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Abstract. Fibre reinforced polymers (FRP) is a family of high performance composite 
materials combining fibres and polymer matrix, structurally resembling biological materials. 
While biological design principles could naturally be applied for engineered FRP, these are 
hardly applicable with standard FRP fabrication processes relying totally on moulds. 
Searching for alternative design and fabrication processes, the research presents the 
integration of Fabric Materiality, relying on the textile capacities of the material to enable a 
bio-inspired approach. Learning from a bird’s nest, principles regarding material, structure 
and construction process were applied to an architectural FRP structure, which demonstrates 
traits of biological composite materials, suggesting a resilient porous matter-structure.  
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Introduction 

Fibre composites and biology 
Fibre composites are synthetic in their composition, but similar in their structure to 
biological materials, composed of fibre and matrix. Fibre based composite materials 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 fibre reinforced polymers (FRP) 
(Fernandez 2005). 

Structured by fibres and matrix, fibre composites resemble living materials. Almost 
all load-bearing biological structural materials, organs and tissues are fibrous composites, 
comprised of fibres such as cellulose for plants and collagen for mammals (Jeronimidis 
2013). Similarly to living materials, FRPs potentially introduce biologically inspired 
design paradigms; like in nature, a wide range of functional properties can be achieved by 
the careful design of the two components, varying spatial and hierarchical organisation 
(Knippers and Speck 2012).  In contrast to conventional and uniform mechanically 
engineered qualities, the composite design approach suggests engineered continuous 
variation, local deposition of material in accordance with structure and performance. 
Nevertheless, despite the similarity in their fundamental performance principles, FRP’s 
commonly applied engineering strategies differ greatly from nature’s strategies and 
standard FRP fabrication processes and applications do not relate to biological design 
principles. Key principles such as self-organisation, variation and differentiation can 
hardly be obtained through the mould-based standard fabrication processes of FRP, in 
which complex or varied shapes require the fabrication of multiple complex sculpted 
forms as moulds. The theoretical connection between technical textiles and biomimetics 



is well established in the research field (Milwich et al. 2006), but the integration of 
biological design principles in FRP still present a call for  alternative fabrication 
processes that are free from limiting moulds and sustain variation. 

Attempts for the integration of such design concepts can be found in engineering 
research oriented towards bio-inspired composites, in theoretical architectural writing 
oriented towards material systems and in several architectural experimental design 
researches, mainly conducted by ICD Stuttgart with the ITKE. These focuse on the 
integration of principles of biological composites into the design and fabrication of 
architectural FRP (Parascho et al. 2015), tackling the material on the fibre level, mainly 
dealing with direct robotic fibre placement. 

Fabric Materiality FRP 
This paper presents Fabric Materiality (FM) as an alternative approach to FRP design and 
fabrication, which can potentially introduce concepts and properties of biological 
materials into engineered fibre composites. Fabric materiality is a term coined to 
represent the totality of qualities, attributes and techniques associated with fabric 
materials, which potentially interface between disciplines as a basis for transfer of 
technologies. Associated with FRP in this research, it relies on the fabric qualities of the 
fibre constituent of the composite, to be embedded in the design and fabrication of 
architectural structures (Blonder and Grobman 2016). Though architecture and textiles 
have multiple points of convergence, the world of fibres presents a design paradigm that 
strongly differs from the mechanical-based architectural one.  

Three attributes are defined as the core of FM, through which integration is 
considered: 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. Self-organisation 
refers to manipulations on a higher level of hierarchy, dealing with the fabric itself and its 
ability to embrace complex forms, responding to the application low-energy stresses upon 
it. The resilient properties of fabrics derive from its internal structure, based on a 
multitude of simple and weak elements that interact and construct a greater whole, 
granting it with flexibility and ability to recover to an initial or improved state after an 
event of stress, demonstrating soft stability and robustness.   

