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ABSTRACT
Reticular systems are in many aspects a distinct taxonomy of volumetric geometries.
In comparison with the conventional embodiment of a ‘volume’ that encapsulates a
certain quantity of space with a shell reticular geometries emerge from the accumulation of micro elements to define a gradient of space. Observed in biological systems,
such structures result from their material properties and formation processes as well
as often ‘simple’ axioms that produce complex results. In micro or macro levels, from
forest tree canopies to plant cell walls these porous volumes are not shaped to have
a singular ‘solution’ for a purpose; they provide the fundamental geometric characteristics of a ‘line cloud’ that is simultaneously flexible in response to its environment,
porous to other systems (light, air, liquids) and less susceptible to critical damage. The
porosity of such systems and their volumetric depth also result in kinetic spatial qualities in a 4D architectural space.
Built upon a ‘weaving’ organization and the high performance material properties of
carbon fiber composite, this research focuses on a formal grammar that initiates the
complex system of a reticular volume. A finite ‘lexical’ axiom is consisted of the basic
characters of H, M and L responding to the anchor points on the highest, medium and
lower levels of the extruding loom. The genome thus produces a string of data that in
the second phase of programming are assigned to 624 points on the loom. The code
aims to distribute the nodes across the flat line cloud and organize the sequence for
the purpose of overlapping the tensioned strings. The virtually infinite results are then
assessed through an evolutionary solver for confining an array of favorable results that
can be then selected from by the designer. This research focuses on an approximate
control over the fundamental geometric characteristics of a reticular system such as
node density and directionality. The proposal frames the favorable result of the weave
to be three-dimensional and volumetric – avoiding distinctly linear or surface formations.
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1

ARCHITECTURAL SIGNIFICANCE AND BACKGROUND

1.1 GEOMETRIC AND MATHEMATICAL CHARACTERISTICS OF A
RETICULAR CONSTRUCT
Among geometric organizations produced through aggregation, reticular or net-like
structures are a particular case in which material properties and physical dynamics create
an often simple behavior resulting in complex systems. They can be studied from two
views: the performances of the final results (which would demonstrate their architectural significance) and the specific production processes, which in case of this research
involve the weaving of linear fibers.
The mathematics of reticular geometries in a three dimensional space distinguishes them
as spatial systems. The result of such line clouds is highly permeable and in volumetric
configurations lead to multiple layers of depth all accessible and visible to a degree.
Density and directionality of the linear elements can provide the merit for the evolutional feedback loop for the performance of one construct compared to another. The
porosity reticular structures allow for an adaptable penetration/filtration of light, air,
visual connection and liquids (e.g. if used for the reinforcement pourable composites
such as concrete.) As a result, despite of being passive systems, reticular geometries
can become a rather ‘dynamic’ spatial configuration.

Figure 1
Spatial nets (Photo: Ali Askarinejad and Rizkallah
Chaaraoui).

Another attribute of reticular structures is their flexibility and their capability for restoration. It is the result of being an aggregation of microstructures and thus being less
dependent on a monolithic totality. They grow to adapt to their existing environment
and fill or densify the missing/needed areas.
Such performative qualities can be observed in porous, volumetric bodies produced
through a variety of processes. Perforation of solid materials with primarily gas or liquid
filled cavities at the time of formation creates a sponge-like effect, i.e. in geological
formation of a scoria rock (Allen 2010). In biological morphology, the permeable bodies
are often the result of temporal changes (e.g. growth.) The process may be different in
different scales. The linear branching of trees, results in the ecological performance of
tree canopies. However, it is often the molecular growth of organic bodies that results
in permeable, lightweight solids as seen in bone structure. An important consequence
is that such structures (Figure 2) can adapt their density in response to physical forces
(Huiskes 2008). The possibility of localized density is one of the bases of biomimicry in
this research. While in geological formation the resulting masses cause a subsequent
alteration in their environment, the biological systems are formed to respond to the
environmental forces and constraints.
In biological systems, the underlying generative system is the result of material properties and the genome that has evolved to have the optimal performance. The underlying
system can be observed in a more ‘abstract’ mechanical process in the weaving of spider

