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Preface 
 

Fabrication and Sculpting Event (FASE) in Shape Modeling International 2012 
 

 

There are at least two ways to look at shape modeling: the more mathematical, theoretical approach 
traditionally supported by the SMI conference, and a more hands-on, application-oriented way that might 
be more typical for artists and fabricators turning sophisticated design-shapes into real physical artifacts. 

For this year, the SMI conference committee decided to do an experiment in expanding the scope of shape 
modeling in the direction of “Fabrication and Sculpting” and to invite submissions form people with a 
more practical orientation; thus the FabricationÊ andÊ SculptureÊ Event (FASE) was added to the conference 
program. This is a new track, in which practitioners such as sculptors or architects can describe their work 
methods. We expect that such papers and the ensuing discussions will raise new issues and questions, and 
that they may also provide additional motivation for shape modeling research. 

Our hope was to attract artists and practitioners who might 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. 
Thus, rather than making this one of the topics of the regular SMI conference with subsequent 
publications in ComputersÊ &Ê Graphics, we created  this separate track with its own program committee, 
and the accepted papers are published in Hyperseeing. 

The FASE program got off to a somewhat timid start. We only received thirteen submissions, of which 
one quarter was simply not in the intended spirit; they were rather traditional expositions on modeling 
with splines and on curvature-based shape optimizations. Of the remaining papers, eight were accepted. 
They span a broad range of topics and views on the fabrication process of various artistically interesting 
artifacts. We hope that these papers will offer a first glimpse into a much larger territory, and that the 
attendees of SMI 2012 will enjoy this experimental expansion of the conference. Please give us some 
feedback as to whether it is worthwhile to continue this track at future SMI conferences. 

 

 

 

FASE chairs: 

Carlo Séquin and Wei Yan 
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Realization of Two New Large-Scale Sculptures  

 
Brent Collins, David Lynn, Steve Reinmuth, and Carlo H. Séquin* 

 
*contact: 

CS Division, University of California, Berkeley 
E-mail: sequin@cs.berkeley.edu 

 
 

Abstract  
Two new sculptures, conceived and designed by Brent Collins and Carlo Séquin, are currently in their 
final phase of fabrication and are scheduled to be installed in May or June of 2012 in a Science Building 
at Missouri Western State University.  Here we report on the geometrical design of these two sculptures 
and on the technical challenges encountered in fabricating them at the 6-foot scale. 

 
 

1. Introduction 
In 2010, Brent Collins obtained a commission for two geometrical sculptures for a science building in 
Missouri Western State University (MWSU). He contacted Carlo Séquin and enlisted his help to carry out 
the detailed geometrical designs using the computer tools that had been created at U.C.Berkeley over the 
last decade to capture and enhance the shapes of some of Collins’ abstract sculptures. The two sculptures 
are “Music of the Spheres,” a curved bronze ribbon winding around 6-foot diameter virtual sphere, and 
“Evolving Trefoil,” an intricately structured “cord” composed of 24 saddle/tunnel segments of translucent 
epoxy wrapped into a symmetrical clover-leaf knot. 

Ideally such abstract geometric sculptures first capture a spectator’s attention just through their 
engaging form, which may contain a judicious balance between symmetry and irregularity to enhance 
dynamic tension. As the viewer engages more closely with such a sculpture, additional details and more 
subtle geometrical relationships may become apparent. Finally, as the visitor studies up on the 
background information and learns about some of the underlying mathematical principles displayed in a 
particular sculpture, an even deeper level of appreciation and enjoyment may result. 

Conceiving of such sculptures at the geometry level is only the first phase in a rather lengthy 
process, which culminates with the installation of a sculpture at its final destination. Many problems have 
to be solved along the way to enable a reasonably cost-effective translation from a computer file to the 
geometry master required for fabrication, and the efficient replication and assembly of the various 
sections into a robust and stable sculpture that can withstand the hardships of transportation, installation, 
and the long-term influences of the environment at their final destination. 

 
2. Collaboration 

The collaboration between Prof. Séquin and wood sculptor Brent Collins, living in Gower, MO, started in 
1994. It was prompted by a picture of a small wood sculpture called Hyperbolic Hexagon. This toroidal 
chain of six holes and saddles is reminiscent of the central portion of Scherk's 2nd Minimal Surface. 
Séquin wrote a computer program, called Sculpture Generator I [5], to capture this basic paradigm, He 
generalized it to include higher-order, twisted saddles and introduced controls to adjust the number of 
hole-saddle units and to fine-tune the thickness and extension of the flanges. This program was used in 
1996 to design the wood master for Hyperbolic Hexagon II, the first large-scale collaborative piece 
(Fig.1).  The fine-tuned design, agreed upon by Collins and Séquin, was captured in a set of twelve full-
size blueprints, representing cuts 7/8 inch apart through the whole form. Collins cut these patterns from 

Realization of Two New Large-Scale Sculptures  

Brent Collins, David Lynn, Steve Reinmuth, and Carlo H. Séquin* 
*contact: 

CS Division, University of California, Berkeley 
E-mail: sequin@cs.berkeley.edu 
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wood boards of corresponding thickness. After stacking and gluing them in the proper order, he then 
brought out the fine geometric details of the hyperbolic surfaces using his skills as a wood sculptor, 
honing the overall shape to perfection (Fig.1a). This original stood for several years in the Mathematics 
Lounge of Wesleyan College. There it was discovered by the film makers of “Watchmen” and borrowed 
for an appearance in Dr. Manhattan’s studio. In 2008 a mold was formed from this wood master, and 
Steve Reinmuth's Bronze Studio in Eugene, OR, [3] then reproduced the shape in bronze by investment 
casting. Steve Reinmuth also applied the special patina that turns a “geometric model” into a piece of art. 
Thus the bronze version of Hyperbolic Hexagon II (Fig.1b) is the result of a truly collaborative effort by 
Brent Collins, Steve Reinmuth, and Carlo Séquin. 

      
Figure 1:  “Hyperbolic Hexagon II”: (a) 1997 wood master carved by Brent Collins; (b) 2009 bronze sculpture  

cast by Steve Reinmuth, installed in Sutardja Dai Hall at U.C. Berkeley. 
 
That same team is again responsible for the creation of Music of the Spheres. This time Steve Reinmuth 
faced a particular challenge to realize this airy form with its long delicate ribbon, sweeping through space 
for many feet without any intermediate support. The lower segments of the ribbon are cast solid to 
provide maximum strength and stability; the upper branches are cast as hollow tubes to provide 
reasonable strength, coupled with minimal weight. 

For Evolving Trefoil the team relies on the experience and expertise of David Lynn of Nova Blue 
Studio Arts in Seymour, MO, [2] to faithfully replicate the computer-generated geometry true to form and 
with attention to a pleasing surface finish. The intricate higher-genus geometry provides significant 
challenges in this final finishing phase. 

 
3. Design of “Music of the Spheres”   

A warped ribbon closing back onto itself is a symbol of infinity. The ribbon in Music of the Spheres 
conceptually loops around a large invisible sphere and partly around three smaller spheres that touch the 
large sphere tangentially on the inside (Fig.2b). This system of nested spheres evoked the association with 
an early Greek view of our solar system and inspired the name for this sculpture, referring to Kepler’s 
mystical view of the planetary orbits. The geometry follows an original wood model crafted by Brent 
Collins in the mid 1990s (Fig.2a). The ribbon forms a 3-fold symmetrical trefoil knot, which, however, 
offers somewhat different views from the “front” and from the “back.” This enhances the visual interest 
as the viewer walks around this sculpture. The ribbon itself has a narrow, crescent-shaped cross-section. 
The concave part of this profile always points outwards in any bend made by the ribbon. This forms a 
narrow, elongated saddle surface that yields mechanical strength as well as intriguing visual effects: The 
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points where the ribbon seems to flip over appear to change their positions depending on the observer’s 
viewing direction.  The structure has an obvious 3-fold rotational symmetry, and this is exploited in order 
to minimize the number of geometrical master modules that need to be defined and fabricated. However, 
one third of the whole ribbon is far too big to be cast as a single piece. The geometry is therefore 
partitioned into 18 segments requiring six unique molds to be made (Fig.2c). 
 

       
Figure 2:  (a) Collins original “Music of the Spheres” photographed by Phillip Geller;  (b) analysis and modular 

redesign for a scaled-up bronze sculpture;  (c) decomposition into 18 segments. 
 

For aesthetic reasons, the cross section of the ribbon is not kept constant. As it approaches the center of 
the sphere it is slightly reduced in scale. This is easy to achieve, as the generating program used by 
Séquin can smoothly vary the cross section of a sweep along an arbitrary space curve. The resulting final 
design can be seen in Figure 3 from three different viewing directions. 
 

           
Figure 3:  The final design of “Music of the Spheres” seen from different directions. 

 
4. Construction of “Music of the Spheres”   

The master geometry of this sculpture, which is captured by one third of the segments shown in Figure 
2c, is carved from high-density foam material on a numerically controlled milling machine. Each segment 
measures between 2 and 3 feet in length. These machined pieces are then covered in wax so that their 
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surfaces can be smoothed enough to yield good negative molds of the various segments. Three separate 
wax copies are then drawn from each mold and are individually subjected to a traditional investment 
casting process. Once the cast bronze has cooled down, and the ceramic shell has been removed, the 
really artistic phase of fabricating a large bronze sculpture begins. Each piece has to be cleaned and freed 
of its runners and vents. The individual pieces have to be assembled in perfect alignment, and the bronze 
welds have to be smoothed out so that no visible trace in the surface reveals the fact that this sculpture has 
been assembled from multiple pieces. Finally the whole surface has to be polished and provided with 
some distinct patina, and optionally with some protective coating – a thin layer of wax or epoxy. 

A previous ribbon sculpture, Pax Mundi, cast in 2007 [1] gave us an unpleasant surprise as it sagged 
under its own weight by about 15%, thus outlining an overall shape noticeably different from the desired 
spherical form. Steve Reinmuth [3] was able to correct this flaw by hanging the sculpture from the highest 
point of the ribbon and cutting halfway through the major bends of the ribbon (Fig.4a), thereby letting the 
structure stretch by an additional 15%. In this elongated state he then filled the cuts made into the ribbon 
with bronze weld, locking in this stretched shape. Subsequently, as the ribbon was mounted again from its 
lowest point supported by a conical pedestal, it sagged under its own weight into an almost perfect 
spherical shape. 
 

         
Figure 4:  (a) Adjusting the overall shape of “Pax Mundi” by opening up some of the hairpin turns. 

Calculating gravitational deformation: (b) for “Pax Mundi” (c) and for “Music of the Spheres.” 
 
With Music of the Spheres we were keen to avoid this “detour” in the fabrication process. First, we 
designed a somewhat thicker and stiffer ribbon. We also subjected the final design to a structural analysis 
program that shows in color-coded form how much each part of the geometry moves away from its 
designed position under the influence of gravity (Fig. 4b and 4c): Blue means no movement; red indicates 
a displacement of about 15% of the overall bounding box around the sculpture. Even though the 
simulation results for Music of the Spheres were quite encouraging (Fig.4c), Steve Reinmuth decided to 
reduce the chance of sagging even more. He proceeded to cast as hollow tubes the upper ribbon segments 
that act primarily as “ballast” rather than as supporting structure. Only the main segments emerging from 
the supporting pedestal will be cast solid to yield maximal strength. Figuring out how to cast these 
segments as hollow tubes was quite a challenge and it delayed the completion of the sculpture by several 
months. It was difficult to find the right kind of material to form the needed core in each tubular segment; 
it was difficult to hold that core in place nicely centered within the ribbon profile; and the drying out of 
the plaster shell parts in the core was taking several days.   

Figure 5 gives a few glimpses of the fabrication process. Figure 5a shows three of the molds used for 
this sculpture, and Figure 5b shows one of the wax parts cast in one of those molds. These wax parts are 
then sprayed with plaster slurry (Fig.5c), which when dried out (Fig.5d, 5f) and heated in the kiln will 
form the ceramic shell for the investment casting process. Figure 5e shows and end-on view of one of the 
molds for a hollow tube segment; it is evident that the inner geometry is quite tight!  



13
5 

 

     

     
Figure 5:  Fabrication of “Music of the Spheres”:  (a) A primary mold for casting wax replicas of a particular 

segment;  (b) wax replica cast in such a mold;  (c) spraying the wax part with plaster slurry;  (d) wax part covered 
with ceramic shell;  (e) mold for casting a hollow part;  (f) more shells waiting for investment casting. 

 
5. Design of “Evolving Trefoil”   

The overall shape of the second sculpture maintains the structure of a symmetrical trefoil knot (Fig.6c). 
But here the knotted cord is not just a simple ribbon, but a structure that is derived from a geometrical 
form discovered in 1834, known as Scherk’s 2nd minimal surface [4]. The core of this infinitely large 
minimal surface forms a chain of alternating saddles and tunnels (Fig.6a), and all portions of this 
geometry are in the shape of a soap film suspended between wires corresponding to some lines on this 
surface. We have extracted this interesting central portion to form the “cord” of our knotted sculpture. 
Actually we use third-order saddles (also known as monkey-saddles) with three ridges bounded by six 
edges emerging from either side of the saddle surface. The whole cord contains 24 such third-order 
saddles and it is given an additional longitudinal twist of 360° degrees to evoke the association with a 
spiraling DNA chain and to add visual interest to this sculpture. 