Fabric materiality suggests a biologically inspired design approach to composites, 
redefining the fibres’ role in the making of the forms. Replacing the restrictive moulds 
with fibres, it enables local differentiation, inherent optimization, ornamentation and 
sustainable variation, which are essential to achieve complex structures with bio-inspired 
properties.  

Bio-inspired Fabric Materiality FRP structure   
The integration of FM in FRP design and fabrication is hereby demonstrated through a 
case study, “The LifeObject” [Figure 1]. Aiming to embed biologically inspired 
principles through FM, the architectural installation takes a natural structure as a 
reference model for a biomimetic development process. The bird’s nest was chosen as a 
biological model of a resilient structure, to be analysed and studied through a biomimetic 
process and implemented as a FRP structure. The analysis of the bird’s nest of a Jordan 



Sparrow served as a basis for the development of a material system and was applied on 
multiple levels involving material, structure, fabrication and construction process.   

In between bio-inspired design and biomimetics, the LifeObject development process 
consists of the transposition of principles learned from the nest onto a structure of a 
different form, purpose and material. Not intended for the safekeeping of eggs, the 
designed structure is not a closed circular shape, nor is it made of collected branches; 
rather, it is a curvilinear architectural installation of synthetic engineered material. In that 
respect, and with the general aim to explore a comprehensive alternative approach from 
design to fabrication, a careful selection of relevant characteristics to be taken from the 
bird’s nest was compulsory. Combining a numeric analysis with qualitative observations, 
relative figures were selected (such as relative distribution and angles), and generic 
principles of structural and construction logics.  

The implementation of the principles learned from the nest resulted in a structure that 
demonstrates biological characteristics. In between a spatial structure and a volumetric 
porous structural material, the LifeObject can be regarded on different scales.  The paper 
will start with the description of the nest and the information extracted from it for 
implementation in the structure, with a brief description of the numeric process. The 
following section will detail the design, fabrication and construction of the LifeObject, 
described through four characteristics of biological composites: hierarchal structure, low 
energy synthesis, self-organisation and adaptability.  

 
Figure 1 LifeObject installation; resilient  FRP sturcture by Fabric Materiality 

Learning from a bird’s nest 
Birds’ nests have long been of high interest for biological research, referred to as ‘frozen 
behaviour’. Seen as a diagrammatic representation of the behaviour of a species, nests 
demonstrate the ways by which species attempt to arrange their natural environment. The 
great diversity of nests of different species illustrates different behavioural, ecological, 
and evolutionary principles, with a special focus is put on the different processes of 
adaptation of the nests to the different environments. (Collias 1986). This study related to 
the resilient structural properties of the nest, having spatial structural applications in 
perspective. The information taken from the nest in the biomimetic process to be 



implemented in the designed structure combined general qualitative characteristics of the 
nest, with its numerical analysis. The numerical analysis examined its internal structure, 
and the characteristics related both to its material and the construction behaviour.  

Nest characteristics: construction behaviour and material 
Birds’ nests demonstrate a huge variety of types, sizes, shapes, techniques and materials. 
Categorisation relates to eight different nest shapes, combined with eight different sites 
and ten ways of attachment (Hansell 2000). Though a simple generalisation cannot be 
done to select a generic nest structure, the one selected for the study is the most widely 
spread type, a cup-shaped nest. The nest of the Jordan Sparrow (Passer Moabiticus), 
selected for this study [Figure 2a] is located on trees and its attachment is “bottom 
multiple branched”, supported from below by contact with two or more branches, locked 
in position by virtue of its own weight and the projecting twigs between supporting 
branches.  
Although there is enough similarity between different nests for a collector to recognise 
the species by the built structure, still little is known about the process by which the bird 
knows how and what to build, the cognitive complexity required and the degree of   
repeatability between nest structures (Healy, Walsh, and Hansell 2008) . Generally, some 
architectural variability is evident where nests are fitted to the individual topography of a 
nest site, while the composition and construction of the nest as a whole is rather invariant 
and species-typical (Hansell 2000).  

