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APPROXIMATION OF CURVED SURFACE BY RIGID ORIGAMI WITH CUTTING LINES

I RACHRS, oy A& SR g2 2 BE AT, K W AR
Kentaro HAYAKAWA, Yuto MARUYAMA, Akito ADACHI
and Makoto OHSAKI

A form generation method of rigid origami with cutting lines is proposed. A Bézier surface is approximated by the rigid origami whose faces have
three or more edges. Three types of approximation errors are defined with respect to the distance between the origami vertices and the target
surface, the surface area difference, and the normal vector difference between the origami faces and the target surface. The weighted sum of
approximation errors is minimized under the constraints on the developability of the rigid origami. Numerical examples of the HP and dome

surfaces with different cutting patterns are shown.
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(d) Pattern H (Fixed crease lines: 18, DOF: 12, G(X) = 28.2)

Fig. 11 Optimal shapes for approximating HP surface (left: isometric view, center: plan view, right: development diagram)
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(c)

(d) Pattern EE (Fixed crease lines: 20, DOF: 17, G(X) =7.07)

Fig. 17 Optimal shapes for approximating dome surface (left: isometric view, center: plan view, right: development diagram)

SEXH

1)

2)

3)

E. D. Demaine and J. O’'Rourke: Geometric folding algorithms: linkages,
origami, polyhedra, Cambridge University Press, 2007

T. Tachi: Rigid origami mechanisms, Journal of the Robotics Society of
Japan, Vol. 34, No. 3, pp. 184-191, 2016 (in Japanese)

&7 MR A =X A, BARBRAR Y et Vol 34, No. 3, pp.
184-191, 2016 (DOI: https://doi.org/10.7210/jrsj.34.184)

M. Meloni, J. Cai, Q. Zhang, D. S. Lee, M. Li, M. Ruijun, T. Parashkevov,

— 2296 —

4)

and J. Feng, Engineering origami: A comprehensive review of recent
applications, design methods, and tools, Advanced Science, Vol. 8, Paper
No. 2000636, 2021 (DOT: https://doi.org/10.1002/advs.202000636)

S. A. Zirbel, R. J. Lang, N. M. Thomson, D. A. Sigel, P. E. Walkemeyer,
B. P. Trease, S. P. Magleby, and L. L. Howell: Accommodating thickness
in origami-based deployable arrays, Journal of Mechanical Design, Vol.
135 No. 11, Paper No. 111005, 2013 (DOI: https:/doi.org/10.1115/
1.4025372)



5) N. De Temmerman, M. Mollaert, T. Van Mele, and L. De Laet: Design
and analysis of a foldable mobile shelter system, International Journal
of Space Structures, Vol. 22, No. 3, pp. 161-168, 2007 (DOI:
https://doi.org/10.1260/026635107782218868)

6) S. Tsuda, Y. Nakamura, and M. Ohsaki: Design of deployable bar
structure developed from Yoshimura-pattern rigid-origami, AlJ Journal
of Technology and Design, Vol. 24, No. 56, pp. 111-116, 2018 (in
Japanese)

HHBKR, FEFEZ, K 357870 MIERTHIO 2 TR 2 915k
U 72 JRBRT BRI OB, B AR N 5, Vol. 24, No. 56, pp.
111-116, 2018 (DOI: https://doi.org/10.3130/aijt.24.111)

7) P.M. Reis, F. L. Jimenez, and J. Marthelot: Transforming architectures
inspired by origami, Proc. National Academy of Sciences of the United
States of America, Vol. 112, No. 40, pp. 12234-12235, 2015 (DOI:
https://doi.org/10.1073/pnas.1516974112)

8) R. D. Resch: Self-supporting structural unit having a series of
repetitious geometrical modules, United States Patent No. 3,407,558,
1968

9) T. Tachi: Designing freeform origami tessellations by generalizing
Resch's patterns, Journal of Mechanical Design, Vol. 135, No. 11, pp.
111066-1-111006-10, 2013 (DOI: https://doi.org/10.1115/1.4025389)

10) Y. Zhao, Y. Endo, Y. Kanamori, and J. Mitani: Approximating 3D
surfaces using generalized waterbomb tessellations, Journal of
Computational Design and Engineering, Vol. 5, pp. 442448 2018 (DOI:
https://doi.org/10.1016/j.jcde.2018.01.002)

11) T. Tachi: Generalization of rigid foldable quadrilateral mesh origami,

j

Journal of International Association of Shell and Spatial Structures, Vol.