Figure 2
Trabecular bone micro-architecture.
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webs. The spider relies on the high performance of the silk to weave an expanded
and minimally visible structure. The first threads often connect the substructure and
become the basis for the weave (Figure 3 and 15) until it will reach the favorable density
(Benjamin 2003). What is important about spider webs is their extreme efficiency in
material and tools economy. With the same characteristics in weaving methods, a small
amount of naturally available, fibrous and unidirectionally strong material is used for a
constructing a surface.
The reticular web has notably unique architectural aesthetics. The term ‘Reticularea’
is used to describe the work of architect and artist Gego as “resembling a net in effect
or operation.” Her work has been distinguished as based in nature because of its “variability and capacity to change configuration, size, and appearance […], in addition to its
variation through its multiple iterations” (Cabanas 2006).

Figure 3
Cob-web of Linyphiidae spiders (Photo: Tilman Piesk).

The design process for Tomás Saraceno’s work, “14 Billions” was initiated by scanning
the cobweb of Black Widow spiders and digitizing it (Saraceno 2011). The resulting
model was amended, completing the missing threads and information extraction by
using computer scripts and manual work. Through this bio-mimicry method (BensaudeVincent 2002), Saraceno’s work continues to explore the spatial qualities of reticular
geometries through observation.
1.2 HIGH PERFORMANCE MATERIALS—CARBON FIBER COMPOSITE
Three-dimensional nets can expand using minimal mass and best perform with high
strength material. As for the cobweb, the extremely high strength silk polymer is as
crucial as the weaving process and geometry. In that regard, this research is formed
around utilizing the high performance of carbon fiber tows.
Composites have become increasingly important in design practices due to their molecular modifiability and thus their high performance. They can also aggregate through
the fusion of their elements with bonding substances which in terms of assemblage
facilitates, what Greg calls “a move from mechanical to chemical attachments” (Lynn
2010). Among these composite, carbon fiber and epoxy resin has been extensively
used in industries such as aviation or automobile. Developed since the 1960’s, they
are extremely lightweight and high strength materials (Donnet 1990; McQuaid 2005).
In industries carbon fiber-resin composites have been used for their strength, fusion
features and the possibility of alignment with structural forces. Sails have been one of
the applications responding the need to very lightweight surfaces (McQuaid 2005). This
strategy is also used by the experimental work by Greg Lynn, “3Dl Chair” that aligns the
forces on the furniture with the fiber direction (Greg Lynn Form 2011).
1.3 WEAVING, COMPUTATION AND AUTOMATION
Weaving has been historically favorable for the resulting attributes of woven structures
such as porosity, light weight, and multi directional strength. It can be described as a
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mathematical system derived from material economy. The fibrous structure leads the
material toward linear formation (i.e. strands) and thus weaving is the configuration of
lines for the purpose of maximized, although customizable, interlocking. However, it
is the limits of weaving due to the large number of micro components and structures
that primarily characterizes weaving as a form of computation. Thus a weave is rather
a ‘code’ written for the specific mechanisms and tools of manufacturing. In historical
precedents such as Jacquard loom (Figures 4, 5), described as one the first examples of
computation, the ‘punch card’ was used to control the knitting needles at each stage of
the weaving (Essinger 2004; Broudy 1993). There is no distinction between the representational and physical relation of the code and the weave. The alphabets of the code
are corresponding to physical loom components and the combinations are generated
for the most favorable results in the weave outcome; the physical and the language are
thus indistinguishable.

Figure 4
Jacquard Loom punch card (Photo used under CC
BY-SA 3.0 via Wikimedia Commons; http://commons.
wikimedia.org/wiki/File:Deutsches_Technikmuseum_
Berlin_February_2008_0013.JPG#/media/File:Deutsches_
Technikmuseum_Berlin_February_2008_0013.JPG).