The most important construction system amongst birds is by interlocking, including 
three types: fastening that is in the construction material itself (Velcro), fastening that is 
created by the builder (pop-rivet and stitches), and entangle by the builder (Hansell 
2009). The selected nest is built by entangle, involving no additional materials for gluing 
or assembly. It has been proven that the beak is not morphologically adapted to the 
building task, but rather to the task of feeding its youngsters (Hansell 2009);  in the 
absence of a specialized tool for the construction of the nest special care is taken in the 
choice of materials, to make construction itself more easy and create a strong nest. The 
twigs selected for the nest have spikes that assist entanglement, and are supple enough for 
bending with resistance. Carefully selected for their weight in relation to the builder, the 
twigs display variations within a standard range (Hansell 2000).  

Applying nest principles as design requirements  
The nest was chosen as a model for lightweight double-curved structure of resilient 
properties, to be implemented as a FRP structure. Of special interests were the principles 
observed in the nest, which stand in contrast to conventional engineering methods or 
logics of construction and contribute to its resilient behaviour. These were set as design 
requirement from the LifeObject, serving as guides for its development.  
The complex double curved shape is to be obtained from simple linear elements, which 
are not custom made but acquire their specific curved shape by bending. The elements 
will be extremely light and easy to transport and manipulate during construction, and 
therefore the structural logic will rely on multiplicity and redundancy of light and 
relatively weak materials. The elements will be assembled by entanglement only, relying 
on the mutual friction between elements and on inherent stoppers (imitating the twigs’ 
spikes). No additional joints or gluing agents will be used, and the surrounding 



environment (ceiling and floor) will serve as anchors for stabilisation (by pressure only). 
No scaffolding will be used for construction and structure will be stable at all stages. 
The variability between nests will be implemented as a random-based iterative design 
code, that will assure a different random arrangement of twigs in space that share 
common traits. In correlation, the construction logic will integrate top-down and bottom-
up elements, with intentional partial control over the process.  

Numerical analysis of the nest 
To operate an algorithmic analysis on the nest’s structure, a digital model was 

necessary, starting with an x-ray computed tomography (CT). [Figure 2b] Challenged by 
the dense complex structure of the interlaced twigs, image processing algorithm was 
developed in a dedicated python script to extract a clean skeleton diagram of branches out 
of the scan, to isolate the twigs as separate entities and to extract the branch thickness. 
The raw skeleton of the nest was then coupled with branch thickness data, as textual data 
for algorithmic analysis; it was visualized through Grasshopper-Rhino as a 3D mesh 
[Figure 2c]. 

  
Figure 2 Nest digital reconstruction (a) Jordan Sparrow nest (photo: Amit Ofek)  (b) Selection of images of CT scan (c) 
Reconstructed digital model (process: Lior Aharoni) 

Based on the digital reconstruction of the nest, an algorithmic analysis was processed 
to extract relevant data from the nest structure. As the purpose of the biomimetic process 
was its implementation in an s architectural structure that does not resemble the nest in its 
form (circular and closed) nor in its performance (egg protection), only non-dimensional 
and relational parameters were analysed and extracted from the nest. These were: twig 
length deviation, twig thickness deviation, angle between twig and floor, angle between 
twig and the thickness of the nest, and density.  
The extracted data thereafter informed a design code, written in Grasshopper-Rhinoceros, 
to randomly populate bounding free-form volumes, subject to the numerical principles of 
the nest. The implementation of the data was based on the assumption that the nest 
equated the inner forces to zero by its closed shape, which was obtained in the designed 
structure using environing floor and ceiling as anchors. In an iterative process, the design 
algorithm populates the bounding volume until it reaches the required density of twigs. 



Twigs of random length according to the length deviation data are randomly placed, 
subject to the angle deviation data of the nest; each twig is positioned to intersect 
neighbouring twigs at a minimum of three different points along it, to assure its 
interlacing and bending.  