      
Figure 6:  (a) The core of Scherk’s 2nd minimal surface. (b) 24 3rd order Scherk stories forming a trefoil knot. 

 c) Maquette of “Evolving Trefoil” made on a fused-deposition modeling (FDM) machine. 
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The geometry of this sculpture was generated in a special-purpose program developed over many years 
by Carlo Séquin and several of his students. The program explicitly describes the geometry of one of the 
minimal saddle geometries and then strings together multiple copies along an arbitrary space curve, with 
fine control over any twisting and/or scaling of the radial dimension of the cord (Fig.6b). All parameters 
have been carefully adjusted to maintain a full 6-fold symmetry of type D3, so that the overall sculpture is 
completely defined by just 1/6 of its geometry (Fig.8a).  

Overall this sculpture is a trefoil knot, and thus reflects geometry and mathematics. Its realization as 
an optimized cubic spline, with a Scherk-Collins saddle/hole chain slung along that spline, represents the 
fields of engineering and of computer-aided design. Finally, its substructure is vaguely reminiscent of the 
skeletal structure of a cholla cactus or of the twisted chains in our genes, and thereby also celebrates the 
bio-sciences, life, and its evolution. 
 

6. Fabrication of “Evolving Trefoil”   
In 2007 David Lynn and Nova Blue Studio Arts, L.L.C., in Seymour, MO, [2]  helped us realize 
Millenium Arch (Fig.7) hanging in a community center in City of Overland Park, Kansas. They helped 
with the creation of the master geometry (Fig.7a) and did the molding (Fig.7b), casting, and installation 
(Fig.7c) of this 10-foot sculpture. So this was the clear choice for us to fabricate Evolving Trefoil. 

     
Figure 7:  Realization of “Millenium Arch”: (a) NC-machined master geometry module;  (b) mold made from 
master module;  (c) installing the completed sculpture.[Images by David Lynn, Nova Blue Studio Arts, L.L.C.] 

 
However, Evolving Trefoil has more than twice the bulk of Millenium Arch and it will be placed in a less 
protected environment. Thus David Lynn modified the fabrication procedure  quite a bit to create a 
sculpture that can withstand the weather, weight, and complexity.  The data defining the master geometry, 
comprising 1/6 of the whole sculpture (Fig.8a), was transmitted to an NC milling machine, where a full-
size master was cut out of foam core. This template was then coated with clay (Fig.8c) to provide a 
smooth surface for mold making; it weighs about 40 pounds. Figure 8b indicates how several copies of 
this module will eventually be fit together end-to-end.  
 

     
Figure 8:  The geometry of “Evolving Trefoil”: (a) the unique geometry module;  (b) three maquettes of this module 

joined to form half the trefoil;  (c) full-size geometry module coated with clay [Image by David Lynn]. 
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This coated NC master was used to form the mold for one such section. Such a mold consists of 20 parts 
that are bolted together with more than 100 bolts (Fig.9a). The rainbow coloring indicates where each part 
belongs in this assembly. Each part itself has two essential components (Fig.9b): the pink silicone rubber 
mold that defines the smooth surface and all the fine details of the geometry, and the blue fiberglass shell 
that holds the silicone layer rigidly in place and gives the assembled mold some stability (Fig.9c). 

     
Figure 9:  Main mold  for “Evolving Trefoil”: (a) assembled mold for the master module;  (b) the two parts of a 

mold segment;  (c) silicone mold fitted onto fiberglass shell. [Images by David Lynn] 
 
To create the main mold, the somewhat fragile master module was suspended in two specially designed 
end-cap molds that hold the three delicate prongs at each end firmly in place (Fig.10a), and which will 
also provides each cast segment with male/female slide-together adapters at each prong. A silicone rubber 
layer is first applied to the surface of the template to yield a mold with a smooth surface that can also 
replicate any fine geometric details where needed. On top of that, several layers of FRP (fiber reinforced 
plastic) meshing bonded with Epoxy form the fiberglass shell (Fig.10b). 

    
Figure 10:  (a) One of the end-caps holding the template in place for mold making; (b) forming the fiberglass shell 

of the mold. [Images by David Lynn] 
 
A framework of steel rebar is holding each mold part in place (Fig.11a) during the lay-up process, so that 
the pieces can be bolted together with the exact desired geometry (Fig.11b). The hollow form built in this 
way is filled compactly, section by section, with many layers of fiberglass.  When all the sections have 
been laid up, the catalyzed matrix is added. This is a mixture of epoxy resins and crushed minerals 
blended together with a catalyst; it exhibits the viscosity of cool syrup. Then the mold is quickly sealed 
up, because the catalyzed matrix remains fluid for a limited time only. The assembled mold with the 
matrix inside will weigh over 300 lbs (Fig.11c).  It is slowly rolled around its long axis and tilted back 
and forth during the curing/hardening process to avoid uneven matrix distribution and the formation of 
undesirable hot spots of higher density. The catalyzed matrix joins the seams and fills the gaps. Since one 
cannot look inside the mold to see how fast the matrix runs, this phase of the process relies a lot on past 
experience.  

When the casting is removed from the mold (Fig.12) it will continue to cure at room temperature for 
up to 30 days before it reaches full strength. However, it can be worked on within a couple of days. This 
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involves a lot of sanding and grinding to remove the mold releases and the epoxy blush (the latter is part 
of what epoxy leaves behind when its inhibitors change). 

      
Figure 11:  Molds for “Evolving Trefoil”: (a) One mold section on the lay-up dolly;  (b) several sections held 

in place by a framework of steel bars;  (c) completely assembled mold. [Images by David Lynn] 
 

   
Figure 12: (a) One of the end-cap molds;  (b)  part of the end-cap mold and a cast section just out of the mold, 

waiting to be cleaned up. [Images by David Lynn] 
 

Conclusions 
Few people seem to be fully aware how much work is involved in fabricating and installing a large-scale 
sculpture. It is not too difficult to design a sophisticate shape on a computer. It is much harder to then 
realize that shape out of tangible materials that can withstand the stresses imposed by the physical world 
at the location of their installation – which definitely include gravity, but may also comprise wind and 
weather, as well as people touching it or even climbing on it. Furthermore it should be pointed out more 
often that, while the overall geometry of a sculpture is important, the quality of the craftsmanship used in 
finishing a piece is equally important for the final aesthetic appeal of the completed sculpture. Thus it is 
only through a combination of dreamers and designers, like Collins and Séquin, with dedicated craftsmen, 
like Reinmuth and Lynn, that a true piece of art can be completed. 
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Université Lyon 1, LIRIS, UMR5205, F-69622, France
{maxime.belperin,sylvain.brandel,david.coeurjolly}@liris.cnrs.fr

Abstract
This work takes place in the context of an industrial project, which aims to decorate 3D plastic objects using Insert
Molding technology. The goal of our work is to compute the decoration of 3D virtual objects, using data coming
from polymer film characterisation and mechanical simulation. To do this, we introduce a new method to bind
texture mapping techniques to a physical process. In the general case of texture mapping, the surface (mesh) adapts
the texture through the parameterization. In our context, the mesh comes from a physical distortion of an initial
planar mesh, and our goal is to find the texture attached to the initial object, which gives the expected result after
distortion. This texture combines information from several mapped images, which are visible from various views of
the 3D objects. Moreover we want the texture mapping to be locally exact for all thess views. To achieve this goal, a
specific view-dependent parameterization is defined and the inverse transformation is applied to the mesh. Since the
industrial project is not finished yet, we validate our process by texturing two simple real objects.

Project Page: http://www710.univ-lyon1.fr/~sbrandel/en/projects/plastic-decoration/
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Designed texture Decorated object

Camera 2
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Figure 1 : Overall pipeline (top) and illustration on a real experiment (bottom). We consider an
object and choose preferred view-points (a). We choose pictures to exactly match to these view-
points (b). We compute one texture which contains all decorations (c). We then map this texture
on the object. The quality of the final rendering depends of the view-point (d and e).

1 Introduction

This work takes place in a industrial process providing an automated method to design and decorate industrial
3D plastic objects. The packaging industry aims to improve the design of consumer products, particularly
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in plastic or aluminum boxes. Plastics engineering industry takes into account the esthetic of injected ob-
jects like automobile parts or appliance equipments. Classical techniques consist of painting products after
injection or thermoforming. For example, a pad can apply a small logo on a plane part, generally limited
with monochrome ink. In Mold Labelling (IML) consists of transferring a small label at a precise loca-
tion on the object. These techniques work fine for planar or quasi-planar surfaces, but are not adapted for
non-developable surfaces. To avoid this limitation, the Insert Molding process follows two steps. first, a
pre-printed polymer film is thermoformed. Then this deformed film is inserted in a mold into which the plas-
tic is injected. The film is merged with the plastic during this injection. Figure 2 presents elements of this
technique. The Insert Molding process provides great results with noisy textures such as wood or brushed
aluminum, but with a limited object geometry (we call 2.5D objects). The ultimate goal of the project is to
consider a wider class of 3D objects, including those obtained by injection processes.

Inside this ambitious project, we present here results on 3D shape simulation, with texture mapping of
pre-deformed pictures. Even if the film deformation law is specific to both film material and the injection
process, we suppose that the overall transformation is conformal (see below for details). Note that technical
evidences confirm that this hypothesis is consistent with the industrial process we are interested in.

a b c d
Figure 2 : Industrial context. The hydraulic press and the kernel of the mold (a). The resulting
object after injection (b). Thermoformage (c). Insert Molding (d).

Another requirement is that we want the texture mapping to be locally exact for several specific views.
In other words we are interested in a global parametrization of a unique texture composed of several view-
dependent ones for which there is no visual distortion for given specific points of view: we design a specific
texture and we want the printed object to visually match with the texture if we align the point of view
accordingly, whatever the geometry of the object is.

Hence, we focused on the problem of view-dependent texture parameterization and inverse deformation
to take into account the object geometry. Figure 1 highlights the overall pipeline. Our method is thus
parameterized by an input mesh, a sequence of viewpoints and their associated local textures, and returns
a single global texture to be used in the injection process. First, we explain how to combine local textures
with the help of of viewpoint based texture projections. Then, we create a planar uniformization of the mesh
with the help of the discrete conformal theory (see below). Finally, we detail the global texture synthesis and
preliminary objects validating the approach.

2 Background and Related Work

2.1 Techniques of decoration in plastic injection industry

Depending of the desired level of quality, several techniques allow plastic objects to be decorated. We can
classify these techniques into two major classes: decoration with or without deformation.

In the first category, objects can easily be painted after injection. Tampography consists of putting ink
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directly on the object surface with a stamp. In Mold Labelling consists in applying a preprinted label directly
on the object surface. Both techniques are limited to planar or developable surfaces. Ink Transfer technology
consists in positioning a preprinted film inside the mold. The mold is closed, and the plastic is injected.
When the mold is open, the film is removed and the ink remains in the surface of the object.

Two main techniques allow decoration with deformation. Thermoforming is the most currently used
in the industry. Extruded sheets or plates of polymer are heated to a temperature allowing deformation. A
sheet is then positioned inside a mold (negative thermoforming) or on a mold (positive thermoforming). The
sheet is deformed to the shape of the mold thanks to a mechanical pressure difference. The temperature
depends of the polymer used, and is computed to obtain a � exible film, but hard enough not to � ow. The
desired object becomes rigid after cooling. The esthetic of the obtained object depends of the quality of the
input film. Indeed, if the film has thickness irregularities, the heating of the film is irregular too, and the
film is more deformed in the hotter areas. A homogeneous temperature is difficult to obtain, and differences
of temperature induce tearing or heterogeneous deformations. The best results are obtained using ceramic
or quartz infrared lamps or conduction of heated metallic element. The heating is in� uenced by the printed
motif too. The type of the ink used and the color of the motif modify the capacity of heat absorption of the
film.

Insert Molding is another way to decorate with deformation. This technology merges thermoforming
and injection. A preprinted film, called an insert, is deformed using a thermoforming step. This insert
is positioned inside an injection mold. The insert is then over molded with another polymer in the liquid
state. Both polymers are merged during this step. For this reason the polymers used must belong to the
same family. This technology provides great results, but some difficulties need to be solved, such as partial
fusion of the insert caused by the temperature of the injected material, adherence of both polymers, and the
maintaining of the insert in the mold.

Our overall industrial context led us to choose Insert Molding, thus needing film deformation. The most
satisfactory computer graphics model corresponding to this physical deformation is conformal mapping, as
proposed in [10].

2.2 Texture mapping

The problem of texture mapping and planar parametrization is very old since it was discussed as soon as
man tried to map the entire Earth. Texture mapping has been studied for decades, and is implemented
in all graphic processing pipelines [3, 5]. Mapping an image onto a 3D mesh requires prior calculation
of texture coordinates for each vertex of the mesh. Planar parameterization techniques have been widely
investigated for simple or regular objects, e.g. homeomorphic to a disc. In this context, many approaches
can be described as energy minimization based processes: we define an energy function on the input mesh
whose minimum corresponds to a deformation which makes the mesh planar [2, 4, 6–8, 10]. Approaches
differ from the energy function design and the class of deformations considered. In the following, we use the
discrete conformal framework proposed in [10]. Transformations within the conformal equivalence class of
a mesh homeomorphic to a disc allow us to transform a 2D mapping of the input mesh with very interesting
properties for texture mapping, namely angle and cross-ratio preservation.

In all these texture mapping processes, the main objective is to map a texture with a global 3D visual
consistency. In our view-dependent process, we want the mapping to be exact (i.e. no distortions) for specific
views. This view-dependency process is related to projective texture mapping introduced in [1, 9]. In these
approaches, the idea is to use view-dependent information either to create shadows or lightning effects [9]
or to construct intermediate views in an image based rendering process [1]. Our approach differs from these
since we want construct a global parametrization of a unique texture from view-dependent textures.
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3 Parameterization and Inverse Distortion

Our method is composed of several steps :

• We compute the 3D reconstruction of the mold

• Given a mesh, a sequence of view-points and their associated textures, we combine and map all the
textures into the mesh,

• We compute the mesh inverse distortion,

• We compute the global texture map to print,

• We use Insert molding technolgy to decorate the plastic object.

