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3D printing has revolutionized manufacturing. However, its applicability has been limited due
to lengthy printing times and the waste generated from the use of support materials. To address
these limitations, this study introduces an approach for 3D printing of flat-folded structures.
This approach utilizes bistable structures, which possess two stable states. We target structures
consisting of connected bistable units. This alignment results in the formation of a tubular
structure that follows a two-dimensional or three-dimensional curve. These structures have ap-
plications in product design, engineering, and architectural design. Additionally, the structures
can be flat-folded and printed in this state, minimizing the use of support materials and printer
space. We have demonstrated the functionality of this approach by printing models in a flat-
folded state and then deploying them. To facilitate usage by designers, we have developed this
system within the widely used Rhinoceros + Grasshopper environment.

Our approach is mainly based on the bistable unit structure introduced in [1]. A unit is
composed of two basic bottomless quadrilateral pyramid parts with an additional strip area
between them (Figure la and 1b). The triangles that form the pyramids are referred to as
triangle building blocks (Figure 1d), which possess geometric properties that lead to bistability
(Figure 1d).

In the construction process, previous studies [1] alternately use two types of units with different
angles the angle 0 of each unit (refer to Figure 1a), along a two-dimensional arc. This approach
results in an inflatable, bistable tubular structure. However, their technique allows only arc-
shaped structures. Our goal is to increase the diversity of possible designs by enabling the
arrangement of units along relatively arbitrary open curves (Figure le) through the placing of
isosceles triangles along a bezier curve.

Furthermore, to overcome the limitation of their research (i.e., only permit arc-shaped struc-
tures), we propose a new type of unit to realize the alignment of bistable units along two-
dimensional curves traced on a sphere. In this manner, we can also develop intrinsically 3D
tubular structures with our design system.

Additionally, a study of hinges and 3D printed methods was performed (Figure 1f). Bistable
units were successfully printed, in the flat-folded state without the need for assembly afterward
(see 1g and 1h).
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1. (a) The basic design of bistable units (two congruent sub-units are glued along their bottom edges). (b)
A bistable unit with an intermediate rectangular connection component. (c) Design of bistable unit for the
arrangement along a curve traced on a sphere. (d) Triangular building block. (e) Top, front and Isometric view
of a sequence of bistable units arranged along a two-dimensional curve. (f) Sides views of the hinged bistable
unit. (g) Printed model of a bistable unit, deployed. (h) Printed model of a bistable unit, flat-folded.
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1. Introduction and Methodology

This research aims to replicate David Huffman's curved crease design of ellipses with two
degree-two vertices, using Grasshopper as a modeling tool. The intention is to explore its
application as an architectural concept across various design elements. Drawing methods
and approaches from prior studies on structural modeling, this research seeks to enhance
the Grasshopper model by incorporating user input capabilities. These features will allow
users to manipulate the parameters and constraints of the ellipse design, thereby gaining
insights into the folding motion and the three-dimensional structure of the model more
interactively and comprehensively.

The very first step in our method is to define the crease pattern. Figure 1 shows the
original crease pattern and 3D origami shape of David Huffman’s design with ellipses[1]
and Figure 2 shows the crease pattern division.

vr//’ A
Fig 1. Huffman’s design with Fig 2. Crease pattern division.
ellipses[1].

Our methodology consists of several key steps to create a 3D model from an ellipse
pattern on paper. First, we define the initial 2D crease pattern. Next, we divide the
unfolded flat plane into different regions. These regions consist of four-sided shapes
(quadrangles), similar to puzzle pieces attached.

Next, we examine the pattern to construct the 3D model. We calculate the 3D
coordinates of each point where the folds intersect, treating these points as the corners
of the puzzle pieces. The ultimate 3D model is constructed by dividing the regions on
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the unfolded pattern and calculating the 3D coordinates of each constituent vertex.
When once the fold angle of an edge is determined, the positions of the other vertices
can be determined based on it. Knowing the fold angle value allows us to determine the
positions of the other points. As the last step, we allow the user to specify the angle of
the first fold, which helps determine the overall shape of the 3D model as shown in
Figure 3. This process is the same as allowing someone to create the first puzzle piece
and asking them to complete the rest based on that initial piece.

Fig3. Final renders of the 3D structures with different parameters.

1.2 Conclusion

In conclusion, we have successfully developed a system to visualize shape changes of
Huffman's ellipse depending on parameters. such as size and fold angle, offering
significant flexibility in design customization. Additionally, the module is fully
compatible with CAD environments, allowing it to be seamlessly integrated into
architectural projects as a unique design element. With the digital design phase now
complete, we plan to proceed with the prospect of creating a physical model in the future,
which will further bring this innovative concept to life.

This work was supported by JST CREST Grant Number JPMJCR1911, Japan.
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