152, where printed lines and curves stiffen and frame the circular 
areas. Yet, as all the layers were deposited on top of the textile, the adherence to the textile 
worsened and the filament partially detached from the fabric. 

The next challenge was related to continuous production. In order to print on these large textiles, 
the geometry of the overall print had to be divided into smaller parts, printed one after another. 
Once the single print was completed and tension released, the fabric had to be shifted by a 
designated distance, stretched and attached to the printing bed again (Fig. 6.153). This strategy 
was successful in some cases, but in others, tensioning of consequent parts caused numerous 
problems, such as detachment and damaging of the neighboring elements or incapability for 
high-precision tensioning. 

The final prototype (Fig. 6.154) was created by sewing together two different fabrics, each of them 
produced in two print iterations: one iteration printed with thicker lines for more stability (thickness 
t=1.6mm) and one with thinner, softer lines (thickness t=0.8mm) (Fig. 6.155). The thicker lines 
turned out to be more appropriate in this scale, as the softer ones did not provide enough stiffness 
to shape the fabric. 

This example illustrates the potential of 3D printing on heterogeneous textiles, targeting at 
harmonious composite structures where the knitted patterns correspond to the three-dimensional 
forms emerging in the self-shaping process (Fig. 6.156). The next iteration expanded on that 
theme, as it created larger arrangements with multiple prints on top of one fabric. 
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Figure 6.148: Knitted pattern G stretched on the printing bed (left) and a geometry 3D printed on top of it 
(right), demonstrating the challenge in aligning both elements. Photos: author

Figure 6.149: First large-scale prototype. Photo: author 
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Figure 6.150: Knitted pattern B stretched on the printing bed (left) and designed geometry 3D printed on top 
of it (right). Photos: author

Figure 6.151: Knitted pattern C stretched on the printing bed (left) and designed geometry 3D printed on 
top of it (right). Photos: author

Figure 6.152: Close up of the morphed geometry printed on the pattern B. Photo: author
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Figure 6.153: Stepwise 3D printing, as an alternative approach to produce continuous textile composites. 
Photo: author 
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Figure 6.154: Prototype consisting of two print batches: the upper curves have thickness t=1.6 and the 
lower ones t=0.8mm. Created geometry resonates this difference in thickness, as the lower part is much 
softer than the upper one. Appendix: Prototype nr. 03_34, p. 352. Photo: author
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Figure 6.155: Larger prototype created by sewing two pieces of fabric. Appendix: Prototype nr. 03_34, p. 
352. Photo: author
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Figure 6.156: Close up of the heterogeneous textile (knit pattern C) and corresponding 3D printed geometry. 
Appendix: Prototype nr. 03_34, p. 352. Photo: author
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The following test looked at alternative ways to subdivide the overall geometry into smaller, 
printable parts, corresponding to the size of the available 3D printer. This time the printed batch 
consisted of multiple lines and curves positioned between two rows of circular areas knitted with 
the tuck stitch pattern. 
The final prototype contained six partial prints placed one next to the other, thus challenging the 
possibilities of continuous production. Some of the prints had now neighboring geometries on 
two sides (Fig. 6.157), which amplified the difficulty in pre-stretching the fabric. As a result, it was 
more difficult to attach the clips, thus some of the earlier prints got damaged or detached from the 
fabric. Larger fabric required also more space underneath the printing bed. In this case, the gap 
between the printing bed and the walls of the 3D printer was large enough to accommodate the 
fabric (Fig. 6.158), but this could become troublesome for larger textiles or more three-dimensional 
forms. However, these difficulties could be solved by implementing the concept of out-of-the-roll 
production, described in chapter 6.1. 

Presented prototype (Fig. 6.159, 6.160) can be seen as a proof of concept for the suggested 
design methodology, however it did not provide the desired differences in porosity. The circular 
areas remained moderately loose and appeared much more closed than in the stressed state. This 
reflection triggered the next design iteration, where closed shapes are printed around the circular 
patches, as opposed to the previously tested open shapes. The goal was to increase the local 
stretch in the circular areas and create more transparency. 

This experiment was based on another pattern of the circular patches, this time alternating the 
position every second row. Every two consequent circles were framed by an undulating, closed 
curve (Fig. 6.161). The same geometry was printed with various thicknesses, creating a wide 
range of possible morphed shapes: from stiff, undulating configurations with minor overlap (Fig. 
6.162) to softer, rippled formations. Six of these prints deposited on top of one large fabric created 
a highly articulated composite structure (Fig. 6.163-6.165). 

The described prototype served as the source of inspiration for new visions and possible scenarios 
where forces stored in heterogeneous textiles result in locally differentiated transparencies. This 
idea informed the development of the last presented prototype where the knitted fabric had an 
additional global gradient of properties. This time, the sizes of the circular patches with tuck stitch 
patterns were progressively decreasing throughout the length of the fabric (Fig. 6.166), and the 
multiple curves were printed in the coarse direction. By keeping the rhythm and sizes of the 
printed curves unchanged, one could observe a gradually decreasing infill. After releasing the 
tension, the morphed shapes were aligned with the knitted structure (Fig.6.167), but the overall 
form changed once the fabric was hung. Given the weight of the textile and the gravity forces 
acting on it, the undulating geometry flattened considerably and lost its initial three-dimensionality 
(Fig. 6.168). 

