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Abstract. In this research, we explore the implementation of panels
with a single bending direction as cylindrical surfaces; in so doing, we
present our ongoing research, focusing on finding ways to simply and affordably address the problem of constructability of double-curved structures. By encoding 3D freeform surface information into a 2D workflow, our in-house software (named UNFOLDING) breaks down complex mesh structures into a number of discrete and flat quadrilaterals
that can be translated into a fabrication layout. UNFOLDING provides
a practical way of linking the process of production and assembly to
freeform architectural design. After introducing UNFOLDING in two
design studios at Texas A&M University, freshman architecture students used laser-cut quadrilateral panels to design and construct several
complex forms with positive or negative Gaussian curvatures.
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1. Introduction
Over the past few years, the increasing use of CAD tools has made the process
of designing freeform surfaces much easier for architects. Enhancing architects’
capabilities to create complex forms, however, has yielded significant engineering
challenges, especially with regards to finding appropriate ways of materialization
(Sun et al. 2012; Brell-Cokcan et al. 2009b). This major digital design paradigm
shift at play in architecture does not offer enough satisfactory alternatives to the
economic constraints of the existing, well-established fabrication processes and
associated materials. For instance, the use of nearly two-axis cutting technologies
(such as plasma arc, laser beam, water jet, or CNC routing) is rooted in the common construction materials that come in flat panels; such materials do not stretch
and are impossible to bend. As a consequence of such conventional manufacturing
techniques, most curved objects that should be constructed from sheet material are
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limited to developable surfaces (Pottmann et al. 2007). When attempting to fabricate a complex 3D form, one is challenged to employ production strategies that for
the most part are correlated to 2D fabrication, including contouring, triangulation,
and unfolding (Kolarevic 2001). Construction of very complex forms with warped,
twisted, or non-developable surfaces is still expensive (Ali 2013; Pottmann et al.
2008) and complicated, as well as risky to assemble. Manufacturing formworks,
molds, scaffolding, or other auxiliary devices for the double-curved parts pose
high costs and entail lengthy production times.
The fabrication elements, components, and details of continuous curvilinear
surfaces bring into question the immanent geometrical characteristics of complex
forms. In spite of the vast amount of research that has been conducted on developable surfaces, meshes with planar faces, and the problem of segmenting a surface into a geometrically optimized net (Xing et al. 2011; Pottmann et al. 2007;
Pottmann 2006; Liu et al. 2006; Akleman et al. 2005), sufficient practical and inexpensive solutions for the rationalization of freeform structures with planar faces
are not currently being proposed (Brell-Cokcan et al. 2009a). If the construction
of buildings with the freeform geometries commonly designed with CAD software
is not yet ready to go mainstream or at least continues to remain only barely attainable, we would like to foreground the question of how to construct such complex
buildings with the most commonly used fabrication techniques.
2. Unfolding Software
The objective of our investigation was the computation of double-curved structures in order to fabricate them from flat sheets of material, using common fabrication means such as laser cutters or three-axis CNC routers. Our software, called
UNFOLDING, assisted in the search for ways of fabricating complex freeform
surfaces (figure 1); it is dedicated to the generation of such developable surfaces,
especially from anisotropic materials (Akleman et al. 2016). Being directionally
dependent, anisotropic properties are not the same in all directions. This means
that such materials are bendable along one direction (or a few directions), rather
than across them. Consequently, these resources can withstand much greater stress
when it is applied across their bendable direction (Saunders et al. 2014).
To represent a complex geometry by segmenting it into quadrilateral panels,
UNFOLDING uses an approximation technique that generates developable ruled
surfaces of cylindrical pieces with the same tangent planes. The software is capable of decomposing any freeform shapes into quad-patches (figure 2). By utilizing
quadrilateral mesh, each panel is bounded by four corners. Since a complex form
is unfolded and converges onto flat panels without distortion, the in-surface distances of the panels remains unchanged. Each set of two panels are connected via
one overlapping corner with an appropriate fastener, with no geometric torsion.
The corners of each pair are elements of the same plane.
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Figure 1. UNFOLDING impacted the general formal characteristics of the students’ designs
(A pavilion designed by Zachary Newchurch).

Figure 2. After the unfolding process, UNFOLDING offers a variety of settings to generate an
appropriate SVG file for Adobe Illustrator. These settings are available: 1) Connector Types,
2) Material Thickness, 3) Labels Properties, 4) Component Properties, and 5) Line Properties.

