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Fibre composites are synthetic in their composition, but structured similarly to
biological materials, as fibre and matrix. While the fibre constituent in
Fibre-Reinforced Polymer (FRP) is mostly used under the form of fabrics, its
standard fabrication processes do not rely on its inherent textile attributes.
Embedding the fabric qualities in the fabrication of architectural FRP can
potentially introduce concepts and properties of biological materials into
engineered fibre composites; it can promote and enable the generation of an
architectural complexity of a biological nature. The paper presents Fabric
Materiality as a framework for a new design and fabrication process and
demonstrates through a case study its integration in the fabrication of
architectural FRP elements to achieve a complex structure with bio-inspired
properties.
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INTRODUCTION
Man has always been impressed and amazed by na-
ture's beauty and complexity. Advances of technolo-
gies, sciences and theoretical paradigms, along with
the increasing fragility of our ecosystem, have trans-
formed our attitude to nature in the past decades.
From astonishment and inspiration we have shifted
to the sophisticated study of complex natural sys-
tems, under the general approach of Biomimet-
ics (Mazzoleni and Price 2013), and the blurring of
boundaries between the synthetic and the natural, in
practices such as Bio-design. In both academia and
practice and across disciplines, frommaterial science
to architecture, spreads the conviction that nature
holds a simple answer to complex issues and holds
the keys for advancement of technology and design

(Satterfield and Weinstock 2015). Within the archi-
tectural discourse, the natural interrelation ofmatter,
form and performance sets the ground complex sys-
tems of material and form (Hensel et al. 2010).

The paper presents the results of a research that
develops alternative approach to architectural FRP. It
presents Fabric Materiality as a framework for a new
design and fabrication process that introduces con-
cepts and properties of biological materials into en-
gineered fibre composites, enhancing the material's
natural capacities to generate complexity.

The following paper starts with the definition of
the concept of Fabric Materiality, with its three main
characteristics of fabric manipulation, self- organisa-
tion and resilience. It then followswith the case study
of The LifeObject, demonstrating the integration of
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Fabric Materiality in the design and fabrication pro-
cess of a FRP installation structure, through the three
characteristics, achieving material and formal com-
plexity.

NATURALLY COMPLEX
Naturally ComplexMaterial
The inconceivable variety and complexity of natu-
ral living forms, shapes and structures is actually
the product of several low-atomic building blocks;
the constituents of biological materials are very few,
mostly combinedas composite fibre structures (Chen
et al. 2012). Only four main fibrous structural mate-
rials constitute the core of living materials: cellulose
for plants, collagen for animals, chitin for insects and
crustaceans and fibroin silks. With a material den-
sity and relative stiffness that is typically much lower
than engineered materials, their structural capacity
is achieved by their geometrical and hierarchical fi-
bre architecture. By different spatial arrangements,
elements of very different properties are constructed
using the samefibrematerial; collagen composes the
stiff bone as well as the flexible tendon and the soft
bloodvessel, in the formof a fibre compositematerial
(Hensel et al. 2010).

Fibre based compositematerials have been used
by man since antiquity, when wood and straw were
coupled with mud, to produce the brick. From the
1950's and until today, advanced fibres such as glass,
carbon and aramid, are combined with polymers, to
make an extremely strong and lightweight material
commonly referred as composites, or FRP (fibre re-
inforced polymers). Structured by fibre and matrix,
similarly to living materials, FRPs introduce biologi-
cally inspired design paradigms; like in nature, awide
rangeof functional properties canbe achievedby the
careful design of the two components, varying spa-
tial and hierarchical organisation. It suggests engi-
neered continuous variation, local deposition of ma-
terial in accordance with structure and performance,
as opposed to conventional and uniform mechani-
cally engineered quality.

As part of the ever-increasing quest for high-

performancematerials, the use of FRP has spread ex-
tensively over the past decades to almost every in-
dustrial field, from aeronautics to automotive, naval,
infrastructure and design. In architecture, there is a
renewed interest in the material in recent years, in-
fluenced by the introduction of digital tools for de-
sign and fabrication and by the quest for complex
free-form morphologies (Kolarevic 2005) . Biological
paradigms and characteristics of natural systems can
beof high relevance in the design and engineering of
architectural FRP, and can be relatively easily applied
(Knippers and Speck 2012).