The gravitational forces need to be considered in the future studies on meter-scale textiles, as they 
play an important role in the formation process. Nevertheless, this last prototype demonstrated the 
possibilities of continuous production that allows the manufacture of non-repetitive, heterogeneous 
textiles with locally varying characteristics (Fig. 6.169).
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Figure 6.157: 3D printing on top of knit pattern C, 3D printed area 
has already two neighboring areas that were printed before, what 
hinders the attachment of the fabric. Photo: author

Figure 6.158: Continuous 3D printing. Photo: author
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Figure 6.159: Meter-scale prototype (fabric knitted with pattern C) printed in six iterations. Appendix: 
Prototype nr. 03_33, p. 351. Photo: author
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Figure 6.160: Close up of the printed geometry and knitted structure (knit pattern C). Appendix: Prototype 
nr. 03_33, p. 351. Photo: author
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Figure 6.161: Knitted pattern D stretched on the printing bed (left) and designed enclosed geometry 3D 
printed on top of it (right). Photos: author

Figure 6.162: Undulating configuration with a slight overlap resulting from the three-dimensional morphing.  
Appendix: Prototype nr. 07_03, p. 403. Photo: author
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Figure 6.163: Large-scale prototype (knit pattern D) with six print iterations hung from one of its shorter 
edges. Appendix: Prototype nr. 07_03, p. 403. Photo: author
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Figure 6.164: Large-scale prototype with six print iterations hung from two points, allowing the fabric to roll. 
Appendix: Prototype nr. 07_03, p. 403. Photo: author
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Figure 6.165: Close up of the prototype. Appendix: Prototype nr. 07_03, p. 403. Photo: author
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Figure 6.166: Knitted pattern E with gradually decreasing circular areas, stretched on the printing bed (left) 
and designed undulating geometry 3D printed on top of it (right). Photos: author

Figure 6.167: Heterogeneous fabric upon the release of the tension. Appendix: Prototype nr. 03_35, p. 353. 
Photo: author
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Figure 6.168: The effect of gravity. Once the fabric (knit pattern E) was hung, its’three-dimensional character 
disappeared as a result of gravitational forces. Appendix: Prototype nr. 03_35, p. 353. Photo: author
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Figure 6.169: Heterogeneous textile composite with local properties changing throughout its length (knit 
pattern E ). Appendix: Prototype nr. 03_35, p. 353. Photo: author
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6.3.7. Evaluation

3D printing on custom-knitted fabrics indicated fundamental self-shaping tendencies, describing 
how the stitch pattern affects local elasticity and morphing. Increasing the stitch sizes of the 
regular, right-left knit as well as the tuck stitch knit, significantly enhanced the elasticity of the 
fabric in both directions, whereas the drop stitch knit displayed medium elasticity and noticeable 
differences between the stretch in each direction. Different stitch patterns exhibited unequal 
filament attachment, where the regular knit performed best, and tuck stitch knit indicated several 
difficulties. 

Combination of various knitted patterns within one fabric demonstrated the multitude of possibilities 
as well as technical difficulties and challenges including the accuracy of pre-tensioning or their 
alignment with the 3D print. The following aspects require further research and development: the 
adherence of the filament to the textile, increased precision in pre-tensioning the fabric, alignment 
of the print with the knitted pattern and the concept of continuous manufacturing. In order to 
improve the adherence of the filament to the fabric, several strategies could be further tested. 
These strategies include the “sandwich principle”, where the first layer is printed directly on the 
printing bed, or multi-material printing, where the first layers are printed with a softer filament 
such as TPU 95A. Additional studies are needed to leverage the understanding of the morphing 
behavior and the implications of different knit parameters on the final form. 

Besides the fact that several technical aspects need some improvement, this design strategy 
demonstrated vast potential for highly differentiated, lightweight textile structures. Custom knitting 
has proved to be a valid design to introduce porosity into the fabric, in line with the concept of 
continuous manufacturing. The continuous logic of the knit allows the gradual transition between 
different properties, as opposed to the abrupt change caused by cutting the fabric, presented in 
chapter 6.1. The stitch pattern could be further elaborated, aiming to create a larger spectrum of 
compositions- from loose and transparent to dense and opaque.
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CHAPTER 7

CONCLUSIONS

This chapter highlights the main achievements of presented research. The results are analyzed 
and summarized in order to demonstrate the potential and limitations of proposed design strategy 
and methodology of 3D printing on pre-stressed textiles. Finally, different fields of applications and 
future developments are outlined.

7.1. POTENTIAL AND LIMITATIONS OF THE METHODOLOGY

7.1.1. Learning from nature

This research drew inspiration from the self-shaping strategies in nature to develop efficient and 
adaptable textile composite structures. Shaping surface-like elements by tensile forces was 
already employed by architects like F. Otto or A. Gaudi to find forms for their structures, however 
they used material form-finding to create scaled models of their buildings. 
Proposed approach, on the other hand, uses the self-shaping to find form for full-scale structures, 
which allows for 1:1 scale experimentation with targeted materials. As a result, the design process 
and construction fuse, and there is no need for an additional step where one material system 
is translated into another one. Forms created this way could be directly conceptualized for the 
desired functionalities. 

Besides the man-made, material form-finding techniques, this research also looked at the analogies 
to the natural systems. One example of such systems are morphogenetic processes in plant leaves 
(Fig. 1.1), where complex three-dimensional surfaces originate from in-plane growth distributions 
(Sharon et al., 2007).  Although formation processes are different in the case of leaves and textiles, 
the three-dimensional transformations are based on the same principles. Plants’ leaves fold and 
wrinkle as a result of the growth process and are made of a single material, whereas the 3D printed 
textiles are composed of two materials and deform due to the shrinkage (Kycia & Guiducci, 2020). 
Still, in both cases, the out-of-plane deformations are the most efficient way to deal with material 
access. By replacing growth with elasticity and heterogeneity in the material, the use of 3D printing 
on pre-stressed textiles was validated as an alternative, material-based form-finding technique. 