UNFOLDING reconstructs the geometry of a complex planar mesh with flatshaped panels (called quad-edge panels) when the vertices of the planar mesh are
unfolded (Akleman et al. 2016). In the original mesh, by computing the corresponding vertices of the adjacent faces, the software displaces a two-dimensional
quad-edge piece for a one-dimensional vertex, in order to generate a hollow mesh.
Removal of the vertex nodes results in the final model no longer having filled corners. The panels can be bent and pushed inward or outward, transforming the figure into a non-planar shape. Accordingly, the faces of the mesh are replaced with
juxtaposed panels that are plane-tangent at their corners. By assigning different
construction values to the mutually-linked panel parameters, a range of possible
sizes, surface characteristics, and connecting points can be dynamically designed
to serve as faces (figure 3). Depending on the sizes of the panels and the underlying quad mesh structure, some open voids may be left in the final model after
joining the panels together. These voids can be minimized or maximized. UNFOLDING offers rational trade-offs among panel size, the spatial distribution of
any voids, structural rigidity, material consumption, and required cutting time.
By incrementally editing the construction values of the Flap and Bridger (figure 4 & 5), the entire model can be restructured. Then, the current mesh can be
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unfolded. What makes UNFOLDING so appealing is the ability to easily control the geometrical relationships of the panels via the graphical user interface,
which supports a better understanding of the final design. The quadrilateral panels
can be inexpensively cut from flat sheets of material. However, economic considerations (in terms of materials and ease of fabrication) are not the only reason
we developed UNFOLDING. Equally important is the empowerment of designers to interactively edit architectural freeform shapes according to different design
requirements, a consequence of which is the extension of knowledge regarding
geometric representations of complex designs.

Figure 3. UNFOLDING is used to unfold a complex freeform into planar panels (A pavilion
designed by William Palmer).

Figure 4. By using UNFOLDING, a three-dimensional form is divided into quadrilateral,
single-curved panels.

Figure 5. By altering the Flap size, a designer can change the size of voids between the panels.
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3. Unfolding In Practice
As an attempt to extend the potential of digital design and fabrication possibilities for future architects, UNFOLDING enables the identification of likely problems with double-curved structures and the incorporation of constructible solutions. Within the context of a design studio held in the College of Architecture
at Texas A&M University, first-year architecture students used UNFOLDING to
design complex lightweight geometrical pavilions; the goal was to demonstrate
the software application through an architectural project. As an open source type
of software, UNFOLDING was freely available to all students.
The students began with polygonal mesh approximations of their pavilions in
3D forms that closely resembled the shapes of their original designs. Then, they
unfolded the double curves of different freeform pavilion structures into multiple
planar panels that were simple 2D-developable polygons (figure 6). The resulting
models were much more easily fabricated. By using our software, the students
were able to examine how their designs could be discretized in ways similar to the
given models. The result was based on approximating a 3D model from singlecurved panels. Thus, students learned how to address the design and fabrication
process of large-scale architectural forms. Unfolding their hollow meshes allowed
them to investigate how a complex form can be divided into quadrilateral, singlecurved panels.

Figure 6. By changing the Bridger size, a designer can adjust the curvature of the panels.

Prior to this experience, our custom software was also used in a separate design studio at Texas A&M University. Another group of first-year architecture
students designed and physically constructed a wide variety of complex sculptures with quad-edge panels that closely resembled the shapes of their original
designs (figure 7). Through different examples, the concept of quad-edge data
structures was described for those students not already familiar with the particular mathematical concepts. For instance, the quad-edge data structures rediscovered by David Reimann were discussed. Based on these structures, a wide variety
of symmetric Platonic and Archimedean polyhedrals with uniform length edges
could be constructed, simply by replacing each edge of a regular polyhedron with
a square-shaped equilateral and equiangular polygon (Reimann 2015). By reviewing Reimann’s examples, the students came to see that reconstruction of a spatial
structure with only square, quad-edge panels might cause bumps or craters to accommodate the additional length of the panels. In some cases, the students also
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observed that the squares had little planar deformation. Consequently, to be able
to control the Gaussian curvature of the structure, they determined that they could
utilize a series of parallelograms or trapezoids instead of squares. Based on this
observation, they came to understand the significance of the multi-panel unfolding
system offered by UNFOLDING.

Figure 7. A first-year architecture student generated quad-edges panels to unfold the surfaces
of his pavilion structure (A pavilion designed by Sean Williams).

In the studio, students were granted a significant amount of freedom to express
their ideas regarding the design of freeform surfaces in response to the project
brief. Since the process of translating continuous complex curved designs into
built forms and controlling the quality of freeform surfaces can both be troublesome (Araya 2006), especially for freshman with only minimal knowledge of
specific materials and the fabrication process, UNFOLDING assisted them with
breaking down complex forms into simpler units. The general formal characteristics, surface representations, and geometric expressions of the pavilions were
affected by the breaking of their continuous surfaces down into constructible entities (figure 8). Therefore, the inevitable main question arose of how to achieve
a stronger correlation between the implementation of UNFOLDING’s constraints
as a design tool and the architectural considerations of the pavilion project. According to the procedures followed during the fabrication process, students strove
to fine-tune their designs and lock in the number of desired control points of their
mesh. Changing the number of control points helped students alter the number of
cut pieces and the overall assembly process, but changed the final appearance of
their pavilions.
Each model exhibited different types of panels that called for a great many
laser-cut pieces. Having laser-cut pieces with accurate dimensions and precise
placement of all holes gave students tight control over the location and orientation of the panels in their final assembly, which was essential when dealing with
complex systems. After creating their panels, they exported the overall outline to
Adobe Illustrator as an SVG file. In Illustrator, by using different layers and changing the stroke colors, the students adjusted the layouts of their panel drawings on
laser-cut templates.
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Figure 8. UNFOLDING helped first-year students to design and fabricate several sculptures
(The models were made by Nicholas Houser, Jessie Bullard, and Benjamin Hergert).