Naturally Complex Form
On-going developments in technologies of visuali-
sation and parametric design tools in the past two
decades have fuelled a strong drive for the gen-
eration of complex surfaces of free-form nature.
The challenge in bringing virtual complex-curved
geometries into materialisation at the architectural
scale is supplemented by the parallel architectural
practices aiming for variation, differentiation and or-
namentation of the surface. Such tectonic aspira-
tions are somewhat difficult to achieve in a top-
down fabrication system, relying on sheet materials
or moulds; on-going developments and research in
the field of full-scale 3D printing attest for this need
and interest. Tackling this issue from a different an-
gle, bottom up processes of self-organisation allow
for a complex outcome by simple means. In form-
finding design methods, either physical or digital,
form is not defined by the designer but rather gener-
ated by the definition of boundary conditions (Burry
1993); nature's patterns of tight relationshipbetween
form, force and mass lead to optimisation and sta-
bility features. Controlling self-organising materials,
under tension or compression, can easily generate
forms of high complexity and intricacy.

Textile is a material system with a capacity for
self-organisation in three-dimensional space; the
fibre-based structure of the material and its resilient
character enables the generation of complex forms
by simple means. The spatial arrangement of fibres
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by mechanical interlocking only allows for the dy-
namic reaction to extrinsic forces, such as gravity,
and to the induction of low-stress forces on the ma-
terial by its manipulation. Garment-making has de-
veloped, through millennia, the art of creating 3D
complex surfaces and volumes, by simple manipula-
tions and low-stresses through pattern-making and
needlework. Being an engineered fibre-based mate-
rial, its properties and behaviour are defined by its
fibre architecture; as in natural materials, variations
in fibre type, density or spatial configuration (such as
knit, weave, braid and more) define its performance.

Naturally Complex FRP
While the fibre constituent in FRP is mostly used un-
der the form of fabrics, its standard fabrication pro-
cesses do not rely on its inherent textile attributes.
Standard FRP fabricationprocesses press fabrics onto
rigid moulds, utilising the fabric's ability to adhere
to the given rigid form in an optimal way; mechan-
ical pressure over themould overrules the fabric's re-
silient character and its capacity for self-organisation.
The resulting morphology reflects only this of the
rigid mould, with no presence of any typical textile
form (Mallick 2008).

While FRP is structured similarly to biological
composite materials, standard architectural FRP ap-
plications do not relate to biological design princi-
ples. Experimental research, mainly conducted by
ICD Stuttgart (Institute for Computational Design)
with the ITKE (Institute of Building Structures and
Structural Design), focuses on the integration of prin-
ciples of biological composites into the design and
fabrication of architectural FRP (Parascho et al. 2015).
This research tackles the material on the fibre level,
mainly dealing with direct robotic fibre placement

FABRICMATERIALITY
The term of Fabric Materiality is coined to represent
the unique properties of textile materials and their
processing techniques, together with the inherent
design approaches these introduce. Treating mate-
riality as part of a larger design paradigm (Oxman

2012), Fabric Materiality is an approach to tightly re-
lated design and fabrication, originating from mate-
rial properties. In this research the general concept
of Fabric materiality is developed with regards to fi-
bre composites.

Threemain characteristics of textileswere identi-
fied as defining the essential properties of FabricMa-
teriality: fabric manipulations, self-organisation and
resilience.

Fabric manipulation refers to the multitude of
parameters that affect the physical properties of the
fabric, from the fibre itself to its spatial structuring by
weaving, felting, knitting etc. Being and engineered
material, its build-up is controlled by a great number
of parameters; density, pattern, tension, fibre con-
struction and type of machinery are just a few exam-
ples of parameters that affect the characteristics and
behaviour of the resulting surface, enabling its ma-
nipulation.