Figure 1 highlights the overall pipeline of our method. We choose two views: a red and a green camera.
In each projection coordinate system, we can then texture a part of the mesh, as we can see in the two colored
boxes. As soon as all the textures and all the specific views have been processed, a conformal mapping is
used in order to create the resulting texture. As a result, we can visualize the decorated object and the global
appearance of the texture in each selected view beforehand.

3.1 View-Dependent Texture Mapping

In this part, we want to associate texture elements with the mesh vertices. Since we expect an exact rendering
of the texture on the surface, we adapt the view dependent approach as proposed in [9] to a global and
unique texture synthesis. We take into account the surface geometry and do not map the texture on the mesh
parts hidden from the selected view. In compliance with the industrial process, we prefer to keep only one
connected component for a view and to map the texture onto it. Other choices can be made, such as a global
mapping onto all visible triangles.

Several triangles can be visible from different view-points. We must make a choice: we can either blend
the textures to obtain a new texture for these triangles, or choose one predominant view-point and favor it.
We use the second way, in order to not decrease the visual result for all the view-points. This choice is
caused by the fact that the 3D object design is impacted by the geometry, and so one view-point will be more
significant for the designer. On the contrary, the first method makes all views non-exact because of blending.
Therefore we prefer to get one complete and exact view-dependent texture mapping for the most significant
geometry, and have a spatial limitation for the other textures.

Figure 3 : Multiple view-dependent texture projection and visibility computation.
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When a texture zone is defined, we can either only map a texture onto this area and stop the process, or
continue by choosing another view-point to map a new texture. We simply select one or more complementary
view-points and we choose to separate the mappings between the multiple views of the object (Figure 3).
We try to get an exact rendering for all the selected views, and we do not blend any textures together during
the mapping. As a consequence the ordering of the view processing is significant: if a part of the mesh is
already textured, this part cannot receive any texture coordinates.

According to the target geometry the number of view-points is usually limited by the injection process
(Figure 4).

a cb d

Figure 4 : Multiple view-dependent texture mapping results: input mesh (a), original textures (b),
the two good view-points (c) and real mapping from a generic wiew-point (d)

3.2 Inverse Distortion

Many solutions exist to map a mesh M homeomorphic to a disk onto the plane. Since we expect the injection
process to be conformal, we are looking for a conformal application from the mesh M onto a rectangular
domain on R2. In the following, we use the theory of discrete conformal mappings introduced in [10] which
can be sketched as follows: Given two meshes M and M�with the same topological structure (same abstract
triangulation) but different geometries, M� is conformally equivalent to M if there exist an assignment ui � R
to each vertex vi of M such that

l�i j = e
ui+u j

2 li j (1)

where li j (resp. l�i j) is the Euclidean length of the edge ei j of M (resp. e�i j of M� ), which has for endpoints
vi and v j. Edge length can be linked to triangle internal angles �� j� by the law of cosine: let � i be the
sum of all internal angles of triangles adjacent to the vertex vi. We can construct the following optimization
problem: Given a target angle ˆ� i for each vertex, find the conformal coefficient ui minimizing � i � �̂ i. In
[10], the authors demonstrate that if a solution exists, it can be found as the unique minimizer of a convex
energy function (with the constraint that ∑vi ui = 0 for scale invariance). Furthermore, they give an explicit
formulation for both the energy function and its gradient.

In our context, given a mesh M homeomorphic to a disc, we can set the target angles such that �̂ i = 2�
for internal vertices, �̂ i = � for vertices on the boundary of M, and �̂ i =

�
2 for four boundary points. In other

words, we are looking for an assignment ui such that the mesh M can be conformally mapped to a rectangular
domain on R2, which solves our inverse distortion computation problem. With this input, a unique minimizer
exists and a simple gradient descent can be used to compute the conformal coefficients ui (see Figure 5).

For the sake of simplicity, we suppose that our input mesh has four characteristic vertices on its bound-
ary for which the target angle would be �

2 . Once the coefficients ui are obtained, the planar mesh M� can be
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reconstructed using the same layout construction as in [10]. In other words, we maintain a one-to-one and
onto mapping between the vertices of M and vertices of the planar mesh M′.

In the previous section, we have attached target texture coordinates to the vertices of M. Thanks to the
conformal mapping, such texture coordinates are propagated to the planar mesh M′.

Figure 5 : Mesh M and its conformal mapping M′ onto the plane.

3.3 Global Texture Creation

Once we have the planar mesh M′, we can construct a unique texture image, which gathers all the view-
dependent texture information. Since such texture values are mapped onto the planar mesh M′, the unique
texture T : [0�W ]× [0�H] is obtaind by a bilinear interpolation. More precisely, we first map vertices of the
bounding box of T to the four characteristic vertices on M′ (those with internal angle equal to π

2 ). Then, for
each point p of T , we locate p in the triangulation M′ and the color at p is given by the interpolation of the
colors of the vertices of the triangles to which p belongs.

Finally, we can print the designed texture T on the plastic film to be used in the injection process. This
plastic film must be placed and fixed on the mold very precisely, in order to guarantee a quality result. With
this precaution, the process reliably produces good results.

4 Results

The aim of this work was to demonstrate the overall computer graphics process; we do not yet have meshes
acquired from a real plastic injection. Our inputs are synthetic regular meshes, artificially deformed, or
meshes coming from a physical simulation. Figure 6 shows a deformed mesh, the original texture and the
resulting texture. Note that Figures 1 and 5 also present results obtained by our technique.

In order to validate our system without industrial object construction, we applied our technique to an
object which can be covered by a design printed on ordinary paper (Figure 7). This object is a half cylinder
glued on a map. We modeled a mesh corresponding to this object, than we computed the view-dependent
texture mapping and the inverse distortion to generate a deformed texture. We simply printed the resulting
image with a laser printer on regular paper, and mapped this sheet onto our object. Since the paper is not
deformable, we designed a developable object, instead of the industrial process, in which the texture is
printed on a deformable film mapped onto a non-deformable object. In order to highlight the multi view
texturing process, we use a second real object (Figure 8).

We present more results, videos, and high-resolution textures on our project page:

http://www710.univ-lyon1.fr/~sbrandel/en/projects/plastic-decoration/
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Figure 6 : Regular mesh artificially deformed: original texture (a), input mesh (b) and distorted texture (c).

5 Conclusion and Future Work

We have presented in this paper a method to get exactly the expected visual result for a texture mapping from
a viewpoint. This method is improved in order to take account of the mesh geometry and map several images
onto the object. We have performed a multi view-dependent parameterization and the inverse distorsion of
3D objects. Furthermore, we obtain one, and only one, image texture as a result. This image can be printed
on the film for industrial process, or can be used with a uniform parameterization on the distorted mesh, to
have the same visual result.

The first meshes used are homeomorphic to a disc and previously artificially deformed, or similar
meshes from simulation. The main textures used are a chessboard and texts, to respectively visualize the
distortion effects and the precision of the details.

The choice of complementary views can be impacted by the geometry. When mesh parts are already
visible from several views, the remaining points/faces can give guidelines, allowing us to choose the next
viewpoint more efficiently. This help must not be restricted to give only one result, because the method can
find only one optimal viewpoint, but other constraints, for instance from designers, may be more significant
for the decoration of 3D objects.

The decoration of more complex objects requires transfer of images printed on several films, each of
them applied to a limited area to take into account the mechanical constraints of the films (heat and tear
resistance). The edge of the films may be not rectangular. Our work is to determine the mesh patches, in
order to parameterize locally from one point of view.
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Figure 7 : Experimental illustration of our system with one decoration and one view-point: orig-
inal texture (a), real object and its corresponding mesh (b), distorted texture (c) and real mapping
from a generic wiew-point (d) and the chosen view-point (e).
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Figure 8 : Experimental illustration of our system with multi view texturing: original texture (a),
real object and its corresponding mesh (b), distorted texture (c) and real mapping from a generic
wiew-point (d) and the two chosen view-points (e).
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Abstract 

In this paper we present our initial prototypical explorations as well as the associated transformative design concept 
called Kaleidogami™. This method is used for developing spatial objects that can be flattened, folded and 
reconfigured. We develop the metaphor and concept for a basic structural unit (BSU) such as using tetrahedral, 
cuboidal, prismatic, and pyramidal units to enable new forms of 3D folding. The fabrication is done using a single 
flat sheet of foldable substrate in 2D. We explore the diversity of structural polyhedral sculptures and movable 
constructs in a hierarchical architecture. More artistic constructions are contextualized with a Kaleido-Tangram like 
integration.  
 
 
 

Introduction 
 
Origami originally was a paper-craft from17th century AD that affords the diversity of representative 3D 
objects with individual unit arrangements and explicit folding processes from a 2D sheet of paper. Artistic 
origami designs reveal the rudimentary characteristics of paper folding, they are inexpensive, lightweight, 
compact and combinatorial. During the last 40 years, “Why’s, What’s and How’s” of different origami 
tessellations and structures have been geometrically and symbolically described by the underlying 
mathematical rules governing the creases, such as flat foldability [1] and folding any polygonal shape [2] . 
Recently, multidisciplinary developments in mathematics, engineering, architecture, and biology have 
inspired new ideas in the ancient art of origami such as programmable self-folding sheets [3] and 
biological self-assembly cells [4].  
 
Our analysis of past work in origami and folding structures shows that its applications are limited by the 
following characteristics: (1) Most developments have a typical goal of achieving desired single folding 
state, i.e., the extended solar panel or the wrapped gift package, (2) In previous work, open skin-based (i.e. 
no enclosed volume) models and patterns were achieved by goal-oriented operations (Miura folding [5] as 
well as patterns represented in airbag [6], stent [7], and cartons [8]), and (3) Recent advances in modular 
origami [9] and polyhedral models use separate pieces of paper for each component or function. The 
designers still face the uncertainties of building combinatorial systems out of a single folded sheet. In this 
work, we strive to bridge these missing links from folding metamorphic structural units to manipulating 
kaleidoscopic objects from a single flat paper sheet.    
 
In our work, the range of kaleidoscopic 3D structures encapsulated in the folding paradigm is based on (1) 
formation of an entire new class of basic structural units (BSU), (2) design of foldable reconfigurable 
structures by allowing BSUs to be connected to each other in a hierarchical manner, (3) transforming  
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Figure 8 : Experimental illustration of our system with multi view texturing: original texture (a),
real object and its corresponding mesh (b), distorted texture (c) and real mapping from a generic
wiew-point (d) and the two chosen view-points (e).
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smaller structures into larger structures to achieve variable cell sizes without changing the form of the 
structure, and (4) exploration of artistic representations by implementing the idea of Kaleido-Tangram.  
 
 

Basic Structural Units 
 
The single ring with equal symmetric tetrahedra was first invented by Schatz [10] and known as 
Kaleidocycle [11] decorated by Schattschneider and Walker. Robert Byrnes later presented basic 
mathematical principles and play kits in his book Transforming Mathematical Surprises [12]. Here, we 
demonstrate four representative BSUs using tetrahedral, cuboidal, prismatic and pyramidal components 
(see Figure 1(A,B,C,D)) and concentrate on the hierarchical derivatives of various structural and movable 
constructs in 3D. Non-deformable paper sheet is used to construct the BSUs. We then model creases as 
hinges, facets that are not creased as structural surfaces and closed-form surfaces as rigid component 
bodies. In general, a BSU consists of a pair of mirror-shaped polyhedrons coupled with a common hinge 
(Figure 1). Further, the BSUs can be folded and automatically strung up from expanding crease patterns 
laterally and vertically on single flat paper. Structural formation rules for the BSU require no local or 
global self-overlaps in the 2D pattern and no facet penetration during 3D construction. In the Figure 1, the 
shaded areas are the gluing faces and the arrows represent a set of instructional folding orientations. 
 

 
 

Figure 1: 4 representative BSUs. 
(A: tetrahedral; B: cuboidal; C: prismatic; D: pyramidal) 

Kaleidoscopic Reconfigurable Sculptures 
 
Kaleidoscope and Versatility: We demonstrate our first BSU with the tetrahedral unit. Special 
geometric features are allowed to be embedded on each of a tetrahedron’s sides, such as right angles and 
equilateral edges, to start building kaleidoscopic symmetric structures, movable constructs and their 
transformations. Figure 2 shows a hierarchical evolution using skew tetrahedral BSU, where each side of 
the tetrahedron is a right triangle and tetrahedral edges are in the ratio of: 1: �   � :  2 :    : 2: 1. 
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smaller structures into larger structures to achieve variable cell sizes without changing the form of the 
structure, and (4) exploration of artistic representations by implementing the idea of Kaleido-Tangram.  
 
 

Basic Structural Units 
 
The single ring with equal symmetric tetrahedra was first invented by Schatz [10] and known as 
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(see Figure 1(A,B,C,D)) and concentrate on the hierarchical derivatives of various structural and movable 
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hinges, facets that are not creased as structural surfaces and closed-form surfaces as rigid component 
bodies. In general, a BSU consists of a pair of mirror-shaped polyhedrons coupled with a common hinge 
(Figure 1). Further, the BSUs can be folded and automatically strung up from expanding crease patterns 
laterally and vertically on single flat paper. Structural formation rules for the BSU require no local or 
global self-overlaps in the 2D pattern and no facet penetration during 3D construction. In the Figure 1, the 
shaded areas are the gluing faces and the arrows represent a set of instructional folding orientations. 
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Figure 2: Hierarchical derivatives using skew tetrahedral BSUs. 
From A to B to C: building truncated icosahedron; from A to D to E / F: building skeletonized ellipsoid. 

