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Preface  

Fabrication and Sculpting Event 

 

There are at least two aspects to shape modeling: theoretical and practical.  The mathematical and 
theoretical aspects of shape modeling have traditionally been supported by the SMI conference. With 
the Fabrication and Sculpting Event our goal is to include more hands-on, application-oriented ways by 
designers and sculptors who construct sophisticated real shapes.  The Fabrication and Sculpting Event 
has its own program committee, and the accepted papers are published in Hyperseeing. With FASE, we 
hope to attract practitioners who might usually be less inclined to write papers containing formal 
algorithms or mathematical proofs, but who nevertheless have important things to say that are of 
interest to the shape modeling community and who also might provide visually stimulating material. 

The Fabrication and Sculpting Event started as an experiment in expanding the scope of shape modeling 
conference  in 2012. Carlo Séquin and Wei Yan served as chairs of the event. We had six papers 
accepted last year and the papers published in a special issue of Hyperseeing. There were also very 
positive responses to the Fabrication and Sculpting Event papers and presentations. We thank both 
Carlo Séquin and Wei Yan  for their wonderful job in 2012.  Based on the success of their work, we 
decided to continue to hold the FASE event this year.   
 
This year, Nat Friedman, the chair of the International Society of the Arts, Mathematics, and 
Architecture (ISAMA), asked us if we can organize the event as an annual ISAMA conference. The SMI 
steering committee unanimously agreed with the suggestion. As a result, the event is now being 
organized also as the Thirteenth Interdisciplinary Conference of ISAMA.  The ISAMA conference has a 
rich history.  
 
The first Art and Mathematics Conference (AM 92) was organized by Nat Friedman at SUNY-Albany in 
June, 1992. This conference was followed by annual conferences AM93-AM97 at Albany and AM 98 at 
the University of California, Berkeley, co-organized with Carlo Sequin. ISAMA was founded by Nat 
Friedman in 1998 along with the ISAMA publication Hyperseeing co-founded with Ergun Akleman in 
2006. In addition, the Art/Math movement has taken off with the formation of many additional 
conferences and organizations. In particular, we mention the very successful conference Bridges 
organized by Reza Sarhangi in 1998 and the excellent Bridges Proceedings. The significance of the 
art/math movement is now recognized internationally and in particular by the extensive art/math 
exhibit at the annual Joint Mathematics Meeting of the American Mathematical Society and the 
Mathematical Association of America organized by Robert Fathauer. 
 



8

The main difference with other math/art conferences is that FASE focuses solely on 3D shapes.  We 
invited submissions mainly from practitioners such as sculptors and architects to describe their 
methods. We expect that such papers and the following discussions can provide new problems, issues 
and questions for theoretical shape modeling research.  
 
This year, we received thirteen submissions and all of them related to the conference theme. Of the 13 
papers, 11 were accepted. The papers span a wide range of topics and views on the fabrication process 
of various artistically interesting artifacts.   We wish to thank the authors for their participation in the 
SMA/ISAMA 2013 Fabrication and Sculpting Event.  Hopefully new ideas and partnerships will emerge 
from the FASE papers that can offer a glimpse into a much larger territory and the event can enrich 
interdisciplinary research in Shape Modeling. We hope that the attendees of SMI 2013 will enjoy this 
event of the conference. 
 
 
 

Ergun Akleman & Alexander Pasko,  
FASE chairs 
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Decomposing Mad Weave

Paul Gailiunas
25 Hedley Terrace, Gosforth

Newcastle, NE3 1DP, England
email: paulgailiunas@yahoo.co.uk

Abstract
Mad weave (anyam gila) is a type of basketry originating in Indonesian area. There is very little literature on the
technique, and it is not widely used, but it produces a very pleasing fabric. It has a  triaxial structure (the weaving
strands are in three directions in contrast to the more usual warp and weft structure), and as a consequence it has a
symmetry p6  (or  632 in orbifold notation).  The structure will decompose in various ways into combinations of
different structures, in particular the more common open hexagonal weave (or kagome) or its variants.

Mad Weave

Mad weave is a basketry technique with weaving elements in three directions (at 60° to each other) woven
close together so that an almost continuous surface is produced. Technically it is a twill weave since instead
of simply passing alternately over and under other strands any particular strand goes over 3 under 3 other
strands. If direction is taken into consideration, for any pair of directions (say blue and green in figure 1) the
weaving elements in one direction (blue) go under 1 over 2 (green), and those in the other direction (green)
go over 1 under 2 (blue). The weaving pattern is cyclically related, so if the three directions are labelled A
(blue), B (green), C (red), A goes under 1 over 2 Bs (so B goes over 1 under 2 As), B goes under 1 over 2
Cs, C goes under 1 over 2 As (figure 1). The resulting structure has p6 (632) symmetry, with small holes
occurring at the centres of sixfold and threefold symmetry.

Figure 1: An example of mad weave with a different colour for each direction.
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Open Hexagonal Weave
A much more common triaxial basket structure is illustrated in figure 2. It is very quick to weave,1 and is
widely used for everyday containers throughout the world. Any strand follows a simple over under course,
and this has the consequence that the strands in any pair of directions are not connected at all so the structure
is analogous to Borromean rings: remove the strands in any one direction and the structure falls apart.

Figure 2: The open hexagonal structure.

The structure is represented in a decorative pattern that is very popular in Japan, called kagome (bamboo
woven pattern).
A variation can be produced by doubling each strand and interweaving the pairs wherever they cross (figure
3). Of course this structure no longer has the Borromean property.

Figure 3: A double hexagonal open weave.
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Decomposing Mad Weave

By using suitably coloured strands it can sometimes be easy to see how mad weave can be decomposed into
combinations of simpler structures. For example figure 4 shows one way in which it splits into three open
hexagonal structures (concentrate on one colour, say blue, and ignore the rest).

Figure 4: Mad weave coloured to show how it can decompose into three open hexagonal structures.

This decomposition also has the Borromean property: remove any one of the open hexagonal structures and
the other two are no longer connected. Rinus Roelofs has described this structure in considering interwoven
layers constructed by connecting holes.2 It also corresponds to another famous decorative pattern (figure 5).3

Figure 5: A decorative pattern with the same structure as the decomposition in figure 4.

Since each of the three open hexagonal weaves is independent, and they have a chiral structure (the mirror
image is different from the original, so the structure exists in two different forms), it is possible to have a
combination with one of the components having a different handedness from the other two. Although it is not
possible to make 3D baskets with this weave, it could be included as a panel in a normal mad weave basket
with interesting decorative possibilities (figure 6 shows one example).
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This decomposition also has the Borromean property: remove any one of the open hexagonal structures and
the other two are no longer connected. Rinus Roelofs has described this structure in considering interwoven
layers constructed by connecting holes.2 It also corresponds to another famous decorative pattern (figure 5).3

Figure 5: A decorative pattern with the same structure as the decomposition in figure 4.

Since each of the three open hexagonal weaves is independent, and they have a chiral structure (the mirror
image is different from the original, so the structure exists in two different forms), it is possible to have a
combination with one of the components having a different handedness from the other two. Although it is not
possible to make 3D baskets with this weave, it could be included as a panel in a normal mad weave basket
with interesting decorative possibilities (figure 6 shows one example).

Figure 6: A new triaxial weave with interesting decorative possibilities.

If the three open hexagonal structures in figure 4 (blue, white and black) are labelled 1, 2, 3 then it is clear
that the weaving strands fall into nine sets depending on their direction (A, B, C) and to which of the
structures 1, 2 or 3 they belong. Any subset of the mad weave must include strands from each of sets 1, 2 and
3 if it is not to fall apart because of the Borromean property but it need not include all three directions, since
any pair of directions constitutes a biaxial 1,2 twill. If strands are chosen from three of the nine sets so that
all three directions are represented and the resulting structure does not fall apart further we can find more
decompositions of mad weave into three open hexagonal structures. Simple combinatorial analysis shows
that there are two such further decompositions:
A1 B2 C3   A2 B3 C1   A3 B1 C2
A1 B3 C2   A2 B1 C3   A3 B2 C1
In figure 4 centres of threefold symmetry of the mad weave structure are coloured in two different ways:
either three strands of the same colour, corresponding to the original decomposition, or one strand of each
colour, corresponding to a different (but equivalent) decomposition. The remaining combinatorial possibility
is structurally different. Instead of points of threefold symmetry of the open hexagonal weaves lying on top
of each other in pairs at points of threefold symmetry of the mad weave they interpenetrate at points of
sixfold symmetry of the mad weave.
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Figure 7: Mad weave coloured to show a different decomposition into three open hexagonal structures.

In this case if one of the three open hexagonal weaves is removed the remaining structure does not fall apart
any further (figure 8). 

Figure 8: Removing the elements of an open hexagonal weave from mad weave can leave an integrated structure.
The strands appear in pairs, but this is not a doubling of a simpler structure like that in figure 3 because they
interpenetrate in sixes in a way that implies a triple crossing point if the pairs were replaced by single strands.
Figure 9 shows how this structure relates to the others that have been described: removing three of the nine
sets of strands (black), say A1 B2 C3 but not something like A1 B1 C1, that constitute a single open
hexagonal weave leaves the structure of figure 8 (red and white). 
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Figure 7: Mad weave coloured to show a different decomposition into three open hexagonal structures.

In this case if one of the three open hexagonal weaves is removed the remaining structure does not fall apart
any further (figure 8). 

Figure 8: Removing the elements of an open hexagonal weave from mad weave can leave an integrated structure.
The strands appear in pairs, but this is not a doubling of a simpler structure like that in figure 3 because they
interpenetrate in sixes in a way that implies a triple crossing point if the pairs were replaced by single strands.
Figure 9 shows how this structure relates to the others that have been described: removing three of the nine
sets of strands (black), say A1 B2 C3 but not something like A1 B1 C1, that constitute a single open
hexagonal weave leaves the structure of figure 8 (red and white). 

Figure 9: Mad weave decomposed into some other structures.

Consider the structure in figure 9 to be continued, so that the sequence of parallel strands is white, white,
black, red, red, black, and so on. The hexagonal holes of the black open weave structure are filled either with
six red strands, as at the centre of the figure, or by four white and two red strands, for example near the
bottom of the figure. There are no places where, unlike the red strands, six white strands surround a point of
sixfold symmetry in the mad weave structure. If the red strands were removed as well as the black the
remaining white strands would be exactly as in figure 3, a double hexagonal open weave (see figure 10).
If everything except the red strands were removed the small hexagonal stars formed by pairs of strands
would remain, and the structure would be the same as that in figure 8, although with a lot more space. Sliding
the strands together to tighten the structure would reconstitute figure 8 exactly, and once again it would be
possible to remove the components of a double hexagonal weave (the white strands of figure 9), and the
cycle could repeat indefinitely.
If only the white strands were removed the black strands would prevent any sliding, and a partially filled
open hexagonal weave would result. The cycles of removal could still be carried out as before, but without
intermediate tightening, so the small hexagonal stars would become increasingly sparse.

Figure 10: A kind of quadruple open hexagonal weave.
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If only the red strands were removed a kind of quadruple hexagonal weave would result (figure 10). Notice
that the centres of the triangles (around the centres of threefold symmetry, black and white) already include
hexagonal stars from the complete mad weave.

Practical Considerations – Corners
It would be unusual for any basketry technique to be used only to create a flat piece of fabric. Almost always
the purpose of basketry is to create a basket, either as a functional object, decorated or otherwise, or as a
piece of art, and so there must be corners. Whatever weaving structure is used a corner is produced by
reducing the number of strands around a point in the fabric. In the case of mad weave it must be at a point of
sixfold symmetry. Decompositions of mad weave can be used to derive colouring schemes (as in figures 4,
6, 7 and 9). The direction of a strand obviously changes at a corner, so the labels A, B and C will change, and
so does the number label that identifies the way a strand relates to the larger structure. Sometimes it is
possible to conserve the colours at a corner4, and figure 7 shows an example, but often it is not. In particular
the pattern in figure 4, derived from the most obvious decomposition into three open hexagonal structures
cannot be used to colour a basket consistently, demonstrating that the number as well as the letter in the label
of a strand changes at a corner.
The example in figure 6 is rather different. This is not mad weave, and it is not possible to make a corner that
preserves the structure. Since it is made by changing the handedness of one of the constituent open hexagonal
weaves, the change in number label at a corner would sometimes induce a change in handedness, disrupting
the actual structure of the weave. It is possible, however, to include a panel of this altered structure within a
normal mad weave basket (just by weaving the strands conventionally in the rest of the fabric). Provided that
the strands continue with a colour pattern that allows corners everything will work out. 

Practical Considerations – Construction

Mad weave is not easy to produce (which is the origin of the name), but there are several ways to construct it,
and most of them make use of one of the decompositions. Probably the most influential description of mad
weave (by Shereen LaPlantz)5 is rather difficult to obtain, but it has been reprinted by The Caning Shop
(www.caning.com). The author was very well-known as an artist and teacher, and she set out to find an easy
way to make mad weave that is accessible to ordinary craftspeople. Her method relies on the fact that not all
three directions are necessary for an integrated structure, so she starts out by weaving a 1,2 twill then adds the
strands in the third direction. I have tried using this approach. It is possibly the easiest to understand, since it
starts with a biaxial twill, but I did not find it easy to execute, especially at the corners.
Probably the easiest way to make a flat piece of mad weave is to make two pieces of open hexagonal weave
then fix them together by weaving through the strands of the third component, as in figure 4, but generally
this cannot be used since there is no way to produce the corners.
Richard Ahrens has developed a method from the other decomposition.6 He makes an open hexagonal
structure then weaves in the extra strands to convert it into mad weave. Generally corners in open hexagonal
weave are constructed at the hexagons (although notice in figure 7 that any single colour, which corresponds
to a complete open hexagonal woven structure, appears in two strands, not four, at some corners, which have
therefore derived from threefold, not sixfold, centres of symmetry) so that not all of the possible mad weave
baskets can be made in this way, at least not directly, since other points of sixfold symmetry occur in the
completed structure. (Inspection of figure 7 demonstrates that one third of the possible corners are available
with this method.)
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Practical Considerations – Construction

Mad weave is not easy to produce (which is the origin of the name), but there are several ways to construct it,
and most of them make use of one of the decompositions. Probably the most influential description of mad
weave (by Shereen LaPlantz)5 is rather difficult to obtain, but it has been reprinted by The Caning Shop
(www.caning.com). The author was very well-known as an artist and teacher, and she set out to find an easy
way to make mad weave that is accessible to ordinary craftspeople. Her method relies on the fact that not all
three directions are necessary for an integrated structure, so she starts out by weaving a 1,2 twill then adds the
strands in the third direction. I have tried using this approach. It is possibly the easiest to understand, since it
starts with a biaxial twill, but I did not find it easy to execute, especially at the corners.
Probably the easiest way to make a flat piece of mad weave is to make two pieces of open hexagonal weave
then fix them together by weaving through the strands of the third component, as in figure 4, but generally
this cannot be used since there is no way to produce the corners.
Richard Ahrens has developed a method from the other decomposition.6 He makes an open hexagonal
structure then weaves in the extra strands to convert it into mad weave. Generally corners in open hexagonal
weave are constructed at the hexagons (although notice in figure 7 that any single colour, which corresponds
to a complete open hexagonal woven structure, appears in two strands, not four, at some corners, which have
therefore derived from threefold, not sixfold, centres of symmetry) so that not all of the possible mad weave
baskets can be made in this way, at least not directly, since other points of sixfold symmetry occur in the
completed structure. (Inspection of figure 7 demonstrates that one third of the possible corners are available
with this method.)

All of these methods work by making a reduced skeleton of the final structure then weaving in the additional
strands needed to complete it. The traditional method makes the structure in one process by using a plaiting
technique,7 and a much softer material (pandanus leaf) is used, making it much easier to produce a very tight
structure. Figure 11 shows a basket that can only have been produced using this technique since the shape is
produced because the strands are widest at their ends, and they could not have been woven through an
existing structure.

Figure 11: A traditionally constructed mad weave basket.

Much that is described here does not appear in the standard literature, and the decorative possibilities have
almost certainly never been explored, either as novel structures or as colouring schemes for mad weave
baskets. If any basket maker is interested in developing these ideas further I would be very happy to work
with them.
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Patterning Porosity: Tactics For an Introduction to Procedural 
Modeling, CNC Milling, and Full-Scale Construction 

Robert B Trempe Jr 
Architecture Department 

Tyler School of Art 
Temple University 

2001 North 13th Street 
Philadelphia, PA 19122, USA 
E-mail: trempe@temple.edu 

Abstract

This paper examines and displays a spring 2013 Architectural Studio organized to introduce students to process 
in computational procedural modeling, shape evolution, and three-dimensional CNC fabrication via the 
construction of a full-scale design installation. Of critical demonstration are the four basic “tactics” of the 
studio, each developed to instill investigation, collaboration, hands-on learning and retention, and inventiveness 
in the students while also teaching the parallels between conceptual learning and real world manufacturing.  

1. Introduction 

For the first of two projects in this Architectural Design Studio, students were tasked with designing a 
group installation that clad the window bay of an existing corridor between two buildings, employing 
nothing more than rigid Styrofoam insulation as a building material, procedural modeling applications as 
tools of aesthetic articulation, and a 3-axis CNC Mill as a tool of fabrication (Figure 01). Titled 
“Patterning Porosity,” the installation was meant to adjust conditions of light through a sequence of 
transformative patterns milled into the Styrofoam, one pattern per window bay / student. Students in this 
studio entered with no experience in procedural modeling, CNC milling and full-scale constructions, and 
very little experience working as a team. This five-week project served as an introduction to the very 
skills listed above, and tested a series of sequential tactics designed to facilitate an understanding of 
computational shaping techniques, both virtual and physical.  

Figure 01: The final group installation as seen from the building exterior and interior. Each student built 
within one bay of the glass façade that connects the Tyler Building to the Architecture Building at Temple 

University in Philadelphia PA.  



28

2. Tactic A: Usurp – Taking Control of Tutorials 

Introductions to new toolsets can be accomplished through self-paced video and text tutorials, so 
long as, once a tutorial is completed, the student is required to not only evaluate the qualities of the tools 
employed (the tool characteristics), but more importantly is forced to take control of the techniques 
presented in the tutorial, redesigning the tutorial and manipulating parameters towards their own 
devices.  