Self organisation refers to manipulations on an
higher level of hierarchy, dealing with the fabric it-
self. It refers to the ability of fabrics to embrace com-
plex form as a result of theirmanipulation. The ability
to apply low-energy stresses upon fabrics and gener-
ate complex three-dimensional structures is a unique
property of the material, which has been the found-
ing principle of fashion along history. This ability to
easily manipulate thematerial, by needlework (Wolff
1996), heat and pressure (Wada et al. 2012) or by
pattern, is another level of the infinite variation of
forms in garment making. It relies on the capacity
of thematerial for self-organisation, the spontaneous
organisation in space as a three dimensional struc-
ture, as a result of the internal local interactions be-
tween thefibres, and theexternal forces appliedon it.
This emergent behaviour of thematerial holdswithin
it the capacity for natural optimisation, relying on the
multitude of elements on the lower level of hierarchy
of the material, namely the fibres.

Thismultitude of simple andweak elements that
interact and construct a greater whole is a key factor
of the fabric's resilient properties. It gives the mate-
rial its flexibility and ability to recover to an initial or
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improved state after an event of stress, demonstrat-
ing soft stability and robustness.

Fabric Materiality in FRP
Fabric Materiality could be embedded in the process
of fabrication of FRP, enhancing textile attributes and
biologically inspired design methods. Integrating
textile-related techniques of form-making andmate-
rial construction from the world of garment making
as well as from the architectural form finding disci-
pline suggests the freedom from moulds, and pro-
poses ways for local differentiation for performance,
optimization and ornamentation (Blonder and Grob-
man 2015). Relying on the natural properties of fi-
bre architecture, both at the material level and on
the structural level, enables simple the generation of
complexity.

Trying to embrace FabricMateriality and take ad-
vantage of its unique qualities, potentially affects all
level of the process, from design to fabrication and
construction. When integrated, the characteristics of
fabric materiality are reflected in the resulting struc-
ture across levels, from its design to its performance
and structural behaviour. Embedding Fabric Materi-
ality in the fabrication and design process of archi-
tectural FRP to achieve a complex structure with bio-
logical attributes was the purpose of the case study,
demonstrated hereby through the three features of
Fabric Materiality.

LIFEOBJECT, A CASE STUDY
LifeObject is an architectural installation for the Is-
raeli pavilion of the Venice architectural biennale
2016 ; it serves as a case study for the demonstra-
tion of embedded Fabric Materiality in the fabrica-
tion and design process of FRP, and its ability to in-
herently enable complexity and variationof structure
and design, as a parallel to natural composite sys-
tems. "LifeObject" is a structure that originates from
the analysis of a bird's nest, aiming to transpose its re-
silient properties into an architectural installation. As
part of the overall biology-oriented design approach
to the structure, the choice of material was oriented

towards one that is synthetic, yet follows that struc-
ture of biological materials, as fibre andmatrix. Com-
posed out of over 1500 tubular elements, the tubu-
lar elements were made of fibre composites, embed-
ding FabricMateriality in their fabrication and assem-
bly process, to enable the assimilation of biological
principles in the overall design. The focus of this pa-
per is on the fabrication process of the components
and the way by which it contributes to the resulting
structure.

Several quantitative and qualitative principles
were extracted from the nest, setting the require-
ments from the individual composite components.
The structure is composed out of a multitude of light
elements that are similar yet varied; the components
therefore should be light and their fabrication pro-
cess should afford easy variation. Moreover, differ-
entiation of the components should be obtained by
the variation of material properties. The overall form
is achieved by the combination of random elements
with no additional glue or joints, but by bending
forces; the components should therefore be flexible
to a point that enables bending while maintaining
some resistance that generates internal stresses. Fur-
thermore, details in the components should be inte-
gral to the fabrication process.

Embedding Fabric Materiality in the process en-
ables tomeet theabove-mentioneddesignand fabri-
cation requirements in a coherent way, which would
have been difficult or even impossible by traditional
fabrication processes of FRP. The basic process con-
sisted of the fabrication of fabric sleeves, their im-
pregnation with resin, curing in ambient tempera-
ture and short post-curing in low-temperature oven.

The following section will describe the imple-
mentation of the three key features of Fabric Mate-
riality in the case study: fabric manipulation, self-
organisation and resilience.