The wrinkling phenomenon was studied in more depth while 3D printing continuous, open shapes, 
such as lines and curves, but the study could be also extended to other, more complex shape 
topologies. The analysis of multiple parallel lines allowed identifying four different morphing 
behaviors: the independent wrinkling, coherent wrinkling, rolling and bending, thus demonstrating 
a large variety of forms created by simply alternating the thickness and spacing between the lines. 
As controlled wrinkling allows to locally increase surface area and alternate surface qualities, it 
can be a robust and versatile design strategy, able to create a wide spectrum of possible forms 
and potential uses.

CONCLUSIONS
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7.1.2. How to design the self-shaping?

Even though designing the self-shaping seems to be a contradiction of terms, self-shaping 
processes leave a lot of space for the designers to manifest their intentions and visions. A form 
in self-shaping processes is dictated in the first place by the material constraints, but these 
processes are not obsolete. They take place in the given context within specified boundaries, 
and the boundary conditions can be determined by the designer. Therefore, designing the self-
shaping comes down to the design of edge conditions, within which the formation takes place. 
Two different strategies for creating the boundary conditions were explored as part of this research: 
open and closed boundary. Consequently, each of these strategies defines a different topology of 
shapes, categorized as Open Shapes and Closed Shapes. 

Open Shapes are single or multiple shapes deposited on the fabric, which do not enclose parts of 
the fabric (such as points, lines and curves). Considering that the tension decreases while moving 
away from the printed geometry, the boundary in Open Shapes remains soft and loose. It is usually 
drawn around the printed geometry as soon as the fabric flattens out and its tension equals zero. 
Closed Shapes, on the other hand, are framed by a continuous, closed boundary and thus frame 
areas of the fabric which are in tension. Here the shape of the boundary has considerable impact 
on the geometrical transformation.
Besides the boundary condition, a designer can also impose other parameters which influence 
the formation. One of them is the elastic energy embedded in the fabric, depending on its material 
properties, the stitch pattern and pre-tensioning. By pre-stretching the fabric, extra energy is 
ingrained in the system, which triggers the self-shaping process. Another design parameter is the 
3D printed geometry, including its mechanical and material properties determined by the used 
filament. 

The combination of all the aforementioned aspects creates a basis for the self-shaping process 
to take place. The resulting forms are pure expressions of the balanced state between the two 
composing elements: the pre-tensioned, elastic fabric and its stiffer 3D printed counterpart. The 
role of the designer in such a process is comparable with the one of an orchestra conductor, who 
synchronizes and coordinates all the individual instruments to create a harmonious, integral whole.  

7.1.3. Classification of possible shapes

A large part of this research focused on the exploration of possible shapes and their classification. 
Based on the conducted experiments, a catalog of shapes was created- the so-called shape matrix, 
where two main components of the textile composites were analyzed and classified: the fabric and 
the printed geometry. This attempt to classify and cluster possible shapes served both as a tool 
to position the research within a larger conceptual framework, as well as a guideline for further 
development. This taxonomic classification did not aspire to represent a universal classification, 
but rather a subjective one (Perneger, 2006; Borges, 1988), as it presents just a chosen section 
of different possibilities, informed by the executed experiments. It is seen as a draft version which 
expands and evolves as new knowledge is created, opening new perspectives. It may grow to 
include new categories and modify the old ones, following the development of new forms. 

The matrix results from the intention to search for structures and relationships, similarities and 
differences between the individual elements, thus provoking new insights into what was already 
done. The attempt to classify and categorize the experiments, shed new light on the evolution 
of the design process, and at the same time improved the understanding of the design choices 
and leading directions. Identifying the empty areas in the matrix inspired new developments and 
revealed the focal points of the research. 
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The main differentiation between open and closed shapes has diverse repercussions on the 
character of the outcome, as it affects the local tension stored in the textile. Moreover, each of these 
shape families suggests different production processes and potential applications, described 
further in chapter 7.2. Nevertheless, this division into open and closed shapes depends on the 
scale in which one evaluates the system, as they could be nested into other levels of hierarchy 
such as multiple closed shapes, or even mixing open and closed shapes in one print. These 
complex configurations would create new possibilities, such as continuous production of closed 
shapes.

7.1.4. Bottom-up, material form-finding

The shape matrix also helped to position my research in a larger context and find differences 
between the conducted experiments and the state of the art. Most known case studies exploring 
self-shaping textiles focus on simulating or fabricating target three dimensional geometries, looking 
either at closed grids and networks (for example the Active Shoe by MIT Self-Assembly Lab), or 
at open field conditions (tesserae by Nervous Systems). This research, on the contrary, focuses 
on the bottom-up methodology, aiming to learn how the materiality of the 3D printed/textile hybrid 
can cause different morphing behaviors. A large part of this exploration examined the continuous 
open shapes such as lines and curves, which differentiates it from the state of the art. The circular 
closed shapes were investigated in addition, to be able to compare both methodologies.

The material-informed, bottom-up design strategy had both advantages and disadvantages. First, 
this iterative, form-finding process was very time consuming. In order to observe the behavioral 
patterns and tendencies, it required frequent repetitions of similar experiments with slightly 
altered parameters. However, once these observations were translated into relational models, 
they allowed assuming and foreseeing the morphing of new configurations. After establishing 
the relationship between the variables, a wide range of geometrical variations could be achieved 
by simply modifying different parameters. As a result, transitions between different geometries 
could be envisioned, which in combination with the dynamic tensioning mechanisms or reactive 
materials creates a lot of possibilities for adaptive, shape-changing structures.  

This is advantageous compared to the top-down approach, where all the parameters are optimized 
for the single, desired form, rather than allowing a whole spectrum of different forms. However, 
reverse-engineering of existing forms (Pérez et al., 2017) enables to re-create a large variety of 
forms, whereas the bottom-up approach has its limitations. The proposed methodology favors 
undulating, curvy geometries over flat and edgy forms and does not provide a solution for every 
desired form. 
The following chapter concludes upon different transformation and adaptation strategies for both 
shape families: open and closed, as well as discusses the advantages and limitations of each 
method.