At the offset of the studio, students were required to build the content displayed in 10 video tutorials, 
each dealing with a different technique in two and three-dimensional construction via the Grasshopper 
Procedural Modeling application for Rhinoceros. Each tutorial demonstrated a method by which a 
change-in-state condition could be parametrically assembled into graphic form. At the same time, each 
student was asked to provide an image of one pattern of interest found in nature. These patterns were 
chosen by the students based on the images ability to display conditions of change.  

As each tutorial was completed, students were tasked with documenting the mechanical skills 
acquired through the tutorial as well as the geometric and aesthetic potentials of technique found in each 
tutorial, often in relationship to the aesthetic qualities found in their chosen pattern. These quasi-written / 
graphical reports forced the students to stop and analyze the conditions of each tutorial rather than simply 
moving on to the next. Students were then tasked with taking control of each tutorial, modifying the 
parameters and nodes of the network to re-represent the aesthetic conditions of change found in their 
chosen pattern (Figure 02). The reports written for each tutorial then served as aids as they modified the 
content of the tutorial.    

In this way, students did not simply learn how to push buttons, but more importantly how to take 
control and usurp a demonstration towards their own desires. In doing so, students grasped a better 
understanding of the various toolsets and their potential qualities, often hybridizing or “cannibalizing” 
techniques to reassemble a procedural model that interpreted the hierarchical and transitional information 
of their found pattern.  

Figure 02: Original pattern example in nature (left) and the final two-dimensional pattern inspired from 
the nature pattern (right) by Jenna Vertrees. 
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3. Tactic B: Reliance / Collaboration 

Employing tactics from exercises such as the surrealist game “Exquisite Corpse” can introduce 
students to processes of reliant design, hierarchical connections, and group autonomy.  

The concept of the “Exquisite Corpse” is “a method by which a collection of words or images is 
collectively assembled, with each collaborator adding to a composition in sequence, either by following a 
rule or by being allowed to see the end of what the previous person contributed.” [1] An outcome of the 
surrealist movement, this method for generating reliant compositions from autonomous entities contains 
powerful tactics towards introducing students to working in groups. By choreographing the moments at 
which students are introduced to the aesthetics of another participant, students are slowly and precisely 
adjusted to the concepts of working with contextual information, easing their transition from the world of 
the singular to the world of the group.  

In the case of “Patterned Porosity,” each was assigned a random number from a sequence of 11. Their 
number, in turn, operated as the location for their patterned drawing within the linear sequence. Each 
student was asked to crop their pattern to only display the last right inch of the composition and submit it 
to their neighbor for analysis. The neighbor, in turn, was asked to make modifications to their own pattern 
in accordance with the graphics strip received from the neighboring author, modifying at least the 
moment of intersection between their own pattern and the neighbors strip. Several iterations of this 
process slowly introduced students to their neighbors work, providing just enough information for each 
student to begin the process of pattern evolution. As a final operation before the transition to three-
dimensional modeling and construction, quarter-scale prints of the patterns were produced and mounted 
sequentially in the workspace. Over the course of three days, students met as one large group and (by 
hand) drew modifications to their individual patterns, slowly but surely evolving 11 individual designs 
into one coherent construction that displayed both individual author autonomy AND homogenous 
connections from one end to the other (Figure 03).   

Figure 03: Students during their first group work session. Quarter-scale prints of their patterns were 
aligned on the wall to allow the group to see the overall composition. Students were then tasked with 

working together to mitigate points of intersection between patterns.   
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4. Tactic C: 2D > 3D: Exercises in Choreographic Invention 

In transitioning from two-dimensions to three-dimensions, it is in the student’s best interest to NOT 
only be shown direct methods for conversion. Instead, exercises in drawing and annotating by hand and 
AWAY from a computer screen can be employed to force the student to focus on aesthetics before 
mechanics.

In the third phase of this installation process, students were tasked with determining how best to 
evolve their two-dimensional patterns to three-dimensional constructions, taking into account the new 
parameters of materiality (thickness and grain of the Styrofoam), the required porosity of the exercise 
(15% minimum), and the characteristics imparted by the CNC mill.  

Each student began by analyzing their two-dimensional pattern for characteristics of gradients and 
densities as potential indicators for three-dimensional operations and deviations, very much in keeping 
with Bernard Cache’s philosophy that “Image is no longer the image of the object but the image of the set 
of constraints at the intersection of which the object is created.” [2] This process was undertaken away 
from the computer to force students to slow down and examine their patterns without moving directly into 
three-dimensional modeling. In doing so, students were able to focus on the potential of the aesthetics and 
a linkage to a three-dimensional strategy rather than automatically translating two-dimensional patterns to 
three-dimensional models. Emphasis was placed on how these two-dimensional patterns contained the 
potential for emergent three-dimensional shapes, and that operations in manual annotation would unlock 
this potential. In this way, the three-dimensional shape qualities of each potential construction evolved 
slowly through processes in analysis rather than iterative modeling.   

Once annotations denoted the potential for three-dimensional operations, students were required to 
identify the type of three-dimensional surfacing technique that most aligned with the three-dimensional 
qualities found in their analysis, listing both qualities found through analysis and the qualities resulting 
from specific toolsets. The chosen surfacing tools then operated as the method by which students built the 
three-dimensional representation of their proposed panel. In each case, a sequential drawing (Figure 04) 
that displayed the steps needed to evolve from two-dimensions to three-dimensions was required to force 
students to both witness the evolution and verify the process.  

Figure 04: A drawing by James Naylor depicting the steps taken in transitioning from a pattern found in 
nature through to the final three-dimensional file to be CNC milled.   
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Figure 04: A drawing by James Naylor depicting the steps taken in transitioning from a pattern found in 
nature through to the final three-dimensional file to be CNC milled.   

As students began to model information three-dimensionally, demonstrations as to the basic 
characteristics of the CNC mill (stepover rates, feeds and speeds, toolbit types) were strategically 
introduced to engage students in understanding machining parameters and their potentials towards the 
articulation of each students’ panel design. New procedural models were built by each student to visualize 
the impact of these parameters on their panel designs and each student was given the opportunity to test 
portions of their panel designs to see these parameters manifest in a physical manner. Finally, students ran 
multiple simulations of their model files to determine “time-on-bed” as each student was only allowed 
two hours of milling time. This real-world parameter was critical in helping students to understand that 
modifications to their “ultimate designs” are often necessary and that, with proper planning, can be seen 
as parameters that they can control rather than hindrances on their designs.  

5. Tactic D: Programmed Opportunities: Making the Most of Mistakes  

Fabrication errors, miscalculations, time-constraints and omissions must not be seen as problems to 
be hidden or penalized, but as opportunities for analog refinement, reinforcing the role that well-defined 
design logics can play in correcting and adjusting for changing field conditions.  

Once students generated the required .NC files, each was scheduled for milling time. Though 
students were not allowed to operate the mill on their own (a policy governed by the University), students 
were required to be in the CNC shop during their milling session. This time allowed for one-on-one 
discussions about their process, conversations regarding the potentials for the acquired skills, and an 
analysis of errors in their project and the methods by which they would adjust these issues. Several 
students, for example, underestimated the time required to mill their panels while others inaccurately 
judged the tolerances of the material. With issues of time, all jobs were terminated at the two hour mark, 
forcing students to examine their process information to best determine how to manually complete their 
panels (Figure 05).  

Figure 05: Student Jim Naylor correcting milling mistakes and adding additional openings in his panel 
that were not cut due to time constraints.   

These real-world issues are of the type graduates will contend with every day in practice. Mechanical 
failures, changing site conditions, and other unforeseen complications are typical in academia and the 
profession beyond. However, while most academic projects live in a bubble of scalar documentation and 
representation (where errors can be put out of site or ignored after review), full scale installations are on 
display to peers and laypeople alike, operating as a solving “driver” that instigates solutions to unforeseen 
problems from the student. There was a point of pride witnessed in the students as their work came out of 
the mill and they realized both the actual size and permanence of their work on site. This, in turn, pushed 
the students to work though their errors, consistently turning back to their procedural logics for solutions. 
These limitations, errors, and condition changes teach the students the value of process as an analytical 
and instructional tool, and the ability to see their ideas though, employing procedural logic to solve these 
momentary crises.  
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6. Conclusion

The tactics employed in the execution of this design installation originated before the project began, 
were edited during the process, and have just now been reflected upon / refined after completion of the 
installation. These tactics are by no means a manifesto towards the introduction of computational 
manufacturing techniques to students, but a set of ideas that can be deployed to make the process of 
computational manufacturing introduction beneficial and with more impact to the students. Each tactic 
addressed different qualities in different students, instigating the most uninterested of students to discover 
the powers and problems these techniques offer. At the heart of this process is a continual examination of 
shape: how shape begins, how shape evolves from various sets of parameters, how shape influences and 
transforms space, and how shape is controlled through active and continuous involvement.  

Figure 06: Opposing views of the panel installation. Design credits (from left to right): Jocelyn 
Lagunilla, Marco Zanatta, Jim Naylor, Leland Crosby, Jessica Cummins, Jenna Vertrees, Max 

Diperstein, Justin Stevenson, Joseph Liebmann, Nathanael Woldegebriel, and Christopher DeLuca. 
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Figure 07: Eleven details, one from each panel. Design credits (from left to right, top to bottom): Jocelyn 
Lagunilla, Marco Zanatta, Jim Naylor, Leland Crosby, Jessica Cummins, Jenna Vertrees, Max 
Diperstein, Justin Stevenson, Joseph Liebmann, Nathanael Woldegebriel, Christopher DeLuca. 
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Abstract

“Where’s Bigfoot” presents an artistic and emergent view of the North American Continent, articulated through 
the mapping of over 8000 reported sightings of the (to some) mythological Bigfoot, executed and visualized 
through the employment of a computational pipeline via Google Earth, Expert GPS, Microsoft Excel, 
Grasshopper, Rhinoceros, and CNC milling. 

1. Introduction 

“Where’s Bigfoot” presents an artistic and emergent view of the North American Continent, 
articulated through the mapping of over 8000 reported Bigfoot [1] sightings, executed and visualized 
through the employment of a computational pipeline via Google Earth, Expert GPS, Microsoft Excel, 
Rhinoceros, Grasshopper and NC-Code. The resultant multiple zonal notations, composited one atop the 
next, become territorial locators for each sighting while also driving NC-code employed by a CNC 
(Computer Numerically Controlled) mill. The final milled lines remove material from sheets of painted 
MDF (Medium-Density Fiberboard), denoting the locational zone of each sighting in relationship to the 
next. The result of these operations is a graphic and 2.5 dimensional depiction of specular information, 
subject matter that celebrates the fantastic and visualizes territory through experimentations in 
computational design pipelines.  

Figure 1: The six panels of the final installation on display in the lobby of the Architecture Department at 
the Tyler School of Art, Temple University, Philadelphia PA. 

Figure 08: Panel details. Design credits (from left to right): Jessica Cummins, Justin Stevenson, Marco 
Zanatta, Jenna Vertrees, Jessica Cummins, Jenna Vertrees. 

Figure 09: Installation at night from outside, testing the porosity of the milled openings.   
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the Tyler School of Art, Temple University, Philadelphia PA. 
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2. Pipeline Process Part A: KMZ to Expert GPS 

The process of design for this installation began with the collection of latitude, longitude, and altitude 
data from each known sighting (as assembled by the “Bigfoot Field Researchers Organization”). [2] A 
singular Google .KMZ file was read by Expert GPS, with the resulting data automatically organized to 
produce a series of coordinates separated into columns (one for each latitude, longitude and altitude 
dataset) and reassembled into a sequence of Excel spreadsheets (one per decade). The decision to separate 
data by decade was chosen as the resulting coordinates would be visualized through voronoi diagrams via 
the Grasshopper plug-in for McNeel Rhinoceros due to their latent characteristic in generating relational 
zones and territorial borders from coordinate points. Early tests (Figure 2) concluded that a single voronoi 
diagram composed of every single plotted point produced line drawings (and ultimately millings) with 
lines too close to one another for any visual fidelity (explained further in section 5). By breaking the 
coordinate information down by decade, a singular metric was instilled that allowed for both a better 
visual articulation and also datum of analysis: Individual lines would still be visible, while groups of lines 
composited over one another could be controlled (at mill time) though variations in depth. This approach 
employs both Gilles Deluze’s concepts of time found in Cinema 1 [3] while modifying Stephen Jay 
Gould’s take on “event time” found in Conversations About the End of Time [4]: Metric time (Deluzian 
time logic whereby time is equally divisible about a repetitive unit of measure) is employed via the 
decade breakdown while “event time” (Gould time that states time is better organized around an event 
and that the length of time for one event may be different from another event) is employed through 
materiality, whereby more removal via sheering denotes an epoch (Figure 3), as we will see in section 5.  

Figure 2: A test performed early on in the design process to determine the method of grouping for the 
points. In this test, the results of a singular voronoi diagram for all points can be seen: lines are 

spaced too closely together for proper fidelity, resulting in muddy cuts in the MDF. 

Figure 3: The final installation (focusing on the Florida Peninsula), displaying the balance between 
metric time and event time: Thin lines from metric time, material removal displaying a modified 

“event time.” 
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3. Pipeline Process Part B: Excel to Grasshopper 

The X,Y, and Z spreadsheet data was read and plotted by a procedural model built via the 
Grasshopper plug-in for Rhinoceros, with the resulting data (organized by decade) used to shape each 
voronoi diagram, one diagram per decade. A simple DotNET VB (Visual Basic) script readily available 
within Grasshopper was employed to read the Microsoft Excel files, with the procedural network plotting 
the points in three-dimensional space within the Grasshopper / Rhinoceros workspace. As the coordinates 
where all routed through individual DotNet VB scripts (one script node per decade data), each VB script 
node was wired into its own voronoi node within Grasshopper. The result of this procedural process was a 
sequence of vector-based voronoi diagrams, one per decade, and composited one atop the next. This 
collapsing of time through the act of compositing generated (in essence) a time-lapse line drawing that 
denoted change-in-state through the act of data layering: More points within a given area produced more 
voronoi cells, articulating more Bigfoot sightings over time (Figure 4). 

Figure 4: The initial line drawing plotted from the voronoi diagrams. Adobe Illustrator was employed to 
test the fidelity of various toolbit widths.   

4. Pipeline Process Part C: Rhino Projections 

At the offset the procedural network development, only longitude and latitude data was read and 
plotted by the DotNET VB Script node. The reasons for this were two-fold: Mechanically, converting or 
scaling altitude information separately from longitude and latitude continued to produce runtime errors, 
while aesthetically the altitude information produced lines with such depth (or height) that they would 
have projected beyond the z-depth limits of the material employed in milling. Instead, altitude 
information was re-read by a branch of the procedural network, converted to a point cloud, and harnessed 
to develop a surface that could (within the thickness of the milling material) denote conditions of altitude. 
The voronoi-generated lines were then projected to this new surface to create three-dimensional 
engraving-based toolpaths. While this method generated two different metrics of scale in the installation 
mapping (one for latitude / longitude and one for elevation), the x and y data was more critical in 
generating an emergent map shaped by Bigfoot sightings while following the logics of presenting both 
metric and “event times.”    
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5. Pipeline Process Part D: Physical Parameters 

Four sets of physical parameters governed the final aesthetics of the installation, with each parameter 
being as critical as its computational counterparts within the design pipeline: Material selection and size, 
toolbit type, and feed/speed rates for CNC milling.  

 As the CNC to be employed had a bed size of 48” x 48” and the installation was meant to fill a site 
approximately 80” tall and 200” wide, the overall installation had to be broken into a series of pieces. 
Time zones operated as a rough logic by which the installation could be divided into manageable panels, 
with one panel for each time zone from GMT -4 to GMT -9.  

Multiple tests were performed on ready-available materials and mill bits to determine the best 
fidelity of lines. Early tests on various types of plywood (Figure 5) employing various mill bit profiles 
determined that, while a quasi-engineered product, the laminations of sheets within the plywood made the 
precise control of the milled line impossible. The results of these tests on plywood produced fuzzy lines 
and flat lines, regardless of mill-depth. 

Medium-Density Fiberboard (MDF) was chosen as the cutting material for its precision-engineered 
characteristics, its color in relationship to the installation site, and for its quality of lateral sheering when 
too much stress is applied to too small an area. This sheering meant that, as milled lines neared in 
proximity, localized lateral weakness would initiate the removal of a section of material, heightening the 
visual qualities of location within the installation while distilling moments of “event time.” The MDF was 
coated with flat black paint to visually activate even the thinnest of milled lines as a simple scratch of the 
paint would remove the paint, exposing the contrasting color of the MDF. To further instigate the 
sheering action of the MDF, the feed rate of the CNC was set relatively high (approximately 600 in/min) 
in comparison with normal chipload calculations for MDF. This higher speed placed more pressure on the 
material, further instigating tenuous leftover material to sheer from the installation.  

Figure 5: Failed material and toolbit testing. At left, a testing of ¼” birch veneer plywood as a routing 
surface. At right, a test of a 1/16” dia. ball mill. The varying depths of the plywood veneer were too 

unstable to produce precise lines, leaving “fuzzy” edges to the cut surface, regardless of mill bit type. In 
testing mill bits, ball mills and flat mills produced lines that, regardless of depth, appeared flat.  

In selecting a toolbit, several tests were undertaken with various bit shapes including flat mills with 
1/32” diameters, ball mills ranging from 1/16” to 1/8”, and V groove mills with taper angles ranging from 
10 to 44 degrees. A 15 degree tapered V groove mill bit was chosen as it best articulated both shallow and 
deep lines in the installation. The greater the altitude of the Bigfoot sighting, the deeper and wider the line 
produced with the V groove mill bit.     
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Time zones operated as a rough logic by which the installation could be divided into manageable panels, 
with one panel for each time zone from GMT -4 to GMT -9.  
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determined that, while a quasi-engineered product, the laminations of sheets within the plywood made the 
precise control of the milled line impossible. The results of these tests on plywood produced fuzzy lines 
and flat lines, regardless of mill-depth. 

Medium-Density Fiberboard (MDF) was chosen as the cutting material for its precision-engineered 
characteristics, its color in relationship to the installation site, and for its quality of lateral sheering when 
too much stress is applied to too small an area. This sheering meant that, as milled lines neared in 
proximity, localized lateral weakness would initiate the removal of a section of material, heightening the 
visual qualities of location within the installation while distilling moments of “event time.” The MDF was 
coated with flat black paint to visually activate even the thinnest of milled lines as a simple scratch of the 
paint would remove the paint, exposing the contrasting color of the MDF. To further instigate the 
sheering action of the MDF, the feed rate of the CNC was set relatively high (approximately 600 in/min) 
in comparison with normal chipload calculations for MDF. This higher speed placed more pressure on the 
material, further instigating tenuous leftover material to sheer from the installation.  