50, Issue 162, pp. 173—-179, 2009

12) L. Dudte, E. Vouga, T. Tachi, and L. Mahadevan: Programming
curvature using origami tessellations, Nature Materials, Vol. 15, pp.
583-588, 2016 (DOT: https://doi.org/10.1038/nmat4540)

13) Z.He and S. D. Guest: On rigid origami II: quadrilateral creased papers,

=

Proc. Royal Society A: Mathematical, Physical and Engineering
Sciences, Vol. 476, No. 2237, pp. 20200020, 2020 (DOI: https:/doi.org/
10.1098/rspa.2020.0020)

14) K. Hayakawa and M. Ohsaki: Form generation of rigid foldable origami

fd

structure using frame model, Journal of Environmental Engineering
(Transactions of ALJ), Vol. 84, No. 760, pp. 597—-605, 2019 (in Japanese)
FLINGERRR, KIF i 7 L— LT 0 & W7 P o IR A k%,
F AL S BRET SRam SUEE, 5 84 %%, &5 760 %, pp.597-605, 2019 (DOL:
https://doi.org/10.3130/aije.84.597)

K. Hayakawa and M. Ohsaki, Form generation of rigid origami for

=

15
approximation of a curved surface based on mechanical property of
partially rigid frames, International Journal of Solids and Structures,
Vol. 216, pp.182-199, 2021 (DOI: https://doi.org/10.1016/].ijsolstr.2020.
12.007)

16) K. Hayakawa and M. Ohsaki, Form generation of rigid origami by

4

multiobjective optimization for approximating curved surface, Proc.
TASS symposium 2020/21, Guilford, UK, 2021

17) K. Takahashi, T, Tachi, and Y. Yamaguchi: An approximation method

=

of triangular mesh models for generating development diagrams with
creases and slits, IPSJ SIG Technical Report, Vol. 2013-CG-153, No. 10,
pp. 1-6, 2013 (in Japanese)

FEAT, R FnZE, D BTV HEUNHEEZRIH LI =AEA v
= OITPURBAKERIZ DWW T, THHILEI SRR S, Vol. 2013-CG-153,
No. 10, pp. 1-6, 2013

M. Konakovié-Lukovié, J. Panetta, K. Crane, and M. Pauly: Rapid
deployment of curved surfaces via programmable auxetics, ACM
Transactions on Graphics, Vol. 37, Issue 4, pp 1-13, 2018 (DOI:
https://doi.org/10.1145/3197517.3201373)

G. Choi, L. Dudte, and L. Mahadevan: Programming shape using
kirigami tessellations, Nature Materials, Vol. 18, pp. 999-1004, 2019
(DOI: https://doi.org/10.1038/s41563-019-0452-y)

20) K. Hayakawa and M. Ohsaki: Optimization of crease line alignment of

18

=~

19

~

rigid origami with cutting lines for approximating curved surface, Proc.
2020 JSIAM Annual Meeting, 2021 (in Japanese)

FUNEARR, KiRF il BliLH 258 3 2 MRS o i imelod 7= & O 3
B fcadqb, HAIS B4 2021 B F i TR, 2021

S. Tsuda, M. Ohsaki, S. Kikugawa and Y. Kanno: Analysis of stability
and mechanism of frames with partially rigid connections, Journal of

21

=

Structural and Construction Engineering (Transactions of AlJ), Vol. 78,

No. 686, pp. 791-798, 2013 (in Japanese)

HEBAR, KR W, G, JERPEE - SRS E O 2 E MR

L AT = AL O, BAREESAE R CHE, Vol. 78, No. 686, pp.

791-798, 2013

J. M. Sullivan: Curvatures of Smooth and Discrete Surfaces, Discrete

Differential Geometry, Oberwolfach Seminars, Vol. 38, pp. 175-188,

2008 (DOI: https://doi.org/10.1007/978-3-7643-8621-4_9)

23) G. Farin: Curves and Surfaces for CAGD: A Practical Guide, Morgan
Kaufmann Publishers Inc., 5th edition, 2001

24) Y. Yamaguchi: Normal cones and visibility cones of Bézier type surfaces,

Proc. The 51th National Convention of IPSJ, pp. 2-277-2-278, 1995 (in

Japanese)

a8 SRR OB QYRR 7 LV OTFEAE, LR

2 51 RIS CE, pp. 2-277-2-278, 1995

G. J. Borse: Numerical Methods with MATLAB, International Thomson

Publishing Inc., 1997

K. Hayakawa and M. Ohsaki: Shape design of membrane structure

22

=

25

=

<

26,
using geometric invariants of discrete surface, Journal of Structural and
Construction Engineering (Transactions of AlJ), Vol. 86, No. 783, pp.
772782, 2021 (in Japanese)

FUNERER, RIRF 6 BERA 72 dh i O ST A1) R 28 B & W T i s o
TEARERGT, B AL R SCE, Vol. 86, No. 783, pp. 772-782, 2021
(DOI: https://doi.org/10.3130/aijs.86.772)

T. Tachi: Introduction to structural origami, dJournal of the

=

27
International Association for Shell and Spatial Structures, Vol. 60 No.
1, pp. 7-18, 2019 (DOI: https://doi.org/10.20898/j.iass.2019.199.004)

28) pyOpt Documentation, Release 1.2, http://www.pyopt.org/

29) P. E. Gill, W. Murray and M. A. Saunders: SNOPT: An SQP algorithm
for large-scale constrained optimization, SIAM Journal on Optimization,
Vol. 12, pp. 979-1006, 2002 (DOI: https:/doi.org/10.1137/
S1052623499350013)

30) Abaqus 2020 Documentation, Dassault Systémes, 2019

(2022 4E 3 A 7 HIsRG 3, 2022 4£ 5 H 23 HERHLE)

— 2297 —