LifeObject 
The principles and figures extracted from the study of the nest were applied in the 
development of a material system, an assembly of extremely light tubular elements, 
interlaced in a complex spatial organisation. The study informed the fabrication process 
of the tubular components as well as a parametric design code that populates free-form 
volumes with the components to form the structure. Applying the code for a specific site, 
two free-form volumes were positioned in space, and detailed fabrication data was 
automatically generated for over 1500 tubular elements, comprising the structure. The 
elements were manufactured by knitting, as continuous sleeves, then impregnated with 
resin, shaped and hardened in a manual process. The elements were assembled on site, 
forming a structure by interlacing, without the need for joints or gluing agents. 
 The developed bio-inspired material system holds properties of biological composite 
materials; the case study will be detailed and described thematically, through four main 
biological material characteristics.   

Hierarchical material construction  
Biological materials are hierarchically structured as an integral part of their design, 
making no distinction between material and structure. Since the biological raw material 
in itself is weak, brittle and soft, its strength and stiffness is achieved by its layered 
internal architecture. While each level consists of similar molecular components, the 
differentiated spatial organisation results in a variety of functional properties (Dunlop and 
Fratzl 2010). A natural material, like wood, would have an array of hierarchies spanning 
across 15 orders of magnitude. From the size of the nanometric cellulose micro-fibrils 
(10-12), to the wood tissue measured in cm (103), seven level of hierarchies can be 
determined: tissue, cell, laminated cell wall, individual wall, cellulose fibres, mircofibrils 
and protofibrils. As such, its representative physical or mechanical properties would be 
measured on different scales, having an array of  RVE (representative elementary 
volume) (Jeronimidis 2013). In contrast, engineered materials such as ceramics, plastics 
or metals, have considerably small RVE of few mm3, where the material sub-structure 
plays a minor role.  In the same way, building structures are conceived in hierarchical 
discontinuity where structure, component and material are distinct and independently 
considered (Knippers and Speck 2012).  

The design of LifeObject is considered on six levels of hierarchy, from the fibre to the 
overall system [Figure 3]. Although taking place on different order of magnitude then 
biological materials, its hierarchical design can be described from the structural macro 
level, through the meso level of components to the nano-level of fiber itself. The different 
layers are interconnected, with design parameters on each level that determine its 
performance, informing adjacent levels of hierarchy and affecting the overall 
characteristics. Starting from the lowest level, the fibre is in itself a spatial organization 
of filaments either flat or twisted, in different grades. It is knit (for aramid fibers) or 



braided (for fiberglass fibers) in different patterns to form the fabric of the micro level. 
Moving upwards, it constructs a composite material for the tubular components of the 
meso-level. With FM embedded in its fabrication process, the tubular elements are made 
of para-aramid fibres manufactured by knitting, with variation of different parameters 
such as machine types, needle density, pattern and more, to reach different performative 
requirements (Blonder 2016) These are interlaced in space in relative compression, 
making a structural volume. The macro level of the structure is designed by a parametric 
algorithm that populates required global volumes with components of the meso-level, in 
an iterative process, resulting macro level is free-form porous volumes of airy 
components.    

 
Figure 3 Hierarchical construction of LifeObject material system  

Low Energy Synthesis 
Biological materials are formed by low-energy processes.  Standing in contrast to 
fabrication processes of engineered materials, living matter is mostly synthesized in 
ambient temperatures and under low atmospheric pressure, in an aqueous environment 
(Meyers et al. 2011). Biological materials essentially consist of a small number of light 
and simple building blocks (C, H, O, N, P, S, P, Ca, etc), and only a few polymeric 
substance groups (proteins, polysaccharides, lipids, nucleic acids, etc) exist (Dunlop and 
Fratzl 2010).  The building blocks of biological materials, such as proteins, lipids and 
carbohydrates, are formed in a process of biosynthesis, also called anabolism. Complex 
molecules are formed out of relatively simple compounds in metabolic pathways, a chain 
process of chemical reactions catalysed by enzymes. The typically weak building block 
of biological materials favour the subdivision of load bearing task into as many sub-
elements as possible, achieving efficiency through redundancy. The heterogeneity 
displayed between the multiple elements of biological structures enables the multiplicity 
of load paths within the structure, contributing to its resistance to crack propagation 
(Jeronimidis 2013).  