Figure 5: Failed material and toolbit testing. At left, a testing of ¼” birch veneer plywood as a routing 
surface. At right, a test of a 1/16” dia. ball mill. The varying depths of the plywood veneer were too 

unstable to produce precise lines, leaving “fuzzy” edges to the cut surface, regardless of mill bit type. In 
testing mill bits, ball mills and flat mills produced lines that, regardless of depth, appeared flat.  

In selecting a toolbit, several tests were undertaken with various bit shapes including flat mills with 
1/32” diameters, ball mills ranging from 1/16” to 1/8”, and V groove mills with taper angles ranging from 
10 to 44 degrees. A 15 degree tapered V groove mill bit was chosen as it best articulated both shallow and 
deep lines in the installation. The greater the altitude of the Bigfoot sighting, the deeper and wider the line 
produced with the V groove mill bit.     

6. Conclusion

“Where’s Bigfoot” is meant to be both an experiment in artistic visualization processes and in 
computer-controlled manufacturing techniques. It is an exercise that tests methods of data conversion into 
aesthetic form and the constraints / parameters needed to visualize an end-result. “Where’s Bigfoot” 
exploits connections in computational processes, demonstrating new methods by which artists can 
introduce computational pipelines into an artistic practice. 

Figure 6: The final installation on display in the lobby of the Architecture Department at the Tyler School 
of Art, Temple University, Philadelphia PA. 

Figure 7: Details of the various line thicknesses and material sheering produced by the V groove mill bit 
and varying depths of lines. 
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7. A Personal Note: Why Bigfoot?

It’s a question I am asked a great deal…Why Bigfoot? Truth be told, I have no obsession with Bigfoot, 
nor do I subscribe to newsletters about his / her existence, though after this exercise I have more respect 
for the entity.  

My fascination (and at times, obsession) can be found in the aesthetics of data, the emergent beauty data 
can contain, and the methods by which we can generate qualitative compositions from quantitative data. 
Procedural networks are my passion as they mitigate the line between programmer and artist: Each node 
contains just enough code to perform an operation (with robust flexibility to get “under the hood” of the 
code if you wish), and each operation has a specific aesthetic quality associated with its operation. Like 
choreography, the fun / challenge / beauty comes from the assembly (and reassembly) of these nodes into 
something that can articulate an idea. Of course, input (data) is needed to make allow a procedural 
network to function, and this is where Bigfoot comes back into play. Quite literally, I wanted to employ 
data that was both speculative and whimsical, information that was concrete in accumulation to test, yet 
speculative and fantastic in nature.  
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Abstract 
 

Irregular tensegrity structures, due to their non-linear behavior, possess the potential ability to configure in multiple 
stable states. The kinematics and inherent properties of the compressive and tensile components govern the final 
static configuration of the system. The primary objective of the research is to study the non-linear behavior of 
irregular tensegrity structures and formulate a computational generative, evaluative and algorithmic method to 
design a structurally dynamic tensegrity system, with inherent potential to adapt to the varying contexts and its 
respective demands, requirements and spatial needs. 

 
 

Introduction 
 

Non-linear dynamic systems. Linear systems generally tend to be characterized by a single global state, 
but dynamic systems which are both non-linear and non-equilibrium, display multiple stable states that 
behave in a variety of additional forms, namely steady, periodic and chaotic states as explained in 
causality principle[1] (Peitgen et al, 1992). “We are beginning to understand that any complex system, 
whether composed of interacting molecules, organic creatures or economic agents, is capable of 
spontaneously generating order and actively organizing itself into new structures and forms”, says Manuel 
DeLanda (2004) [2] in his writings. It is precisely this ability of matter and energy to self-organize and 
exist in multiple stable states, which is of greatest significance due to its potential application to adapt to 
context. Neal Leach (2004) [3], in his essay states, “in most advanced form, it would be an architecture 
that is open to those processes themselves, as adaptive, responsive environment, that does not crystallize 
into a single, inflexible form, but is able to reconfigure itself over time, and adjust to the multiple 
permutations of programmatic uses that might be expected of it.” The inherent morphogenetic property 
and variable behavior of complex dynamic systems still remains to be studied, analyzed and explored 
thoroughly to its complete potential in architectural context. 
 
Tensegrity as non-linear dynamic system. Conventionally studied regular tensegrity structures can be 
classified as linear systems i.e. having a single global stable state based on number of struts and hence 
predictable in terms of solution. However, recent investigations in the field of developing and designing 
the tensegrity have led to identifying the complex non-linear behavior of irregular structures (DeLanda, 
2004) [4]. While the primary parameters governing the morphological stable state of the system are the 
properties of its compressive and tensile components, the connection logic and nodal degrees kinetic 
freedom of the configuration also contribute significantly to the resultant stability and morphogenetic 
variation. Irregular tensegrity structures having identical strut number and lengths can exist in variant 
morphologies based on connection logic and node forces. 
 
Simulation of tensegrity system. Tensegrities are 3-dimensional stable mechanical structures that 
maintain its stability due to an intricate equilibrium of forces established between its rigid and disjoint 
compressive and continuous tensile components. They not only exhibit an exceptionally high strength-to-
weight ratio but also possess the unique property of retaining its stability in zero-gravity (Skelton et al, 
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2002) [5] spaces because the stable morphology is purely a function of its component properties and is 
irrespective of external forces. However, the determination of stable configurations that result from the 
connectivity patterns between the compressive and tensile components is highly challenging due to 
existence of multiple stable solutions. Thus the form-finding process of the tensegrity structures involves 
computational support juxtaposed with algorithmic approach to overcome the limitations of the available 
mathematical methods that have restricted scope of exploration (Lipson et al, 2005) [6]. 
 
Comparative Analysis. The primary difference between regular and irregular tensegrity structures is the 
uniformity and variation in the strut lengths respectively. A comparative analysis between the regular and 
irregular morphologies, resulting from a set of preliminary experiments, concluded that regular 
morphologies only generated proportional volumetric and orientation variation when subjected to strut-
length variation (applied uniformly). The regular geometries were also more predictable and behaved 
linearly (with single resultant stable state) as opposed to non-linear behavior of irregular tensegrities 
which showed un-predictable variation in volumes, shapes, numbers, and stability of resultant 
morphologies. In spite of the non-linear behavior, or rather, due to it, architecturally, irregularly generated 
morphologies could be spatially differentiated and hence more useful in contrast to the uniform, 
symmetrical, cellular and architecturally less usable spatial conditions of regular tensegrities. Also, the 
variation provided the potential of creating limitlessly varied morphologies for diverse design applications 
in various topological contexts. This characteristic diversity in irregularly generated modules also 
provides scope for higher complexity and further variation when organized in different hierarchical 
manner thus expanding its application at various scales (Ingber,  2003) [7].  These observations were key 
factors in narrowing the investigation on irregular tensegrity geometries to develop methods to predict 
and explore multiply stable forms with diverse spatial configurations and the respective architectural 
applications.  
 
 

Generative Algorithm 
 

This research uses generative algorithm to investigate the infinite solution space of irregular tensegrity 
structures, by digitally generating numerous random basic unstable seeds within certain parameters, and 
then relaxing them into all the possible stable relaxed states within the given set of connection logic using 
dynamic relaxation methods. The procedure involves use of dynamic relaxation for simulating the 
material properties and system performance while obtaining stable forms based on the input mechanical 
constraints and kinetic freedom.  The rigorous analytical, evaluative, eliminative and selective procedure 
that follows the relaxation stage, aims at achieving optimal residual set of digitally developed and tested 
morphology modules that form the basis for next stage of design development aimed at organization 
logics of the emergent design. 
 
Psuedo-code. This step involved setting up the digital apparatus for the experimental exploration of 
irregular morphologies. Since the design domain was so wide and limitless, it was essential to fix the 
listed parameters to limit the boundaries of experiment, that involved first generating a widely variant set 
of unstable basic seeds, which would be later relaxed in its respective possible multiple stable states 
followed by intensive structurally evaluative elimination process. In order to generate randomly variant 
initial population, a generative script was written in Rhinoscript following the pseudo-code shown.  
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Figure 1: Fixed parameters and pseudo-code for the generative algorithm.  

 
The first step involved generation of the unstable basic seed based on the input parameter of number 

of struts. In order to achieve a stable tensegrity structure, each node needed at least one strut and at least 3 
cables connected. Hence, considering N number of strut as input in the script, the process generated 2N 
number of symmetric nodes divided in 2 planes (each plane with N nodes) in a circular equidistant 
manner. These nodes are then randomly connected by 4N number of links such that each node has 4 set of 
links. These links are then randomly assigned component properties with the limitation of each node 
bearing one strut and 3 cables. The cables are divided into two categories randomly into either form-
finding or non- form finding cables. This essentially determines the elasticity modulus that shall be 
assigned to the cables during dynamic relaxation. The form-finding cables are the elastic cables (which 
play the role of defining the final morphology) before the unstable basic seed is dynamically relaxed. The 
struts and cables are now randomly exchanged and shuffled without changing the limitation of number of 
struts and cables at each node but producing variant basic (unstable) seed morphology. 
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The next step of dynamic relaxation of the unstable basic seed required assigning elastic modulus to 
the cables. The cables (3N) are divided into form-finding elastic cables (coded blue in diagram) and non- 
form-finding cables (colored black in diagram). The form-finding cables were the links connecting nodes 
vertically and non-form-finding cables connected the nodes horizontally in same plane. This was followed 
by selecting randomly set of 3 nodes and fixing these nodes in x-y-z planes, y-z planes and z plane 
respectively, thus fixing 6 degrees of freedom in translational motion (Tibert et al, 2003) [8]. The basic 
seed was then relaxed using Rhino-membrane plug-in interface. 
 

In order to further compare and evaluate the produced geometries, each of the resultant morphologies 
was digitally tested for respective spatial properties of enclosed volume, base area and clear height. The 
reason to have a geometric evaluative analysis of the vastly variant relaxed morphologies produced was to 
eliminate the “architecturally” unusable forms, as this is an investigation to produce forms that would 
prove useful to be inhabitable spaces. This indicated that larger unobstructed volumes (with higher clear 
height) and morphologies with larger base area (and hence more stability) were potentially fitter for 
architectural applications. An algorithmic script was written to calculate these properties of volume, base 
area and clear height to the closest plausible values, as precise calculation was not only tedious but 
computationally time-consuming. For volume calculation, bounding boxes enclosing the geometry were 
generated where each bounding box was aligned with each one of the outer plane of the geometry. 
(Alternately the convex hull method could also have been used to calculate the volume of the 
morphology). The minimum volume of the bounding box was chosen as the geometry volume. Same 
concept was used to algorithmically calculate base area (by selecting maximum of the various 3-point 
planar areas) and clear height (by choosing least of the internal 1 point to 3 points planar distances). In 
terms of the weightage of the above geometric fitness criteria, the enclosed volume was the most 
important (for spatial usability), followed by larger base area (for stability) and then finally the clear 
height. Thus the morphology with highest volume would tend to be fittest, with its largest base area being 
used to help achieve the most stable orientation and larger ground space for habitation and enclosure, and 
preferably the most plausible clear height to provide enough room internally for optimal spatial usage. 
 
Morphology Generation. Using the generative script, at least 40 unstable basic seeds were created with 
5 struts, 6 struts, 7 struts, 8 struts and 9 struts geometries (since 3 and 4 strut geometries produced only 1 
and 2 seeds respectively). Each of unstable basic geometries had unique connection logic, and thus would 
produce high variation in their respective relaxed modules. It was observed that 6 and 8 struts geometries 
had a tendency to relax into similar relaxed geometries and produce less variation while odd numbered 
strut geometries like 5, 7 and 9 struts produced more variant relaxed geometries. Also the number of 
form-finding and non-form-finding cables played a crucial role in stability of geometries. It was observed 
that geometries with higher ratio of number of form-finding cables and number of vertical struts produced 
lesser number of stable geometries. 
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Figure 2: A six strut unstable basic seed resulting in multiple stable geometries.  

 
Evaluation Stage 1-Volumetric Properties. Once calculated, each of the respective geometric data was 
graphically plotted as shown in the example in order to have a comparative analysis and elimination 
procedure. The geometries with maximum enclosed volume, larger base area and higher clear heights 
were selected thus eliminating the flatter, condensed and contracted unusable geometries.  
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Figure 3: Volumetric evaluation a six strut basic seed and the corresponding geometries.  

 
Evaluation Stage 2-Fabrication Ease. The second stage of evaluation intended to access the fabrication 
ease of the modules. The first step involved eliminating geometries with intersecting struts as it was 
structurally not feasible to fabricate, while the second step involved analyzing uniformity in the strut and 
cable lengths for fabrication ease. In order to assess this regularity in lengths of struts and cables, values 
for each strut and cable length is plotted graphically. A flatter line graph implied higher uniformity in 
component dimensions. This procedure helped in retaining economically buildable modules and 
eliminated geometries with too many varying strut and cable lengths. The filtered out modules were then 
selected for further structural tests and analysis. 
 

 
 

Figure 4: Graphical representation of strut and cable lengths of selected geometries.  
 
Structural Tests. Structural analysis in STRAND7 (the structural analysis software), was carried out for 
the selected modules to simulate the deflection of the nodes and the buckling threshold of the struts under 
the assigned load and to get the appropriate geometry of the components. The two main goals of 
conducting this structural test were to test, verify and re-confirm the stability of the relaxed form obtained 
through the process of computational dynamic relaxation software RhinoMembrane; and to test the load 
bearing capacities of the struts in case of addition of architectural components such as temporary wooden 
slabs, or covering membranes. The nodes chosen for application of forces were based on the decision of 
first choosing first the architectural orientation of the module that would serve for maximum enclosed 
space, and then the respective struts that might have the possibility of being subjected to additional live 
loads.    

 
For the digital setup, struts were assigned properties as beams with elastic modulus. Cables were 

defined as springs with axial stiffness of each cable inversely proportion to its length. Based on the 
geometry, minimum three nodes were fixed on the ground in the translational x, y and z axis keeping the 
rotational movement free. The other nodes were subjected to a load of 1000 N in the (-z) direction. Each 
module was tested for three strut cross-section diameter value viz. 20mm, 50mm and 75mm and under 
three load cases with varying pretension values of 0.02, 0.01 and 0.001 in the tension cables. Since 
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defined as springs with axial stiffness of each cable inversely proportion to its length. Based on the 
geometry, minimum three nodes were fixed on the ground in the translational x, y and z axis keeping the 
rotational movement free. The other nodes were subjected to a load of 1000 N in the (-z) direction. Each 
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Tensegrity structures are zero-gravity structures, they retain their morphology irrespective of presence in 
space or under the influence of gravity.  
 
Linear Static Analysis. LSA was carried out to study the deflection in the geometry caused due to the 
designed load. Based on the inferences of the above experiments, the final strut geometry and cable 
pretension value was decided. In certain cases to get the desired stability for the designed load, 
combinations of different strut dimensions was explored. This exercise helped in classifying the 
geometries based on their structural stability and load bearing capacity.  
 
Linear Buckling Analysis. The LBA estimated the load at which the struts will begin to buckle and was 
governed by the strut diameters. The structural analysis done for one of the selected modules is shown 
below where the buckling loads for the structure was calculated. Since the buckling load was lower than 
the required design load the struts had to be redesigned by changing the diameter in order to increase the 
strength of the structure and to ensure stability under critical load of 1000N.  
 

 
 

Figure 5: A selected geometry tested for Linear Static and Buckling Analyses.  
 
 

Dynamic Experiment 
 
Multiplicity. The next step of the experiment was to test the selected modules for possibility of dynamic 
spatial re-configuration. The strut and cable dimensions and lengths play a very crucial role in the stable 
configuration of the relaxed form. This property of producing variant stable forms with slight change in 
the dimension was used to achieve dynamism in the form by manipulating component lengths and 
orientation. This experiment was carried out to test each of the selected design modules for possibility of 
distinctly usable spatially reconfigured organization. This characteristic feature was the key to achieving 
program based dynamic performance of the system. 
 

The manipulation of the component properties was carried out by either changing the length of struts 
or the rotating the struts with one fixed end. The experiment was limited to manipulating only one strut at 
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a time; only the 3 struts with one end fixed at the base were manipulated. The length change was limited 
to either increasing or decreasing by 1.5 m at the free end of the fixed strut. The change would be 
achieved by having telescopic struts that could be increased and decreased by 1.5 m at the free end of 
each of the 3 fixed struts. The telescopic change would require to be triggered manually as per the 
programmatic need or user need to reconfigure the structure for enclosed space. However, due to pre-
stressed nature of the system, this mechanism would require either use of motors or dismantling of 
structure and re-assembly of the module. 
 

The rotational change was also limited to a + 100 or - 100 in the x-y plane about the fixed end of the 
strut. The change would be achieved by using pin jointed detailing with freedom for rotation at the fixed 
end. The digital experimentation was carried out in Rhino-membrane by re-assigning the component 
properties and relaxing the structure again after the manipulation. In both the cases the module sometimes 
produced a large spatial variation and re-configuration, but most of the times resulted in swaying. 
 

 
 

Figure 6: Selected module tested for rotational manipulation of component.  
 

 
 

Figure 7: Selected module tested for length manipulation of component.  
 



49

a time; only the 3 struts with one end fixed at the base were manipulated. The length change was limited 
to either increasing or decreasing by 1.5 m at the free end of the fixed strut. The change would be 
achieved by having telescopic struts that could be increased and decreased by 1.5 m at the free end of 
each of the 3 fixed struts. The telescopic change would require to be triggered manually as per the 
programmatic need or user need to reconfigure the structure for enclosed space. However, due to pre-
stressed nature of the system, this mechanism would require either use of motors or dismantling of 
structure and re-assembly of the module. 
 

The rotational change was also limited to a + 100 or - 100 in the x-y plane about the fixed end of the 
strut. The change would be achieved by using pin jointed detailing with freedom for rotation at the fixed 
end. The digital experimentation was carried out in Rhino-membrane by re-assigning the component 
properties and relaxing the structure again after the manipulation. In both the cases the module sometimes 
produced a large spatial variation and re-configuration, but most of the times resulted in swaying. 
 

 
 

Figure 6: Selected module tested for rotational manipulation of component.  
 

 
 

Figure 7: Selected module tested for length manipulation of component.  
 

