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Figure 1: (a) A crease pattern and a photograph of the folded paper. Triangulated crease patterns and simulated shapes with (b) the Origami
Simulator, (c) constrained Delaunay triangulation, and (d) proposed triangulation.

Abstract

Folding a thin sheet material such as paper along curves creates a developable surface composed of ruled surface patches.
When using such surfaces in design, designers often repeat a process of folding along curves drawn on a sheet and checking the
folded shape. Although several methods for constructing such shapes on a computer have been proposed, it is still difficult to
check the folded shapes instantly from the crease patterns.In this paper, we propose a simple method that approximately realizes
a simulation of curved folds with a triangular mesh from its crease pattern. The proposed method first approximates curves in
a crease pattern with polylines and then generates a triangular mesh. In order to construct the discretized developable surface,
the edges in the mesh are rearranged so that they align with the estimated rulings. The proposed method is characterized by its
simplicity and is implemented on an existing origami simulator that runs in a web browser.

CCS Concepts

o Computing methodologies — Mesh models; Mesh geometry models;

1. Introduction

Folding a thin sheet material such as paper along curves creates a
developable surface composed of ruled surface patches. The shapes
are often used in the design of origami works, boxes for packag-
ing, leather products, and architecture. When making a prototype
model of such a shape, designers often repeat a process of fold-
ing along curves drawn on a sheet and checking the folded shape
until the desired shape is obtained. Time and effort are required
in order to repeat the trial and error processes because the folded
shape is uncertain at the stage of drawing a crease pattern, which
is a set of lines or curves to be folded. Although several meth-
ods for constructing such shapes on a computer have been pro-
posed [KFC*08, Mit12, WM 19, RHSH19], it is still difficult to ob-
tain the folded shapes instantly from the crease patterns with curves
because of the limitation of the target shapes or the requirement of
a large amount of user interaction. In the present paper, we pro-
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pose a simple method that approximately realizes a simulation of
curved folds with a triangular mesh from its crease pattern. The
input is a crease pattern, which may have curves, with a mountain-
valley assignment. The output is a triangular mesh model represent-
ing the shape expected by folding the crease pattern. The proposed
method is characterized by its simplicity and ease of implemen-
tation. It is implemented on an existing origami simulator that is
written in JavaScript and runs in a web browser on standard PC and
smartphones. The shape obtained from a given crease pattern is not
uniquely determined but can be varied depending on the folding
angle of the creases. In addition, when a physical sheet of paper is
folded, the obtained shape is slightly different from the ideal devel-
opable surface due to small distortions caused by tiny buckling of
the material near the creases [LYG18]. Furthermore, the shape can
drastically deform without changing its crease pattern if the curved
creases are twisted in space. For these reasons, generating a folded
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Figure 2: (a) A curved fold and rulings. (b) A crease pattern and
a photograph of the folded shape. (c) A triangle mesh generated
without considering rulings and the simulation result. (d) A triangle
mesh that includes rulings at edges and the simulation result.

shape from only a crease pattern is not a trivial problem. The goal
is to provide an instant tool that enables designers to grasp a rough
shape quickly. We assume the natural state of the folded paper as it
is placed on a table without any additional force or gluing. Based on
observations of the folded paper, the following preconditions were
made for the shapes targeted in the proposed method: 1) the torsion
of the folded curves is likely to be zero, and 2) the folding angles
tend to remain constant.

The proposed method is based on the Origami Simulator devel-
oped by Ghassaei et al. [GDG18], which runs on a web browser and
can show the shape obtained by folding an input crease pattern.The
limitation of the Origami Simulator is that only straight creases are
supported. The simulator generates a triangular mesh by dividing
the area surrounded by creases using the ear clipping method. The
simulator then deforms a mesh using a simple mass-spring-damper
model to simulate the folding motion. The meshes generated by this
method are not suitable for curved folds (Figure 1(b)). A curved
surface formed by bending non-elastic material such as paper is
called a developable surface and is represented as a trajectory of
a line element called a ruling (Figure 2). Since a shape created by
curved folds is composed of ruled surface patches, only a mesh with
triangles that include rulings on their edges can represent a dis-
cretized developable surface (Figure 2(d)). However, determining
the arrangement of rulings is difficult or impossible when a folded
shape is unknown. The proposed method uses two empirical rules
to estimate the initial placement of rulings from a crease pattern: 1)
rulings on a smooth developable surface tend not to align conically
(Section 3.2), and 2) rulings and the curved creases tend to align
orthogonally on the unfolded pattern (Section 3.3). By considering
these rules, the proposed method generates a triangular mesh suit-
able for simulating curved folds while keeping the mesh data size
small. In order to confirm the effectiveness of the proposed method,
we implemented it on the Origami Simulator and performed exper-
iments.