In such conditions, changes in the underlying mathematical language cause the variations in the structure and its performance. Logics such as L-systems that result in the formation of branching systems or fractals are examples of how the mathematical rules can
lead the growth of geometric aggregations. The essentially digital language of the loom
is virtually infinite in the number of possible combinations. Mathematical axioms can
be used as a generative system for creating complex results. A merit based evolutional
system that gives feedback to the possible axioms would then construct a ‘grammar’
that produces favorable results. For instance, to maximize the interlocking, a syntax that
only lays all the warp threads on the weft is not favorable but an alternating system is.
In one of the recent examples of computation for high performance fibers, the 2014
ICD/ITKE pavilion (Menges and Knippers 2013) is built by the aggregation of winded
components. The winding of tensioned strings produces the double curvature between
the two frames without the use of molds. The syntax that controls the robotic arms
responds to the structural needs of each component and choosing the numerical distance between the frames’ anchor points determines the opening size. Although the
resulting product in this project is highly limited by the polygon boundary, the interaction between the code, tensioned material and the tools is the means of design for this
manufacturing system.

2

METHODOLOGY

The structural properties of spider webs function in an optimized, multi-scale system
including specific material properties as well as the geometric arrangement of tensioned
elements (Pugno 2013; Ko 2004). Such conditions—modified materials in molecular
level in combination with an optimized system—can be produced artificially today,
utilizing the advances in material sciences along with computational simulation and
optimization of the overall structure. While biological systems directly respond to the
environmental constraints and demands while forming, by using simulation tools we are

Figure 5
Cord arrangement (Photo: Francisco Speich, http://www.
google.com/patents/US6260585).
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able to predict, for example, the points of higher structural stress to then create higher
densities in those areas; the same can be done for other performances such as light
and air porosity with other factors other than density such as directionality and local
material modification (Pugno 2013; Ko 2004). This research thus started with material
experimentations but continued to be a simultaneous and correlational study of physical
form-finding, mechanization and computation.
Figure 6
Design methodology.

The objective of the process was framed to be a three dimensional and volumetric net
and the digital and physical tools that are flexible enough to predict an approximate
distribution of overlaps in flat and extruded condition. The 3D weave was also evaluated
by visual overlaps as well as the directionality of the linear elements.

3

Figure 7
Interactive development manual, computation, and
automation.

Figure 8
The carbon fiber composite after being heated.

PHYSICAL EXPERIMENTATION

This research was initiated through material experimentation and hand weaving. For the
initial hand-weaves, basket weaving methods were employed because of the scale of
the strands and their knots as well as having stiffness as one of the material parameters.
Within the first weaves, the importance of the anchor points/frame was evident in the
organization of the weave.
The second phase of the physical experimentation was the material tests with ‘prepreg’ carbon fiber-resin composite. This material is commercially produced mainly for
the purpose of reinforcement as well as woven surfaces for aerospace and automobile
industries. The carbon fiber is impregnated with resin and thus does not necessarily
require the usual process of negative pressure and vacuuming for curing. The resin
cures by baking the material in 270-300°F temperature for 2-4 hours and after the baking
process it results in a high-strength and high-stiffness material. Therefore, the weaving
setting and frame was modified to use the possibilities of the materials and satisfy the
baking needs (temperature and oven size). The weaving was performed within fixed
cubic metal frames to produce 3D figures that can be released from the frame as free
standing structures.
The experimentation resulted in the understanding of the weaving process with regard
to the material behaviour after baking. Firstly, it was observed that as the tow stiffens
in high temperature, it has the tendency for a spring back effect to a straight condition
(Figure 8). Therefore in order to keep the crossing strands touching, they should either
have a knot or the tension should be enough to counter the stiffening effect. For the
manual weaves knots were used similar to fishing nets.

Figure 9
Resin Curing in 270F

The carbon fiber tow is manufactured in the form of flat strands. The material tests
showed that while the material has been optimized for maximum contact while laid on
a surface or woven, for the purpose of free standing linear elements in this research
they ought to perform multi-directionally. Thus, through twisting the tow a circular cross
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section is achieved (Figure10). Looking at rope twisting techniques, multiplication of
the strands was also investigated and structural tests were performed. The results were
later used in the hybrid loom weaves through twisting of doubled 120ft long ropes
(Figure 11).