Membranes. The next design step was creating enclosures in these design modules by not only retaining 
the spatial differentiation of spaces but rather enhancing it using tensile membranes. In order to 
understand the structural implications of the membrane addition, the modules were again tested under 
same conditions as before for structural stability. It was observed that the tensile membranes affected the 
buckling loads as the structure had now started failing at lower threshold loads implying that the strength 
of the structure required to be regained by further increasing the strut diameter. 
 

 
 

Figure 8: Linear Buckling Analysis Test on module after membrane addition and the other selected 
modules with respective membrane enclosures.  

 
 

Conclusion 
 
The use of digital scripting tools to predict structural behavior and formulate the algorithmic form-finding 
process helped in exploring the vast design space domain of irregular tensegrity structures which has been 
very sparsely explored. The intense evaluation stages and elimination process helped in efficiently 
filtering out the potentially usable design modules. Simulation of non-linear complex system behavior 
and the multiple-stable states of morphologies, produced from the generative process, provided an 
efficient digital apparatus for further studying, analyzing irregular tensegrity structures including its 
varied application possibilities. However, there is a need of a feed-back loop in the digital exploration 
which would enable the learning and conclusions of each stage to be applied in the process by re-iterating 
the stages with revised procedures.  
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Combining the system with springs or sensors would further investigate the dynamic system 
behavior without the need to mechanically change the structure. There is also further scope of researching 
on methods and techniques that would explore the modularity of the system in much deeper sense to 
come up with more emerging complex structural systems. 
 

 
 

 
 

Figure 9: Modular reorganization to form architecturally habitable and re-configurable spaces and 
structures.  
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Abstract
An extension of wire crochet is presented that makes this already versatile technique for constructing surfaces better
suited to computer-aided design and manufacture.

Introduction

Today, when we make a curved fabric surface, we sew flat pieces together, as in making a tailored suit;
or, we laminate flat pieces on a form, as in making a carbon-fiber airframe; or, we assemble individual
strands piecemeal, as in placing steel reinforcement for a concrete building. Even in handcrafted knitting
and crochet, where surface curvature is achieved by making increases and decreases (that is, by occasionally
adding or skipping a stitch in successive rows) closed sculptural surfaces (for example, the crocheted dolls
called amigurumi [18]) are usually completed by sewing up a seam. Clearly, we need more sophisticated
ways to make curved fabric surfaces.

Figure 1 : Closure, 2013. Galvanized steel wire done in zip crochet.
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Self-Sufficiency of Fabric Techniques

The question of which fabric techniques are self-sufficient in the sense that they can make any topological
surface without recourse to sewing or other extraneous technique has been a focus of research [17, 2, 1, 20, 9].
Though topology is involved, self-sufficiency is a practical question rather than a mathematical one. As we
are free to enlarge the repertoire of operations that weaving, knitting, etc., encompass, we can always a make
fabric technique self-sufficient by a suitably inclusive definition. Nonetheless, there is a practical impetus
behind the question: if we can find a minimal set of fabric-making operations that can make any surface,
this may point to an easily automated general-purpose technique. Since operations used only at the start or
finish of a piece (e.g., tying a knot to cast-on knitting or crochet, or tying a knot to finish) do not seriously
burden the complexity of the work, we will exempt these operations from being considered extraneous to the
fabric-making technique.
Weaving requires splices. Plain-weave is a simple over-one-under-one interlacing of yarns [6]. Any topo-
logical surface can be decorated with a consistent plain-weave pattern; any polygonal mesh of the surface
can direct such a pattern [2, 1], or even any general graph properly embedded in the surface [13].

An easy way to demonstrate this universal applicability of weaving is by decorating an all-triangle mesh
with triangular truchet tiles. Radó’s Theorem (1925) [16] guarantees that an all-triangle mesh is possible on
every topological surface. Reproducing the kagome truchet tile in Figure 2 on both faces of every triangle
in the mesh (weave crossings really do look the same from both sides) reveals a way to weave even a non-
orientable surface in a kagome weave [9].

Unfortunately, drawing a picture of a finished basket is not the same thing as weaving it. At a minimum,
weaving elements that form closed loops in the finished basket must first be cut, in order to accomplish the
weaving, and later spliced. There may be as few as one such elements (i.e., our basket might be an alternating
knot) but, unless we are content with just a string mesh woven with a tatting shuttle, we are going to need
more than one splice. Weaving stiff elements into a closed shape realistically requires many splices. The
need to work along an advancing front (explained below) demands still more splices. Every splice, in the
worst case, compromises the strength of the fabric; in the best case, every splice is a minor unsightliness.

Equally vexing, there is generally no elegant solution for where to place the splices. Putting them
everywhere is one escape—that yields unit weaving [19, 10, 14], which can be single phase or polyphase as
demonstrated by the truchet tiles in Figure 2. Polyphase unit weaving solves the problem of too little overlap
at the splices, but the number of pieces to be handled and assembled remains high.
Knitting requires special techniques. Knitting consists of successive rows of ‘running’ open loops, each
loop engaging the one in the previous row, and being engaged in turn by the corresponding loop in the
following row [7]. Self-sufficiency has been shown for knitting by several authors [17, 20, 11], but in each
case a broadened definition of knitting is called upon: one that encompasses special ways to produce a visible
or invisible seam. Unlike basic knitting, these special techniques will be difficult to automate.

The Need to Work Along an Advancing Front

A traditional woven carpet is made by tensioning all of its warp threads on a frame before beginning to weave
its weft threads. Working in this way, the entire surface is under construction and incomplete at the same
time. This is an impractical way to make closed surfaces because no frame is going to be available to hold
partially completed fabric in place. When making a closed surface, the fabric-maker must work like a house
painter, completing a portion of fabric first, and working along an advancing front. The just completed fabric
provides support for the incomplete fabric that borders the advancing front.
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Figure 2 : Easy to draw, harder to weave: triangular truchet tiles for weaving. Top to bottom:
the underlying triangulation; kagome weaving; unit weaving; polyphase unit weaving.
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A Topological Requirement for Self-Sufficiency

A similar situation is encountered in the classic proof of the Classification Theorem for compact surfaces
[15]. Having dissected an arbitrary surface into topological triangles, the triangles are then reassembled
on the plane in such a way that each added triangle has at least one edge in common with the previously
assembled complex. All of the triangles eventually find a place in this complex, a region of the plane that
is, once the last triangle has been added, bordered by a polygon whose edges are identified (i.e., oriented
and labelled in pairs.) The take-away is that 100% of the area of every surface is organized like a simple
polygon—the whole trick to building a surface lies in mating up the pairs of edges correctly.

The ability to make a polygon of fabric can be taken for granted of any fabric-making technique. If
we construct a surface along an advancing front, no matter the fabric-making technique, we come to the
same penultimate stage: the polygon is complete and the surface can only be finished by suturing pairs of
edges. Thus, the self-sufficiency of a fabric-making technique hinges on its ability to join up the edges of
the polygon. Of course, it is not actually necessary that the whole polygon be completed first and all the
edge-pairs sutured up last; but, at every place along any suture it is inevitable that the stitch on one side will
be completed first, and the stitch on the other side will be completed later. In order to suture the cut, the
latter stitch must be worked new-into-old, that is, it must be worked theough an already completed stitch that
is external to the fabric currently being made. Of course, this ability to work new fabric into pre-existing
fabric is simply the ability to patch. The conclusion: a textile technique is self-sufficient in making any
topological surface if and only if it can patch.

Why Crochet?

Crochet is a doubly interloped structure, loops are interworked not only vertically with those in the previ-
ous row, as in knitting, but laterally as well with those in the same row [8]. Crochet conjures images of
grandmothers and doilies, but it in truth it is the most modern of the hand textile techniques. Recently, it has
been of interest to mathematicians as an algorithmic way to make models of the hyperbolic plane—our 3D
universe cannot hold the hyperbolic plane, but crochet instructions can describe it perfectly [21]. Older tech-
niques, like weaving and knitting, excel at making 2D fabrics, but they struggle in making a patch (weaving
and knitting metamorphose into darning and entrelac knitting, respectively, in the attempt.) Crochet excels
at making 3D cobwebs—and it is born to patch. In crochet, the next stitch can be passed through anything
with a hole in it: a previous stitch, a bead, or Quebec’s Percé Rock.
Crochet is Self-Sufficient. Working along an advancing front is idiomatic to crochet—as it is to knitting—
thus no splices are necessary (or, only one, a splice closing the end of the work to its beginning) but, unlike
knitting, crochet does not need a supplementary technique to form a seam. By the argument in the previous
section, crochet can make any topological surface.
No Hook Needed. In most languages crochet is named for its hook-shaped implement (croche was French
for hook,) but it is believed by many to have first originated as a finger-worked craft. The hook is still not
essential: in large stitches, using thick yarn, the full variety of modern crochet can be worked by fingers
alone [3]. It is a magical craft that lets us make any surface with just the middle of a piece of string.
All Chain Stitches. The stitches used in crochet are all essentially chain stitches like those shown in Figure 3.
In the most rudimentary form of crochet, called slip stitch (upper panel in Figure 4), successive chains are
simply worked on top of each other like courses of bricks, the hook being passed through an opening in the
course below before catching the yarn. In more modern crochet technique, shortish chains (i.e., the stitches
that are properly called crochets) are done in a technique that leaves them wearing a helical overwrap of yarn
(lower panel in Figure 4.) This was a refinement that revolutionized crochet once it became widely known
in the early nineteenth century. It gave crochet the ability to produce fabric of any solidity or openness, and
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A Topological Requirement for Self-Sufficiency
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Why Crochet?
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at making 3D cobwebs—and it is born to patch. In crochet, the next stitch can be passed through anything
with a hole in it: a previous stitch, a bead, or Quebec’s Percé Rock.
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thus no splices are necessary (or, only one, a splice closing the end of the work to its beginning) but, unlike
knitting, crochet does not need a supplementary technique to form a seam. By the argument in the previous
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No Hook Needed. In most languages crochet is named for its hook-shaped implement (croche was French
for hook,) but it is believed by many to have first originated as a finger-worked craft. The hook is still not
essential: in large stitches, using thick yarn, the full variety of modern crochet can be worked by fingers
alone [3]. It is a magical craft that lets us make any surface with just the middle of a piece of string.
All Chain Stitches. The stitches used in crochet are all essentially chain stitches like those shown in Figure 3.
In the most rudimentary form of crochet, called slip stitch (upper panel in Figure 4), successive chains are
simply worked on top of each other like courses of bricks, the hook being passed through an opening in the
course below before catching the yarn. In more modern crochet technique, shortish chains (i.e., the stitches
that are properly called crochets) are done in a technique that leaves them wearing a helical overwrap of yarn
(lower panel in Figure 4.) This was a refinement that revolutionized crochet once it became widely known
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of any rigidity or elasticity, all in structures of endless ornamental variety.
Why Crochet Has Not Been Mechanized. If you flip off the lights in a factory full of knitting looms,
they won’t miss a beat—they’re blind. That is why crochet has never been fully mechanized. Blind textile
machines never let go of a loop of yarn that will be needed again. In crochet, you have to let go, or you will
be left holding hundreds of loops, all over the place. (You can let go, because, unlike in knitting, the loops
are stable and will not fall apart.) Mechanizing crochet requires machine vision, and that is still a stopper.

Figure 3 : Chains of chain stitches (left to right): a chain typical of a lefty crocheter; a walking
chain; a chain typical of a righty. A walking chain alternates between left-twisting and right-
twisting loops.

Zip Crochet: a Hybrid Automation Technique

Our CAD/CAM age does not really need a full automation of crochet, we just need to size the stitches by
computer: assembling the stitches can still be done by hand. Using a strand of wire for the yarn makes
division of these tasks possible. The technique of wire crochet which I have been developing, what I call zip
crochet, gains the principal advantage of mechanization—fine control of shape because every stitch can be
individually and precisely computer-controlled—but relies on a craftsperson to assemble preformed stitches
in their right places. I am particularly interested in crocheting sculptures out of heavy gauge wire. The
stationary machine that preforms the stitches can be heavy and powerful, and it does the lion’s share of the
wire bending. However, thus far in the development, I am still doing all operations by hand.
Other Modular Wire Techniques for Sculpture. It should be mentioned that there are other ways to make
sculptural surfaces using wire in a modular way (as opposed to freeform wire bending.) Ruth Asawa [5] has
used a type of crossed-knitting that is hand-assembled from continuous wires that have been preformed by
stretching coiled wire into a cycloid-like profile. I have done unit-weaving with cut lengths of wire, called
twangs [12], that are preformed by twining wire in pairs and then untwining, cutting to length, and bending..
Handedness. Typically, a craftsperson learns a right-handed way to do something, and goes on repeating
it all his or her life. Makeshifts and crutches are then introduced. For example, a righty prefers to crochet
right-to-left, so the stratagem of turning the fabric over at the end of each row is introduced, even though this
coarsens the texture of the fabric (as the period of the texture is now two rows instead of one.) Today, when
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Figure 4 : A brief history of crochet: Above, slip stitch, the earliest form of crochet, is simply a
chain worked through the stitches of a finished chain beneath; below, double trebles, one of the
stitches introduced in the nineteenth century [22]. The new stitches are tighter even though taller,
thanks to short side chains worked off the end of a hook holding multiple wraps of yarn.

computer graphics has made us more sophisticated about surfaces and their description, and emboldened us
to be more ambitious in what we attempt in the way of making sculptural fabrics, this sort of limping is out of
date. A versatile fabric-making technique needs to be able to turn both left and right with equal ease, all the
while staying on the same side of the fabric. Perhaps there are other ways to establish a fully ambidextrous
crochet, but I have settled on the principle of making every chain an ambidextrous walking chain (middle
panel of Figure 3.) This kind of chain is particularly easy to assemble from preformed wire stitches.
Chain Stitches from Coils. The sailor’s method of making a chain stitch (see The Ashley Book of Knots, no.
2868 [4]) is a little different from the crocheter’s method: hitches are formed and fed through the growing
chain one by one. This is tantamount to making the chain from the turns of a coil, and sometimes it is
done this way (Ashley no. 2870.) The handedness of the coil determines the handedness of the chain stitch
(Figure 5.) (A bit perversely, a left-handed coil produces a righty’s chain stitch, and vice versa.)
Making Figure-Eight Coils. Since a walking chain alternates handedness at each stitch, to make a walking
chain out of a coil, we need a coil that is alternately left- and right-handed, that is, a coil shaped like a figure-
eight. After some experimentation, I have tentatively settled on coils shaped like a bent figure-eight, which
I wind on a pegboard jig (Figure 6.) The dowel pins have a diameter about 7 times the wire diameter. The
spacing between the two lower pins is about 1.7 times the wire diameter. The pin centers form an isosceles
triangle with altitude of about 14 wire diameters. The heaviest gauge wire I have worked to date is no. 8
AWG copper wire, which measures about 3.3 mm in diameter. Several turns of figure-eight coil are made,
until the pins are full. Then those turns are slid of the pins, and the coil is stretched out slightly, allowing the
finished figure-eights freedom to fall beneath the jig so new turns can be made.
Zipping. The coil is ‘zipped’ into a walking chain (Figures 7 and 8) by alternately folding one lobe over the
next, left-over-right, right-over-left.
Making the Crochet Stitches. As mentioned above, the conventional stitches termed crochets are actually
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Figure 5 : A righty’s chain formed from the
turns of a left-handed helix.

Figure 6 : A jig for preforming zip crochet
stitches by hand. Insert shows the winding
order.

sideward chains wearing a helical overwrap of yarn. The equivalent in zip crochet is a run of straight wire
that goes out to the side, turns, and chains back to where it started. To keep everything tight, the returning
chain straddles the outward run (Figure 9.)
Choreography: The Tale of the Horse and the Clowns. To keep a walking, left/right alternation requires
a certain discipline in the design of zip crochet. The following fanciful tale makes it easier to read what is
happening in zip crochet and talk about it. The field of work here is crochet that can be done in a closed loop
on a genus zero surface—precisely what can be coded in a letter sequence called an undip word [14].

On a small, dusty planet, a two-legged horse is walking around in a closed circuit, carrying on
his back an unspecified number of clowns. On this planet nobody, man nor beast, crosses their
own tracks, nor anyone else’s. Every time the horse completes his circuit, he repeats it exactly,
stepping in the same tracks. The story begins at a particular place in the circuit called Start. At
Start, all of the clowns are on horseback, and the same will be true when the circuit brings the
horse back to Start again. At their individual whim, clowns, one at a time, dismount and walk over
to some later place in the circuit where they can remount before the horse reaches Start again.

Clearly, a clown that dismounts on the right must also remount from the right (and likewise for the left,)
this is a simple consequence of the Jordan Curve Theorem. A somewhat less obvious consequence of the
same theorem is that clowns using the same side of the horse must remount in LIFO (last in first out) order,
that is they must remount strictly in inverse order of their seniority afoot, the rule for clowns seems to be
“beauty before age.”

Undip coded crochet strictly follows the logic of this tale, and, in fact, undip coded crochet makes fabric
that mysteriously seems to bear the footprints of the horse and the clowns.

Since no crocheter can be in two places at once, he or she must wait until the remount occurs, then make
a straight run over to where the corresponding dismount occurred, and chain back. This leaves what appear
to be clown footprints ending at the remount. Dismounts can be freely done (Figure 10,) but remounts must
fall back into lockstep (Figure 11.) These rules can be expressed with just four truchet tiles (Figure 13.)
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Figure 7 : Zipping: lobes are bent left-over-
right, right-over-left—each lobe ‘lassos’ the
one behind.

Figure 8 : Zipped chains: work progresses
in the direction implied by the ‘horseshoes’.

Figure 9 : Interaction. Galvanized steel wire, 2013. The crocheting started at the bottom, made a
straight run to the left—made no attachment there—and chained back, continuing on toward the
upper left. The ‘interaction’ in the center is a remount.
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Figure 7 : Zipping: lobes are bent left-over-
right, right-over-left—each lobe ‘lassos’ the
one behind.

Figure 8 : Zipped chains: work progresses
in the direction implied by the ‘horseshoes’.

Figure 9 : Interaction. Galvanized steel wire, 2013. The crocheting started at the bottom, made a
straight run to the left—made no attachment there—and chained back, continuing on toward the
upper left. The ‘interaction’ in the center is a remount.

Figure 10 : A dismount: (l to r) before engagement, after engagement. Multiple lobes are inserted
through openings in a previously zipped chain, zipping the new chain secures the attachment.

Figure 11 : A remount: two sequential
lobes engage two sequential links of previ-
ously zipped chain; zipping the new chain
resumes the previous work in stride.