The contributions of this paper are summarized as follows:

e A simple method to simulate curved folds from a crease pattern
is proposed based on a triangulation of the crease pattern with an
estimation of the ruling arrangement.

e The proposed method can generate simulation results similar to
shapes of actual folded paper with various crease patterns.

e It is confirmed that the proposed method has advantages in terms
of mesh size, simulation cost, ease of implementation, and ro-
bustness.

2. Related work

The Origami Simulator developed by Ghassaei et al. [GDG18] is
a simple mass-spring-damper based simulator on which we imple-
mented the proposed method. The crease pattern to be input to the
simulator is a set of line segments with a predefined mountain-
valley assignment and folding angles. The springs are placed be-
tween vertices in order to maintain the isometric properties of a
non-elastic material, and a hinge-spring is placed at each crease
to make it folded at a specified angle. The simulator deforms the
mesh by calculating the force on each vertex at each time step. Be-
fore the simulation, the simulator triangulates the area surrounded
by the creases or borderlines in the input. The edges added by this
triangulation are restricted to be as flat as possible during the sim-
ulation. Although curved creases can be input to the simulator by
discretizing them with polylines, improper triangulation will not
yield smooth surfaces. Kilian et al. proposed the PQStrip represen-
tation for discretized developable surfaces [KFC*08]. The PQStrip
is a strip of planar quads. Each quad contains two rulings on the
edges facing each other. In order to discretize the developable sur-
faces in this manner, it is important to align the edges with the rul-
ings. The concept is the same, although the elements are not quads
but triangles.

A recent study by Rabinovich et al. [RHSH19] shares our objec-
tives. They proposed a novel approach for simulating curved folds
using discrete orthogonal geodesic nets called DOG nets. A unique
feature of their method is that rulings do not need to be consid-
ered. Although this approach does not require a mountain-valley
assignment, users need to place and manipulate the control points
for the deformation. Solomon et al. [SVWG12] proposed a method
for generating smooth surfaces by deforming and subdividing the
folded lines or rulings that the user inputs so that their developa-
bility is maintained. This method can reproduce the shape obtained
by curved folding, but requires the user to input both the fold lines
and the approximate rulings. Zhu et al. [ZIM13] introduced the
concept of soft folding. Their method generates shapes of folded
thick and soft materials. A user specifies sharp and soft folds in a
crease pattern, along with the folding angle and sharpness of each
fold. The pattern is divided into fine meshes, and a globally folded
shape is obtained by assembling the locally folded small patches.
By specifying sharp folds, the shapes that we want in the present
paper can be generated, but implementing their method appears to
be very difficult, and a fine mesh model is not suitable for quick
simulation. Furthermore, their method generates shapes that can-
not actually be made when inappropriate crease patterns are given.
Watanabe et al. [WM19] proposed a method for generating and vi-
sualizing the folding motion from a crease pattern and its folded
state. This method is only compatible with crease patterns in which
the creases are placed rotationally symmetrically.

In terms of differential geometry, Fuchs and Tabachnikov [FT99]
described the relationship among a curved crease and rulings in

(© 2020 The Author(s)
Eurographics Proceedings (©) 2020 The Eurographics Association.



K. Sasaki & J. Mitani / Simple Simulation of Curved Folds Based on Ruling-aware Triangulation

the flatten state (2D), their spatial state (3D), and the folding an-
gle. Demaine et al. [DDH*15] proposed a method for obtaining
the ruling configuration from a specific crease pattern by clarify-
ing the properties between curved creases and rulings. Demaine
et al. [DDH™ 18] revealed that the configuration of rulings can be
decided uniquely from a crease pattern under some specific condi-
tions. Furthermore, at the same time, they also clarified that there
exist many crease patterns in which the mathematically appropriate
configuration of rulings does not exist. Since the proposed method
uses a rough estimation of the configuration of rulings for triangu-
lation, the mathematical correctness is not guaranteed but is robust.