4

EVOLUTION OF THE LOOM

The manual weaves used fixed cubical frames. Two methods of weaving were tested;
in the initial method, the weave is consisted of strands mostly anchored between the
frame, existing tensioned tows and back to the frame (Figure 12). This process allowed
for more control over the tension. In the second method, in order to have control on the
overall volume and also to avoid the waste of the frame connection strands, the weaving
was initiated by the weaving of the base threads and later, the next lines were connected
to them instead linking back to the frame. This method is developed by the mimicry of
the spider’s weaving process. By using base supports between fixed anchor points the
approximate boundaries are defined and the use of silk is optimized (Figures 13, 14, 15).
The complexity of the 3D net significantly limits the manufacturing methods. The interwoven net obstructs the reach to the strands as the weave continues. Even if flexible
robotic arms with thin extensions are used, there needs to be a real time scanning of the
threads as the tension restructures the system in the process of weaving. Hence, a flat
to 3D extruding frame was the focus of this research in order to facilitate automation.
The first iterations of the extruding mechanisms are consisted of two frames with the
movable outer frame. The threads link two edges of the same frame or connected the
two levels. The crossings then create overlaps if the lower threads are to move higher
than the top ones. For instance, if the first weave is between the two edges of the extruding frame and the second between the edges of the lower frame, once the top frame is
elevated the two will pull each other. This sequence was later used in the computation of
the hybrid loom in order to maximize the overlaps (Figures 16, 17). Similar to traditional
weaving looms, the threads were tensioned in this system, using weights at the end of
each weave in order to counter the friction (Figure 18).
The double frame system has limits in producing 3D structures. While the weave
sequence causes overlaps and thus transition in z-Axis, as the density of the weave
increases it produces a woven fabric that with the extrusion becomes an undulating
surface rather than a three dimensional net. Also, excessive extrusion causes the concentration of the nodes in the middle and in an extreme condition all lines will overlap
at a point between the two frames. Thus the double frame method is limited to the
production of deep surfaces.
To avoid the limits of the latter system, the hybrid loom was developed to be a combination of elevating frame(s) and a fixed grid of anchor points. In this system, the depth of
the 3-dimensional volume is not only affected by lateral pulling from the sides but also

Figure 10
Bending test for multiplied threads after baking (Photo: Ali
Askarinejad, Rizkallah Chaaraoui).

Figure 11
Multiplied threads from 1 to 5 threads twisted and baked.

Figure 12
Changes in the baked form after released from the frame.
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by direct strain along the Z-Axis (Figure 19). After primary tests, this mechanization
system was extended to a larger scale hybrid loom that also controls the elevation of
the overlaps with a middle frame. The 624 anchor points were embedded in the frame
to allow a flexible machine for different forms. They were replaced with rotating bobbins in order to facilitate the tensioning and thus enable more continues weave before
the tension weight was attached. The 3ft x 3ft x 6ft sized frame was fabricated in metal
components to withstand the baking process (Figure 20).

5

Figure 13
Hand weave in a 2x2x4ft fixed frame Using a limited number
of anchor points on the frame.

SIMULATION AND WEAVING SYNTAX

Three dimensional volumetric nets form a continuous network. Changes in any part can
cause considerable shifts in other areas that will result in a complex behaviour during
the weaving process. The simulation of the weaving process is also correspondent to
the mechanization process and tools (Hensel 2010).Thus, it is proposed in this research
to shift the simulation logic from full modelling of the expected result to approximate
simulation of the flat condition informing and evolving in feedback parallel to physical
form finding tests. The formal language generated for the weaving sequence is written
specifically for the loom and evaluated based on its effect on the 3D form-finding of the
tensioned strings. In addition, the approximation approach reduces the computation
load that instead allows for performance assessment and iterative design.
The programming of the weave has two phases with different effects on the final form;
the division between the frames/grid and the placement of the anchor point on each.
The combination of the H, M and L letters analogically to the highest and middle frame
and the lower grid is generated from simple lexical genomes that produce a string
through a combination axiom. The grammar of this syntax is concluded from how it
will alter the form-finding process of the strings in tension. The design process in this
method is also the manufacturing process.