Three skew tetrahedral BSUs (3stBSU) with serial connections (in Figure 2A) topologically form a 
closed-loop equilateral triangle. Furthermore, hinging six 3stBSU serially gives a closed-surface hexagon-
like structure (see Figure 2B), and this hexagon structure is also able to self-reconfigure into a hexagram-
like structure with a hollow center (see Figure 2D).  By initiating the hexagon and hexagram structures 
with other pentagon and pentagram ones and applying techniques of folding polygons to convex 
polyhedral surfaces, we enable the formation of a closed-surface truncated icosahedron (overall 540 
tetrahedral BSUs, as shown in Figure 2C) and skeletonized movable ellipsoid (overall 72 skew tetrahedral 
BSUs in Figure 2E; 216 skew tetrahedral BSUs in Figure 2F). We allow the joining of hinges of structural 
units for the spherical construction by gluing (see fabrication). Starting from a BSU, more complex 
relative motion between structures is enabled by using serial, parallel and multi-hybrid assemblies. Each 
structure and movable construct can be considered as the new BSU to cumulatively achieve more 
complex derivatives, while at each generation various reconfigurations can achieve multiple folding states.  
 

 

Figure 3: Derivatives using cubic BSUs  

A number of recent architectural and engineering design practices are revisiting cubic structures, such as 
developing monumental headquarters, conceptual structures and self-reconfigurable robots [13]. Space 
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utilization efficiency, kinematic performance, structural durability and aesthetic functions are ensured 
using the simple and combinatorial cubic structure. 2×2×2 and 3×3×3 Rubik’s cubes are transformed 
from single chains as shown in Figure 3A. Random 10-cubic and 72-cubic chains are shown in Figure 3B. 

Furthermore, prismatic and pyramidal structures, which are broadly implemented in architectural design 
such as vault roof and skylight [14], are also demonstrated in the representative family of BSU. Figure 4 
reveals the movable chain made by 8 five-facets prismatic BSUs (Figure 4A) and a rigid spherical 
structure by six-facet pyramidal BSU (Figure 4B). Reconfiguration efficiently varies the 3D spatial 
structures and locking global or local zones embeds these ideas within architectural and engineering 
systems design.  

Figure 4: 2 Derivatives using prismatic and pyramidal BSUs

Commonality and Interchangeability:  
 

 
Figure 5: 2×2×2 Cube resulting from four different unit elements: 

(A) from cubic BSUs, (B) from  tetrahedral BSUs, (C) from prismatic BSUs, (D) from pyramidal BSUs  

Experiments also show that, by allowing smaller individual BSUs to be chained and transformed into 
other larger aggregate structures, one can achieve variable cell sizes without changing the form of the 
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Experiments also show that, by allowing smaller individual BSUs to be chained and transformed into 
other larger aggregate structures, one can achieve variable cell sizes without changing the form of the 

structure. For instance: 4 cubic BSUs (Figure 5A), 24 tetrahedral BSUs (Figure 5B), 8 prismatic BSUs 
(Figure 5C) and 24 pyramidal BSUs (Figure 5D), with a serial connection achieve the same 2×2×2 solid 
cube. The identical formation process and outcome give rise to possibilities for adapting rigidity and 
flexibility on the structures and also make each filial structure interchangeable under an integrated 
framework. The cubic configuration shown here is capable of converting back to single chain and 
rearranging into other different constructs. 

 
Fabrication out of A Single Sheet: One of our goals of the work is to develop the rules of fabrication 
and construction while starting with a single flat paper sheet. Multi-folding procedures are exemplified in 
building a truncated icosahedron and illustrated using CATIA™. The multi-folding procedure consists of:  
 
 Folding a chain of hinged tetrahedral units (Figure 6B) from a single long strip of paper (Figure 6A),  
 Arranging the string of BSUs along a single-stroke traceable path that visits each skew tetrahedral 

BSU exactly once. The single-stroke traceable path is inspired by Hamiltonian paths [15]. Unfolding 
the convex polyhedra into planar polygons (pentagons and hexagons) is derived from Dürer’s Nets [15] 
(shown in Figure 6C), and  

 Hinging each of the neighboring pentagonal and hexagonal structures (Figure 6D) by gluing and 
folding them up into a truncated icosahedron (Figure 6E).  

 
Using this strategy, we are able to construct many complex structures using a single paper strip. In the 
future we plan to optimize this construction strategy in a more compact and efficient way. By designating 
cuts-crease pattern on 2D sheets and cutting-folding-joining in 3D, the resulting derivative structures are 
lightweight and inexpensive enabling batch fabrication and economies of scale.   
 

 
 

Figure 6: Fabrication Processes of building truncated icosahedrons using skew tetrahedral BSUs 
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Artistic Exploration: Kaleido-Tangram 
 
Tangram, “the Fashionable Chinese Puzzle [16]” is a dissection puzzle which consists of seven pieces of 
flat shapes. A player manipulates the orientation and displacement of each piece by only translating, 
rotating and oscillating but without overlapping to create various 2D shapes. Analogous to the Tangram 
concept, the users can explore a new design space of 3D structures in Kaleidogami™ using a finite 
number of tetrahedral and cubic BSUs. 
 

 
 

Figure 7: Kaleido-Tangram Integration. 

In our work, BSUs are directly hinged as a single chain or tree-like structure after folding a single piece of 
paper. By rearranging, combining and reconfiguring, one can obtain different configurations with same 
amount of material (Figure 7 D1, D2, D3) or shape variation of BSUs. Versatile structural 3D animals and 
geometric models are exhibited in Figure 7. In a nutshell, Kaledogami™ inspires spatial and design 
thinking using sculpturing metaphor and fabrication as means to achieve artistic representation of 3D 
objects. 

Conclusion 

The main contribution of this work is the novel folding representation, called “Kaleidogami™”, 
encompassing multi-primitive and reconfigurable foldable units for assemblage of spatial structures and 
movable constructs. Our discoveries and fabrication rules enable concurrent design of the geometric 
structures that can be folded from a single flat sheet. Many scientists and engineers are motivated by the 
beauty of artistic representations while artists and architectural designers want to embed novel science-
technology-engineering-mathematics (STEM) inspired concepts. We attempt to pursue the science and 
technology of reconfigurable structures and enable new adaptation of this geometry-inspired art form to 
artists, architects as well as origamists. Furthermore, by exploring our methods we enable an active 
exploration of Kaleidogami™ construction.  

The following are our visions of the further Kaleidogamic study:  
 
One can extend the computerized support and ease the realization of this new science-based art form. We 
demonstrate the foldable and reconfigurable structures using hands-on construction. Computational 
algorithms and tools can further help one unfamiliar with the geometric nuances and patience in folding to 
design, analyze and optimize Kaleidogamic structural and mobile forms, as well as construct and conduct 
the folding process plan. Besides paper, a variety of commercially available non-wovens also open 
possibilities for exploring the substrate selection and surface-structure function based on the needed 
properties such as wettability, creasability (wrinkle-resistance), adhesive properties, strength, and 
stiffness. Optimal selection of the material-manufacturing combinations and having the least 
environmental impact would provide a significant pathway of this research. 

One can also explore numerous art and architecture applications. Responsive and interactive 
environments that mimic life forms have been explored by a number of artists, architects and designers 
[17]. Kaleidogamic study can span artistic and utilitarian possibilities, engage people, spark their 
imagination and enable creative interactions.  Complexity of form, responsiveness and behavior could 
emerge from elegant simplicity of flat foldable surfaces that are creative and exhibit intelligence. The 
field of engineering and architectural design has long benefited from sophisticated geometrical 
possibilities from geodesic domes of Buck Minister Fuller to complexly double-curving surfaces of Frank 
Gehry. The reconfigurable characteristics of Kaleidogami™ to include considerations of structural 
systems make it a great approach to many artistic and architectural situations [18]. Through explorations 
at the intersections of art-science-geometry and digital information technologies we intend to promote 
imagination and critical thinking. Fundamental mathematical knowledge and learning skills such as 
spatial perception and logical thinking become accessible through this art form. We also naturally 
promote public engagement, while we strive to develop future collaborations at these intersections of 
traditional fields and create new fields for creative explorations without boundaries.  We plan to explore 
such collaborations with local museums for example by incorporating new functions through kinetic art 
embedding special materials and digitally inspired technologies [19]. 
 
One of the benefits is also to broaden educational participation. More general mathematical rules in 
geometric combinatorics, structural combinations and decompositions will be developed so that a new 
breed of art-science-engineering students begins to engage in designing art with Kaleidogami™. 
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Form, Space and Light: Cutting and Stacking 
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Abstract 

Geometric steel sculptures are constructed by stacking copies of a module. A first module is based on a 
rectangular steel tube cut at a 45 degree angle. A second module is based on cutting an I-beam at a 45 
degree angle. In both cases the length between cuts along the tube or beam is the same as the length of the 
45 degree cut across the tube or beam, so that the top profile is an equal sided parallelogram. The 
sculptures based on the first module emphasize space and light. These sculptures also suggest ideas for 
modular architecture. The sculptures based on the second module emphasize change of direction and 
cantilevered balance. 
Key words: Sculpture, solid form, void space, assembly of modules. 
 
Introduction 
 
For me, sculpture is a composition of form, space and light, as discussed in [1]. An example is the 
sculpture shown in Figure 1(a). In the detail image in (b), the central space is derived by deforming the 
central space of a trefoil knot, as discussed in [1], and is like a canyon. The outer form is an abstract torso. 
Canyon light refers to the interaction of light in the space as in (b).  Depending on the light source and 
direction, the variation of light in the space is infinite. 
 

                                            

Figure 1. Trefoil Torso: Canyon Light, Vermont marble, 20 x 14 x 4 inches. 
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About two years ago I began making sculpture in steel, as discussed in [2]. In particular, I was working 
with modules that were short sections of angle iron. An example is shown in Figure 2(a), where I was 

interested in simple rectangular forms containing space and interacting with light. The rectangular forms 
were constructed by welding two sections of angle iron inverted with respect to each other. As above, the 

variation of light and shadow in the spaces is infinite.
 

  
Figure 2. (a) Two spaces with rotation, steel. (b) Sculpture 1, 2011, steel.

 
 

Cutting at 45 degrees and 
Stacking 
 
This past year I realized an 
easy way to form rectangular 
spaces was to simply cut a 
rectangular steel tube. The 
cuts were made at 45 degrees 
and the distance between cuts 
was the same length as the 45 
degree cut so the top view 
was an equal-sided 
parallelogram. This 
rectangular tube with ends cut 
at 45 degrees will be referred 
to as a basic module 1. In 
Figure 2(b) a copy of module 

1 is flipped over, rotated and stacked directly above a copy of module 1. This stacking is referred to as 
Sculpture 1. Working with equal sided parallelograms allows for stacking one directly on top of another. 
More generally, one could stack any number of copies of module 1. 
 

  
Figure 3. (a) Sculpture 2, 2011, steel. (b) Side view of Sculpture 2.
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The side view of Sculpture 1, obtained by rotating Sculpture 1 a quarter turn, has an appealing V-shape as 
shown in the lower part in Figure 3(a). A copy of Sculpture 1 is then placed above the rotated copy to 
obtain Sculpture 2 in Figure 3(a). Briefly, Sculpture 2 is the side view placed below the front view. 
Sculpture 2 is hyperseeing  Sculpture  1 from the front and side. The side view of Sculpture 2 is the side 
view placed above the front view, as shown in Figure 3(b). Thus the side view is the same as turning  the 
front view upside down. 

 

    

Figure 4. (a) Sculpture 3, 2012, steel. (b), (c) Alternate views. 
 

Stacking Module 1 Spaces spaces with 45 
degree rotation. 
 
Three copies of module 1 are shown stacked 
with a 45 degree rotation in Figure 4(a). This 
seems like a natural configuration for stacking 
module 1 that I refer to as Sculpture 3. Alternate 
views are shown in Figures 4(b) and (c), where 
adjacent pairs can be seen to “line up”.  

Variations. 
 
A variation of Sculpture 2 in Figure 3(a) is 
shown in Figure 5(a), referred to as Sculpture 4. 
Here the bottom two modules in Sculpture 2 
have been interchanged. In Sculpture 4, viewing 
from the bottom right upward, there is 

alternatively wall, open, wall, open, which I prefer. If five Module 1 spaces are stacked with 45 degree 
rotation, then the top is the same as the bottom, as shown in Figure 5 (b), referred to as Sculpture 5.  

  

Figure 5. (a) Sculpture 4, 2011, Steel (b) Sculpture 
5, 2012, Steel.
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Topology and Architecture 

From a topological viewpoint, the two sculptures in Figure 2 have two holes and are double torii. 
Sculpture 2 and 4 are quadruple torii. Sculpture 3 is a triple torus and Sculpture 5 is a quintuple torus. 

In essence, architecture is about constructing lighted spaces. It had occurred to me that the sculpture in 
Figure 2(a) could be a simple idea for a two-level modular home with glass walls at the openings. A door 
could be inserted in the wall of the second level so that one could walk out onto a patio, which is part of 
the roof of the first level. Sculpture 1 in Figure 2(b) suggests a two-level modular home constructed with 
parallelogram modules, either each having just one room or possibly multiple rooms. Stacking more 
modules would result in a taller home. The cantilevered stacking in Sculpture 3 in Figure 4(a) would 
allow for triangular patios on the roofs of the modules below. Thus stacking parallelogram shaped 
modules can be generalized to modular construction in architecture. The parallelogram shaped module 
appears more attractive than a rectangular shaped module. 

