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FORM GENERATION OF RIGID-FOLDABLE ORIGAMI STRUCTURE
USING FRAME MODEL

R ERAR™, Ky A
Kentaro HAYAKAWA and Makoto OHSAKI

A method is presented for generating a developable and rigid-foldable origami that approximates a curved surface with a simple crease pattern.
We use an optimization method to obtain a polyhedron that satisfies geometric conditions for developability. A frame model is developed to use the
same variables through all processes including optimization for form generation, evaluation of kinematical indeterminacy, and large-deformation
folding analysis using a general finite element analysis software. Numerical examples show a regular grid approximating the target surface can

be generated using a rigid-foldable origami, and fold lines can be sequentially fixed to obtain a surface including quadrilateral facets.

Keywords : Origami, Rigid fold, Deployable structure, Frame model, Degree of kinematical indeterminacy, Large-deformation analysis
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Fig. 6 Initial polyhedron of model 1
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Fig. 7 Optimal shape of model 1
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Fig. 11 Initial polyhedron of model 2
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Fig. 12 Optimal shape of model 2
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Table 4 Results of optimization

Objective function F(X) 4.438%x10710
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Fig.15 Large deformation analysis of model 2

Table 5 Results of large deformation analysis
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Various methods exist for analysis and design of rigid-foldable origami. However, the crease pattern generated by an
existing general method is often too complicated to apply to deployable structures in architecture. Furthermore, it is
difficult to obtain various crease patterns using typical crease patterns such as generalized Miura-ori or waterbomb
tessellations. Thus, we present a method for generating a rigid-foldable polyhedron that approximates a curved surface
with a simple crease pattern. We consider developability and rigid-foldability of polyhedron, but we do not consider flat
foldability.

Sums of angles between adjacent crease lines around each interior vertex of a developable polyhedral origami are
equal to 2n. However, it is difficult to directly obtain a shape of the polyhedron which satisfies this condition. Therefore,
we formulate an optimization problem that minimize the sum of errors of angles at vertices. Optimization starts from
a triangulated curved surface to be approximated by a polyhedral origami, and constraints are sequentially assigned to
reduce the degree of freedom (DOF). A polyhedron with quadrilateral flat facets is generated by assigning condition so
that the specified pair of adjacent triangle facets have parallel normal vectors, and by removing the crease lines between
them. The existence of infinitesimal folding mechanism is confirmed by singular value decomposition, and large-
deformation analysis is carried out to confirm that the polyhedron can be continuously developed to a plane and rigid-
foldable.

A frame model enables to use the same variables in form generation, evaluation of kinematic indeterminacy, and
large-deformation analysis using a general finite element analysis software. In a frame model, a polyhedral origami is
modeled with frame elements connecting the node on a crease line or an outer edge and the node in a facet. Frame
elements are connected by hinges on crease lines and rigidly connected in facets. Variables of a frame model are
coordinates of nodes on crease lines and outer edges, and we can arbitrarily define coordinates of nodes in facets. In fact,
coordinates of nodes on crease lines and outer edges are not independent of each other. Constraints should be satisfied
such that both ends of the edge shared by adjacent triangle facet meets at the same points. Therefore, we can reduce
the number of variables, and it is proved that the reduced number of variables is the same as the number of coordinates
of the polyhedron’s vertices.

The optimization problem for form generation formulated above is independent of a method for triangulation of the
target surface or a method for modeling a polyhedron. As an example, we show a method to triangulate a curved surface
in a form of grid. In this method, we arrange division points in grid pattern and connect them vertically, horizontally,
and diagonally. We applied the optimization method and this triangulation method to two kinds of curved surface with
positive and negative Gaussian curvature, respectively. We triangulated them into 4x4 grids and obtained several
optimized shapes which have different DOFs according to the number of removed crease lines. It has been confirmed by
a large-deformation analysis that the 6-DOF polyhedron whose seven crease lines are removed is developable and rigid-
foldable.

It has been concluded from the numerical examples that polyhedra with various shapes can be generated using the
proposed optimization. The DOF of mechanism can be easily reduced by assigning constraint to remove the crease lines
to generate quadrilateral faces. The frame model is very useful to use the same variable through the all process of

obtaining a developable and rigid-foldable polyhedron.

(2018 4F- 12 H 9 H5iA~ZHL, 2019 4F 2 7 25 HiRIE)
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