7.1.5. Adaptability

Besides looking at the three-dimensional morphing upon the release of the fabric tension, this 
research also investigated different strategies for the dynamic shape change. This design 
exploration is driven by the idea of reversible movement, allowing us to envision adaptive structures, 
dynamically reacting to the changing environmental conditions. Two different activation strategies 
were examined in a series of case studies: active and passive. The first strategy focused on 
the mechanical activation, which required embedding extra energy in the system, whereas the 
second one used passive, material-based methods to stimulate the shape change.

CONCLUSIONS
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The mechanical activation was much more straight-forward, as it studied the geometrical change 
resulting from the alternation between the uniaxial and biaxial stretch. In order to change the shape, 
the additional force had to be applied only in one direction. As the fabric has the capability to store 
the elastic energy, it would gradually come back to its initial state upon the release of tension. The 
intention of this experiment was to find shapes and configurations where the geometrical change 
is maximized, thus providing two diametrically different conditions. This mechanical activation was 
initially explored through closed, circular shapes, aiming to alter the porosity of the larger assembly 
by controlling the individual elements that open and close. As soon as the single modules folded or 
rolled up, the space between them would increase and so did the porosity of the overall structure.
Another set of experiments focused on open shapes such as lines and curves, looking at different 
ways to alternate the tension of the whole fabric. The largest differences could be achieved by 
printing periodic, undulating curves, where changing the stretch direction would drastically alter 
the resulting form. By introducing cuts or slits between the curves, the porosity of the overall 
surface could be modulated. Applying the tensile force in one direction would pull the cuts open 
and in the other direction would almost close the gaps. 

Mechanical activation allowed to create a perceptible shape change by transitioning from open to 
closed or by alternating the three-dimensional fluctuations of the surface, hence due to the need 
of extra energy to stimulate the system, it was not the desired solution. Driven by the idea of the 
material-based shape change as a reaction to the environmental stimuli, the second part of the 
investigation took a different path. The focus was put this time on the material properties of the 
print, aiming to explore the possibility of passive, material-informed transformation.

The first experiments put emphasis on printing one geometry with different materials and analyzing 
the differences between the outcomes. Analogous wrinkling behavior, which was previously 
created by adjusting the thickness of the print, could be now achieved by changing its materiality 
from hard to soft (see chapter 6.2.3.2.). The same circular outline would result in a saddle shape, 
when printed with hard PLA, whereas printed with softer TPU 95A it would wrinkle and curl. As a 
proof of concept, a module was developed and assembled into a larger structure. This structure 
would densely fill the space while being soft, opening as soon as the modules become harder. 

This design method demonstrated a lot of potential to create adaptive textile structures, assuming 
that one of the materials could change from hard to soft depending on the environmental conditions. 
As a proof of concept, the same shape change was experimentally achieved with two different 
materials. Such a material-informed design strategy has capabilities to moderate the behavior of 
open shapes where the controlled wrinkling could change the shape, structure and properties of 
the textile composite. Furthermore, as the printed geometry locally modifies the forces stored in 
the fabric (introducing inhomogeneity into the textile), it also affects other properties of the textile 
structure locally, such as density and transparency.

Described experiments proposed the geometrical characteristics and conceptual framework to 
realize the vision of adaptable self-shaping textiles, but they did not provide a valid solution for 
their materiality and the reversibility of the shape changing process. Further research requires a 
more detailed exploration of adaptive materials, capable of changing properties depending on the 
environmental stimuli, as well as the method to reverse this process. 

As part of this research, the shape-changing capabilities of two different 3D printing materials 
were tested: Lay-Fomm 60, which softens due to the increased humidity, and polylactic acid 
(PLA) becoming more malleable as a reaction to heat. In both cases the material became softer, 
which significantly enhances the wrinkling, but this process triggers the shape change only in one 
direction. Once the external conditions come back to the initial state, the shape does not follow. 
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As these experiments did not provide a solution for the two-directional morphing, the reversibility 
of this geometrical transformation requires further exploration. One possible research direction 
lies in the bi-stable structures. Such structures could have two stable configurations, remaining in 
their respective equilibrium without the continuous application of an external force. The capability 
to shift the balance by a subtle change of material properties could revolutionize the concept of 
man-made adaptable structures, opening a wide range of possibilities for new applications for the 
responsive textile systems. 

7.1.6. Textile hierarchical structures  

The aforementioned experiments introduced openings into the system either by cutting the 
continuous fabric (chapter 6.1) or by increasing the gaps between the individual modules (chapter 
6.2). This chapter, instead, outlines and summarizes the possibilities to gradually alter the porosity 
by changing the pattern and density of the knitted structure (chapter 6.3). The continuous logic of 
the knit allows a seamless transition from dense to loose or from opaque to transparent. 

Different design strategies, described in chapter 6.3, demonstrated the potential of fusing two 
production methods: CNC-knitting and additive manufacturing. The combination of both advanced 
digital technologies allows to create hybrid, heterogeneous textiles with locally varying properties. 
This approach is not free of limitations, as the behavior of custom-knitted textiles is very complex 
to program and simulate. As a result, the synchronization of both manufacturing methods remains 
challenging. Differentiating the stitch sizes and patterns has an impact on the local elasticity and 
mechanical properties of the fabric, influencing the overall morphing behavior. Nevertheless, 3D 
printing extends the possibilities to locally differentiate the fabric as it introduces new forms and 
materials to the system, placed independently on the looping structure of the fabric. The resulting 
textile composites can be altered independently on multiple levels (stitch pattern, stitch density, 
3D printed geometry and material), which considerably increases the design possibilities. This 
complex structure requires roles and functions assigned to every design parameter, so that different 
elements do not overlap and contradict one another. In the examples presented in chapter 6.3, the 
3D printed geometry determines the three-dimensional morphing and knitted pattern generates 
local differences in porosity. 
Different transparencies result from different levels of tension stored in the fabric, but this effect 
can be magnified by the stitch pattern. Controlling the porosity on the level of the stitch separates 
it from the stretch and allows for more degrees of freedom in design and operation. 