Cutting an I-beam at 45 degrees and Stacking 

As in the case of cutting rectangular tubes, I also cut an aluminum I-beam at 45 degrees and the length 
between cuts was the same length as the 45 degree cut. This rectangular I-beam with ends cut at 45 
degrees is referred to as Module 2. As previously, the top view of Module 2 is an equal sided 
parallelogram. However, I stacked this module differently by drawing two lines joining midpoints of 
opposite sides of the parallelogram which divided the parallelogram into four similar quarter 
parallelograms. I then alternately slid one rotated module over a quarter parallelogram, with respect to the 
one below, as shown in Figure 6, referred to as Sculpture 6. I was particularly interested in the cantilever 
effect, as well as the alternate left-right “directions” of the modules. Note that the inner vertical edges line 
up in the center. A version in aluminum is shown in Figure 6(a) and steel in (b).  
 

  

Figure 6. (a) Sculpture 6, 2011, aluminum. (b) Steel. 
 
In the photographs in Figure 6, it is not obvious that the ends are cut at 45 degrees rather than 90 degrees. 
However, it is the 45 degree cuts that give the sculptures a certain directional presence that is can be felt 
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when viewing the actual sculptures. For me, there is something about an I-beam that has a strong 
figurative sense. 

There is a huge range of I-beam sizes to 
choose from. In Figure 7(a) the height of 
the I-beams is 16 inches, which is referred 
to as Sculpture 7. A later five module 
stacking is shown in Figure 7(b) in a studio 
view, referred to as Sculpture 8. The 
surface was obtained by wire brushing the 
surface with lacquer thinner to obtain a 
uniform color. I used a grinder on the 
edges. 
 
The stacking in Figure 7(a) alternates left, 
right, left, referring to the directions of the 
rising modules. Plans for future stackings 
will include alternating with different 
numbers of modules. For example, starting 
with Sculpture 7, one can now add another 
left and then two rights. Thus the sculpture 
could be described as left, right, left, left, 
right, right, or 1 right, 1 left, 2 rights, 2 

lefts. This could be followed by 3 rights, 3 lefts. Thus the sculpture would “branch out”, like a tree. 
 
 
Two 45 degree cuts 

A plaster seated figure by Rodin 
is shown in Figure 8 (a). 
Sculpture 9 shown in Figure 
8(b) is an abstract torso based 
on this seated figure. The 
horizontal 45 degree cut 
corresponds to the twist of the 
torso (twist right instead of left) 
and the diagonal 45 degree cut 
corresponds to the angle of the 
lower part of the bent left arm. 
 
Cutting Circular Tubes 

I recently hit the jackpot at a 
local steel factory where they 
had cut circular tubes on an 

Figure 7. (a) Sculpture 7, 2012, steel, 48 inches. (b) 
Sculpture 8, 2012, steel, 80 inches.

  
Figure 8. (a) Auguste Rodin, Seated Figure, Plaster, Museum of the 

Palace of Legion of Honor, San Francisco, CA. (b) Sculpture 9, 2012, 
Steel. Double 45 degree cut.
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angle and the cut ends were in the scrap container. The resulting cuts were perfect ellipses. Some ends 
were cut twice at different angles resulting in two different ellipses. An example is shown in Figure 9(a) 
referred to as Sculpture 10. Sculpture 10 can also be seen as a thin elliptical torus (one hole). Stacking 
these forms should be an interesting direction to develop. For example, stacking two such forms would 
result in two holes and hence a double torus as in Sculpture 11 in Figure 9(b). 

  

Figure 9. (a) Sculpture 10, 2012, Steel. (b) Sculpture 11, 2012, Steel.
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Abstract  

Dissections of simple geometrical forms can be used to train students’ spatial understanding and to 
teach geometrical modeling as well as some of the practical aspects of rapid prototyping by layered 
manufacturing. Two types of dissection puzzles have been used as class exercises in a graduate course 
on computer-aided solid modeling: Helicoidal sectioning of simple geometrical shapes and a burr puzzle 
based on a cubic grid. 

 
1. Introduction 

Dissection puzzles [1] are excellent vehicles to study geometric shape design and to train one’s 
understanding of 3D space. For this reason we have introduced dissection puzzles in many offerings of a 
graduate course at U.C. Berkeley concerned with modeling of solid shapes (CS285). Before we give the 
students their own assignments, we typically show them some Hamiltonian dissections of the Platonic 
solids (Fig.1). In these Hamiltonian dissections, a particular solid may be cut by a sweep path anchored at 
the center of the shape, while the other end of the cut line is swept along a Hamiltonian circuit formed by 
the edges of the polyhedron. These dissections don’t form any mysterious “puzzles” – except perhaps for 
the case of the icosahedron; this shape typically resists being taken apart for a while, because one must 
grip each part properly with three fingers to slide the two halves apart. However, such dissections are still 
satisfying, since they lead to nice geometrical forms that are of potential sculptural interest. 

    
Figure 1:  Hamiltonian dissections of Platonic solids.  

 
We also discuss in what other ways one might cut these solids to make puzzles that are more challenging. 
A particularly intriguing dissection of the cube is shown in Figure 2, where each part is of genus 1.  
Again, it is mostly an issue of gripping the two halves properly to take this puzzle apart easily. 

         
Figure 2:  Dissection of a cube into two congruent parts of genus 1.  
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In this paper we discuss two kinds of puzzles: Helicoidal sectioning of some simple shapes (Sections 2 
and 3) and realizations of some burr puzzles (Section 4). In the first case, the challenge for the students 
consists in conceiving and visualizing an appropriate shape and then finding a way of describing that 
geometry with some simple CAD tools.  In the second case the geometry is mostly given, and the focus is 
on realizing that shape in the most cost-effective manner via rapid prototyping using layered 
manufacturing on a Fused Deposition Modeling (FDM) machine. 

 
2. Helicoidal Dissections 

In the fall of 2011, I decided to experiment with curved surfaces, so I gave the students the following 
assignment: assignment:

 Design a two- or three-piece geometrical puzzle in which a simple shape is partitioned into all 
congruent parts via a helical screw motion. 

The assignment was done with teams of 3-4 students. They first discussed the range of possibilities and 
then picked their own creative designs. All teams quickly figured out that the parting surfaces would have 
to be one or more helicoids winding around a common straight line, e.g. the z-axis.  It was then their 
choice to select a suitable overall shape, positioned symmetrically with respect to the chosen system of 
helicoids, so that the resulting dissection (or tri-section) pieces can be congruent. Different teams picked 
quite different shapes. The students who were relying solely on the default modeling software offered 
with this course, the SLIDE [10] system designed in the 1990s, were typically using rotationally 
symmetrical shapes, because SLIDE offers powerful and easy-to-use sweep constructs, but has no 
Boolean CSG (constructive solids geometry) operations. Figure 3a shows one of the resulting shapes.  

                     
Figure 3:  Rotationally symmetrical helicoidal tri-section puzzle: (a) 3-part CAD model; (b) generic 

scalable cross-section; (c) scaling function profile along the z-axis.  
 
All the students had to do in this case was to choose a disk segment spanning 120° as the generic cross-
sectional profile for each of the three parts (Fig.3b) and then sweep that profile along the z-axis. During 
that sweep, an arbitrary scaling function (Fig.3c) can be applied, which will generate the desired 
rotationally symmetrical form.  

           
Figure 4:  Dissection using helicoidal sweep: (a) fabricated puzzle; (b) sweep path with 5 some sample 

cross sections. – Helicoidal dissection of Bio-Hazard symbol: (c) CAD model; (d) physical artifact. 
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Other students, who created more heavily intertwined screw-shapes (Fig.4a), started by defining a simple 
helical sweep path (Fig.4b) and then swept a suitably parameterized cross section along this path. In this 
particular case it was a rectangle of constant height determined by the pitch of the helical screw (Fig.4b), 
but which was varied in width (along a hemi-circle) so as to give the desired overall spherical shape 
(Fig.4a). As a variation on this basic approach, other students started from a ring-shaped base, but added 
some “decorations.” One team created a 3D solid rendering of the Bio-Hazard symbol (Fig.4c and 4d). 

Another team of students who had access to SolidWorks [12], which provides Boolean Constructive 
Solids Geometry (CSG) operations, decided to partition a cube along a space diagonal into three 
congruent pieces, which by themselves also exhibited 2-fold rotational symmetry. To accomplish this, 
they adjusted the pitch of the helicoids so that each cutting surface makes a 780° turn around the z-axis 
while sweeping from the top to the bottom corner of the cube (Fig.5a and 5b). To create this shape within 
SLIDE is more challenging, since SLIDE does not offer CSG operations. Thus the external point of a 
sweep line cutting through the cube – and simultaneously defining the curved surface of the resulting 
trisection parts – must be programmed explicitly to follow the surface of a suitably oriented cube.  

          
Figure 5:  Helicoidal tri-section of a cube:  (a) aligned, and (b) with the green part slightly twisted apart. 

Helicoidal dissection of a tetrahedron: (c) aligned, and (d) the yellow part slightly twisted apart. 
 
As a demonstration that this task is not “impossible” I created the helicoidal dissection of the tetrahedron 
shown in Figures 5c and 5d.  In this case the cutting path on the surface of the polyhedron had to be 
traced through only four faces from one edge center to the opposite edge. Since the chosen geometry 
exhibits D2 symmetry, the path had to be calculated through only two faces. Six path points were 
calculated explicitly on each surface and connected with a piece-wise linear polyline. 

In all these puzzles, issues of geometrical design, numerical accuracy, and suitable tolerancing had to 
be addressed. The primary question to be decided is how many turns the helicoids should make while 
passing through the overall shape to be dissected. In the case of the Bio-Hazard puzzle, having each part 
execute a full 360° turn was barely enough to hold this loosely structured puzzle together. A similar 
problem plagues the elegant quadrisection of the rhombic dodecahedron posted by George Hart on his 
website [6]. The four pieces slip easily together (Fig.6b), but they also tend to slip apart under the force of 
gravity, if the puzzle is set down with its helicoidal axis positioned horizontally (Fig.6b). 

       
Figure 6:  Helicoidal quadrisection of a rhombic dodecahedron (design by George Hart [6]). 
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For other designs like the trisected teardrop – or “upside-down ice-cream cone” (Fig.3) the geometry was 
so tight and the friction was so high that the three pieces could not be fully screwed together until the 
helicoidal parting surfaces had been sanded thoroughly. The designers of the trisected cube (Fig.5a) 
struck a good compromise and hollowed-out a central portion of the cube with a diameter equal to about 
half the cube edge-length. This reduced friction dramatically, and the puzzle slipped together with only 
minimal sanding. The central cavity can then also be used to hide a small surprise trinket. 

 
3. Generalizing Helicoidal Dissections 

A general way to create helicoidal dissections is to start from any dissection that is based on a linear 
sliding motion, and then twist space in a helical manner around an axis parallel to the original sliding 
action. For instance, we could start with a structure like the cube dissection shown in Figure 2 and create 
a similar prong and sleeve structure that twists through some reasonable helical angle. Alternatively, we 
can give each part more than one prong, as is the case in the Hamiltonian dissection of the icosahedrons 
(Fig.1d). This concept is illustrated in Figure 7. In this case the central region of space occupied by the 
prongs has been partitioned into six segments of 60° degrees each. Every other one of the six prongs is 
connected to one of the two end-caps (Fig.7a). Two congruent parts now can engage via a linear sliding 
motion. If the whole geometry is twisted around the z-axis in a helical manner with constant pitch 
(Fig.7b), then two identical parts slide together with the same helical screw motion (Fig.7c). Figure 7d 
shows this geometry realized on our FDM machine. Since no explicit gap had been programmed into this 
geometry, quite a bit of sanding was required to make the parts fit together smoothly (Fig.7e). 

              
Figure 7:  Multi-prong helicoidal dissections: CAD models: (a) linear slide-apart geometry; (b) one part 

twisted; (c) two parts intertwined. Realization of this concept: (d) the two pieces shown individually;  
(e) the two pieces partly intertwined. 

 

      
Figure 8:  Helicoidal dissections with unequal prongs: (a) two pieces with sector’ed prongs, and (b) the 
two pieces partly intertwined. More diverse prong geometries: (c) the two pieces as designed with linear 

slide-apart prongs, and (d) the two pieces twisted and partly intertwined.  
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Of course, there is no need to give all the prongs the same shape. Figure 8a shows two congruent parts 
with four prongs that all span different angles, and Figure 8b shows that they still fit together. The prongs 
need not necessarily “touch” the helical axis.  

A more varied arrangement that still guarantees congruence of the two parts is shown in Figures 8c 
and 8d. Each prong fits into a corresponding sleeve tunnel in the “end-cap” of the other part. These end-
caps have been shortened to expose the geometry of the prongs and sleeves (Fig.8c). Once the basic 
arrangement has been designed, the whole geometry can again be twisted in a helical manner around a 
screw axis that runs parallel to the original prismatic prongs (Fig.8d).  The prongs may pass all way 
through the end-caps to create puzzle pieces of higher genus. 

In a previous offering of the course, Matthias Goerner designed an intriguing isohedral helicoidal tile 
that can tessellate all of 3D Euclidean space.  His solid tile consists of a two-story composite of two 
heavily serrated, helical pinwheels (Fig.9a).  Each tile slides into the collection of its nearest neighbors 
with a helical screw motion, thus leading to a layered tessellation of 3D space (Fig.9b). This can be seen 
as the ultimate generalization of helicoidal dissections. 

       
Figure 9:  A modular helicoidal tile and the way it tile3D Euclidean space. 

 
4. Interlocking Cubic Burr Puzzle 

Another design exercise for this class was based on an interlocking burr puzzle, dissecting a 4×4×4 cube 
into four different pieces, each composed 13, 14, 16, and 20 cubelets, respectively. A small version of the 
puzzle, measuring only 16mm on a side (Fig.10), was bought from ShapeWays [9] for less than US$10.--.  
This object was fabricated on demand by selective laser sintering (SLS). Since the price of such a part is 
more or less proportional to the build volume of the object, I posed the following problem to my graduate 
class: 

 Figure 15 shows an appealing cube-dissection puzzle. I would like to have one like it, – but at a 
much bigger scale (say, scaled up by a factor of 8 or 10)! Find a design that can be built at this 
larger scale in an economical way with a layered manufacturing process. 