Figure 14
Simulated volumetric 3-D weaving.

The precedent in Frei Otto’s experimental studies and projects are evident examples of
how form finding can be the means of ‘physical computation’ and design. In his studies
of catenary curves as a ‘physical simulation’, strings under weight find the efficient form
for the German pavilion. On the other hand, the study of soap bubbles allows for the
mathematical formulation of minimal distances. In the same way, the programming of
this project reorganizes the infinite L, M, H combinations based on the results from the
tests, using the loom as the physical simulation system. In ‘sequential springs studies’
the form finding with different weaving sequence were to inform the weaving process.
For instance, weaving V shape lines between the frame and the plate and on top of a grid
within the frame informed the weaves in the hybrid loom about the effects of centralizing
the point cluster on the fixed plate (Figure 23).
In preliminary tests, it was observed from the experiments that the higher anchor points
should be weaved at the earlier weaving stages in order to pull the later weaved strings
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up after extrusion. Thus the general genome was defined as HML. The resulting base
textual sequence is as follows:
H.M.L.H.H.H.M.H.L.M.H.M.M.M.L.L.H.L.M.L.L
For the purpose of clarity in the production process, the sequences were represented
in dots in 3 levels.
In a test, the weave was also divided into three phases with three genomes starting
from “HMHL” to “HML” and “HLML” in order to weave from bottom up while within
sub-sequences the H, M, L hierarchy is remained consistent.

Figure 15
The Cob-web weaving process using first threads as the
substructure for further weaving (Photo: Samuel Zschokke).

In the second phase of syntax, then the HML string of data is assigned to specific anchor
points on the loom. Since each level of the loom is flat, the decision is made in the flat
rule set, weaving within one edge of a frame (and also one edge of the two frames) is to
be avoided and crossing the frame is considered favourable as it maximizes the overlaps.
The loom is divided to 6 areas; (Figure 24) frame lengths in 3 parts and the widths in 2.
The sequence of areas is limited then to a linear system in which one area can only be
connected to its proceeding and following ones.
Example of a region sequence: a – d – g – j – c – f – i – b – e –h – (loop)
Within each area the anchor points are randomized with separate seeds to achieve
diversity in the line directions. The two weaves in Figures 24 were the test for using
the same HML sequence but having different combinations between the frame areas.
In The first weave (left) the loop sequence is N+3 (a – d – g – j – c – f – i – b – e –h – )
whereas in the second it is two N+4 sets (a – e – i – c – g – b – f – j – d – h –). The result
was that the density of the nodes in the XY plane was more in the middle for the latter
test. As a result of the population of the threads on top of the boundary on the lower
grid, the strands were pulled up more in this part and thus the Z axis of the node were
elevated and the lines are pulled more closely to the vertical axis.
In another test, the areas on the frame were constrained to specific areas and the grid
region was moved to one side of the loom. The areas were also specifically linked (rather
than fixed sequences.) The result depicts the possibility of this system in producing
figural shape in addition to the node distribution control (Figures 25, 28).
5.1 PERFORMANCE ASSESSMENT AND EVOLUTIONARY SOLVERS
The approximate simulation allows for post evaluation of the results based on desirable
performances. The methods of the evaluation in this research are derived from the
volumetric feature as well as node density distribution. The physical and digital are to
inform one another reciprocally to understand the relationship between the sequential
flat pattern and the resulting 3D form. The favourable results are partially produced
through the initial program; however, the initial mathematical definition can produce a

Figure 16
Extruding frame prototype.

Figure 17
Extrusion simulation using spring model in Kangaroo plugin
for Grasshopper.
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large number of iteration that some may have disadvantageous characteristics. The postanalysis of the possible weaves prioritizes them based on the distribution of the overlaps.
In the weave test between two areas on the grid the bridge between them and the
concentration of line in the same orientation resulted in a clustering effect on top of the
inter-frame weaves (Figure 27). Thus to achieve the 3D net and also to avoid overloading
certain threads, the concentration of overlaps is one of the parameters that was used
in the geometry assessment.