Presented approach focuses on the relationship between the 3D printed geometry, pattern and 
density of the knit, but there are also other levels of hierarchy, which can be altered within the textile 
itself. The hierarchical structure of knitted fabrics allows for local differentiation and customization 
in at least three different scales: the materiality of fibers, the constitution of yarns (the amount of 
fibers in the yarn, the direction and angle of the twist) and finally the manufacturing method and 
pattern (for example the stitch pattern for the knitted fabrics). 

This research focused to a large extend on the geometrical parameters, but looking at the 
materiality of fibers and the structure of yarns would once again increase the complexity and 
allow to differentiate the fabric on multiple levels, drawing an analogy to the hierarchical structures 
of materials in nature (Fratzl & Weinkamer, 2007). However, given the interdependency of all 
these scales, such a multi-scalar design strategy requires certain rigor in assigning specific 
function to each of the design parameters. This chapter summarized the discoveries linked to the 
heterogeneous, custom-knitted textiles by zooming into the micro scale of the fibers, whereas the 
next one continues with conclusions related to the scalability of the manufacturing process, this 
time at the macro scale.

CONCLUSIONS
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7.1.7. Scaling up

As this research discusses potential applications of self-shaping textiles in the architectural 
context, the question of scaling up the production process became an essential part of the 
design process. Different upscaling methods were examined for every shape family: continuous 
production for Open Shapes and modular assembly for Closed Shapes. Both design strategies 
revealed numerous opportunities as well as limitations and challenges. 

Closed shapes are framed by the 3D printed boundary and cut out from the fabric, which 
conceptually differentiates them from the continuous logic of the textile manufacturing process. 
Their modular nature suggests the assembly of parts as the most suitable method of upscaling. 
Production of large-scale surfaces from multiple parts is a well-known technique used in the 
architectural practice, however it usually utilizes solid and rigid materials such as stones or bricks. 
Textiles, on the other hand, are flexible, soft and lightweight. 

One of the difficulties to assemble textile elements lay in their attachment and positioning, as 
they are expected to provide accuracy and stability on the one hand, flexibility and movement on 
the other hand. Some of the prototypes produced as part of this research used the technique of 
lacing to align and connect multiple modules, but due to their lightness and softness, the exact 
positioning and synchronization remained challenging. Another, alternative solution combined 
different materials by introducing a rigid sub-structure for attaching the textile modules, as in the 
kinetic structures developed by M. Oldouz (Oldouz, 2016). This strategy demonstrated potential 
for further development, but it tamed the dynamic character of these textile elements and did 
not follow the continuous shape grammar, intrinsic to the textile production. Both technologies, 
which are used to manufacture the textile composites, are continuous processes: CNC knitting 
interweaves loops of continuous yarns and 3D printing deposits continuous filaments layer by 
layer. Acknowledging the continuity of these production processes encouraged further exploration 
of the concept of continuity applied to the combination of both methods.

Given the technical limitations of the available machines, the desired out-of-the-roll production 
method had to be replaced by a stepwise procedure, where the subsequent areas were printed 
one after another. Additional challenge was the necessity to pre-tension the fabric before every 
print. The imprecision of the manual pretension affected the alignment and accuracy of the print. 
Furthermore, the attachment of the pretensioned fabric to the printing bed often damaged the 
neighboring printed areas. However, these challenges could be overcome by changing the 
production setup to the out-of-the-roll printing or large-scale robotic manufacturing, which would 
simultaneously increase the print size. 

Another attempt to upscale the system relied on a different production process – manual deposition 
of polymeric adhesives on meter-sized, pre-stretched elastic textiles (chapter 6.1.4.2.). The process 
was not as precise as the 3D printing, but it allowed to achieve wavy line formations that were 
qualitatively equivalent to the 3D printing tests. Moreover, these large-scale prototypes revealed 
complex patterns that could not be achieved nor observed in the smaller scale. As the gravity 
amplifies the stretch towards the bottom of the fabric, emergent patterns appear transversally 
to the printed lines. These patterns range from tunnel-like shapes (for parallel lines printed with 
the same width and thickness) to branching structures (for lines printed in various proportions). 
Furthermore, the influence of gravity on the resulting shapes increases proportionally to the size 
and weight of the textile. 
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In order to considerably stiffen chosen geometries, one could also imagine integrating additional 
elements into the print, following the path of the deposited lines. In one of the experiments, a 
thin carbon rod (diameter d=1 mm) was placed on top of one of the lines, aiming to increase its 
stiffness. The rod broke in multiple points upon the release of tension and thus this experiment was 
not considered for the final analysis, but it significantly broadened the spectrum of possibilities 
and demonstrated potential future advancements.

This study demonstrated that the tolerance for inaccuracies increases together with the size and 
scale of the production process. Of course, manual deposition is not the targeted production 
method, but it indicated additional phenomena such as the effect of gravity and emergence of 
new patterns resulting from the local differences in tension. These differences affected not only 
the three-dimensional geometry, but also the fabric, including the density of the stitches and thus 
transparency; what was difficult to notice in the smaller scale. 

For future explorations, manual deposition could be easily automated, which would eliminate the 
imprecisions and speed up the production process. The continuous, large-scale manufacturing, 
in line with the digital fabrication technologies such as 3D printing and CNC knitting, brings the 
romantic vision of soft, seamless and adaptable spaces one step closer to reality. Furthermore, 
by experimenting with this methodology on a larger scale, new geometrical, material, haptic and 
visual aspects were revealed, increasing the possibilities of local differentiation.