3. Proposed method

The proposed method is for generating a triangular mesh for sim-
ulation on the Origami Simulator [GDG18]. As the first step, the
curved creases in the crease pattern are discretized to polylines
(Section 3.1). Next, in order to include triangles with the estimated
ruling on the edges in the mesh, constrained Delaunay triangula-
tion is used to generate the initial state of the mesh from the input
crease pattern (Section 3.2). Then, the edges in the mesh are rear-
ranged based on the relationship between the curved creases and
the estimated ruling configuration (Section 3.3).

3.1. Discretization of an input crease pattern

Since the Origami Simulator runs with a triangular mesh, curves
in the crease pattern need to be approximated by polylines. First,
a polyline is created by placing vertices on each curve at equal in-
tervals. In our implementation, the curves are represented by cu-
bic Bézier curves and are equally divided in the parametric space.
Then, if the distance between a line segment connecting two adja-
cent vertices and the midpoint of the curve between the two points
is greater than the specified value, a new vertex at this midpoint is
inserted to the polyline. This process is repeated until no addition
is needed. Borderlines are also divided into segments at equal in-
tervals. The effect of the distance intervals for the vertices on the
results is discussed in Section 3.2. The mountain-valley flags are
assigned at this stage to each line segment.

3.2. Triangulation

When triangulating the input crease pattern, the pattern should
include triangles with edges along with the ruling. Demaine et
al. [DDH*15] proved that a curved crease with an incident cone
ruling, i.e., multiple rulings sharing a common end-point, cannot
be folded smoothly and must form a kink (a point at which the first
derivative is not continuous). It is also known that the bending en-
ergy at the apex of a cone diverges [AP10]. Therefore, the cone
ruling has to be excluded. In order to prevent several edges from
connecting to one vertex, we use the constrained Delaunay triangu-
lation (CDT) for generating the initial triangle mesh instead of the
ear clipping method originally used in the Origami Simulator. This
is because the Delaunay triangulation produces fewer flat triangles.
The constraint line segments of CDT, in this case, are polylines of
creases and borderlines. The reason for dividing the borderline in
the previous step is to increase the number of vertices used in this
triangulation so that a few triangles share one vertex.
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3.3. Estimation of the ruling configuration

In order to make the edges of the triangular mesh closer to rulings,
we rearrange the edges based on empirical rules for curved creases
and rulings. Fuchs and Tabachnikov wrote that if the fold is a non-
closed arc, the folded paper tends to occupy such a position that the
ridge lies in a plane. This means that a planar curve is a physically
stable state of a curved fold. The relationship between ruling direc-
tions (Figure 3) and fold angles of a curved fold is expressed by the
following three equations, which were introduced by Tachi [Tac11]
based on the description in [FT99]:

Kop(s) = x(s)cosous),
o () —t(s)
K(s)sina(s)’
cotr(s) = —2&)=U) (1)

K(s) sino(s)

cotBy (s)

where s is the arc length parameter, kyp(s) is the curvature of the
crease drawn in the crease pattern, k(s) and t(s) are the curvature
and torsion, respectively, of the crease on the folded surface, o is
the angle between the ruling and the osculating plane, and B (s)
and Pg(s) are the angles between the rulings and the crease on the
crease pattern.

We assume that creases are not twisted after folding, i.e.,t(s) =
0, and the folding angle is constant, i.e.,o’ (s) = 0. If these values
are assigned to the above equations, then we obtain cotPz(s) =
cotPr(s) = 0, which means that rulings are orthogonal to the tan-
gent of the curved creases in the crease pattern. This assumption is
used to rearrange the triangle mesh.

B AP

Figure 3: A folded state (left) and an unfolded state (right) of a
curved crease and rulings.