Figure 12 : A zip crochet splice. A splice is
only needed at the conclusion of the work:
several of the initial links are simply over-
tread by the final links.
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Abstract
This paper shows a simple interlace motif family can be used to decorate regular octahedra to produce symmetric
and visually interesting interlace patterns. Decorated octahedra were created using paper models. The constructed
models exhibit a wide range of symmetry types dictated by the geometry of the octahedron.

1 Introduction

The regular octahedron is a convex solid with eight identical equilateral triangles as the faces. It is one of the
five Platonic solids (along with the regular tetrahedron, cube, dodecahedron, and icosahedron); each of these
polyhedra have identical faces comprised of regular polygons. As the dual polyhedron to the cube, they both
share the same spherical symmetry group ∗432 in orbifold notation [1]. Orbifold notation gives a geometric
insight of the symmetry group. For example, ∗432 indicates all point symmetry groups have either 4-fold
mirror symmetry, 3-fold mirror symmetry, or 2-fold mirror symmetry. The ∗432 group has 33 subgroups [1],
with each subgroup resulting in a possible symmetry pattern.

Interlace patterns are a common planar surface decoration and are gaining popularity for decorating
closed surfaces (often modeled using polyhedra). Modular decoration of polyhedra with interlaced squares
was investigated by Krawczyk [5]. Surface tilings by triangular tiles with a single arc, and thus no crossings,
have been used to create duo-toned patterns [6].

The author has previously described a technique for creating interlace patterns by decorating polygons
using a simple motif comprised of Bézier curves that generalizes Truchet tiles [2, 3]. Each n-gon is decorated
by subdividing its sides and placing d uniformly spaced endpoints along each side, resulting in nd endpoints.
Each endpoint can be assigned a unique integer 0,1, . . .nd − 1 starting with the first side clockwise from a
vertex. An arc pattern in a single polygon can be described using the following notation:

(α,β |γ,δ |ε,ζ | · · ·)[A/B,C/D · · ·]

where α,β , . . . represent the endpoint numbers of arcs in a the polygon and A/B indicates arc A (from
endpoints α to β ) overcrosses arc B (from endpoints γ to δ ). A total of nd/2 arcs made from simple cubic
Bézier curves connect pairs of endpoints such that the tangent of each at the endpoints is perpendicular to
the polygon edge, resulting in a smooth continuous curves throughout the structure.

To have continuous lines when using triangles, an even number of endpoints is required. The simplest
such family of motifs occurs when each side of the triangle is trisected such that each side has two arc
endpoints. When decorating an equilateral triangle in this manner, there are seven geometrically unique
motifs (unique up to rotation) when the arcs are allowed to intersect as shown in Figure 1.

The motifs have more visual appeal when one treats the lines as crossing in space, so that one line is oc-
cluded. For each pattern in Figure 1, there are 2k possible motifs for a motif with k arc crossings. Thus there
is only one motif for each decoration of type (0,1|2,3|4,5), (0,1|2,5|3,4), and (0,5|1,2|3,4) because there
are no crossings. There are two motifs for each decoration of type (0,1|2,4|3,5) and (0,2|1,5|3,4). With
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two crossing points, the type (0,2|1,4|3,5) has 4 motifs. The final type (0,3|1,4|2,5) has three crossings
and thus has eight possible motifs, however only four are geometrically unique. Thus there are fifteen total
geometrically unique motifs when one considers the over/under crossings as unique.

There is no known expression for computing the number of motifs for an arbitrary n-gon with d endpoints
per side, or for determining the number of times arcs cross in a particular motif [4]. Thus, the unique motifs
were determined manually by visual inspection of all possible motifs.

This paper shows how simple motifs can be used to decorate octahedra to produce modular interlace pat-
terns. In the patterns described in this paper, the visual interest arises from the symmetry and the meandering
paths on the octahedra surfaces. Decorated octahedra were created using paper models using patterned reg-
ular triangles. One can create patterns with a specific symmetry pattern by selecting particular motifs.

2 Methods and Results

A computer program was written to generate tiles decorated with the interlace motifs described above. A
large number of paper tiles were constructed having one of the fifteen possible motifs. Tiles were manually
selected to create symmetric patterns and assembled into octahedra using tape. Paper models are shown
in Figures 2–14. This is not an exhaustive collection of the possible decorated octahedra using this motif
family; each face of an octahedron can be decorated with one of the 15 motifs that is placed in one of 3
orientations resulting in a rough upper bound of (3×15)8 patterns. Nor are all the possible symmetry types
illustrated (the upper bound is 33); while it seems plausible that most of these can be constructed, some
symmetry types may not be constructible due to the interplay between the overall symmetry type and the
limited symmetries of the tile motifs. The models shown here provide examples of the types of patterns that
can be created using these motifs.

3 Discussion

The models shown in the figures exhibit a wide range of symmetry types. Several models exhibit mirror
symmetry. For a pattern to have mirror symmetry, at least some of the tiles must also have mirror symmetry.
For example, both of the models in Figures 2 and 3 have ∗432 symmetry. The model in Figure 4 uses a motif
with a single line of mirror symmetry and has ∗422 symmetry. The model in Figure 5 uses two motifs with
mirror symmetry and has ∗332 symmetry. While the model in Figure 8 uses a motif with a single line of
mirror symmetry, they are arranged such that no mirror lines exist on the octahedron; it has 422 symmetry.

The pattern in Figure 6 uses a single motif that has three-fold rotational symmetry resulting in a model
with 432 symmetry. The patterns in Figures 7-9 all use a single motif such that the resulting models have
432 symmetry. The pattern in Figure 10 uses a two motifs that each have three-fold rotational symmetry
resulting in a model with 332 symmetry.

The pattern in Figure 11 uses a two motifs, one that has three-fold rotation symmetry and one that has
three-fold rotational symmetry, resulting in a model with 33 symmetry. The pattern in Figure 12 uses a single

Figure 1 : Example tiles decorated with Bézier arcs. The seven geometrically unique crossing
pattern motifs, and notation, for decorating triangles using three Bézier arcs. For simplicity, no
arc crossings are depicted.
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two crossing points, the type (0,2|1,4|3,5) has 4 motifs. The final type (0,3|1,4|2,5) has three crossings
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For example, both of the models in Figures 2 and 3 have ∗432 symmetry. The model in Figure 4 uses a motif
with a single line of mirror symmetry and has ∗422 symmetry. The model in Figure 5 uses two motifs with
mirror symmetry and has ∗332 symmetry. While the model in Figure 8 uses a motif with a single line of
mirror symmetry, they are arranged such that no mirror lines exist on the octahedron; it has 422 symmetry.

The pattern in Figure 6 uses a single motif that has three-fold rotational symmetry resulting in a model
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432 symmetry. The pattern in Figure 10 uses a two motifs that each have three-fold rotational symmetry
resulting in a model with 332 symmetry.

The pattern in Figure 11 uses a two motifs, one that has three-fold rotation symmetry and one that has
three-fold rotational symmetry, resulting in a model with 33 symmetry. The pattern in Figure 12 uses a single

Figure 1 : Example tiles decorated with Bézier arcs. The seven geometrically unique crossing
pattern motifs, and notation, for decorating triangles using three Bézier arcs. For simplicity, no
arc crossings are depicted.

A B C
Figure 2 : Three views of a decorated octahedron having symmetry ∗432. The 4-fold mirror point
is shown in (A) with the 3-fold and 2-fold and mirror points shown in (B) and (C) respectively.
The interlace pattern on the octahedron is comprised of 6 disjoint links. Each link is centered on
a vertex.

A B C
Figure 3 : Three views of a decorated octahedron having symmetry ∗432. The 4-fold mirror point
is shown in (A) with the 3-fold and 2-fold and mirror points shown in (B) and (C) respectively.
The interlace pattern on the octahedron is comprised of 12 disjoint links. Each is centered on an
edge midpoint.

motif to create a model with 22 symmetry. The pattern in Figure 13 uses a two motifs to create a model with
22 symmetry. The pattern in Figure 14 uses two motifs that are mirror images of each other, resulting in a
pattern with 4∗ symmetry.

As seen in the figures, a wide variety of knots and links are created using this method. The number of
links varies from on (Figure 11) up to a maximum of twelve (Figure 3). A given symmetry group can have
a different number of links as seen in Figures 3 and 4, which both have ∗432 symmetry yet have 6 and 12
links respectively. Similarly, they are a number of different symmetry groups that have 4 links; examples are
shown in Figures 5, 8, 9, 10, 12, and 13.

The geometry of the octahedron dictates the locations of fixed points of symmetries. The four-fold point
fixed by a symmetry must occur at a vertex. The three-fold point fixed by a symmetry must occur at a face
center. The two-fold point fixed by a symmetry must occur at a edge midpoint. Mirror lines must pass along
a path of four edges or through the midlines of four faces.

Interlace patterns on octahedra were shown that were created in a modular fashion using a small collec-
tion of motifs. Even though only a small number of tile motifs is possible, one can construct many symmetric
patterns. Only 9 examples of the 33 possible symmetry types of the octahedron are shown in this paper, many
others are possible but it is possible that all symmetry patterns may not be permissible with the limited tile
motifs. While this paper only shows interlace patterns on octahedra, the same procedure can be used to
decorate any polyhedron with faces that are regular polygons. In particular, the motifs used here can be used
to decorate any deltahedron (the family of a polyhedra having faces made of equilateral triangles) which
includes the regular octahedron and the regular icosahedron.

The symmetric patterns on the octahedra can be used as the basis of minimalist artworks. A collection
of decorated octahedra models can also be useful as a tool for teaching symmetry or group structures.

Future plans include generating examples of as many of the 33 symmetry types as possible. Another
future goal is to produce all possible patterns and perform an analysis to determine symmetry and a knot
categorization. Exploration of patterns on other polyhedra with regular faces is also of interest.
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A B C
Figure 4 : Three views of a decorated octahedron having symmetry ∗422. The 4-fold mirror point
is shown in (A) with the two 2-fold mirror points shown in (B) and (C). The interlace pattern on
the octahedron is comprised of 8 disjoint links. Each is centered at either an edge midpoint or
vertex.

A B C
Figure 5 : Three views of a decorated octahedron having symmetry ∗332. The 3-fold mirror points
are shown in (A) and (B) with the 2-fold mirror point shown in (C). The interlace pattern on the
octahedron is comprised of 4 disjoint links, each centered at face.
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A B C
Figure 6 : Three views of a decorated octahedron having symmetry 432. The 4-fold rotational
point is shown in (A) with the 3-fold and 2-fold and rotational points shown in (B) and (C) respec-
tively. The interlace pattern on the octahedron is comprised of 6 intertwined links, each centered
at vertex.

A B C
Figure 7 : Three views of a decorated octahedron having symmetry 422. The 4-fold rotational
point is shown in (A) with the 2-fold and rotational points shown in (B) and (C). The interlace
pattern on the octahedron is comprised of 2 disjoint and 4 intertwined links, each centered at
vertex.

A B C
Figure 8 : Three views of a decorated octahedron having symmetry 422. The 4-fold rotational
point is shown in (A) with the 2-fold and rotational points shown in (B) and (C). The interlace
pattern on the octahedron is comprised of 4 disjoint links, each centered at an edge midpoint.

A B C
Figure 9 : Three views of a decorated octahedron having symmetry 422. The 4-fold rotational
point is shown in (A) with the 2-fold and rotational points shown in (B) and (C). The interlace
pattern on the octahedron is comprised of 4 twisted disjoint links, each centered at an edge mid-
point.



66

A B C
Figure 10 : Three views of a decorated octahedron having symmetry 332. The first 3-fold rota-
tional point is shown in (A) with the second 3-fold and 2-fold and rotational points shown in (B)
and (C) respectively. The interlace pattern on the octahedron is comprised of 4 intertwined links,
each centered at a face.

A B
Figure 11 : Two views of a decorated octahedron having symmetry 33. The first 3-fold rotational
point is shown in (A) with the second 3-fold rotational point shown in (B). The interlace pattern
on the octahedron is comprised of a single continuous intertwined link.

A B
Figure 12 : Two views of a decorated octahedron having symmetry 22, with the two 2-fold ro-
tational points shown in (A) and (B). The interlace pattern on the octahedron is comprised of 4
disjoint links, each centered at a vertex. Two of the links each have two twists.

A B
Figure 13 : Two views of a decorated octahedron having symmetry 22, with the two 2-fold rota-
tional points shown in (A) and (B). The interlace pattern on the octahedron is comprised of two
pairs of intertwined links. Each link shape is identical and has bilateral symmetry.

A B C
Figure 14 : Three views of a decorated octahedron having symmetry 4∗. The 4-fold rotational
point is shown in (A) with two views of the mirror line shown in (B) and (C). The interlace pat-
tern on the octahedron is comprised of 8 links. Four of the links are simple circles centered on
edge midpoints. The remaining links are configured as two pairs of intertwined links centered at
opposite vertices.
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Abstract  
  

This article describes the realisation of some of my sculptures with the 3D “stone” printer developed by Dinitech. 
 

1.  Introduction  
  

1.1.   Dinitech.  In 2009 I met Enrico Dini of the company Dinitech at a conference about innovation in 
architecture at the University of Eindhoven (WAAS – Workshop Advanced Architectural Structures). After 
his presentation about the development of a 3D “stone” printer (Figure 1)  it was immediately clear to me 
that I had to go to Pisa where the printer was located, for the realisation in stone of some of my designs 
which were made using the computer program Rhinoceros. After our first contact it took about one year 
before we could start our first project together. 
 

             
 

Figure 1:  The printer developed by Dinitech in Pisa. 
  

The printing process can be described as follows: the dry material for the concrete is mixed and spread in a 
thin layer of about 5 mm. on the floor, the printing area between the four posts. After that liquid is poured at 
the places where you want to have the material hardened. In fact the lowest cross section of your design. 
After that a new layer of dry material is spread on top of the first layer and the next cross section is drawn 
with the liquid. In this way layer by layer the total design is printed.  

A B C
Figure 10 : Three views of a decorated octahedron having symmetry 332. The first 3-fold rota-
tional point is shown in (A) with the second 3-fold and 2-fold and rotational points shown in (B)
and (C) respectively. The interlace pattern on the octahedron is comprised of 4 intertwined links,
each centered at a face.

A B
Figure 11 : Two views of a decorated octahedron having symmetry 33. The first 3-fold rotational
point is shown in (A) with the second 3-fold rotational point shown in (B). The interlace pattern
on the octahedron is comprised of a single continuous intertwined link.

A B
Figure 12 : Two views of a decorated octahedron having symmetry 22, with the two 2-fold ro-
tational points shown in (A) and (B). The interlace pattern on the octahedron is comprised of 4
disjoint links, each centered at a vertex. Two of the links each have two twists.

A B
Figure 13 : Two views of a decorated octahedron having symmetry 22, with the two 2-fold rota-
tional points shown in (A) and (B). The interlace pattern on the octahedron is comprised of two
pairs of intertwined links. Each link shape is identical and has bilateral symmetry.

A B C
Figure 14 : Three views of a decorated octahedron having symmetry 4∗. The 4-fold rotational
point is shown in (A) with two views of the mirror line shown in (B) and (C). The interlace pat-
tern on the octahedron is comprised of 8 links. Four of the links are simple circles centered on
edge midpoints. The remaining links are configured as two pairs of intertwined links centered at
opposite vertices.
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2.  First Project – Arte Sella.  

  
2.1.  The Design.  In 2010 I was invited by the sculpture park Arte Sella in the North of Italy to make two 
sculptures for the park. For me this was a unique opportunity to realise one of my designs by the use of the 
3D printing technique developed by Dinitech. One of the projects I was working on was the exploration of 
multilayer surfaces based on the use of helical holes (Figure 2). In the rendering of the computer model, 
which was designed in Rhinoceros you can see how it would look like in concrete. I had already small nylon 
models produced using the technique of SLS-printing (Selective Laser Sintering) (Figure 3). 
 
 

               
 

Figure 2:  Computer rendering of the model .  Figure 3:  3D print of the model in nylon. . 
 

 
2.2.  Realisation. With Enrico Dini we discussed the details of the model and I made some adjustments 
before we started the printing process. Mainly the thickness of the surface had to be changed. After our first 
meeting a complete new printer (Figure 4) was build with many improvements based on the experiences 
with the first printer. The new printer came in use just before the start of this project. 
 

 

            
 

Figure 4:  The new printer.    Figure 5:  Printing the sculpture. 
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Figure 4:  The new printer.    Figure 5:  Printing the sculpture. 
 

 

Printing the sculpture took about four days and after that it had to be ‘unpacked’ and cleaned before it was 
ready for transport. After the printing process the dry material, that is the material where no liquid is poured, 
can easily be removed and reused for a next print. The height of sculpture is about 2 meters and as you can 
see the base as well as  a “cage” to avoid damage during transportation are printed together with sculpture 
(Figure 6).  This cage, at both sides and on the, is removed with the use of an angle grinder. After three years 
now the sculpture is still in the park of Arte Sella and in good shape. 
 

           
 

  Figure 6:  The sculpture with the printed cage.     Figure 7:  The final sculpture. 
 
 

3.  University Twente.   
 

3.1.  Introduction.  The next project was in 2011. To celebrate their 50th birthday the University of Twente 
had ordered four sculptures to be placed at the campus of the University.  
 
3.2.  Design. Again the design is made using the computer program Rhinoceros. Starting point of the design 
of the first two sculptures was a weaving with two surfaces as can be seen in Figure 8d. From this point on 
the double surface can be rolled up in two different directions and in both cases this can be done in such a 
way that you end up with just one entwined surface. 
 

           
 

Figure 8 a,b,c,d: Weaving two surfaces.                 
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3.3.  The first sculpture. The two interwoven surfaces can be rolled up as in Figure 9 a,b,c,d. At the 
moment the left edges gets connected to the right edges, the first of the two entwined surfaces becomes 
connected to the second. So now the total structure has become one single surface interwoven with itself. 

 

  
 

Figure 9 a,b,c,d: From two interwoven surfaces to one surface. 
 

 
Before sending it to the printer I decided to make the design more attractive by twisting the total structure a 
little (Figure 10 b) using one of the transformation tools in Rhinoceros. 
 

   
 

Figure 10 a,b,c: The final transformation. 
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3.4.  Printing the Sculpture.  Because of the fact that the sculpture had to transported from Italy (Pisa), 
where it was printed, to Holland (Enschede) we decided to print the sculpture with a height of 2.5 meters. 
Figure 11-14 shows how the sculpture is printed: layer by layer a cross section is “drawn” by pouring the 
liquid in a bed of  “sand”; when a cross section is made a new layer of sand is placed on top of the others in 
which the next cross section is drawn. The thickness of each layer is about 5 millimetres.  
 