7.2. FIELDS OF APPLICATION

This chapter outlines potential applications of self-shaping textiles, while addressing their 
materiality, production methods and finally positioning them in the architectural context.

7.2.1. Challenging materiality

3D printing is a groundbreaking, dynamic technology with advantages for digital, localized, 
sustainable and customized production and as such, it continuously expands the possibilities 
of industrial design and manufacturing. The high individualization of products and on-demand 
production makes it one of the fastest evolving technologies, unlocking new possibilities and new 
markets. 

As the form-finding methodology of self-shaping textiles relies to a large extent on 3D printing, 
its fields of application grow in response to the developments of new 3D printing methods and 
materials. Besides the advancements of the production technology itself, the field of 3D printing 
materials is a rapidly developing sector, as researchers constantly innovate and make new materials 
printable. The Senvol database of 3D printing materials has increased 30% in 2020 compared 
to the previous year (What’s New in Materials for 3D Printing: Tracking Recent Progress, 2020). 
Besides, new materials moved far beyond plastics, becoming more and more sophisticated. Some 
of the recent material developments include medical and dental applications, high-temperature 
applications, aluminum alloys, biomaterials, recycled, phase-changing materials or flexible 
electronics. Of course, not all those materials are suitable for printing on textiles, but here the 
research also advances. According to S. Lysann Zedler, the Sächsisches Textil Forschungsinstitut 
STFI approaches this topic differently and investigates the printability of materials traditionally 
used in the textile industry for coating. Further research also examines hardening the 3D printing 
materials with UV-LED emitters or mixing several pasty materials during the printing process, 
aiming to maximize the possibilities while minimizing the production time, energy and costs. 

CONCLUSIONS
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Figure 7.1: Two stripes of 3D printed conductive filament with a LED light in-between. Once electricity is 
applied to the stripes, the LED lights up. Photo: author

Figure 7.2: Multiple parallel lines 3D printed with 
PLA “Glow in the dark” on a 50% pre-stressed 
textile. The interline spacing is smaller towards the 
edges and gradually increases towards the center, 
creating a transition between rolling behavior on the 
perimeter and coherent wrinkling in the central area. 
Photo: author 

Figure 7.3: Multiple parallel lines 3D printed with PLA 
“Glow in the dark” on a 50% pre-stressed textile. The 
3D printed lines shine upon exposure to light. Photo: 
author



260

Technological advances and material innovations have also implications on the possible applications 
of the three-dimensional textile composites. This may have an even larger impact on the possible 
uses, as many new materials demonstrate programmable capabilities. The three-dimensionality 
and adaptability of self-shaping textiles opens a whole new spectrum of functionalities, ranging 
from the fashion industry and wearable technology to product, interior design and architecture.

Customization and on-demand production suggest individualized objects such as garments, 
accessories, products or lightweight furniture. As new emerging materials increasingly bridge 
between different disciplines such as informatics or electronics, these personalized products can 
become smarter, reconfigurable or even adaptable. 

As part of this research, several attempts were done aiming to investigate the textile lighting 
systems. The first one tested an LED light mounted on two parallel lines printed with electrically 
conductive filament. Even though conductive filaments are still in the development stage and 
cannot be compared with copper or other conductors, this simple system was able to lighten up, 
once the electricity was applied to the filament (Fig. 7.1). Such a system needs further optimization 
and development, but one could easily envision embedding other elements into the print, such as 
sensors or actuators, to create dynamic and reactive objects.

Another experiment used the “Glow in the Dark” PLA filament to develop rolling and wrinkling 
textile objects (Fig. 7.2), which, due to their phosphorescent nature, glow in the darkness after 
being exposed to the UV light (Fig. 7.3), demonstrating possible strategy for passive lighting 
systems. These poetic objects could be imagined as individual indoor objects or integrated into 
larger facade systems. The following chapter outlines possible applications in architecture and 
facade design.

7.2.2. Towards Soft, Continuous and Adaptable Spaces

The topology of the evaluated shapes has an impact not only on the production and upscaling, but 
also defines their potential fields of applications. Modular assemblies of Closed Shapes suggest 
different applications than the continuous production of Open Shapes. Even though both design 
strategies are promising, a larger part of my research was dedicated to the open shapes, as they 
have not been studied by other researchers to the same extent as closed shapes. Moreover, 
open shapes conceptually align with continuous logic of textile production, thus challenge the 
beaten paths of the architectural tradition and inspire visions of soft, seamless and flexible spaces, 
enhancing the idea of spatial connectivity explored by architects such as P. Cook or F. Kiesler 
(Cline, 2002), described in chapter 4.1.1.3.

The textile industry employs continuous production methods, as it converts continuous fibers into 
yarns, and yarns into continuous fabrics. As a result, 3D printing continuous lines and curves 
allows for conceptualizing the out-of-the roll 3D printing on infinite textiles (Kycia & Guiducci, 
2020). Continuity of the manufacturing process (both 3D printing and CNC knitting) is here 
accompanied by the material continuum, whereas both processes facilitate local variations. Multi-
material printing allows to print gradients of material properties, thus creating heterogeneous 
textile composites with locally differentiated properties. Analogous differentiation can be achieved 
within the textile, where custom knitted patterns introduce different densities or transparencies. 
The idea of endless, heterogeneous textiles suggest architecture “beyond the rectilinear logic 
of the set square”, defined along the curved lines of the textile skin (Thomsen & Bech, 2013). 
Exemplar applications of such textiles include exterior facade systems, roof canopies, temporary 
structures or interior surface elements. 