A consensus evolved during a couple of in-class discussions that it would be advantageous to design just 
one cubelet module and then instantiate this cubelet as needed to form the different parts of such a burr 
puzzle. Since our class had ready access to an old Fused-Deposition-Modeling (FDM) machine from 
Stratasys [13], and to make the design task more specific (and also somewhat more difficult), the students 
were asked to design such a cubelet module specifically for our FDM machine (type 1605). The main 
challenge here is that overhanging segments of the part, constructed sequentially layer by layer, need to 
be supported with some “scaffolding” material, which is later removed by manually breaking it away. The 
goal is to minimize the total build time as well as the total amount of build- and support-material used. 
(These two requirements are essentially identical for this machine). 
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Figure 10:  Small cubic burr puzzle from Shapeways [9].  

 
One of the plausible solutions is to build each cubelet as a thin hollow shell of a cube. Each such cube 
would then be filled loosely with some scaffolding material, which, however, cannot be removed 
(Fig.11a). It would fill each cube completely but in a much looser way than the density of the deposited 
material in the cube shell itself.  It would add mechanical strength to each cubelet, and thus might allow 
us to make its shell rather thin (perhaps only about 1mm), which would correspond to four layers (or four 
bead-widths) of deposited material.  –  The question is: Can we do better? 

Another approach is to build only a thickened edge-frame of the cube (Fig.11b) – akin to the style 
used by Leonardo DaVinci to depict some to the regular and semi-regular polyhedra. This approach can 
save build material as well as support material, if the scaffolding material can be restricted to the vertical 
walls of each cubelet, and if the central portions of the cubelets can be kept free of any type of build 
material (Fig.11c). 

                   
Figure 11:  Possible cubelet designs:  (a) cross section through a hollow cube shell; (b) Leonardo-style 

cube frame; (c) cross section through this cube frame with support structure (dark vertical lines).  
 
This approach makes the puzzle more transparent and thus makes visible its internal geometry; which 
may be seen as a plus or as a minus. In a good burr puzzle the first few pieces should not be able to slide 
out immediately from the overall cube.  In a first step they should be able to move only by a small 
amount, which then allows some other piece to make some limited movement, until some other piece can 
be freed completely after a carefully orchestrated sequence of moves of several different pieces. This 
makes the puzzle rather hard to solve if there is a lot of friction and if one cannot see which pieces are 
adjacent to internal voids that would allow them to move at all. 

When trying to limit the scaffolding material to the vertical walls, we had to contend with some 
idiosyncrasies of QuickSlice, the software that slices the geometrical part into 10mil (0.25mm) thick 
layers and then drives the FDM machine to “paint-in” each such layer with a back-and-forth motion (in 
the x-y-plane) of the nozzle that dispenses the hot, semi-liquid ABS plastic. In this program, the user has 
the option to specify what kind of supports the machine is supposed to build. First we tell the machine to 
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simply build straight vertical support structures. Since we expect all support structures to be small and 
locally confined to the vertical walls of the cubelets, there is no need to use any tapered lateral growth for 
stability. Furthermore we specify that overhanging faces of 45° or steeper need no support structures, but 
can be built by relying on cantilevering outwards the beads in subsequent layers by half their diameter.  

Unfortunately, in the first few trial runs, QuickSlice still wanted to construct scaffolding throughout 
the whole volume of the cubelets. – There seems to be some routine that tries to fill in small areas (of less 
than about 0.5 inch2) surrounded by scaffolding. We had to scale up individual cubelets to an edge-length 
of 1.2 inches, and narrow down the frame width to 0.18 inches to create large enough openings in the 
horizontal cube faces that will not get filled in by support material.  

To minimize the support structure within each vertical cube face window, we set the flange thickness 
of the cube frame to 0.06 inches; this will become visible as the width of the “window sill.” Moreover, all 
the struts of the cube frame are beveled at 45° on the inside, so that no support material is needed below 
them (Fig.12a). Thus, theoretically, it is only a volume of 0.84×0.84×0.06 inch3 for each vertical cubelet 
face window that needs to be filled with support material. QuickSlice thickens this support pad to 0.12 
inches (yellow/black regions in Fig.12a).  This is still a very small volume of support material, and the 
resulting pads can be removed easily in the clean-up phase. 

                               
Figure 12:  Design details for cubelet frame: (a) cross-section through one cubelet, showing internal and 

external bevels on edge beams.  (b) Arrangement of six abutting cubelet frames: Without the external 
bevels, double-length edges (orange and purple) would be formed by QuickSlice.  

 
Another problem was that the file we sent to QuickSlice was not a true 2-manifold structure, but rather a 
union of abutting boundary-representations for individual cube frames (Fig.12b). Thus in all the contact 
planes, the STL file sent to QuickSlice had coplanar polygons with reversed polarity (opposing face-
normals). We hoped that QuickSlice would remove the resulting coinciding edges with opposite 
directionality – and in about half the contact faces this actually happened. It took me quite some time to 
figure out why this was not happening everywhere.  

First we suspected numerical inaccuracies due to rounding errors in the transformations applied to 
individual cubelets and to the individual struts within their cube frames; – but the STL files had perfectly 
good numerical values in them. Eventually we concluded that QuickSlice must merge edges produced in 
the slicing operation as it goes along, rather than delaying the merging process until after potentially 
redundant edges have been removed. In this process QuickSlice combines collinear edges that share one 
end-point (corresponding to collinear cube-edges in neighboring cubes) into a resulting edge of double 
length (orange and purple edges in Fig.12b). Single-length edges that might later coincide with only half 
of this combined edge then have no redundant partner with which they could be annihilated. To get 
around this problem, each cubelet was provided with a tiny bevel along all its 12 outer edges (right-most 
elements in Fig.12b). This prevented collinear edges in adjacent cubes from sharing a vertex and from 
being merged (blue and green edges in Fig.12b). In this way it was possible to prevent the generation of 
undesirable boundaries between abutting cube faces, which in turn assured that all cubelet frames were 
solidly fused to one another. 
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The reader may wonder why I am spending so much time discussing ways to get around the 
idiosyncrasies of a 17 year old rapid prototyping machine. New machines and their software are not 
necessarily better; they have their own quirks! Moreover, as systems become more automatic and more 
encapsulated, it becomes even harder to predict what exactly a machine will be doing when it calculates 
the detailed instructions for the implementation of a particular part. It is thus highly advisable to always 
run a few informative test parts when switching to a new machine or implementation service. 

        
Figure 13:  Grid-frame parts of the cubic burr puzzle: Yellow part (a) with, and (b) without support 

material (from a different view angle).  (c) Blue piece as it comes out of the FDM machine and 
(d) green piece with its support partly removed.  

 
After all the above design adjustments, the Stratasys 1650 FDM machine built the various composites of 
cubelets as we had intended. For the yellow part with 16 cubelets (Fig.13a) the build process took about 
37 hours. Manually removing the support structure (Fig.13b) took about 30 minutes. Two additional parts 
are shown in Figures 13c and 13d. Minor sanding on the outside edges was required to remove some of 
the rough spots and to make sure that the puzzle pieces would slide together easily (Fig.14a) and 
eventually form the complete 4×4×4 cube (Fig.14b).  

               
Figure 14:  (a) Partly assembled cubic burr puzzle, showing two of the four pieces in their final, desired 

positions. (b) All four pieces assembled into a 4×4×4 cube. 
 
Inspired by the above design exercise, Frederick Doering, a student in the 2011 class, decided that for his 
final course project he would develop a program that helps in the analysis and design of such interlocking 
burr puzzles based on cubes. Relying heavily on the pioneering work by W. H. Cutler [2][3][4][7], he 
developed a program that determines the movability of individual parts and then uses an exhaustive 
search to find non-trivial combinations of moves that will take the puzzle apart. He found a 2-piece, 
3×3×3 cube puzzle that takes three moves to come apart completely. 
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Since this conference track is also concerned with sculpting, it should be noted that these grid-frame 
puzzle pieces are rather intriguing and attractive shapes by themselves. I could readily see them enlarged 
to a 30-foot scale and then installed in some public plaza as a monumental constructivist sculpture 
(Fig.15). 

 
Figure 15:  A single puzzle piece seen as a sculpture model.  

 
5. “Multi-hand” Dissections 

All puzzles described so far allow the individual movement of one puzzle piece at a time. But there are 
other puzzles that “cannot be taken apart with two hands [11].” They require a simultaneous, coordinated 
motion of several pieces to get the puzzle apart. A simple example of such a puzzle, which relies on linear 
disassembly motions, is shown in Figure 16. In this compound of three angled parts, each having an angle 
of 120° between the prong and the tunnel, all three parts have to move at the same rate in a star-shaped 
manner for this compound to be able to separate.  The question then arose whether a puzzle like this can 
be designed so that all the movements are helical screw motions. I leave this question open as a challenge 
for the reader. 

               
Figure 16:  “Three-handed” dissection puzzle:  (a) assembled;  (b) partly disassembled.  
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6. Conclusions 
Over the years, the design of simple dissection puzzles and the fabrication of some of them on a Fused 
Deposition Modeling (FDM) machine have been highly valuable experiences for the students in a 
graduate course devoted to computer-aided solid modeling and rapid prototyping. Since that course 
focuses on procedural design, the generation of helicoidal surfaces, along which pairs of parts separate 
with a helical screw motion, is particularly suitable. The individual parts of these puzzles are supposed to 
abut tightly against one another; thus problems of accuracy and tolerances become a primary issue.  

The possibility to hold in their hands a smoothly working puzzle that they can show off to their 
friends and relatives is a strong motivating force for the students. For the teacher in this class, this 
excitement is infectious. Every time this course is offered, I am surprised by the creativity of some 
students and I learn something new myself. 

Unfortunately course time is limited; so we can only explore a small fraction of all the intriguing 
design aspects of the various types of puzzles. For interlocking polyhedral puzzles, Cutler’s work [4] is 
inspirational. The IBM Burr puzzle site [7] is another good starting point. And recently some rather 
artistic solutions have been presented to turn arbitrary free-form shapes into appealing puzzles [8][14]. 
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6. Conclusions 
Over the years, the design of simple dissection puzzles and the fabrication of some of them on a Fused 
Deposition Modeling (FDM) machine have been highly valuable experiences for the students in a 
graduate course devoted to computer-aided solid modeling and rapid prototyping. Since that course 
focuses on procedural design, the generation of helicoidal surfaces, along which pairs of parts separate 
with a helical screw motion, is particularly suitable. The individual parts of these puzzles are supposed to 
abut tightly against one another; thus problems of accuracy and tolerances become a primary issue.  

The possibility to hold in their hands a smoothly working puzzle that they can show off to their 
friends and relatives is a strong motivating force for the students. For the teacher in this class, this 
excitement is infectious. Every time this course is offered, I am surprised by the creativity of some 
students and I learn something new myself. 

Unfortunately course time is limited; so we can only explore a small fraction of all the intriguing 
design aspects of the various types of puzzles. For interlocking polyhedral puzzles, Cutler’s work [4] is 
inspirational. The IBM Burr puzzle site [7] is another good starting point. And recently some rather 
artistic solutions have been presented to turn arbitrary free-form shapes into appealing puzzles [8][14]. 
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Abstract 
 

The Shaping Light project investigates how surface slit and fold patterns can transform sheet materials into 
adjustable sun-shading screens.  3D motifs were tessellated into sculptural patterns for decorative and 
functional purposes.  The project shows how moving between physical manipulation, lighting studies, and 
digital transformations produced a robust family of forms.  This paper documents how each type of study 
affected the type of forms generated.  Design process recommendations include alternating generative with 
analytic thinking, mixing modes and scales of working, seeking site-specific  

 
 

Introduction 
 
This paper describes the Shaping Light project, an exploration of manipulating 2D surfaces into 
3D forms.  It tells the story about how the forms of sun-shading screens changed under different 
kinds of studies.  The project investigates how the efficiency of origami folding can be used for 
adjustable window shading.   

The project is inspired by the visual effects created by Erwin Hauer's sculptural screens [1] 
that show how continuous curved surfaces can block direct sunlight while transmitting variable 
gradients of bounced light.  Hauer's screens juxtapose crisp silhouettes against the soft gradients 
created by sinuous convex to concave transitions.  The original screens were composed of 
modular blocks cast of gypsum and cement in the 1950's and 60's, with recent versions CNC 
milled with Enrique Rosato. The Shaping Light project seeks to mimic the screens' light-scooping 
surfaces that visually change under different lighting and viewing angles.  

This project has been focused on slitting and folding a single continuous sheet with no 
waste. To investigate folded forms, the project has built on a range of origami resources and 
artistic examples [2], particularly the lasercut and folded sheets of designers Fernando Sierra and 
Polly Verite.  The PBS "Between the Folds" film [3] provides a robust look at the artistic, 
geometric and educational aspects of origami.  In the future, the project aspires to more fully 
utilize digital simulation and robotic innovations such as Tomohiro Tachi's Rigid Origami 
Simulator and freeware for generating, animating and altering crease patterns [4]. Gregory Epps, 
who created a Curved Folding social media website, devised Robofold, a machine with padded 
arms that automatically folds sheet metal and started a Ning social networking site for digital 
origami [5].   Daniel Piker has used his Kangaroo 3D live physics engine plug-in for Grasshopper 
to simulate origami dynamics, including interaction through the Kinect interface [6].  
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I. Formal Explorations 

The project grew from examining how a simple motif could be aggregated to create unexpected 
3D forms. The motif creates a pocket to bounce light, using a tension thread or wire clip to cinch 
the material.  The motif's dimensions could be modified to generate different amounts of pleating 
of the surface:  parametric variations shift the form from a soft scallop to a pointed cone.   