Consisting of a set of geometric control features, our software helped students
drive their designs toward constructible structures. For instance, the software offered the possibility of changing the geometry of any curved panels and the gaps
between them. In addition, depending on the Flap size and material rigidity, students had the opportunity to modify the pinhole sizes of the cut pieces to the exact
dimensions of their fasteners, alter the total pinhole count, or establish sufficient
spaces for holes. After precisely cutting the connection holes of each panel, the
panels were connected at their corners with brass split-pin fasteners. Using this
type of fastener helped students speed up and simplify the assembly process.
In their projects, UNFOLDING was used as a design development and fabrication tool. By providing a well-defined assembly process, UNFOLDING’s quadedge data structure was particularly suitable for assembling a large number of planar panels. The software simplified the construction process in such a way that construction professionals who may not have extensive experience in this area could
assemble the components with only minimal instruction. Thus, students simply
assembled the quad-edge panels by matching identical corners, which were given
pairs of face and vertex identification numbers (figure 9). In general, the percentage of students who found the fabrication process challenging was quite low. For
a few of them, assembly of the panels was relatively time consuming, due to the
variable sizes and shapes of the panels. Mainly, though, these students had a difficult time finding the right panels. Incorporating this observation directly into the
logic and process of panelizing complex forms will be a subject of our future research. In UNFOLDING, reduction of the average assembly time should be built
around sorting the dispersed cut panels into an organized system.
To provide the required bending capacity for the panels, each was laser etched
according to straight crease paths. Folding along each scored line and across the
entire panel accommodated a small bending radius. In UNFOLDING, depending
on the required bend angle, material stiffness, and Flap size, a designer is able to
adjust the number of scored lines and etch segments.
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Figure 9. By facilitating the assembly process, students assembled the panels by matching
their identical corners ( The model on the right was made by Jason Casto).

Being under slightly more compression allowed for bi-directional radial folds
on the panels. Therefore, inward or outward bending became possible. With
respect to dihedral angles between the original mesh faces, the bended panels
adapted themselves to retain the corners connected in the same tangent plane. Besides providing bendability for a sheet of material, the scored lines also enhanced
the textural quality of the final models. In general, the scoring direction of each
panel needed to be oriented with its correlated vertex axis. Since some materials
had special bending preferences for exhibiting optimal bendability, the direction
of the scored lines, and consequently the direction of the panel placements, also
corresponded to the stiffness, orientation, and degree of anisotropy of the material
(figure 10). In other words, for each panel, the primary bending direction of the
material was parallel to its correlated panel vertex. Therefore, these young designers were bound to the constraints imposed by the material properties to finalize the
geometry of the panels.

Figure 10. Using anisotropic materials that their properties are directionally dependent can
affect the stability of the entire design (The model on the right was made by Arialle Dempsey).

Students were allowed to use a variety of materials to construct their models.
They needed to be light but stiff enough to withstand loads and minimize deformation when pressure was applied. At the same time, the material could not be so
rigid that it did not allow for the flexibility needed to bend the panels. After much
consideration, students decided to use poster board for their scaled prototypes since
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it does not have a preferential bending direction. Thus, with no isotropic bending
preferences in the material, in the students’ prototypes the direction of the scored
lines of each panel was dependent only upon the bending direction of the panel in
its final placement.
Since the choice of fabrication technique influences construction time and cost,
UNFOLDING encouraged students to further investigate the most cost-efficient
fabrication methods, while producing precise one-off components of complex
structures. In the end, they came to realize that successful projects emerged from
collaborations among designers and a wide scope of variables such as mesh structure, desired stability, selected means and methods of fabrication, properties of the
material, cost of supplies, and assembly time.
4. Conclusions
UNFOLDING has the potential to provide a basis for designing multi-layered lattice structures. By opening up new dimensions in the design and fabrication of
complex freeform structures, this software is an attempt to promote the potential of
CAD software by embedding material properties and production methods into the
design process. By employing UNFOLDING in the context of two design studios,
we attempted to make architecture students better capable of taking advantage of
new opportunities, focusing their attention not only on transforming freeform designs into buildable constructions, but also on giving rise to new architectonic
possibilities.We observe that the biggest problem turned out to be designing waterproof meshes. When students worked with meshes on Rhino, they could not
make waterproof forms. In order to connect pieces, students needed to have topological connections to describe a waterproof virtual model. Unfortunately, most
common shape design software such as Rhino, allow creating non-manifold, i.e.
non-water-proof, polygonal meshes (Martti 1988). Such models do not have complete neighborhood information. If neighborhood information is missing, it is not
really straightforward to turn the virtual shapes into physical structures. This is an
interesting software problem since the concept of 2-manifold meshes and waterproof models have been around almost for 30 years. We have developed strategies
to repair the shapes using other software such as Autodesk Maya. We hope that
introduction of this problem will create a push for software industry to guarantee
to obtain waterproof shapes or provide methods to repair the models.
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