The fabrication process of the components of LifeObject is too based on the principle 
of low-energy synthesis, all along the process from shaping to curing. With FM 
embedded, it relies on the self-organising capacity of its material, being a fabric. The 
relative movement between the fibres that constitute the fabric, allow it to self-organise in 
reaction to external forces, into complex forms. As opposed to traditional forming 
processes of composites, no rigid mould is involved in the forming of the elements. 



Rather, it follows the architectural tradition of form-finding, as developed by Frei Otto, 
where structural stability is achieved by self-organisation of the material system under 
external forces. Enhancing its fabric materiality, the textile sleeve is suspended, formed 
by tension and gravity. Thanks to the stretching qualities of the knit fabric structure, 
allowing self-organisation, and the formation by tension, the resulting components are all 
similar but varied. Visually resembling a branch, or a bone, the LifeObject components 
self-organize under stress, their morphology resulting from the loading by tension and 
material properties, adapting to forces according to boundary conditions. While 
composite materials are normally formed with the use of costly moulds, in high-
temperature ovens or under pressure of vacuum of autoclave (Mallick 2008), these 
elements are manufactured manually, in low temperature curing, not requiring moulds. 
The fabric sleeves are impregnated manually with resin and then formed hanging over a 
frame [Figure 4]. Curing is done in ambient temperature, supported by a short passage in 
an improvised outdoor oven of 40°. The manual fabrication of the elements requires 
minimal resources and introduces craft qualities and slight variations into the final 
product.  

Like biological materials, The LifeObject structure is also composed of a small 
number of weak, simple and light building blocks. Only five types of elements (3 of 
fibreglass braiding and 2 of knit para-aramid) were used for its construction, all 
extremely light and requiring relatively low energy for their fabrication. The low density 
of the elements, with cured material that weighs approximately 150 gr per linear meter, 
made it very easy to manipulate. This directly affects the ease of assembly and 
construction of the structure, being itself a type of low-energy synthesis, at it requires 
only man power, no lifts or heavy tooling. The whole structure was assembled on site by 
a small number of non-qualified workers in only three days.  

    
Figure 4 Fabrication process: shaping and curing not requiring moulds 

Self-organisation  
Biological structures are assembled from the bottom-up, as a necessity of the growth 
process, since no overriding scaffold or external direction is involved apart from the 
environmental stress. The notion of spontaneous, dynamically produced adaptive 
organisation of the natural world has been defined as self-organisation . Natural materials 
develop under load, and the internal intricate organisation of biological materials, 
structures and organs are the evolutionary response to external forces, or the performative 



response to specific loading (e.g. local stress on a bone area)  (Weinstock 2006a).  
Biological self-organisation is essentially geometrical; simple components are self-
assembled into complex three-dimensional assemblies that have emergent properties and 
behaviour. Such property could be its mechanical behaviour, such as the reaction of 
linear stiffening that occurs in a tissue (e.g. the human skin), increasing its stiffness as 
stress increases (e.g. pinching of the skin). Such  emergent behaviour requires a certain 
redundancy on the lower level of organisation (Weinstock 2006b). The ability for self-
assembly of the living organism includes management of self-configuration, ability for 
self-optimisation in changing environmental conditions and the ability for self-
repair/healing.  