In order to rearrange the mesh, we use the edge-swap operation
based on two evaluation criteria: 1) the number of edges incident
to the same vertex (assumed to be small in order to avoid cone
rulings), and 2) the value by which to evaluate the orthogonality
between rulings and creases on the planar state. Suppose that the
edge connects the vertices V4 and V¢, which are on different crease
polylines, as illustrated in Figure 4. Note that all vertices are either
on a crease polyline or a borderline. We define the angle 6;(i =
0,1,2,3) between the edge and creases. If we consider this edge
as a ruling, then the values of 6y and 0, should be approximately
the same, and the values of 0, and 03 should be approximately the
same. In order to evaluate this property in terms of the squared error
metric, we define E as follows:

E=(8)—61)"+(8,—63)° )

For the case in which one of the vertices connected by the edge,



K. Sasaki & J. Mitani / Simple Simulation of Curved Folds Based on Ruling-aware Triangulation

Figure 4: Edge-swap operation.

e.g., vertex Vc, is on the borderline, we define E as follows:
E=2(60—6,)’ 3)

If both vertices are on the borderline, the value of E is set to in-
finity. In the proposed method, the following steps are repeated to
select an edge to which an edge-swap operation is applied. First,
the edges that satisfy all of the following conditions are selected.
(1) Neither crease line nor borderline. (2) No more than three edges
share the vertex Vp and Vp. (3) The value of E becomes smaller by
the edge-swap operation. Then, the edge-swap operation is applied
to the edge that has the smallest value of E after the edge-swap
operation. This is repeated until there are no more edges available
for edge swapping. In our experiments, the iterative processes were
completed in all cases. Figure 5 shows a comparison of the initial
state of the meshes generated by the proposed method.

(b) (©)

Figure 5: Comparison of triangular meshes. (a) Mesh generated
by the Origami Simulator, (b) initial mesh of the proposed method
generated by the constrained Delaunay triangulation, and (c) mesh
after improvement using edge-swap operations.

4. Result

We experimented with the crease patterns shown in Figures 1 and
8. The photographs of folded paper pieces are for comparison. The
pieces were in natural states placed on the table after they had been
folded and released from the hand. The crease patterns were cho-
sen to ensure that the proposed method could accommodate various
types of curved folds. The mountain creases, valley creases, and
borderlines are indicated in red, blue, and black. The widths of all
of the crease patterns were set to 150 mm. The interval by which
to divide the creases and borderlines was set to 7 mm. The toler-
ance for approximating curves with polylines was set to 0.07 mm.
The folding angles were set to 108° in all crease patterns, except
for those in Figures 8(g), 8(h), 8(i) (72°), and 8(1) (54°) assum-
ing the natural state. The angle can be specified interactively on
the Origami Simulator. The Origami Simulator merges vertices for

which the distance is smaller than a threshold when a crease pat-
tern is given. The threshold was set to 1.0 mm, which is the default
value, for all crease patterns, except for Figures 8(k) and 8(1) (0.7
mm). This value was empirically decided. The simulation was run
in the web browser Firefox 77.0.1 on a desktop PC with a 3.40-GHz
Intel Core i7 CPU and 64 GB of RAM.

We measured the warp an-
gle [PS07] in order to evaluate how
well the resulting models were
able to approximate ruled surface
patches. Figure 6 illustrates how
the warp angle of the edge con-
necting the vertices p; and p; is
calculated. Here, r is the vector
from p; to pj, tangent vector T;
at p; is the vector from p;_; to
Pi+1, and the tangent vector T at
pj is the vector fromp;_j topj1.
The normal vectors IN; and IN; at p; and p; are calculated as
N;=T; xrand N; = T} x 7, respectively. The cross product of
N; and N can be expressed as | IN; x N | = |N;|| N | sin®, where
6 is the warp angle. If 7 is a ruling, then IN; and IN; are parallel
and N; x N; = 0. The average warp angles for all edges, excluding
those with folding angles of less than 0.5°, that are not involved in
the shape of the surface are measured. When the value is smaller, we
can say that the edges are closer to the rulings. In addition, we also
measured the average of the approximated strain [GDG18], which
indicates how much the edges in the mesh are stretched.

Figure 6: Warp angle
measurement.