Fabric Manipulation
The components of the LifeObjectweremade as con-
tinuous sleeves of two types of fibres, fiberglass and
aramid. Knitting or braiding processes were chosen
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for the material construction, according to the na-
ture of the fibres, their fibre breakage and internal
structure (flat or twisted). Fibreglass' fibre breakage
is high and present difficulties for knitting. As fibre-
glass braided sleeves are readily available in themar-
ket, these were used in different diameters and den-
sities. The para-aramid fibres are soft and can easily
be knit, with minimal adaptation of settings of the
knitting machine to the fibre's strength. Two grades
of fibres were knit, (3600Denier, 200Denier), both in
flat and circular knitting machines (Figure 1). Circu-
lar knitting machines are mainly used by the indus-
try for the fabrication of stockings and socks. Assur-
ing speedof production andhomogeneity of surface,
they are limited in their diameter and the grade of fi-
bre they allow. It was therefore used for the lighter
fibre grade only.

Several knitting parameters were varied, affect-
ing the mechanical properties of the resulting fab-
ric sleeve and its behaviour under forming process.
Different knitting parameters were explored, in the
search for sleeves that would have homogenous sur-
face quality, the ability to deform and take shape un-
der minimal tension while holding in bending forces
without collapse. Major variations included fibre
composition (fibre grade, number of filaments, ad-
dition of other fibres), number of needles, tension,
and knitting patterns (single, tuck and miss for the
flat machine, single, various ribs and piqués for the
circular). Out of the complex web of interrelated pa-
rameters, all affecting the final outcome, a few simple
examples can be given:

AdditionalMaterial. The addition of a different fibre
in the knit, such as nylonmonofilament, transformed
the fabric to a thicker and more rigid one. While im-
proving significantly the performance of the lighter-
gage knit, the nylon filament introduced in the heav-
ier gage knittingmade it harder for the sleeve to em-
brace formunder tension, collapsing into aflat shape.
This option was therefore eventually discarded.

Figure 1
Para-aramid sleeve
knit in circular
knitting machine.

Figure 2
Variants in knitting
patterns, circular
machine.

Figure 3
Knitting variants,
formed and cured.
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Figure 4
Knitting patterns,
input through the
knitting machine's
internal software.

Density. The amount of tension applied on the fab-
ric during its knitting process affects the density of
the resulting fabric. While a looser knit allows for
easier deformations and better embrace of the nat-
ural form, it encapsulates within it a lesser amount of
resin. While such a componentmight perform better
for forces applied on its axis, it ismechanicallyweaker
and will more rapidly collapse when bending forces
are applied. The knitting tension was defined opti-
mising both targets, in accordance with the knitting
pattern,

Knitting Pattern. The knitting pattern acts as inter-
nalmaterial structure, affecting its overallmechanical
behaviour. Different knitting patternswere tested for
the circular machine, as variations of piqué and rib
structures by an alternating Lycra filament that was
introduced in the knit (Figure 2 and3). Apart from the
aesthetic value of the pattern, it affected the stiffness
of the tube's wall and its behaviour under bending

forces, with pattern lines acting as lines of reinforce-
ment or as hinges. Some elements were designed
with alternating patterns within them, locally opti-
mising to adhere to the forming elements (Figure 5).

Knitting technology allows for the simple varia-
tion of parameterswithin the continuousmaterial, by
changing densities, patterns or even materials with
the addition of threads. It enables the easy genera-
tion of variation within the element, differentiating it
in shape and performance.

Figure 5
Changing pattern
within the element
for local
optimization.
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Figure 6
Resin impregnation.

Figure 7
Forming by tension.

Self-Organisation
Biologicalmaterial is synthesizedwith low-energy in-
vestment, and the generation of variations does not
require additional resources. As standard composite
fabrication process do not enable the easy variation
of form, requiring the costly changing of the mould,
Fabric Materiality was integrated in the forming pro-
cess, through self-organisation of the fabric material.
The knitted sleeveswere impregnatedwith resin (Fig-
ure 6), and hung in tension for their curing, with no
moulds (Figure 7).