       
 

Figure 11:   Cross section on the computer screen.    Figure 12:   The result in printer. 
 

 
When the printing process is ready all the dry sand has to be removed before you can see the final sculpture. 
And after that it is made ready for transport. In some of the empty space foam is injected to give the structure 
more stability during the transport. 
 

      
 

Figure 13:   The sculpture after cleaning.      Figure 14:   Ready for transport. 
 
 

3.5.  The second sculpture.  Rolling up the two entwined as shown in Figure 8d in the other direction can 
also lead to a single surface structure. This is shown in Figure 15 a,b,c,d. Instead of connecting the left edge 

3.3.  The first sculpture. The two interwoven surfaces can be rolled up as in Figure 9 a,b,c,d. At the 
moment the left edges gets connected to the right edges, the first of the two entwined surfaces becomes 
connected to the second. So now the total structure has become one single surface interwoven with itself. 

 

  
 

Figure 9 a,b,c,d: From two interwoven surfaces to one surface. 
 

 
Before sending it to the printer I decided to make the design more attractive by twisting the total structure a 
little (Figure 10 b) using one of the transformation tools in Rhinoceros. 
 

   
 

Figure 10 a,b,c: The final transformation. 
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to right edge now the front edge is connected to the back edge. This is done with a little shift of the edges 
before connection. It is fascinating to see how different the final result is compared to the sculpture of Figure 
10c. 
 

  
 

Figure 15 a,b,c,d: From two interwoven surfaces to one surface. 
 

It might be hard to see in the design that the resulting structure is really just one single surface. I first made a 
test 3D print in nylon (size about 15 centimetres height) and after that we decided to print this in concrete at 
the height of 2.5 meters. 
 

                   
 

Figure 16:   The small nylon model.    Figure 17:   The result in concrete. 
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4.  Transport  
 

4.1.  At the Campus .  After the transport from Pisa to Enschede we still had a difficult job to do. The 
sculptures had to put on place and cleaned up. The foam had to be removed and some polishing had to be 
done. 
 

    
 

Figure 18:   The truck has arrived. 
 
 

                
 

Figure 16:   Sculpture 1.    Figure 17:   Sculpture 2. 
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4.2.  The Result .  The sculptures were placed in August 2011 and the final result can be seen at the Campus 
of the University in Enschede. 
 

     
 

Figure 18:   The sculptures on the Campus of the University Twente in Enschede, Holland. 
 
 

4.  Future Projects 
 
4.1.  Landscape House .  One of the future projects is the printing of the “Landscape House”. Together with 
JanJaap Ruijssenaars we worked out his design of a house based on the Moebius strip. We hope to be able to 
realize this design together with Enrico Dini and his company Dinitech. 
 

  
 

Figure 19:   The Landscape House. 
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Abstract 

The paper demonstrates the systematic approach followed by RoboFold Ltd. to incorporate curved folding in 
objects of multiple scales within the disciplines of sculpting, product design and architecture. The methodology of 
fabricating curved folded designs that incorporates designing of a form through the use of flat sheet materials is 
elucidated in detail, which includes experimentation, geometric analysis and form development. The changes in 
material behavior that occur in response to curved folding are explained in a broad sense. Geometric and material 
analyses that lead to optimization of the fabrication process are explained in detail with regard to the availability of 
sheet materials in the domain of industrial manufacturing. The research throws some light on the future possibilities 
of curved folding as a form-finding tool in the architecture and design industry with the use of advanced software 
developed by RoboFold. 

Keywords: Curved folding, robofold methodology, tool development, form finding 

01- Folded Geometry 

Folding in geometry has always been an important principle in developing 3 dimensional forms from 2 
dimensional planar geometries. It is one of the many tools where geometric modifications lead to creation 
of new typologies, without any change in topology, which would require stretching and bending over a 
regular folding. The principle of folding has been long used to develop structural forms and spatial 
enclosures as well as to study the relationship of 2 dimensional planar geometries and 3 dimensional 
forms. The basic principle of folding is based on creases or score-lines (technically) which are classified 
as ridges and valleys, based on the direction of fold. Folding in geometry leads to new forms of inter-
connected systems where all faces that are formed from a planar surface are interdependent in terms of 
structural flow. This property can be exploited to create efficient structural systems such as folded plate 
structural roofs (Figure 1). 

Figure 1: Folded structural roof of Yokohama Port Terminal by FOA (Foreign Office Architects). 



76

The systemic study of folded geometry includes crease patterning with ridges (also called mountains) and 
valleys. After folding the creases in the desired direction, a 3 dimensional form is achieved with varying 
degree of flexibility and rigidity in different directions.  

Figure 2: Explorations of folded geometry to develop interconnected systems for project 
‘adaptive[skins]’ by Sushant Verma and Pradeep Devadass, done at AA-Em.Tech. 

The behavior of material with the change in typology does not change in such cases, however, new 
behavior of system emerges, primarily the structural behavior. 

02-Straight Folding and Curved Folding 

Folding in geometry is done with two primary principles as explained earlier – ridges and valleys. New 
variations can be achieved as these crease lines are made as ‘straight’ or ‘curved’. Folding of a planar 
surface depends on the type of crease lines, pattern of crease lines and the relationship of individual 
crease lines. These factors also define the behavior of the new 3 dimensional geometry. Curved folding 
gives stability to the new form and has to be defined mathematically. Folding of planar surfaces along 
curved lines leads to curved surfaces with zero Gaussian curvature (approximated). However the curved 
surfaces appear to be double curvature (positive Gaussian curvature) due to their form. This largely 
depends on the material in which folding is done, and is true for thin and flexible sheet materials such as 
paper. 

Figure 3: Folding of a paper sheet along a: straight crease (Left) and curved crease (Right) 
 (Courtesy: RoboFold Ltd.) 
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A detailed study of such curved surfaces leads to study of ruled lines that define the surface geometry. 
These ruled lines are always straight lines that lie on the surface and can be studied using physical models 
or digital representations. The digital representations, however, require the primary parameters of 
geometric formation, which are straight ruled lines for most of the digital modeling tools available today. 
A systematic approach is required to digitally model curved folded geometries. 

Figure 4: Study of lines on ruled surfaces: Unfolded (Left) and Folded (Right)  
(Courtesy: RoboFold Ltd.) 

Figure 5: A paper model demonstrating folding along curved crease lines (Courtesy: RoboFold Ltd.) 

03-Sheet material in industrial fabrication 

RoboFold Ltd. incorporated in 2008, has developed a systematic approach centered on curved folding and 
various techniques for industrializing folding in different materials, specifically metals. Almost all the 
materials available in market come as flat sheets, straight out of the factories. The manufacturing industry 
is optimized to produce materials as sheets, which form the basic 2 dimensional planar surface geometry. 
This inspires and drives the principle of RoboFold to develop folded geometries from flat sheets. The 
folding technique incorporated by RoboFold is revolutionized by using robotic arms to fold specific sizes 
of metal sheets without using any molds. The control of this type of fabrication is done through use of 
sophisticated digital tools coupled with simple analog techniques (Figure 6). 
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Figure 6: Folding of flat aluminium sheet using Robotic Arms (Courtesy: RoboFold Ltd.) 

04-Methodology of RoboFold 

RoboFold has developed a systematic methodology over years of practice and experience in curved 
folding of metals. The firm has developed advanced software to simulate curved folding in a digital 
environment to control and manipulate the design data required for fabrication. After in-depth research 
and understanding of principles involved in curved folding and material behavior, software KingKong 
was developed, which is a plug-in software for Grasshopper – a commonly used parametric tool for 
Rhinoceros 3D modeling. Before the geometric data is fed into the software to control and develop the 
design, a series of physical experiments using paper are carried out. Different types of creases lead to 
different folded geometries, which are explored to create a desired three dimensional form.  

Figure 7: Examples of curved lines for folding (Courtesy: RoboFold Ltd.) 

After exploring form using paper sheets, geometric studies are done and ruled lines that form the surfaces 
are marked out. These ruled lines are straight and can be located on the curved surfaces in the physical 
models using a straight object/guide. This stage informs the geometry in the digital environment using 
ruled lines. 

Figure 8: Study of ruled lines defining the folded geometry (Courtesy: RoboFold Ltd.)

The ruled lines that form the geometry are scanned and taken into the digital environment and software 
KingKong simulates the curved folding with the potentials of manipulating it within the parameters of 
ruled lines. The digital object is aggregated on a parameterized grid to form paneling systems, ready to be 
fabricated using aluminium sheets. These patterns of paneling systems are prototyped in paper models. 
The manipulation of grid in KingKong software changes the morphology of each panel, slightly or 
considerably, depending on the requirements. These geometries are then flattened in the software, being 
developable geometries, and printed using CraftRobo on paper, which marks the creases and edges of 
each panel, with numbering.  

Figure 9: Paneling system created using KingKong software (Courtesy: RoboFold Ltd.)

Using the flexibility of KingKong software, multiple options can be created in the digital environment, 
which can be prototyped easily in paper models, and fabricated using aluminium panels.  



79

After exploring form using paper sheets, geometric studies are done and ruled lines that form the surfaces 
are marked out. These ruled lines are straight and can be located on the curved surfaces in the physical 
models using a straight object/guide. This stage informs the geometry in the digital environment using 
ruled lines. 

Figure 8: Study of ruled lines defining the folded geometry (Courtesy: RoboFold Ltd.)

The ruled lines that form the geometry are scanned and taken into the digital environment and software 
KingKong simulates the curved folding with the potentials of manipulating it within the parameters of 
ruled lines. The digital object is aggregated on a parameterized grid to form paneling systems, ready to be 
fabricated using aluminium sheets. These patterns of paneling systems are prototyped in paper models. 
The manipulation of grid in KingKong software changes the morphology of each panel, slightly or 
considerably, depending on the requirements. These geometries are then flattened in the software, being 
developable geometries, and printed using CraftRobo on paper, which marks the creases and edges of 
each panel, with numbering.  

Figure 9: Paneling system created using KingKong software (Courtesy: RoboFold Ltd.)

Using the flexibility of KingKong software, multiple options can be created in the digital environment, 
which can be prototyped easily in paper models, and fabricated using aluminium panels.  



80

Figure 10: Examples of paneling systems prototyped in paper (Courtesy: RoboFold Ltd.)

After development and prototyping stage, the fabrication data from KingKong software is converted to G-
code (using the in-house CAM Software Dromedary- developed by RoboFold) which is used for the first 
stage of fabrication using aluminium sheets, used by CNC machine for cutting the edges and scoring the 
crease lines.  

Figure 11: CNC machine cutting and scoring the aluminium sheet (Courtesy: RoboFold Ltd.)

After the first stage of CNC machining, folding of aluminium sheets is required. For this, Robotic Arms 
are used. Two robotic arms and one static arm are used for this process and RoboFold has developed an 
in-house software to control this process in digital simulation environment and calibrate with the 
movement and pressure of the robotic arms. This is a novel technology and process developed by 
RoboFold which is one of the very few practices using Robotics in Architecture. 

Figure 12: Digital environment simulating the folding process by robots (Courtesy: RoboFold Ltd.)
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RoboFold recently launched Godzilla which is a software to simulate robotic motion in the digital 
environment. This easy-to-use commercially available software can be used to digitally simulate any 
make of robots on a defined trajectory. In case of folding aluminium panels, the trajectory values are 
taken from KingKong sequence. 

Figure 13: Robots performing the curved folding of aluminium panels (Courtesy: RoboFold Ltd.) 

The panels are ready to be installed on wall in the designated grid pattern. Numbering and sequencing is 
done in the fabrication process and is scored on individual panels. 

Figure 14: Installation of aluminium panels on a wall (Courtesy: RoboFold Ltd.)
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05-Design to Fabrication: Process Optimization 

RoboFold comprises of distinct units to handle the design and fabrication stages of a project in a coherent 
and collaborative manner. We have a transparent system where we involve both, the client and the 
designer, in development of any project. The scope of works that RoboFold can include under its domain, 
ranges from concept design, design consultancy, fabrication using high-end technology and installation. 
We also provide tutorials and workshops for designers to teach the appropriate use of our software 
KingKong and processes and methods of folding. RoboFold has patented the process to form metal 
directly using 6-axis industrial robots. No mold-tools are required to form the metal, giving the ability to 
design and customize the geometry of each part. The entire process, from design to production, is 
simulated and controlled in CAD (Computer Aided Design) software. 

Figure 15: Design to Fabrication process of RoboFold (Courtesy: RoboFold Ltd.)

This systematic approach helps to achieve optimization in the process of fabrication. The entire process 
from design to fabrication can be controlled and manipulated with ease and controllability.  

06-Curved folding as form-finding 

Curved folding can also be used as a form finding tool where a global form is informed by the curved 
folding experiments, as opposed to the linear approach described in the paper. Folded geometries using 
curved folds inherit a structural strength and show a better performance as opposed to straight folded 
geometries. Curved folding also creates unconventional spatial effects which can be explored with the 
performance and used as design criteria in the architecture and design industry. Projects such as ARUM 
by Zaha Hadid Architects in the Venice Biennale 2013 comprised of components of folded aluminium 
panels with varying morphologies. This was a result of the global form which informed the project and 
design on individual components. RoboFold provided consultancy services for this project and the linear 
approach could not be followed and the fabrication process was customized. We suggest that principles of 
curved folding, applied with performance analysis tool, can inform large scale architectural projects and 
boundaries of the current systems can be pushed and explored further. 
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Figure 16: ARUM Pavilion by Zaha Hadid Architects – Consultancy by RoboFold 
 (Courtesy: RoboFold Ltd.)
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Abstract 
 

This paper highlights two case studies that underscore the emerging practices of unique, non-standard masonry 

veneer. The case studies, both CNC milled from limestone, propose practical opportunities and theoretical 

implications through the use of parametric design and digital fabrication technologies - practices that could 

ultimately become standards in building tradition. The first exploration, called Living model, creates non-standard 

stone modules with a cavity space to hold plant and earth medium to act as a biowall for hot and dry climates. The 

second case study celebrates the reliance on conventional hand labor to generate highly sculptural mass-customized 

patterns and effects. This project describe innovative strategies of labor and production of a non-standard, mass 

customizable brick or masonry façade and give new meaning to the term “hands-on” masonry craft. This paper asks 

from each model how the emerging fabrication technologies have continued or furthered the idea of the architect as 

‘maker’, as oppose to ‘manager’, in the context of mass-customization of the particular masonry construction.1 

These projects suggest that variety need not be compromised for mass production to be viable. Ultimately, the 

paper aims to disclose the benefits and limitations of integrating parametric shape modeling and fabrication. 

 

 

 

Introduction 

 
By definition, a brick or masonry unit embodies standard repetition of standard construction.  Mainstream 

masonry facades tend to embody a design intention of low-maintenance brickwork structures where the 

brick is a standard size and is placed in a standard configuration with occasional variation in color, 

texture, position, pattern, and joint. The expanse of façade is typically homogenous, and tends to outline 

an orthogonal form rather than giving relief through geometry and pattern. To date, architecture has 

witnessed unsurpassed advances in computational innovation and yet the discipline has only recently 

engaged the capabilities of computer-based numerically controlled (CNC) techniques for its own 

innovative design of masonry production and fabrication.  

Despite CNC developments, the standard for brick and stone facades are generally still constructed 

with a 1960’s technique and economic rationalism. Many cities require that building’s exteriors adhere to 

a certain percentage of brick or stone, and yet the standard paradigm prevails. Is the reality of hand labor 

the issue? Mark Burry pointed out almost a decade ago the revival of architect as 'maker' brought on by 

the discipline’s recent relationship to CNC. He also reminds us of Ruskin's exhortation that the architect 

need not devolve fully that they "work in the mason's yard with men". Is the masonry product itself 

restricting the inertia to mass-customize thermal mass for the masses? How does the non-standard then 

become the standard? And should it? Cost effectiveness and the potential for these masonry walls to do 

more than the average brick will be the impetus for furthering mass customization of geometry through 

parametricism in masonry facades. 
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Standard Practice 
 

Researching the domain of the non-standard assumes a standard. The constraints of mainstream masonry 

architecture typically derive from economics, regional material structures, skill of labor, desire of clients 

and environmental considerations. For instance, new brick construction might never occur in places that 

are prone to earthquakes, however in other areas masonry may be merely a stylistic status symbol (to the 

point that cheaper houses use masonry facades like wallpaper).  

Architects and designers have historically looked for expression and decorative effects through the 

masonry unit. This originates out of the most economical means through to plastic treatment of whole 

walls or fields of molded brick. Unlike the Gaussian roof vaults in single-thickness brick achieved by 

Eladio deEste, or more currently the Block Research Group at ETH Zurich
2
 and Defne Sunguroglu in 

Helsinki
3
, the selected case studies propose façade applications of mass-customized masonry, accept 

traditional materials like brick and stone and prefer to mass-customize within that known palette. Both 

case studies are skins (i.e. not load bearing), although their thickness implies the reverse. This indicates a 

trend toward material thickness and articulation derived from parametric capabilities. By giving shape to 

what would typically be a flat condition, the purpose of the non-standard potentially demands more of its 

material and output,, eventually becoming a more beneficial standard.  

 

The methodologies used to design and fabricate the biowall will push these advanced technologies in 

an atypical, ecological direction. The BIM software currently being adopted by architecture practices 

represents a significant shift in the current workflow; this shift can be compared to the one that took place 

in the architecture discipline when Computer Aided Design (CAD) replaced manual drafting.  However, 

because BIM is primarily recognized as a way to document architectural projects more efficiently than 

CAD, research into the direct use of BIM as an exploratory design and fabrication tool is to date mostly 

absent.  

 

The case studies, both CNC milled from limestone, propose practical opportunities and theoretical 

implications through the use of parametric design and digital fabrication technologies - practices that 

could ultimately become standards in building tradition. The first exploration, called Living model, 

creates non-standard stone modules with a cavity space to hold plant and earth medium to act as a biowall 

for hot and dry climates. The second case study, titled Hand Model, celebrates the reliance on 

conventional hand labor to generate highly sculptural mass-customized patterns and effects. This project 

describe innovative strategies of labor and production of a non-standard, mass customizable brick or 

masonry façade and give new meaning to the term “hands-on” masonry craft. 