Figure 1 shows the results of simulations of the crease pattern
with a single curved crease. The average warp angle was 5.92° in
(c) and 2.97° in (d). This indicates that the model with the proposed
method better approximates the ruled surfaces. The total compu-
tation time including both triangulation and simulation was 4,623
ms. Figure 8 shows the results for various crease patterns. Patterns
(a) to (i) are introduced in [Mitl9]. Patterns (j) and (k) are exam-
ined in [ZIM13], and pattern (1) is an extreme case. The simulation
results appear to be similar to those obtained by folding paper, as
shown in the middle row. Table 1 shows the statistics for the meshes
and the computation time. The numbers of triangles in the models
are all less than one thousand, except (1). These are small numbers
compared to those for modern standard CG models. The compu-
tation time for mesh generation was at most 611 ms. The compu-
tation time for simulations, which stop when the positions of the
vertices converge, was less than 10 s, except for pattern (f). The av-
erage warp angle decreased after the edge-swap operations, except
for patterns (j) and (k). The average strain for each pattern was less
than 1.5%. For the case in which the ruling is not well estimated,
the isometricity may not be preserved. The patterns in Figure 1 and
Figures 8(b) through 8(e) are used in [RHSH19]. When comparing
the results, these patterns are approximately identical.

As a limitation of the proposed method, there are cases in which
appropriate shapes cannot be generated, depending on the crease
patterns and parameter settings.Figure 8(m) shows the simulation
results for the same pattern as pattern (i), with an interval for di-
viding the creases and borderlines set to 7 mm and the tolerance of
approximating curves with polylines set to 0.21 mm. Figure 8(n)
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shows the results for an interval of 14 mm and a tolerance of 0.07
mm. Although the accuracy of the approximation for pattern (m) is
lower than that for pattern (i), the appearances of the folded shapes
are approximately identical. For pattern (n), the simulation of the
fold did not start because the non-triangulated area bounded by the
fold line and the contour line (indicated by arrows) prevented de-
formation.

Figure 7 shows the results for an inappropriate crease pattern
having a non-foldable crease introduced in [Mitl9], and a non-
foldable mountain-valley assignment, i.e., all creases are assigned
as mountains. The simulator was not able to generate the shapes
of the creases to be folded. Since the triangulation does not make
internal vertices, no buckling is made. This indicates that the pro-
posed method is also useful for determining inappropriate crease
patterns for origami design with smooth surface.

Figure 7: Simulation results with inappropriate crease patterns
having a non-foldable crease (left) or a non-foldable mountain-
valley assignment (right).

Table 1: Result of experiments. #F indicates the number of faces.
Gen and Sim indicate the calculation time for mesh generation and
simulation. Strain indicates the average strain. WA w and WA w/o
indicate the average warp angles with and without the edge-swap
operations, respectively.

Fig. #F Gen Sim Strain | WA w/o | WA w

(ms) | (ms) | (%) (deg) (deg)
1(d) 148 82 4541 0.30 5.92 2.97
8(a) 140 66 6722 0.12 1.85 1.46
8(b) 364 142 4246 0.81 5.71 4.79
8(c) 404 | 101 4395 0.81 4.41 4.38
8(d) 310 85 4048 0.41 1.68 1.43
8(e) 310 93 3051 0.40 1.79 1.66
8(f) 405 | 113 | 10672 0.60 2.64 2.59
8(g) 340 70 8315 1.18 6.90 6.03
8(h) 634 | 317 9477 0.75 7.59 7.46
8(i) 838 | 440 7294 0.77 3.68 3.34
8() 400 | 194 5454 1.49 8.49 9.17
8(k) 598 | 114 6425 0.34 3.92 4.01
8(1) | 1822 | 6ll 3111 0.81 4.78 4.00

5. Conclusions and future study

In the present paper, we proposed a method for approximately sim-
ulating curved folds from a crease pattern alone. Triangulation of
a crease pattern based on an estimation of a ruling arrangement
worked well for the simulation. One of the limitations is that, like
many other existing methods, the proposed method does not ad-
dress self-penetration. In addition, because of our assumption that
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the crease curves are not twisted in space, the outputs are limited to
the shapes that are most stable. In the future, we intend to add user
interactions to the proposed method. Being able to handle the shape
with control points and to glue some points on the surface together
increases the range of shapes that can be produced. Furthermore,
interactive editing of the crease pattern will make the design pro-
cess more efficient. Verification, including proof of convergence of
the edge-swap operations is also a subject for future study.
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Figure 8: Simulation results with crease patterns having multiple curved creases. From top to bottom: Input crease patterns, photographs of

the folded paper pieces, the triangle mesh, and the simulation results.
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