Simple means such sections of standard plumb-
ing tubes and rings were used as end-parts for the
tensioning of the component during curing, and to
create 'stoppers' along the tube, for the interlocking
of the components in the structural assembly. The
placement of the rings inside the sleeve and the ma-
nipulations on it (such as torsions, or the tension ap-
plied on the extremities) controlled the resulting el-
ement in terms of overall shape and articulation of
details and stoppers, as boundary conditions. This,
in addition to the fabric manipulations mentioned
above, (such as density and pattern), together with
geometry parameters (sleeve diameter, length).

Using self-organisation as a fabrication process
enabled endless variations in length and placing of
stoppers within the elements, while keeping similar
characteristics of global appearance and behaviour
of elements. Similarly to biological material, a mini-
mal energy is invested in the generation of variants
(Figure 8). The resulting structure is comprised of
1500 varied elements that are extremely light and its
density is of 10kg/m3 only.
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Figure 8
Variation of
components.

Resilience
The resilient nature of fabrics is the combined prod-
uct of its internal material structure across levels of
material hierarchy and its material properties. At the
fabric level, the textile sleeve is composed out of a
multitude of elements, the fibres, which are intercon-
nected by friction in their spatial arrangement, while
maintaining some freedom and independent move-
ment. Going down in scale into the fibre itself, it is
also an assembly of filaments, interconnected by tor-
sion and friction while keeping relative freedom of
movement. At both levels, the single element - be
it the filament or the fibre - is light and weak, and
strength is achieved bymultitude and spatial config-
uration. These principles of interconnected elements
with relative independence of freedom are reflected

in The LifeObject both on the component level and
on the level of the overall structure (Figure 9).

The internal knit and braided structure of the
components gives it its flexibility and strength while
being extremely light. The overall structure is also
the outcome of the interconnected components, rel-
atively weak by themselves, but globally stable and
strong as a whole. Relying on a multitude of weak
elements, which are of similar type but varied, the
structuredemonstrates properties of resilience. It en-
ables local errors, withstands local failures without
global damage and springs back to a stable state af-
ter stress is applied. Self supportive and with no ad-
ditional joints or gluing agent, the structure canwith-
stand several parallel lateral loads of 50 kgs.

Figure 9
LifeObject overall
structure.

Figure 10
Finalised structure.
Photo: Dacian
Groza.
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CONCLUSION
The term of Fabric materiality is coined to repre-
sent the unique properties of textile materials and
their processing techniques, together with the inher-
ent design approaches these introduce. It is char-
acterised by the capacity of the material system to
self organise, its ability to generate complex form
by low-energy manipulations, and its resilient prop-
erties. The notion of Fabric Materiality as a design
and fabrication process was tested in The LifeOb-
ject case study, demonstrating its ability to gener-
ate complex form and material, which are biologi-
cally inspired. Fabric is manipulated by the variation
of several knitting parameters, and form is achieved
by self-organisation on the component level. By
simple means, a high level of complexity and intri-
cacy is achieved, demonstrating biological proper-
ties. The manual fabrication of elements without
moulds together with their fabric manipulation en-
ables easy variationbetween the similar elements, in-
troducing singularity within the types. The naturally
optimised form with embedded stoppers, achieved
by self-organisation, generates differentiation within
the element. Being light, relatively weak and requir-
ing minimal fabrication efforts, the structure is com-
prised of a multitude of elements, based on a logic
of redundancy rather than optimised minimalism. It
achieves formand stability by its hierarchicalmaterial
construction, from the fibre to the overall structure.

Based on simple fabrication processes, an ex-
tremely light and stable structure is constructed.
Comprised of 1500 varied elements, its density is of
10kg/m3 only (lighter than feather). It is self support-
ive, with no additional glue or joints, and is capable
of withstanding several parallel lateral loads of 50kg.

Thanks to the inherent resemblances between
Fabric Materiality and characteristics of biological
materials, the integration of Fabric Materiality in the
fabrication process of FRP can lead to a material
and structural complexity of a biological nature. It
suggests an alternative to the standard architectural
means for achieving complexity, relying on material-
ity.
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