Figure 18
Extruding frame with tension weights.

In this phase of the research, the randomized sequence of anchor points within the limits
of the aforementioned frame areas can create a large number of unique combinations.
The fitness criterion for re-ordering the possibilities is based on the average distance
between each node and a variable number of its neighbours (Figure 26). The number
determines the limit for the number of overlaps within a range where the distant range
is the consequence of the number of weave lines and thus the overall density (Figure
28). In this case the randomly selected anchor points in each portion of the frame/grid
generate a large number of combinations that are compared to have a result with the
best distribution factor.

6

CONCLUSION

The approach toward the hybridization of performances rather than singular function
based problem solvers requires complex systems with the possibility of local modification. These comprehensive systems require a new approach toward design and
manufacturing processes moving away from the linear hierarchy of autonomous speculation and then building. The architectural application of volumetric reticular geometries
requires an interactive production system for the designer. The alternative design process proposed in this research is to develop an ‘abstract’ system with enough variables
for the designer to guide the approximate formation of the construct.
Figure 19
Hybrid frame with elastic threads.

Figure 20
Hybrid loom with middle frame (Photo: Ali Askarinejad,
Rizkallah Chaaraoui).

The development of the weaving loom opens the way to an inherently mathematical
language that corresponds to the physical production. It is to lead the geometric organization toward the even distribution of lines and connection points and diversity of the
directions in the first place. In addition, the research aspires to gain the local control over
these factors in order to respond to different performances, from spatial translucency,
to structural needs, and light porosity.
The current phase of the research is planned to be followed by multidisciplinary collaboration between mathematical formulation, programming of the formal language and
introducing architectural scale to the geometry. The axioms of the grammar should be
parameterized based on the correlation of the flat state and extrusion. The assignment
of the anchor should be performed in a loop with regard to the lexical data string. The
loop thus will allow for real-time self-evaluation before assigning the next anchor-point.
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To comply with requirements of the design, there should be a ‘correction’ system for
replacing or omitting the unwanted elements after the code is assigned. Lastly the loom
will produce numerous variations; to narrow down the results, the direction of the lines
and the approximation of the boundaries should be added to the current node density
fitness for the evolutionary solver.
Furthermore, this system is flexible to be calibrated for material experimentations. Material studies are to consider the weaving process (i.e. friction) as well as the final body
and its limits and potentials. The loom has also been designed for automation that is to
use a 3D router with fixed Z-Axis or a robotic arm (Figure 21).
The proposal is ultimately seeking a grammar with rules within a production system
that allows for inputs from the designer in multiple stages. The language will also have
representations for the designer to read and assess. Designing by using a language is
to contribute to the discourse and practice of more intelligent and responsive design as
a result of the communicative nature of languages.

Figure 22
Hybrid loom details
(Photo: Ali Askarinejad, Rizkallah Chaaraoui).
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Figure 23
Elastic threads test. (Left) Evenly distributed grid under
the V Lines. (Right) Concentrated grid around the center
(Photo: Ali Askarinejad, Rizkallah Chaaraoui).

Figure 24
Two constructs with the same HML code (frames/grid
sequence) but differing in the sequence of frame regions.
(Left) N+3. (Right) 2 x N+4.

Figure 21
Loom Structure and weaving/extrusion process (Photo: Ali Askarinejad, Rizkallah Chaaraoui).
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Figure 25
Cantilevering form created by using limited areas of the
frame and grid.

Figure 27
The ‘bridge’ between the two areas on the grid laid on a few
threads (Photo: Ali Askarinejad, Rizkallah Chaaraoui).

Figure 26
The circles represent the average distance between each node to its neighbors.

Figure 29
Three dimensionality and volumetric study (Photo: Ali
Askarinejad, Rizkallah Chaaraoui).

Figure 28
Galapagos evolutionary solver assessing the density
distribution.
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