CONCLUSIONS
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This research explores self-shaping processes as means of creating soft, continuous and flexible 
spaces. By embracing the softness and elasticity, textiles are not seen here as framed and rigid 
constructions. Instead, they can sway and wrinkle (Fig. 7.4, 7.5). The adaptability and shape-
changing capacity of the morphed textiles can be further enriched by the utilization of materials 
that adapt as a reaction to the changing environmental conditions. For example, further exploration 
of the external factors such as heat could result in changing material properties of the 3D 
printed thermoplastic (Schmelzeisen et al., 2018). Once the filament exceeds its glass transition 
temperature, it becomes softer and more malleable, which enables second morphing. As a result, 
it could contribute to the development of adaptable or responsive surfaces with various potential 
applications in the architectural domain. 

Besides the interior applications, the movement and adaptability of these textiles could be beneficial 
for exterior facade systems. Facades, being interfaces between buildings and environment, play 
an important role in the regulation of the energy waste in buildings (López et al., 2017). As they 
negotiate between idealized conditions of the indoor spaces and the fluctuating conditions of 
the outdoor environment, their design can help to minimize the energy used for heating, cooling, 
lighting and ventilating spaces (first two factors account for 60% of the total consumed energy in 
buildings) (Omrany et al., 2016). 
Controlled wrinkling allows to increase surface area, introduce self-shading, and -by changing 
the surface texture- influence the hygroscopic properties and evaporative cooling and as such, 
the design of wrinkled surfaces could become an efficient strategy for passive cooling or shading 
of second building skins (Fig. 7.4). Moreover, targeted wrinkled surfaces could be integrated 
in the facade design to modify the flow of air, thus affecting the convective thermal exchange 
and evaporative cooling of building skins (Kycia & Guiducci, 2020). As the wrinkling pattern and 
amplitude can be altered in relation to the local climate requirements and latitude, such a design 
strategy could improve microclimate and thermal comfort.

Furthermore, the possibilities to alter the pattern and density of the knitted fabric influence the 
transparency levels, thus suggesting additional applications such as sun-shading. Shading 
systems could be either passive or dynamic, changing in accordance with the external conditions 
by letting through desired amounts of light. Such systems could not only benefit from the printed 
open shapes, but also from the modular assemblies. All case studies presented in chapter 6.2. 
aim to create larger, modular surfaces that open and close. 

„...instead of fixed, rigid connections based on compression, textile structures use tension. The 
binding of one fiber to the next is achieved through the tension exerted by the immediately adjacent 
fibers. Rather than relying on support from the previous, stronger member, the system is circular, 
holding itself in exquisite balance “

(Beesley & Hanna, 2005)

Contrary to most architectural textiles, being framed, stabilized and bereft of their intrinsic softness 
and malleability, this approach to self-shaping textiles allows to envision novel textile tectonics 
of seamless, heterogeneous and adaptable spaces. Just as the stretch fabric skin replaces the 
solid shell of the BMW Gina Concept Car (Goldsmith, 2016), one could imagine soft building skins 
(Fig. 7.5) challenging the conventional understanding of facades, seen now as soft, adaptable 
thresholds between the indoor and outdoor environment. Such programmable, highly controllable 
and environmentally responsive building envelopes could bring architectural solutions one step 
closer to the dynamic and adaptive systems found in nature.
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Figure 7.4: Visualization of a building skin gradually transitioning from flat to wrinkled. Source: author

Figure 7.5: Soft and adaptive textile architecture. Source: author
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CHAPTER 8

FUTURE DEVELOPMENTS

Numerous aspects of this research require further development and experimentation. This chapter 
starts by describing the technical difficulties and topics that need improvement. Finally, several 
possible directions are sketched, where this research could conceptually evolve, identifying the 
areas with most potential.

8.1. TECHNICAL IMPROVEMENTS 

The first areas to be further explored are those of a technical nature, such as the adherence of 
the filament to the fabric or precision of the pre-tensioning. The attachment of the filament to the 
fabric depends on both components of the textile composite: the 3D printed geometry and the 
textile, therefore the relationship between both elements requires further analysis. The first variable 
is the 3D printing material, the characteristics of which depend to a large extent on the printing 
parameters, while the second variable is the fabric, conditioned by the materiality of yarns, their 
density and stitch pattern. 

Enhancing the adhesive qualities of the filament was proven through the multi-material printing, 
where the first one or two layers were printed with a softer, more malleable material and the other 
ones with a stiffer one. The softer material could flow between the pores of the knitted structure, 
which enhanced its attachment, but it was too soft to provide the desired morphing. As a result, 
another stiffer material had to be introduced on top. The multi-material printing could be further 
investigated in combination with custom-knitted fabrics. Additionally, the “sandwich principle” 
(Fig. 4.1) could be tested with multiple materials and various stitch patterns, as it demonstrated 
good adherence to the custom-knitted fabrics.

Conducting new experiments would require extending the functionality of the custom-built 3D 
printing machine, which was used for most of the studies. The first advisable addition would 
be the heated bed, as it keeps the extruded material at its optimal temperature, thus improving 
print quality and layer adhesion throughout the print. The 3D printing settings could be further 
optimized to enhance the performance and quality of the print. Further developments include 
the implementation of an independent dual extrusion system, enabling the printing of several 
materials simultaneously. Other necessary improvements concern the bed leveling mechanism 
and the precision of the aluminum bed, as its accuracy by the size of 70x70 cm was insufficient. 
To overcome this problem, two smaller, custom-built, elevated plates (50x50 cm and 30x30 cm) 
were placed on top of it and used to attach the fabric. These plates significantly decreased the 
possible print size, but they had other advantages. As their edges were bent downwards, it allowed 
clipping the fabric from below rather than from the side. Consequently, the print area was free from 
the clipping elements and the problem of the nozzle crushing into the clips was resolved. 
Another aspect to be perfected lies in the construction of the 3D printer. Currently, the linear motion 
guides are mounted inseparably from the massive structural frame, which impedes the visibility of 
the extruder. Ideally, these two elements would be independent and the area around the printing 
bed free from the visual obstacles. 
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One more technical aspect, which requires further development, is the automatization of the 
tensioning mechanism. All physical experiments, developed as part of this research, were tensioned 
manually, what assumed a certain level of imprecision and difficulty to accurately reproduce the 
same results. Moreover, this inaccuracy grew proportionally to the printing size and complexity. In 
the case of homogeneous knits, the manual tensioning was still within the acceptable tolerance 
range, but the challenge increased with custom-knitted textiles, where the stitch pattern had to be 
aligned with the printed geometry. A significant facilitation of the pre-tensioning process was the 
automatic mechanism for clipping the fabric to the printing bed, one edge at the time, available at 
the Sächsisches Textilforschungsinstitut STFI, as the institute continues to research and advance 
in this topic.