Figure 1: 3D motifs created with slits and folds. 

The early process alternated 2D-to-3D exploration with careful editing. The authors 
followed Bauhaus examples, seeking the most robust forms that could be created from the simple 
crease and slit motifs, then combining and multiplying them.   Analyzing and categorizing these 
open-ended efforts helped distinguish promising directions for further investigation.  Radial 
patterns, dome forms and closed geometric forms were seen as less fruitful.  While the fully 
symmetrical forms could be attractive, they spawned fewer possibilities for extension or 
adaptation.  They suggested more architectural applications when they could connect to other 
similar or complementary units in a modular or parametric system. We found it more promising 
to combine convex motifs with concave motifs of different dimensions in linear, curvilinear or 
area-filling patterns. 

 

Figure 2: Adjustable domed square (l) could generate closed forms (c) or a more open-ended 
panel system (r). 

The project developed when original assumptions were rejected or modified.  For example, 
shifting the visual focus from the center of rotational symmetry to the corners of where square 
convex-concave units came together proved to be key to further development.  The gaps between 
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the motifs gave an unexpected synergy to these junctions and helped show that expanding the 
distance between motifs would create more visually pleasing proportions by giving visual 
breathing space for each motif. This was also key to adjusting the boundary condition to 
emphasize the reading of petals.  In the 6'x15' Shaping Light Veil installation that demonstrated 
parametric variation, the corner conditions of the motifs were varied from square to round in 
order to emphasize its flower-like nature.  The flowing zone of more rounded petals would 
transmit more light than the more crisply crimped square ones. 

 

Figure 3: Giving the cinched motifs breathing space allowed re-interpretation of the boundary 
condition into flower petals. 

 

Figure 4: Shaping Light Veil installation created a field shifting from squares to flowers. 

Designers need to be alert for opportunities to re-interpret or transform the work.  For 
example, alternating concave and convex petals on four-fold rotation creates a temporarily stable 
anticlastic pattern that can be flipped from overall concave to overall convex.  Patterns of these 
pockets can create flat, cylindrical, or helicoid forms, depending on the suspension condition, 2D 
tessellation pattern and 3D folding combination.  
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Figure 5: Aggregation forms: multiple curved folds generate a moldable corrugated surface 
(left), tensioned tabs lock the surface curvature (center), flowers of concave and convex petals 

can flip into alternate stable configurations (right). 

II.A. Lighting Studies 

While any folding generates surfaces that vary in appearance under different lighting, working 
with light sources drove the experiments towards surfaces that would look good with both side-
lighting and back-lighting.  The screen became a tool for creating value gradients by bouncing 
direct light with curved or angled surfaces.  The goal became generating pleasing patterns of 
softly varying tones of light, punctuated with high-contrast edges. 

Selecting a specific application gave the work constraints that focused the investigation.  For 
shading a south-facing building facade, the most appropriate patterns vary the angle of a diagonal 
shading surface and allow the screen to fold out of the way.  The primary pattern pursued 
consisted of Petal pockets on diagonal folds cut into an accordion pleat pattern. A second 
herringbone or chevron pattern known as Miura-Ori has also been tested.  In both cases, more 
light is transmitted when the screen is compressed. When the screen is stretched, the openings are 
minimized as it moves towards its original form as a continuous flat sheet. Parametric software 
was used to adjust the screen proportions and aperture dimensions as well as to digitally animate 
versions of the screens. 

   

��

 

Figure 6: Compressed Petal (l), Tensioned Petal (c) and Chevron screens (r) present decorative 
patterns in lieu of the view. 

Figure 7.  Parametric variations of the chevron screen show different amounts of light 
transmitted and reflected. 

II.B. Daylight Modeling  

As the focus shifted to pragmatically adapting to changing seasonal and daily sun conditions, the 
tools and procedures shifted.  To better understand the architectural application of these screens, 
we built a scale model of a classroom with a south-facing facade and examined how the screen 
shaded under both sunny and cloudy conditions. We used a heliodon, a calibrated sun-angle table, 
� � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � - summer solstice, 
equinox, and winter solstice.  To simulate the diffused light distribution of an overcast day, 
additional testing was done under a mirrored-box artificial sky that simulates the diffused light 
distribution of an overcast day.  Light sensors allowed us to compare daylight factors (brightness 
as measured in % of exterior unshaded light) for the two configurations and see the light fall-off 
with depth of the room.   

Images taken at hourly intervals show that the screens successfully shield direct sunlight in 
summer, reducing heat gain and glare.  In the equinox condition, some patterned light can enter 



65
��

 

Figure 6: Compressed Petal (l), Tensioned Petal (c) and Chevron screens (r) present decorative 
patterns in lieu of the view. 

Figure 7.  Parametric variations of the chevron screen show different amounts of light 
transmitted and reflected. 

II.B. Daylight Modeling  

As the focus shifted to pragmatically adapting to changing seasonal and daily sun conditions, the 
tools and procedures shifted.  To better understand the architectural application of these screens, 
we built a scale model of a classroom with a south-facing facade and examined how the screen 
shaded under both sunny and cloudy conditions. We used a heliodon, a calibrated sun-angle table, 
� � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � - summer solstice, 
equinox, and winter solstice.  To simulate the diffused light distribution of an overcast day, 
additional testing was done under a mirrored-box artificial sky that simulates the diffused light 
distribution of an overcast day.  Light sensors allowed us to compare daylight factors (brightness 
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summer, reducing heat gain and glare.  In the equinox condition, some patterned light can enter 
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the front of the room.  During the winter, the screens allow sunlight to penetrate deeply into the 
space.  

 

Figure 8: Folded petal pattern flips petals on alternating convex and concave folds to reflect 
summer sun and transmit winter light. 

 

Figure 9: Daylight factors of Compressed and Tensioned Petal screens block substantial light 
under overcast sky conditions (left), Tensioned screen admits patterned daylight in winter but not 
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summer or equinox conditions (right). Beam in ceiling (top left) shades the deeper half of the 
ceiling more than a flat ceiling (center left). 

Under overcast sky conditions, the screens block more than half the incoming light. In 
blocking the view, the screen effectively diffuses the light with a pattern that subtly changes.  The 
screen is more likely to be adjusted in the spring and fall due to the variable sunlight and 
temperature changes.  In the winter the screen can be slid aside in order to maximize light and 
heat gain. 

The screen's aperture shape, fold pattern and mounting system could be adjusted for different 
facade orientations and functional requirements.  Ways to bounce sunlight deeper into the space 
for better daylight distribution are being examined.  The ceiling contour, screen configuration and 
and aperture edge condition could be optimized together.

 

IIIA. Material:  Visual And Structural 

Physical models have been key to advancing the project's visual, structural and mechanical 
aspects. The visual character of the screen depends on how the surface material characteristics 
interact with light.  Being able to manipulate a physical model makes it easier to understand 
which surfaces are reflecting or shading under a specific lighting conditions and folding 
configurations. A high reflectance and surface value is important to achieve bounced light and 
bounced color effects.  Opaque materials create the most dramatic contrasts, partly-translucent 
materials with non-directional fibers or laid patterns can provide textural interest at a close-up 
scale.  

 

Figure 10: Polypropylene Chevron screen can be molded to expose openings. 

Emphasizing visual effects lead to working with translucent layers. Adding a translucent 
liner of glassine or tracing paper can combat glare through back-lit cut openings and modulate the 
direct light hitting a screen.  If the light is reversed, the translucent layer acts as a projection 
screen to catch shadows. Translucent surfaces with apertures and folds can create varying shadow 
effects. The gap between layers exaggerates the variation of visual effects caused by different sun 
angles and seen from different viewing angles.  
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Figure 11: Tracing paper creates ghostly shadows. 

Structurally, non-resilient sheet materials can be curved in cylindrical or conical forms or given a 
ridge to give stiffness. A curved mountain fold in parallel with a curved valley fold reinforces the 
vaulted form.  For room-shading applications, free-standing self-supported screens require 
stiffness to resist buckling.  Suspended panels can act more like draperies, though they may 
require some rigidity for consistent kinetic deployment and folding retraction. 

III.B. Scaling And Complexity 
 
While the original investigation was predicated on a singled contiguous sheet, enlarging the 

project to architectural scale pushed it into modular components and composite layered materials.  
While sheet goods are available at a monumental scale, they require industrial size machines and 
space to cut and form.  While we were able to adapt a lasercutter to take roll media for the 
Shaping Light Veil project, we found that the continuous roll was not crucial for this project. 
Producing a room-scale piece is facilitated by shaping and then assembling smaller components.  
As the prototypes grew, the material requirements became more difficult to fulfill with a single 
material. In scaling up the Petal screen, 24" x 36" sheets of Yupo polypropylene proved to be too 
floppy for easy folding.   

While the project originated with the efficient elegance of a single folding sheet, the physical 
performance characteristics for repeated folding set up somewhat divergent criteria. While 
pliability is important for folding, rigidity is needed for structural coherence.  The material must 
be flexible and durable to work as a hinge.  The material fibers' resilience can provide a springy 
resistance to folding that simplifies returning the screen to its original unfolded position but 
makes folding difficult. Because multi-layer cardboards delaminate and the paper fiber 
orientation give a directional bias to folding patterns, homogeneous plastics such as 
polypropylene and non-directional fibers such as Tyvek were explored.  

 
The inability of one material to meet visual, structural and requirements lead to a search for 

materials that could be laminated to address the performance criteria.  For example, 1/8" acrylic 
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sheets were used to create a rigid frame adhered to a layer of pliable Tyvek petals, tensioned with 
rubber bands.  Options for streamlining and producing a layered or composite assembly are being 
explored.  

 

 

Figure 12:  Layered screen (l) with Yupo polypropylene, Tyvek polyethylene and polyester felt 
petals on a cardboard screen.  Narrower acrylic frame supporting Tyvek petals maximizes 
translucency. 

IV.  Lessons Learned

Rather than finding a single perfect form, we found a family of forms that satisfied divergent 
requirements to different extents.  The form of the petal motif changed according to the dominant 
constraint being studied.  To generate a soft light gradient, the petal needed a softly curved 
vaulted form, supported by minimal diagonal joints.  To fold completely flat, the original soft 
curve needed to be compressed into a crisp pleat.  To fold repeatedly without de-lamination, the 
diagonal joint had to be enlarged to distribute the twisting forces.  To digitally animate the form, 
the petal's geometry was simplified into a diagonally folded square.   
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Figure 12:  Way of working shaped results.  Visual preferences curved surface (left), folding 
pragmatism created a sharply creased variant (center), parametric simulation encouraged 

simplicity (right). 

 
Figure 13: Understanding gained at each scale informs the next scale of development. [7] 

Developing the work through the series of investigations has lead to these design principles:  
• To define and maintain a focus, combine free-exploration of variations with analysis 

and editing.  
• To keep the investigation fresh, move between different ways of working and 

different scales, looking for opportunities to re-read the project.  
• To create a robust product, seek site-specific installations that drive performance 

constraints. 

As underlying goal has been to optimize the digital-physical workflow, future work includes 
seeing how a solar simulation software shapes the screen design compared to the physical 
heliodon / artificial sun testing.  Linking the digital simulation of sun angles to parametric 
variation of the form will allow custom screen optimization for different climatic requirements.  
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Crystalline Growth

This model is forty-three 9” paper plates all folded to the same equilateral triangular grid using 

different reconfigurations of that grid to form a variety of components. The first twelve were joined 

forming an open octahedron arrangement. Another layer of reformations were added in some areas. If 

symmetrically filled it would become a truncated tetrahedron in pattern. 

Natural growth from a seed is subject to environmental conditions causing irregular growth and 

deformation through partial growth, retardation, and no growth. By adding symmetrical layers the 

irregularities can be absorbed by realigning to the original pattern. The form has been keep open 

allowing for continued growth while keeping some degree of irregularity. Every fold of the circle is an 

opening to spacial relationships between elements in the structurally folded grid.   

Three views at present state 

of growth. Possibly to be  

expanded to another level 

of forming  bringing it back 

into a cube octahedron 

symmetry. The reformed 

circles are glued together 

and given a clear glue 

sizing making it easier to 

handle when adding more 

units. This model measures 

a foot in all directions.
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My main interests include the search for interconnections between mathematics and 
physics with the sound and visual arts. Recursive procedures based on fractals and 
techniques of geometry (tiling theory, algebraic surfaces) and formal grammars, that he 
has developed in a different context, have been some of the guides of the formalization 
procedures in the temporal and spatial domains. 
 
Several types of random  substitution tilings have been generated by means of simplicial 
arrangements of pseudolines (Int.J.Mod.Phys.B, Vol.18 (2004), p.1595). The analysis of 
the topological invariants of the associated spaces of tilings leads to the introduction of 
branched surfaces. This work can be interpreted as a metaphor of a nomad place. While 
we contemplate it we travel through a space in constant change, where local 
configurations of a very small number of shapes, always reappear but in different 
surroundings. This "ritornello" type property is preserved when we extend the pattern to 
infinity. The basic hexagonal symmetry is continuously broken and has to be perceived 
in a dynamical way, as would be the case if temporal phenomena were embedded. 
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FIGURE 2. d9-4D-Tres-E

Juan G. Escudero. Facultad de Ciencias Matemáticas y Físicas. Universidad de Oviedo, 33007-Oviedo-Spain
His main interests include the search for interconnections between mathematics and physics with the sound and

visual arts. Selections, performances and exhibitions include: First Pierre Schaeffer International Computer Music
Contest, Museo Nacional Centro de Arte Reina Sofía, Festival Internacional de Música Contemporánea de Alicante,
Ciclo Músicadhoy Círculo de Bellas Artes in Madrid, ISCM-World Music Days-Music Biennale Zagreb, International
Computer Music Conference Festivals, June in Buffalo Festival (SUNY at Buffalo), Mostra di Arti dell´ Imagine-
Teatro Nuovo Giovanni da Udine, Joint Mathematics Meetings Exhibition of Mathematical Art, Art Exhibit Bridges
Mathematics, Art and Architecture, Digital Arts California, COLLISION17:transformer in Axiom Center for New and
Experimental Media, etc.