 

 

Living Model 
 

Project Description. A living-breathing plant wall, or "biowall" has potential as a cladding solution for 

buildings and structural partition walls. It typically consists of a number of modular panels composed of 

several varieties of native and exotic plants that are nestled into their own individual pockets containing 

soil or engineered growing media.  A biowall can be both beautiful and functional, acting as a bio-filter 

and an aesthetic feature of a building.  As an effective air purifying system, the wall is a natural air filter, 

which removes, particulate matter, O3, VOCs and CO2 from the air as it passes through or across the wall 

and works to filter these atmospheric components and provide clean air to the into a building's internal 

spaces. A biowall can run independently of any mechanical systems in the building apart from water 

supply and requires limited maintenance including pest and disease control, feeding (depending on 

design) and the removal and trimming of any extraneous dead or wilting foliage. 
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A biowall system struggles however in a hot, dry climate like Austin, Texas as the roots of such 

cannot sustain the temperatures, soil nutrient loss and lack of moisture.  Limestone, a regionally sourced 

cladding solution predominantly used in this type of climate, could potentially act as a thermal mass and 

cooling barrier for specified plants allowing plant transpirational cooling and water to filter through to the 

plant roots. Previous research on suitability of plants for green (vegetated) roofs indicates that there are a 

suite of plant species, tolerant of high root temperatures and limited water availability are likely 

appropriate for this application, although this has yet to be tested in a subtropical climate.  This pilot 

project used the technological advances of Building Information Modeling (BIM) to design, analyze and 

fabricate a pocketed limestone biowall for the Austin, Texas region (see Figure 1). 

 

Purpose. This project proposed the production of a living-breathing plant wall, or "biowall" as a 

potential cladding solution for buildings and structural partition walls. The particular geometry of the 

biowall component is such that the cavity can hold the plant and grow medium in place as well as 

maintain a thickness of mass to act as a thermal barrier for roots in both summer and winter. The selected 

plant matter (Nimblewill Muhlenbergia schreberi) can act as a bio-filter and an effective air purifying 

system. The wall is intended to promote natural air filtration, which removes, particulate matter, O3, 

VOCs and CO2 from the air as it passes through or across the wall and works to filter these atmospheric 

components and provide clean air to the into a building's internal spaces.
4
 

 

 

 

 
Figure 1: Limestone component arrangement, showing water drainage holes 
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Figure 2: Versions of component created by varying parameters, image below showed geometry of 

square base shifted and lofted into circle profile condition 
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Hand Model 

 
Project Description. Despite its general efficiency and suitability, a rectangular brick can be restrictive 

for mass-customization of a masonry façade when accepting standard (i.e human) means of assembly. 

The technology for creating variation and difference is already a well-established process, but is not 

always integrated into projects because of the conventions of labor and the accepted standardization of 

masonry units. This case study, referred to as Hand Model, relieves the severity of a standard brick 

repetitive pattern through research of alternative stone milling with CNC technology. The project 

eliminates carving in situ or cutting gauged pieces by a bench-mounted disc-cutter of the past. The 

geometry of the brick plays upon an accepted tradition, like gauged brick and stonework. Through the use 

of emerging technology, the standard brick is reconsidered to ergonomically reflect the mason’s hand 

with its bulges and deep valleys. 

 

 

 

 
Figure 4: Limestone ‘Hand model” component arrangement, each brick is unique but is derived from the 

same parametric family type. 

 

Gauged brickwork is a masonry craft where bricks are cut or rubbed to fine tolerances. Historically, 

it originated through guilds of the 15
th
 century Medieval and Tudor masonry. This form of finish detail 

became prolific in the 1870's due to the influence of the 'Arts and Crafts Movement' and relationships of 

highly skilled master bricklayers to Victorian apprenticeships. The advance in technology at that time also 

prompted the use of twisted wire bladed bow saws and cutting or moulding boxes to shape rubbers. 

'Rubbers' are the bricks used for these purposes and consist of finely sieved brick. As a consequence, 

rubbers are relatively soft compared to a standard brick. For the purpose of this research, soft limestone is 

used as rubbers.  

Heavy patterning and moulding in masonry construction is now said to be all but obsolete.
 6

 There 

has been something of a revival of the carving of standard stock bricks by eminent sculptors like Walter 

Ritchie with “The Creation” at Bristol Eye Hospital. This, however, has been mainly of the low relief, 

sculptural variety and rarely the extensive architectural carving of the past. The ‘petals’ of this research 

project are CNC milled from 1’ x 2’ x 6” deep units of stone and utilize parametric modeling to rethink all 

parts of a standard brick: the frog, the bed, the arris, and the stretcher. Each carved piece is derived from 

 

Geometry. The project demonstrates a process that reveals a material’s advance exploration in 

particular within the parametric model paradigm.  These units are designed to transition from a regular 

square profile to that of a circle in order to hold sufficient volume of growing media and to support a 

number of trial species (see Figure 2). The extended negative volume grows up and out from the wall to 

support the growing media itself -comprised largely of recycled materials such as hydroponic foam, rice 

hull ash. The shape and internal volume have been optimized to maintain the water retaining media 

selected, allow ion (nutrient) exchange, and prevent mass air flow which can potentially desiccate the root 

environment. The shape is also expected to optimize the plant performance through the thermal capacity 

of its materiality and geometry thickness as part of this modified growing environment.  

 

The geometry of each component changes according to their relationship to orientation and 

neighboring position (see Figure 2 top). The inner circle diameter gives the greatest difference distinction- 

a parameter that controls the scale of the plant size and shape. These variations are created from one 

family file with seven parameters to adjust. Theoretically, the project tests how the design can flex or 

change up to the last minute but more importantly how easily a fabricator can adjust to these parameter 

shifts as well. 

 
Methodology. The objectives for this case study were to test the capabilities of BIM software to 

digitally achieve the necessary geometries for a partial biowall prototype, to directly translate material 

characteristics of Texas limestone from the material editor in BIM and then to use Computer Numerically 

Controlled (CNC) 5-axis technology to mill the prototype. BIM software also defines objects 

parametrically; that is, the objects are defined as parameters and relations to other objects, so that if a 

related object is amended, dependent ones will automatically also change. Each model element can carry 

attributes for selecting and ordering them automatically, providing cost estimates and well as material 

tracking and ordering.
5
  

 

To begin, a pattern of complex openings for one panel was created in the virtual environment.  The 

openings or apertures would be determined by the space needed for crushed, recycled hydro-foam per 

plant as well as optimal directionality and shading.  Parameters were set to these constraints. This virtual, 

parametric 3D form defined the shape that was cut by the CNC.  Prior to fabrication, the virtual form was 

analyzed for its thermal capacity and simulated a complete building design and environment.  The effects 

of solar radiation on the surface of the BIM shape for the particular location, orientation and material 

specificity can justify and optimize its geometry and complexity as a conceptual building mass. 

 

 

 
 

 
Figure 3: Parametric model sent to fabricator 
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Hand Model 

 
Project Description. Despite its general efficiency and suitability, a rectangular brick can be restrictive 

for mass-customization of a masonry façade when accepting standard (i.e human) means of assembly. 

The technology for creating variation and difference is already a well-established process, but is not 

always integrated into projects because of the conventions of labor and the accepted standardization of 

masonry units. This case study, referred to as Hand Model, relieves the severity of a standard brick 

repetitive pattern through research of alternative stone milling with CNC technology. The project 

eliminates carving in situ or cutting gauged pieces by a bench-mounted disc-cutter of the past. The 

geometry of the brick plays upon an accepted tradition, like gauged brick and stonework. Through the use 

of emerging technology, the standard brick is reconsidered to ergonomically reflect the mason’s hand 

with its bulges and deep valleys. 

 

 

 

 
Figure 4: Limestone ‘Hand model” component arrangement, each brick is unique but is derived from the 

same parametric family type. 

 

Gauged brickwork is a masonry craft where bricks are cut or rubbed to fine tolerances. Historically, 

it originated through guilds of the 15
th
 century Medieval and Tudor masonry. This form of finish detail 

became prolific in the 1870's due to the influence of the 'Arts and Crafts Movement' and relationships of 

highly skilled master bricklayers to Victorian apprenticeships. The advance in technology at that time also 

prompted the use of twisted wire bladed bow saws and cutting or moulding boxes to shape rubbers. 

'Rubbers' are the bricks used for these purposes and consist of finely sieved brick. As a consequence, 

rubbers are relatively soft compared to a standard brick. For the purpose of this research, soft limestone is 

used as rubbers.  

Heavy patterning and moulding in masonry construction is now said to be all but obsolete.
 6

 There 

has been something of a revival of the carving of standard stock bricks by eminent sculptors like Walter 

Ritchie with “The Creation” at Bristol Eye Hospital. This, however, has been mainly of the low relief, 

sculptural variety and rarely the extensive architectural carving of the past. The ‘petals’ of this research 

project are CNC milled from 1’ x 2’ x 6” deep units of stone and utilize parametric modeling to rethink all 

parts of a standard brick: the frog, the bed, the arris, and the stretcher. Each carved piece is derived from 
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the same genus or family type, meaning a trapezoidal footprint divides and bulges in form to create one 

unit. Although similar in form, each petal is unique and varies in its curvature, peak height, valley depth 

and profile shape (see Figure 5).  

 

 

 
 

Figure 5: Limestone brick shows deviation from a standard brick shape 

 

 

The non-standard shapes provide material effects that together give expression to an inner revolt 

against the monotony of mass production. Plastic treatment of the building component produces interplay 

of light and shade as it breaks the emphasis of either typical horizontal or vertical patterning. The natural 

stone, with its individuality of color and texture features, also enriches the surface variation and dissolves 

easily away under the force of the CNC. The technology highlights variation in the material with its 

imbedded shells and irregularity of organic makeup. The CNC creates a tertiary pattern where the drill bit 

had executed its finishing passes in the X and Y-axis direction. The time required for each of these X and 

Y passes across limestone is negligible for a result of crafting texture. 

 

Can the geometry of a “brick” add to its already exceptional thermal and acoustic properties? 

Variation in form has potential to open up an entire realm of exploration for greater performance from 

these individual elements. Increased volume and surface area make for a greater thermal protection and 

acoustic barrier. The peaks and valleys of each individual brick create an undulating field when placed 

next to neighboring bricks. For plastic effects, the projecting bricks form a pattern whereby each building 

component, with its varying depths and curvatures, has potential to direct and divert wind or water 

coming down the surface of a façade, as shown in CFD analysis.  Alternative functions of this brick might 

match that of the University of Aarhus, Main hall interior where brickwork details perform acoustically, 

scattering sound waves much more than the absorption qualities of a standard brick or stone unit. The 

BIM parameters of angle, depth, and chamfer angle can be modified to produce a particular percentage of 

sound diffusion, like the research panels of Brady Peters. Alternative configurations could adhere to 

pursuits like the Brick Biotope, whereby a set of brick typologies are designed as a natural living 

environment for birds and other ecological habitats.7  

 

Carving requires the ability to naturally think and create three-dimensionally. Traditionally, brick 

carving is rarely the work of the bricklayer, but instead generally the preserve of the “trade carver”, who 

could work in brick, stone or wood. The carver manipulates the bricks himself by sawing, cutting or 

rubbing them on site. The success of the outcome would then rely solely on the skillset of this mason. Part 

of the training of a carver is now being passed down to architects through BIM technology and digital 

fabrication. Building upon the skills of a new generation, the architect can now play the role of a most 

prestigious artisan carver and highly skilled craftsman with whom the virtuoso bricklayer enhances an 

ambitious façade. In the same vain, these peaks and valleys of the unit also conform to a more ergonomic 



91

hold of the bricklayer’s hand and exist to be picked up, placed and potentially made into alternative, novel 

configurations (see Figure 6 and 7). 

 

 

 
 

Figure 6: Limestone component geometry forms for best hand hold 

  

The “petal-like” bricks of this façade can stack together neatly into a predetermined digital pattern. 

Assuming a specific pattern is desired, hand labor could adopt a parcel tracking system, like that of a 

barcode or tagging identity, in order to direct and assist each brick’s accurate position in space, like the 

Mero Space Frame System. The project can also vary in pattern composition according to the placement 

by the bricklayer on site given that clusters exist in the brick typology (see figure 7). Therefore, 

customization of composition might ultimately further a non-standard brick through a traditional laborer's 

hands-on decision making, putting the finish quality out of the control of the said designer.
8
 Does the 

design control made available through the CNC allow for this design relationship between 

architect/carver and bricklayer/designer to flourish? Does this relationship enhance craftsmanship of the 

non-standard more so than the use of advanced robotics? It is challenging to argue against the future of 

advanced technology to interpolate non-standard pieces into an assembly, like “singulation”- a range 

image system guided by an AdeptOne Robot utilized by the US Postal Service for recognizing irregular 

packages from a moving conveyor at thirty six pieces per minute with more than 95% efficiency.
9
 

Although this system can recognize, size, and locate highly diverse materials and objects in space, greater 

chance of outcome diversity might occur out of the human selection for mass assemblies. There is the 

opinion that “mass customization is only relevant when the custom elements are massed together, rather 

than deployed as discrete elements, because they release an unprecedented richness in assemblies that 

even traditionally have required thousands of pieces.”
10

  

 

 

 
 

Figure 7: Hand labor redistributes arrangement; gaining final control of design 
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Figure 8: 3D printing same files for fabrication assist in design decision making 

 
Is stone milling an economically viable and practical use of precious material? The project 

recognizes parametric capabilities for a generative process of variability (i.e. once file to CNC has been 

separated for milling, anything can change at the last minute). In so far as to say, the geometry of the 

pattern and its intended material are linked associatively to the fabrication process. Variations are 3d 

printed to test pattern making to recognize many ways can they all fit together. The process redefines 

relationship between design and production as it no longer adapts a static state in the conception process 

just before fabrication is meant to take place. Alternatively, the work of Stone Spray Robot 3D prints 

architecture out of soil - preferably the soil on location where needs to be printed. This research project is 

aimed at finding means of proposing new eco-friendly, efficient and innovative systems using additive 

CNC fabrication.
11

 

 

 

Outcomes 

 
It is known that great thickness and weight of masonry walls provide enormous advantages in heating and 

cooling as a thermal mass. Such a thick mass certainly also allows for various design options as a façade. 

Is the custom mass integral to future standard practice or might it easily be viewed as uneconomic for 

standard building processes? As technology continues to become more and more ubiquitous and 

generations of architects have this carver training as part of their pedagogy, the use of non-standard 

customization will become more cost effective. Guided by the work of Abraham Robinson’s nonstandard 

analysis community, perhaps nonstandard products and the way they are shaped are not meant to be 

translated into standard ones because the intuitive content is greater and/or clearer when left in 

nonstandard agendas. The use of nonstandard building components in architecture describes the behavior 

of singular economies, and the use of nonstandard methods give meaning to concepts that do not 

classically make sense, such as certain products of infinite and equally many independent, equally 

weighted random variables. Nonetheless, carved brickwork is a natural progression from gauged work 

and has moved beyond being considered purely an art to an architectural craft via digital fabrication and 

advanced technology assemblage.
12

  Variation in the carved surface can give not only aesthetic appeal but 

can be crucial for future innovation and qualitative transformations.
13
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The ‘hand model’ case study points out modifications to existing methods of production within the 

discipline that allows for a destabilization labor. Does a robot replace bricklayer or conflate the role of the 

designer? Can material behavior be hybridized with its production? These are questions that could 

potentially be answered by modes of non-standard (re)production in masonry construction. 

 

Equally, interest in sustainable development technologies that incorporates living systems into 

building design, are growing in popularity. Further, the green building industry such as USGBC’s LEED 

(Leadership in Energy and Environmental Design) and the SITES (Sustainable Sites Initiative) is 

encouraging living technologies which improve ecosystem services of buildings and landscapes. In North 

America, many of these technologies such as the green roof industry is still under development and 

implementation is limited due to high cost of materials and installation even where there are incentives in 

place. Green walls, either as façade or biowalls, potentially offer a cheaper alternative to green roofs in 

that the structure is easier and cheaper to support, reduced possibility of water leaking into the structure, a 

smaller footprint, and green walls have the added advantage of mitigating sound pollution and higher 

visibility. Similar to greenroofs, green walls offer many design opportunities as well as ecosystem service 

benefits such as building cooling, carbon sequestration, air pollutant removal, and removal and retention 

of excess or waste water. To date these attributes are largely untested with respect to biowall 

performance.  

 

Although there are numerous structural technologies associated with green wall design including 

trellis structure, growing media, composition, irrigation systems etc., these need to be examined as 

complete systems. Therefore, this study focuses only on the plant-biowall performance as represented on 

one type of structure. However, it is expected that plant performance characteristics would be equally 

applicable to different green wall structures.  

 

Ultimately, the research finds benefit to integrating parametric shape modeling to the design process. 

There is a longer set up time for shape making but then once the parameters are set in place and flexing 

properly, the catalogue of types and shapes are endless and can be driven algorithmically. This design 

process can be modified just minutes before a file gets exported as an .stl for fabrication. However, 

parametric fabrication proved to be more challenging than expected when working with an outside 

fabricator, as was the case for the ‘Living Model’ project. The time spent setting up and coding the tool 

path of the 5-axis machine used by consultant, Escobedo Construction, did not warrant quick change of 

dimensions that the parametric tool provided. In other words, the fabrication tool is not parametric and 

still acknowledges each iteration as an isolated entity. As technology progresses, this fact will no longer 

be the case. 

 

 

Conclusions 
 

Attention to other living sources for inspiration and derivation, be it biological or human, can give 

meaningful function to form generation and also spawn greater expression in the shapes themselves. 

Brick masonry façades and their building components can serve as an intermediary between the Cartesian 

standard frame and a new expression of variety. Transformation of wall surfaces display variability of 

process, material usage, labor and fabrication which affords maximum emphasis to the transformations 

effected by surface modeling. One process is an evocative display of the standard brick while the other 

glorifies the traditional hand of the craftsman.  