The aforementioned observations and recommendations should be examined while updating the 
current 3D printing setup. Moreover, the experimental character of the custom-built 3D printer must 
be considered while evaluating the results, as testing and improving the technical parameters 
was an essential part of the design and production process. For numerous prototypes, multiple 
iterations and repetitions were necessary to overcome the technical impediments and fine-tune the 
print settings. As a result, this “DIY” approach not only influenced the results, but also enhanced 
the understanding of the related manufacturing process and made it an inherent part of the design 
development.

Another area with vast potential for further development lies in the realm of digital simulations, which 
could be further conceptualized as alternative form-finding tools. As of now, computer simulations 
were used to analyze the existing behavioral patterns and validate the physical experiments. One 
of the future possibilities would be to extend the shape analysis through 3D scanning, aiming 
to refine the analysis to quantitatively describe the geometry of the textile. By comparing the 
3D scanned geometries with those derived from the finite element simulation, one could refine 
both: the empirical and simulated results, thus obtaining quantitative predictions of the morphing 
process (Kycia & Guiducci, 2020).

Digital form-finding could significantly accelerate the design process, as certain phenomena 
could be tested much faster than by time-consuming, physical prototyping. Nevertheless, digital 
simulations would not replace the material form-finding, but rather coexist with the physical 
making. Both design methodologies could inform and benefit from each other. The physical 
experimentation is an integral part of this investigation, as the act of making promotes discovery 
and inspires creative processes.

8.2. DESIGN DEVELOPMENTS

8.2.1. Out-of-the-roll continuous production

The idea of continuous production requires further development and investigation of the out-
of-the-roll manufacturing possibilities (Rivera, 2017). Textile industry already utilizes continuous 
production methods, as it converts continuous yarns into seamless fabrics. Additive manufacturing 
also enables continuous fabrication through deposition of continuous filaments. The continuity 
of the production process seems to be a natural consequence of fusing both technologies. 
Conceptualization of the out-of-the-roll production would demand re-designing the prevailing 3D 
printing process, such as embedding a rolling mechanism and additional space for the fabric 
storage. Consequently, the pre-tensioning mechanism would need to be adapted, as the fabric 
requires constant biaxial tension. Ideally, the 3D printer would be replaced by the six-axis robotic 
arm, which would significantly increase the printable area, create more freedom in design and 
production, as well as open new possibilities for experimentation.

FUTURE DEVELOPMENTS



265

8.2.2. Reversible movement and adaptation

This research looked at three-dimensional morphing of textile composites upon the release of fabric 
tension and outlined several strategies for dynamic shape change. It presented different methods 
for mechanical activation of resulting textiles, but it did not provide a solution for the material-
informed, passive activation. Recent technological advancements and material innovations allow 
us to imagine the reversibility of this movement or self-activation. Continuation of this exploration 
is necessary to propose design strategies for reversible morphing and realize the design vision of 
adaptive structures, dynamically reacting to the changing environmental conditions. 

This exploration would rely to a large extent on material research by looking into new 3D printing 
materials, adaptive materials or shape memory polymers and their potential to stimulate shape 
change as a reaction to the external stimuli (Choi et al., 2015). Further exploration of external 
factors such as temperature or humidity could alter the properties of printed thermoplastics 
(Schmelzeisen et al., 2018), make them more malleable and result in second morphing.

In order to minimize the energy needed to trigger the shape change, further study could also look 
at bi-stable structures (Zhang, 2019); having at least two stable configurations. A subtle change 
stimulated by the environmental conditions could shift the equilibrium from one state to another 
one (Schmelzeisen et al., 2017), causing dramatic shape change while minimizing the energy 
needed for the activation.

8.2.3. Custom knit 

Another potential direction how this research could evolve is exploration of the knitted logic as a 
method to program local characteristics of the textile, referred to by dr. Matsumoto as “an alphabet 
of unit-cell stitches, a glossary of stitch combinations, and a grammar governing the knitted 
geometry and topology — the fabric’s stretchiness, or its emergent elasticity” (Roberts, 2019).
An enhanced understanding of complex relational patterns between the structure of the knit, 
printed geometry and the morphing, would allow to design desired spatial configuration where 
different aspects are delegated to the specific elements of the system. Heterogeneous knitted 
textiles have potential to seamlessly transition between different porosities and densities, thus they 
could contribute to the architectural vision of continuous, soft and adaptable spaces.

8.2.4. Application

Finally, further research could aim at validating the proposed design methodology by developing 
a functional, 1:1 scale prototype for a chosen architectural application. Such a case-study would 
address the aforementioned aspects, where continuous production of heterogeneous, hierarchical 
textile composites in combination with the efficient and conscious use of the materials, which are 
able to change their properties, creates the proof of concept for programmable, highly controllable 
adaptive architectural solutions. The outcome could add a novel contribution to the architectural 
discourse in the context of contemporary environmental and societal challenges, where textiles 
self-shape in response to the ever-changing surrounding.
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