The basic geometric constructions for the generation of substitution tilings in the series of "Branched Surfaces" are
simplicial arrangments of lines or pseudolines. Simple arrangements can be obtained either as subarrangements ("A
construction of algebraic surfaces with many real nodes". http://arxiv.org/abs/1107.3401) or by rotations ("Substitu-
tions with vanishing rotationally invariant first cohomology", Discret Dyn. Nat. Soc. Vol.2012, Article ID 818549).
One of the two subfamilies of simple arrangements produces real variants of Chmutov surfaces ("Real line arrange-
ments and surfaces with many real nodes". Geometric modeling and algebraic geometry, Springer (2008), p.47) and
the other gives surfaces with a larger number of real nodes as in previous works like "Nueve y 220-B" or "Quince y
1162-Carceri-B". The polynomials in two variables obtained as product of lines in the simple arrangements can be
used to construct hypersurfaces with many nodes. This work is based on a projection in 3D of a degree-9 three-fold.

d9-4D-Tres-E 
Juan G. Escudero 

Facultad de Ciencias Matemáticas y Físicas 
Universidad de Oviedo, 33007-Oviedo-Spain 
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Negatively Curved Möbius Bands
sarah-marie belcastro

Because the length of the boundary on a 
negatively curved surface-in-progress increases as 
the surface is formed, it is preferable to use 
crochet (with a hook in one boundary stitch) 
rather than knitting (with a needle running 
through all boundary stitches) to create a locally 
uniformly negatively curved surface. However, 
there is no known intrinsic-twist construction for 
a crocheted Möbius band that preserves 

symmetry near or on the central circle. Moreover, 
standard crochet stitches are not front-back or top-bottom symmetric, and so a nonorientable surface crocheted 
in a standard way would have a texture that showed these lack of symmetries. erefore, each negatively curved 
Möbius band was constructed using an intrinsic-twist maximally symmetric knitted center, then a round of 
transferring the knitted stitches to crochet in 
such a way that the knitting stitch texture was 
preserved, and then several rounds of 
symmetrized single crochet with a symmetric 
increase added at regular intervals.  (e 
crochet stitches were symmetrized by 
mimicking knitted seed stitch.) e regular 
increases create locally uniform negative 
curvature.  On the darker/larger-diameter 
Möbius band, increases were made on every 
fifth stitch; on the brighter/smaller-diameter 
Möbius band, increases were made on every 
third stitch.  e two Möbius bands were each made using one ball of Noro Aurora yarn (that is, made with the 
same amount of yarn) so as to highlight the effect of different amounts of curvature.

Because the pieces are flexible, several different 
forms are shown for each, but these still barely 
indicate the range of shapes in which each may 
appear.

Negatively Curved Möbius Bands
sarah-marie belcastro
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“The Typhon Particle”
Ornaldo Montalvo

DaDa Art Lab

omontalvo73@gmail.com

  copyright © 2007 Ornaldo Montalvo

Abstract:  Inspired by the artist M.C. Escher and the Dada anti-art movement, I designed this sculpture 

using CAD software and Archimedean geometric solids.  It is designed to be assembled like a Lego 

puzzle.  It has a total of 64 parts that can be wedged together to build the sculpture.  The inner core is 

hollow, with a 3-inch wall thickness and a diameter of six feet.  It is made up of 8 equilateral, 24 

isosceles, and 24 spherical triangles.  I titled this sculpture “The Typhon Particle” based on the 

Pythagoreans who associated a 56-sided polyhedra with Typhon, the weather God and most feared 

monster in classical Greek mythology.

Artist bio:  Ornaldo Montalvo is artist and creator of DaDa Art Lab.  He graduated from Texas State 

Technical College with a degree in Digital Imaging Technology.  He is currently working on new 

artwork while overseeing the maintenance and development of DaDa Art Lab.
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kabuki
Designers:

Edward Kim

ph_323_510_1500
email_ edwardshkim@gmail.com

Since graduating from sci-arc with a Master of Architecture in 2009, 
Edward worked for Xefirotarch where he was a project designer. 
Currently Edward works for Morphosis as a lead designer. Many of
Edward’s independent designs have been featured on prominent 
design websites as well as various printed publications.

Stephen Mora

ph_505_366_4028
email_ sedmora@gmail.com

Stephen graduated from sci-arc with an MArch in 2009. Stephen
currently works for the University of New Mexico as the Fab-Lab
Coordinator. While at UNM, Stephen Co-Founded CRAF+T (the
Center for Research in Advanced Fabrication and Technology),
where he is currently the Assistant Director. Stephen is also 
currently a partner at syn-arc design collaborative.

This project is acting as a catalyst for “studio_K_M”, an ongoing
collaboration between Edward Kim and Stephen Mora

Through the use of this formal morpholoology gy yy as asas asaass a va va va vva va va ehiehiehiehiehiehe iclecleeclele ffffoff r r e eeeeeeexpexpppexpxpxpx rimenta�on, this project cri�ques 
three overly excepted conven�ons in arcarchithithihiitectectctectureureureureureure: A: A: A: A: AAAArchrchrchrchchhrchrcrccc iteeeeectuctuctuctuctuctuctuctural representa�on, object/context 
rela�onship, and tectonics and materialitytyty..

Architectural Representa on:

2-D: Design/fabrica�on line drawings 
2.5-D: Affectual Renderings that conveyy desd ignign ininintentententt
3-D: Manifesta�on of physical object
5-D: Assemblage of various means of represesententa�oa�on

Currently there is a need for evolving representa�on mn ethe ods within architecture. Line drawings 
are no longer needed to preface or dictate what the resultant form of the desired construct is to be.  
According to the current design prac�cum, many parametm ers inuence and govern the decisions 
made within the genera�on of form.  As such, the trajectory of a project of this type cannot be 
summarized through a series of primi�ve diagrams as they once were. A project of this capacity 
therefore calls for a new means of representa�on that transcends beyond the excepted 
conven�ons. This exhibit will test an experimental 5-D architectural representa�on method that is 
a convergence of the conven�onal 2-D and 3-D representa�on.     

Tectonics and Materiality: homogeneity of materials and heterogeneity of form.

Within the discourse of conven�onal architecture, the inherent proper�es of building materials are
made extremely apparent. This generates a direct link between material, form, and the expected 
implementa�on of these materials. Certain forms are intrinsically �ed to specic materials with no 
cri�cal explora�on into how these conven�ons may be altered or overwri�en to provide a wider 
range of architectural affect. Conclusively, the decisions of materiality, form, and surface condi�on 
should be governed by the affectual quali�es that the piece is intended to evoke, not by the 
material conven�ons that precede it. 

Object/Context Rela onship: Dialogue between object and base

Art, as well as architecture, conforms to boundaries and parameters. Whether we are conforming 
to site lines or display space, the object created has a prescribed viewport and associated 
constraints. Architecture is most provoca�ve when the thresholds between the building and the 
site are blurred. The moments of ambiguity, when it is unclear whether the viewer is experiencing 
the object on display, or the display itself, are exquisite. Through the dissipa�on of various 
thresholds (subject/object, interior/exterior, public/private, object/context, etc.), the poten�al for 
an autonomous object becomes apparent. Through this exercise, we begin to explore how art and 
architecture as an object can penetrate the prescribed bounding box that it is supposed to t 
within. For this project, the podium will be considered as context, and we will explore the ways that 
the synthesis of dissimilar forms allows for the dissolu�on of these boundaries.

© studio_K_M
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Angle Stitching  

Laura Shea 
Beadwork Artist 

7682 E. Windcrest Row, Parker, CO 80134 
dancingrainbow@comcast.net 

www.adancingrainbow.com 

Two and three-dimensional geometric forms are created with beads and thread to make jewelry and small 
sculptures. Beads replace the lines of polygons or the edges of polyhedra. The resulting forms can be stiff 
or flexible and fluid. 

I create geometric figures with beads and thread in what I call “Angle Stitching” where single or multiple 
beads take the place of the line in a polygon or the edge of a polyhedron. The beads are connected with 
thread. Various threads and be used:  monofilament (a clear fishing line of various weights), Nymo (a 
synthetic clothing thread) or Fireline® (a braided fishing line product.)  Because the threads I use are 
flexible, the forms I achieve may more closely mimic natural forms or create geometric looking forms 
that cannot be made with inflexible sticks or straight lines.  I bead with differing sizes of crystal beads 
(which are geometrically faceted), stone beads, glass seed beads, and occasionally plastic beads.  I call the 
individual three-dimensional polyhedral sculptures “open framework bead polyhedra” or “bead frame 
polyhedra”.  (The bead edges create an open framework also called skeletal polyhedron).  For polyhedra 
patterns I currently use the six Platonic and Archimedean solids that have three valent vertices and no 
triangular faces. I find that these are the most easily stabilized forms for beadwork.  I am able to make 
many other shapes using the same Platonic and Archimedean patterns with different combinations of sizes 
of beads.  I connect two or more polyhedra at their faces building chains or sculptures of interconnected 
shapes that allow for many other structural forms.  Four of my pieces in this exhibit are multi-polyhedral 
structures. 

I have been beading throughout my life.  I took my first formal bead class as an adult in 1993 and had 
opportunities to study with many well-known beading instructors. I am a member of several bead 
societies. My designs have been published in several books as well as magazines. I have exhibited my 
work at the Bridges Conference and the Joint Mathematics Meeting. I am a member of a bead study and 
research group under the auspices of the Anthropology Department at the Denver Museum of Nature and 
Science. 

In 1997 I began experimenting with “Angle Stitching” a term that I use to describe a family of beadwork 
stitches that are based on geometric two and three-dimensional tilings. I made my first dodecahedron with 
crystal beads and monofilament.  I found that by using one bead per edge and a sufficiently strong weight 
of monofilament I could make a self-supporting beaded bead, which needed no internal support and 
qualified as a “bead” in that it has a hole.   

Plato Bangle:  Thirty interconnected bead dodecahedra.  Ten of the dodecahedra are 4mm crystal (all 
blue) and the other twenty are combined 3 and 4 mm crystal beads.  The two sizes of crystal combine to 
create a polyhedral transformation—a form closer to a tube than a sphere.  The flexibility of the stringing 

Angle Stitching  

Laura Shea 
Beadwork Artist 

7682 E. Windcrest Row, Parker, CO 80134 
dancingrainbow@comcast.net 

www.adancingrainbow.com 

medium, monofilament, allows the chain of dodecahedra to be connected in a ring or bangle. Materials: 
Swarovski® 3 and 4 mm crystal beads, monofilament. Size: 8 ½ inches in diameter. Completed 2005. ÿ ÿ

Blossoms in the Square: Eight great rhombicuboctahedra, four truncated octahedra, and thirty-six cubes 
interconnected in a square.  The great rhombicuboctahedra have octagonal, hexagonal and square polygon 
faces.  The truncated octahedra have hexagonal and square faces.  The two larger polyhedra are connected 
to each other at their square faces by sets of two cubes, with three cubes forming the corners of the 
bracelet. Materials: Swarovski ® 3 mm crystal beads, monofilament.  Size: 3.25 inches x 3/25 inches.  
Completed: 2006 

Coloring within the Lines (of 
a Sierpinski square 
snowflake): Twenty-one great 
rhombicuboctahedra and sixty-
four truncated octahedra 
interconnected at square faces, 
arranged in the pattern of a 
Sierpinski square snowflake.  
Materials: Swarovski ® 3 mm 
crystal beads, monofilament. 
Size: 6.5 inches x 6.5 inches.  
Completed 2008. 

Totally Polyhedron Lariat:  
A chain of dodecahedra 

terminating on one end in a truncated icosahedron branching into eleven arms of three dodecahedra each 
and on the other end three branching chains of dodecahedra ending in a transformed truncated 
icosahedron (3mm crystal beads and seed beads), a truncated icosahedron branching into four truncated 
octahedra (embellished with cubes of crystal beads and seed beads), and a truncated icosahedron 
embellished with half dodecahedra, interconnected to a great rhombicuboctahedra interconnected to three 
more great rhombicuboctahedra—one plain, one partially embellished with cubes of crystal and seed 
beads and one more fully embellished with cubes of crystal beads and seed beads.  Materials:  Japanese 
seed beads (size 11), Swarovski ® 3mm crystal beads, Nymo thread. Size: 52 inches in length. Completed 
2005. 

Torus Chorus:  A necklace of five tori strung on a length of faux pearls.  The two end tori which show 
five bead hexagons on either side of each torus are a pattern from Bi-Yaw Jin’s work with beaded-
molecules.  I have expanded his pattern to create the other two tori.  Bi-Yaw showed me how to make the 
smallest tori at Bridges 2010 in Hungary. He has given me permission to create a pattern and use his 
concept.  I have modified the original torus of 120 beads/edges based on the carbon 60 fullerene molecule 
to two other tori with six and seven hexagons showing on each “donut” face of the torus. Materials: Five 
tori made with Swarovski ® crystal 3mm beads and monofilament, strung with Swarovski ® pearls on 
Soft flex ® beading wire with a gold-filled clasp. Size: 18 inches in length.  Completed 2012.  

  
“Coloring within the Lines” (of a Sierpinski 

square snowflake) 
“Totally Polyhedron Lariat” 
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