The negotiation between top-down pre-determined factors and bottom-up evolution 
of the structure is reflected on various levels of hierarchy, in the design, fabrication and 
construction processes of the LifeObject. The design code combines random elements 
with pre-set values. The pseudo-random distribution code is informed by the figures 
extracted from the algorithmic analysis of the nest, setting global relative distribution of 
material in the volume. Curves are placed within volume boundaries by an iterative 
process, controlled by the numeric values, assuring a material distribution that refers to 
the structure of the nest, both in orientation and in quantity. Floor-to-ceiling elements are 
interlaced with component-to-component ones; stoppers are placed at critical intersection 
points between the elements. Each run of the code will generate a different phenotype 
expression of the common genotype, reflecting its characteristics of self-organization.  
The bottom-up assembly of the LifeObject resembles the bird’s construction procedure, 
or a natural growth process, rather than a typical architectural one; the structure is stable 
at all points during construction process, not relying on scaffolds or temporary supports 
of any kind. External control is minimized, with a minimal configuration of components 
that is defined in space, following the global volumes planned. Respecting the numeric 
values of the code, components are then gradually placed in space, freely, contracting 
each other by tension, building up stability and affecting the overall configuration of the 
structure. 

Adaptability 
Biological systems adapt to their environment, and develop under load. During growth, 
biological systems actively respond to external stimuli and form architectures and 
microstructures with improved functionality. The microstructure of the wood cells, for 
example, strongly depend on its loading conditions, varying from square shaped to 
circular shaped on upper and lower parts of the branch, according to it being under 
compression or tension. Flexure is the common way of loading in biological systems, 
sustained by the organic components of the material that have a variety of structures and 
present anisotropic multi-axial properties. The stochastic process of small random 
variations, which are repeated over time, assures the robustness of natural system; small 
variation in the key to such processes. (Weinstock 2006b).   
 

The global complex form of the bird’s nest is achieved by adaptation to forces; the 
twigs are pressed in compression, forming curving shapes that together form the overall 
structure, with no additional gluing materials. The overall free-form porous volumes of 
LifeObject are achieved by the adaptation of its component to bending forces; pressed in 



between ceiling and floor, or interlaced, components deform into curve-like forms, 
applying mutual forces that form and maintain an overall stable structure. The structure 
relies on the capacity of the elements to withstand deformation without reaching failure. 
Material parameters, such as mixing ratios of standard and flexible resin, are controlled in 
combination with geometrical parameters such as proportions and distribution of 
‘stoppers’ along the element, to achieve the required flexibility and strength.  

Adaptation to forces appears as forming principle both on lower and higher levels of 
hierarchy of the material. On the lower level, it defines the component’s shape as it is 
formed freely by the fabric’s self-organization under tension.  On the global level, it 
guides the construction process as it is growing from the bottom-up with partial 
determination, reacting to the local development of stress by the overall interactions 
between components.  

Conclusions 
The integration of Fabric Materiality in the design and fabrication of FRP 

architectural elements enables the sustainable implementation of biological design 
principles, as demonstrated through the LifeObject case study. The inherent properties of 
textiles identified as the main attributes of FM, such as self-organisation and resilience, 
naturally coincide with the alternative approach suggested by biological models. Relying 
on the fabric qualities of the material enabled the sustainable implementation of 
principles extracted from the biological model of the nest, both as numerical values and 
as general principles of material, structure and construction process.  

Inherent to all biomimetic design processes, substantial differences lie between the 
biological model and the target designed structure; difference in performance 
requirements, typical users, form, tools and materials imply a careful selection of relevant 
principles and data for application. Here, the principles applied generated a structure of 
extreme lightness and resistance, self-supporting and resisting several parallel lateral 
loads, with a density of 10kg/m3 only. Lighter than feather, it is a volumetric 
construction, in between material and structure, as it is typical for biological materials 
where material and structure are non-discernible. The application of biological principles 
through FM suggests a porous FRP matter-structure, with resilient characteristics. 
Redundancy, variation and the achievement of complex morphology through the adaptive 
assembly of simple components are qualities of potential significance for the architectural 
field, which could favour the wider application of FRP in the field. The suggested 
alternative approach and techniques, as well as the matter-structure itself, require further 
elaboration and examination for a deeper understanding of the potential these offer to 
architectural applications.  
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