Today, if Kahn were to ask the Brick, ‘What do you want Brick?’ The Brick might have changed its 

mind or even forgotten about the arch and say with equal confidence ‘I like variation.’ And if you say to 

Brick ‘Look, customization is expensive, and it’s okay to be just like all the rest. What do you think of 

that?’ ‘Brick says:’...I like variation.’
14

 

  

 

 
 

Figure 8: 3D printing same files for fabrication assist in design decision making 

 
Is stone milling an economically viable and practical use of precious material? The project 

recognizes parametric capabilities for a generative process of variability (i.e. once file to CNC has been 

separated for milling, anything can change at the last minute). In so far as to say, the geometry of the 

pattern and its intended material are linked associatively to the fabrication process. Variations are 3d 

printed to test pattern making to recognize many ways can they all fit together. The process redefines 

relationship between design and production as it no longer adapts a static state in the conception process 

just before fabrication is meant to take place. Alternatively, the work of Stone Spray Robot 3D prints 

architecture out of soil - preferably the soil on location where needs to be printed. This research project is 
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cooling as a thermal mass. Such a thick mass certainly also allows for various design options as a façade. 
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Abstract

This project was inspired by Op Art, a twentieth century art movement and style in which artists sought to create
an impression of motion on an image surface by means of optical illusion. In the current work, passive elements
consisting of composite laminates were produced with the goal of creating lightweight, semi-rigid, and highly colorful
pieces. The impression of motion was created using colorful patterns and o�set static panels. The incorporation
of active materials comprised a unique aspect of this project: the investigation of actual surface movement (i.e.,
localized continuous bending) was performed using controlled and repeatable deformation of the composite structure
using shape memory alloy (SMA) technology. The full integration of composite materials with SMA wiring and
Arduino power control has allowed for the creation of a large three-dimensional surface exhibiting completely silent
and automated morphing actuation. The piece, titled “Pop-Op,” has been permanently installed in the H. R. “Bum”
Bright Building at Texas A&M University.

Keywords: Kinetic Art, Op Art, Pop Art, Digital Design, Active Materials, Shape Memory Alloys

1. Introduction

In the 1960�s art world, some critics faulted Op Art�s
persistent involvement with optical illusion at a time
when the flatness of the picture plane was the mantra
on either side of the “Color Field-Minimalist” aisle. Op
Art works are abstract, with many of the better-known
pieces made only in black and white. When the viewer
looks at them, he or she has the impression of move-
ment, hidden images, and flashing and vibrating pat-
terns.

The basic pursuit of this current research project was to
incorporate both perceptual movement and real move-
ment in architecture, which is largely uncharted terri-
tory. As a line diagram, this project works in Deleuzean
terms, isolating the figure to break with representation
and tie fact and matter. Deleuze has discussed this iso-
lation of a figure to its spatial context and how it helps
overcome representation; he applies the same kind of
thinking that he intends the figure to disrupt by juxta-
posing figural and abstract representation [1]. An im-
portant aspect of this current project, and one that is
characteristic of research performed by the design team,
was the combination of two di�erent sensibilities: the
parametric geometric field and the moving components,
all articulated into one particular atmosphere.

In this project, when we discuss representation, the
question of depth becomes critical; it is important to
bring the notion of the Gestalt, conceived as a figure
against a background. We think of Gestalt as precisely
the interplay between the figure and the ground, and
Pop-Op treats both as the same by juxtaposing planes
of representation and literally producing both depth and
figure. Any variation in the figure itself will cause re-
ciprocal topological variations in the underlying field.

According to Henry Somers-Hall, “Husserl�s error is to
fail to realize that the ground itself is a part of the figure.
The ground and figure are di�erent in kind, but also, as
is shown by the possibility of infinite regress, infinite
reversibility prevents their reduction to a homogenous
plane” [2]. This understanding of a figure emerging
from a basal plane is what we will refer to as “2 1

2 dimen-
sional”. First, it must be understood that the number 2 1

2
is not to be taken literally as it does not refer to half di-
mensions (dimensions being inherently integer-valued)
or even with fractals. Rather, this number is intended to
convey the concept that in reality, we tend to mix figure
and ground: “We do not actually see all three dimen-
sions surrounding us. Rather, we construct the three di-
mensions in our mind and project them onto the objects
surrounding us. More specifically, what we see is a pro-
jection of our surroundings onto a 2-dimensional plane,
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our retina” [2]. The key to perceiving three dimensions
is that we have two retinae.

The incorporation of active materials comprises another
most unique aspect of this project, which is an investi-
gation of surface movement through controlled and re-
peatable deformation of a flexible composite structure.
This study of morphing was done collaboratively with
faculty and students from the Department of Architec-
ture and the Department of Aerospace Engineering at
Texas A&M University. An active material known as
Shape Memory Alloy (SMA) was incorporated into the
fabricated structure, where this material is capable of
self-deformation and enters the design process as an ac-
tive fiber or helix. Actuation of these active elements
via low-voltage electrical current a�ects substantial mo-
tions in the fabricated structure to which they are con-
nected. Motions can be magnified by careful selection
of attachment points and fiber paths and the exploitation
of nonlinear e�ects such as surface buckling. Such mor-
phing has clear advantages in the realm of engineering,
especially with regard to aerospace vehicles that seek to
emulate the morphing deformations exhibited by birds
and insects [3].

Perhaps it should be obvious that these concepts of
structural flexibility championed by the “smart” materi-
als engineering community such as the morphing of sur-
faces, substantial and silent, have in the past appealed
to sculptors and architects [4]. SMAs in particular have
been considered for use in the creation of large active
artistic installations. A relatively obscure example is a
large SMA-based sculpture known as “N” (L. Gibson
and M. Little), which morphed as the weather and as-
sociated temperature changed on an inaccessible Scot-
tish island [5, 6, 7]. A much more widely publicized
example is “Reef” (R. Ley and J. Stein), which used
many SMA wires to bend many flexible petal-like struc-
tures in a propagating wave-like manner. It was orig-
inally installed in New York City and received wide
acclaim [8, 9, 10]. An SMA-based architectural cre-
ation that was being developed at the same time as this
work is “Alloplastic Architecture” (B. Farahi), which is
a tensegrity structure that responds immediately to the
actions of a viewer [11, 12]. These three examples of
SMA-based kinetic art are shown in Fig. 1.

The title of the current installation (“Pop-Op”) derives
from the intentional combination of the following three
motivating concepts: the illusory methods of “Op-Art”,
the “Pop Art” aesthetic evident in the bright colors and
high contrasts, and the physical structure and e�ect of
“Pop-Up” books, in which elements are thrust forward

(a) “N” by Gibson and Little [6]

(b) “Reef” by Ley and Stein [9] (photo by Alan Tansey)

(c) “Alloplastic Architecture” by Farahi [12]

Figure 1: Alternative examples of SMA-based artistic and architec-
tural installations.

2
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from a base reference plane (i.e., the page).

2. Image Synthesis

The final pattern and form for Pop-Op were crafted
through a parametric design process. To begin the digi-
tal design of the overall surface, we prepared a primary
image in illustrator Adobe Illustrator that incorporated
the preliminary criteria for a 2 1

2 -D drawing showing all
the desired Op Art effects as well as the desired color
palette. A hand-derived pattern of bold lines was over-
laid. A nearly finalized version of this primary image
with the black/white overlay is shown in Fig. 2a. The
scripting software used this pattern as a map for deter-
mining the final design.

The generative algorithm software Grasshopper was
chosen to carry out the parameterization procedure.
Grasshopper allows generation and manipulation of im-
ages, curves, etc. in a computational manner and itself
contains C# and Visual Basic elements. The Grasshop-
per Script began by evaluating a sample image derived
from the original primary image for which the hues had
been artificially enhanced and the black/white overlay
converted to red (Fig. 2b). It was found via experimen-
tation that the script required the sample image to be
input in a most saturated form to produce the desired ef-
fects. The script then interpreted that image to produce
a series of stained glass patterns. The use of scripting to
generate such patterns was highly beneficial because it
served to both augment and to streamline the design pro-
cess, generating at a rapid pace the substantial amount
of critical information needed to proceed with the over-
all project.

In a key portion of the script (Fig. 2c), we were able
to evaluate these generated curves and to create differ-
ent variations of the original pattern generated. This was
performed using a fenestration filter, which, as the name
implies, creates openings in the originally fully dense
2-D domain. Specifically, the designer determines a
“panel size” to be removed and communicates this to
the script via the use of a slider interface. Panels of this
size are determined and then “removed” by the script,
while panels of larger size are “retained”. A slider in-
put value of 0.0 corresponds to the removal of no pan-
els while a higher slider value removes a larger frac-
tion of the originally fully dense surface, corresponding
to a more intense amount of fenestration as shown in
Fig. 2d. After a process of iterative design experimen-
tation, the final script output a series of stained-glass
patterns which, once derived, were projected onto the

underlying image surface. The dimensions of the full
surface matched the planform dimensions of the Pop-
Op installation site. The final pattern, which represents
a relatively intense amount of fenestration, can be seen
in Fig. 3 where the large white regions (generally lo-
cated beneath the “flower” components) have been re-
tained by the filter.

Moving forward, the 2 1
2 -D effect was manifested in the

(a) Preliminary version of primary image derived in Adobe
Illustrator

(b) Final initial image with all hues enhanced

(c) Portion of the Grasshopper-based image parameterization program

(d) Computationally determined example of the “stained
glass” boundaries

Figure 2: “Pop-Op” image synthesis process.
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been grouped into one of 16 available controller chan-
nels, each of which can be given its own unique timing
scheme. All components within a single channel actuate

Fixed 
Wall 

(a) Front view (petal edges accentuated)

Fixed 
Wall 

Flexible 
Petal 

(b) Side viewing showing SMA springs and electrical
wiring

(c) Petal close-up

Figure 4: Assorted SMA spring-actuated petals.

(a)

(b)

(c)

Figure 5: Assorted SMA-actuated flowers. Note the configuration of
the thermally activated SMA wires in (a) (wires accentuated).

5

fact that the so-called “retained” regions were assigned
to the reference base plane (i.e., the structural face of
the wall), while the “removed” regions were assigned to
various planes offset from the base plane. These offsets
varied from ∼10–40 cm. This is again best illustrated
by Fig. 3, where the large white regions correspond to
the base plane and each of the various colored regions
correspond to a different offset plane. Finally, the orig-
inal 2-D pattern was projected orthogonally onto all re-
gions/planes. In this way, a viewer observing Pop-Op
from its center (and from some distance) would expect
a flat surface, while those walking past at a reduced
distance would experience the three-dimensionality in
a striking way.

3. Physical Configuration and Fabrication

The “Pop-Op” morphing wall design called for the fab-
rication of three distinct composite component groups:
28 petals, 9 flowers, and a large background element.
These were structurally supported by an underlying pine
wood structured with a rolling base. The built-in mo-
bility allows access to the reverse side of the wall and
thus to the power and control wiring and electronic con-
trol board (see Sect. 4). The preliminary layout of vari-
ous wall elements over the structural frame is shown in
Fig. 3.

4’x8’ Masonite

2 - 2”x4”s
8’ each 
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Figure 3: Preliminary design of structure and aesthetic configuration.

As shown in Fig. 4, the petals are small, roughly rect-
angular pieces that have three free edges. Bending can
be induced about the fixed edge using SMA springs at-
tached to a free edge and to the fixed wall. When no ac-
tuation is occurring, the panels are nominally flush with
the wall surface. During actuation, the SMA springs

pull the flexible petals toward the fixed wall and away
from the viewer. The aptly-named flower components
are cut into floral patterns. The flowers are actuated
by SMA wire segments that run along their upper (vis-
ible) surface. When actuated, these wire segments con-
tract and the flowers bend toward the viewer. These are
shown in context in Fig. 3 and in more detail in Fig. 5.

The immobile background panel covers the bulk of the
Pop-Op surface and complements the morphing panel
and flower elements. The material selection and fabri-
cation process had to take into account the morphing
nature of the flowers and panels in addition to typi-
cal design and structural constraints.The fabrication re-
search began with the exploration of specific materials
including C-glass reinforced with a two-part epoxy ma-
trix (resin), fiberglass, and polyester. Resin-soaked C-
glass fabric was applied to a flat non-stick surface. The
goal was ultimately to produce light, rigid or semi-rigid,
and highly colorful pieces.

The fixed background composite was formed from four
layers of C-glass. The colorful aesthetic was accom-
plished by incorporating a layer of paper onto which the
underlying color pattern was printed into the composite.
Specifically, it was inserted between the third and fourth
(i.e., surface) layer of the fixed wall laminate. All mor-
phing components were formed using three layers of C-
glass, the colorful paper pattern being inserted between
the second and third layers. This method preserved
and protected the underlying image in both brightness
and scale. All cured panels were automatically and ac-
curately CNC cut using the Mastercam software pack-
age, where the printed graphical image layer contained
a subtle “origin point” in one of its corners which acted
at a spatial reference for the CNC.

4. Morphing Actuation

In addition to the visible static and morphing compos-
ite components that comprise the “Pop-Op” aesthetic,
this installation also includes by necessity a full elec-
tronic control system that provides a reliable and flex-
ible method for commanding the motion of the wall.
This system includes both hardware and software ele-
ments so that the timing of the installed actuating com-
ponents can be readily changed by modifying and up-
dating a computer program.

Pop-Op contains 37 controlled components (28 panels
and nine flowers). To simplify the electronic hardware
design, the control system is designed around the prin-
ciple of control channels. Each panel and flower has

4
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been grouped into one of 16 available controller chan-
nels, each of which can be given its own unique timing
scheme. All components within a single channel actuate

Fixed 
Wall 

(a) Front view (petal edges accentuated)

Fixed 
Wall 

Flexible 
Petal 

(b) Side viewing showing SMA springs and electrical
wiring

(c) Petal close-up

Figure 4: Assorted SMA spring-actuated petals.

(a)

(b)

(c)

Figure 5: Assorted SMA-actuated flowers. Note the configuration of
the thermally activated SMA wires in (a) (wires accentuated).

5
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simultaneously.

The heart of the electronic control system is the “Ar-
duino UNO” micro-controller board. Arduino is an
open-source hardware and software prototyping plat-
form. Using a series of input and output pins, the Ar-
duino UNO board can be programmed to monitor and
control an environment using a C/C++ based program-
ming language. Previous SMA application develop-
ment projects have incorporated the use of Arduino as
a means of controlling engineering prototypes [13, 14]
and for other art installations [11, 12].

The overall control circuit includes multiple features in
addition to the UNO micro-controller. For example, the
electrical power required to su�ciently heat and thus
actuate the SMA wires far exceedes the maximum out-
put capability of the Aurduino system. For this rea-
son, a bank of 16 transistors is needed to switch power
provided by a higher-capacity power supply. The spe-
cific transistor chosen was the “Logic Level N-Channel
MOSFET”. Further, the Arduino UNO does not pro-
vide su�cient digital outputs to control all 16 compo-
nent channels. To compensate for this shortage, an inte-
grated circuit known as a shift register has been incorpo-
rated to extend the number output channels. Two shift
registers are capable of controlling all 16 channels and,
together, require only 3 total Arduino digital outputs.
Permanently installed, the wall is designed to run au-
tonomously throughout the day and then power down at
night. This has been achieved using an external battery-
operated clock that interfaces with the Arduino UNO,
which receives time information from the clock and is
programmed to turn on or o�at specific times of the
day. Finally, an onboard LCD screen has been installed
to allow one to monitor the status of the system, dis-
playing which channels are currently actuating as well
as the system time to ensure proper operation and set-
ting of the external clock.. Before construction began,
a schematic of the total circuit was created in the pro-
totyping software “Fritzing,” and is shown in Fig. 6a.
The final location of the assembled control board with
respect to the assembled wall can be seen in Fig. 6b.

5. Conclusions and Future Work

Pop-Op was completely constructed and partially tested
o�-site, where the structural and aesthetic elements
were configured such that the entire 5 m wide wall could
be split in half, and this feature was exploited for trans-
portation and installation. The location of the perma-
nent installation is the H. R. “Bum” Bright Building on

the campus of Texas A&M University, home of the De-
partment of Aerospace Engineering and Department of
Computer Science and Engineering. The interior of this
building is only accessible by means of several sets of
standard-sized double doors, and the half-size of Pop-
Op was designed with these critical door dimensions in
mind. The final installation can be seen in Fig. 7 where
the out-of-plane features are highlighted in Fig. 7a, the
clearest view is provided in Fig. 7b, and the locations
of the active SMA elements have been highlighted in
Fig. 7c.

The design, fabrication, and installation of Pop-Op was
intended to be a forward-looking collaboration involv-
ing individuals from the architectural and engineering
fields and incorporating numerous technologies. In
some ways, we face tremendous and complicated chal-
lenges in that technology has truly surpassed the expec-

(a) Arduino-based circuit design

(b) Tuning the control hardware and software

Figure 6: Configuration and installation of the control board.

6
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tations of designers in various fields. At the same time,
we must contend with handicaps in terms of material-
ity, construction methods, and economics. We must si-
multaneously consider both performance in a quantified
sense (i.e., engineering) while we also addressing spa-
tial and temporal sensation (i.e., architecture) [15]. In
the past, this separation of technology and design, based
on the past fear of the consequences of unification, has
been extremely damaging [16]. Fortunately, we are ac-

(a) Students and faculty perform final check (note three-dimensionality)

(b) Final installation

(c) Final installation (morphing components highlighted)

Figure 7: Final permanent installation of “Pop-Op”.

tively participating in a new era where this artificial seg-
regation is no longer the vision.

Moving forward, we the authors are in the process of
fabricating a follow-on installation. Key areas of in-
terest include a more complex structural configuration
(i.e., full 3-D behavior, as in a large sculpture) as well
as much more advanced control and environmental re-
sponsiveness. Infrared motion sensing for the control
of various SMA-actuated elements has already been in-
corporated into this new work, while more advanced
technologies such as smart phone-enabled viewer inter-
action is being investigated. In this way, we will con-
tinue our efforts to blend the latest in engineering tech-
nology (electronic, computational, and structural) with
bold theories of artistic and architectural design.

7
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Preface  

Art Exhibition & Video Screening 

 

Shape modeling helped to develop innovative virtual and physical shapes some of them were not seen 
before. These innovative shapes include large architectural projects, architectural designs, and shapes 
resulting from computer graphics research, virtual shapes, and mathematical sculptures. An art 
exhibition is included to shape modeling conference in 2012 to celebrate the advances of shape 
modeling.  Gabriel Esquivel organized the first exhibition and the works are published as one page 
abstracts in Hyperseeing. The first exhibition was a success and we decided to continue to have an 
exhibition this year.  We thank Gabriel Esquivel for his great job in 2012.   
 
This year, we received XX proposal and YY of them were accepted to be exhibited during the conference. 
We want to thank the artists for their participation in the SMA 2013 Art Exhibition and Video Screening.  
We hope that the attendees of SMI 2013 will enjoy exhibition. 

 

 
 
 

Stepen Bell 
Art Exhibition and Video Screening Chair 
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