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$5liBFFAE Zhong You 8% (AYIRTA—RKE)

Dr Zhong You is currently a Professor of Engineering Science at the Department of
Engineering Science, University of Oxford. He is also a Fellow of Magdalen College. Zhong
obtained his BS from Shanghai Jiaotong University, and MS from Dalian University of
Technology, and Ph.D. from Cambridge University. He serves on the editorial board of some
renowned journals, including ASME Journal of Mechanisms and Robotics (Associate Editor),
Scientific Report and IMechE Journal of Mechanical Engineering Science Part C. Zhong's
research is concerned with the design and realisation of novel deployable and origami
structures, a type of unconventional structures capable of large shape changes. He has
published many ground-breaking research papers in prestigious journals including SCIENCE
and PNAS. His work was selected for the Science Day Exhibition at Buckingham Palace in
2007, organised by the Royal Society. SCIENCE introduced Zhong’s research work in their
“profile” section. In addition, he developed a flow diversion stent to treat cerebral
aneurysms. Oxford Endovascular, a university spin-off company, was founded to
commercialise this technology.

Compact Folding of Flat Arrays Composed of Panels with Uniform Thickness

Zhong You
Professor of Engineering Science
Department of Engineering Science
University of Oxford
Parks Road, Oxford, OX1 3PJ, UK
Email: zhong.you@eng.ox.ac.uk

Many aerospace arrays have large flat profiles composed of regular polygonal panels. They
need to be packaged into small volumes for launch, and subsequently deployed to seamless flat
surfaces once in orbit. Examples of such structures include solar arrays and reflectarray
antennas, which are made from rigid thick panels. It is very challenging to package such arrays
compactly without any voids, especially when they are composed of panels with uniform
thickness and are designed to have bi-directional deployment with a small number of degrees
of freedom. In this talk, I shall demonstrate a kirigami based approach that enables compact
folding of such arrays without any voids.

Origami and kirigami have great advantages in folding large thin sheets into compact volumes.
However, when thick panels are involved, origami based approaches often lead to large gaps
or uneven surfaces in deployed arrays. In the newly proposed approach, a thick-panel
deployable kirigami is first introduced using the Hamitonian circuit. This approach is then used
to create an eight-panel element with shapes of isosceles triangles and parallelograms that are
connected together by revolute joints. Four such elements are then coupled together to form a
deployable unit with a single degree-of-freedom. These units can be tessellated to create large
arrays of any dimension, and these arrays can always be folded into compact stacks without
any void. Although slits are introduced in the tessellation to accommodate thick panels during
the folding process, they are completely closed in the fully deployed states.
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Computing Folded States

Jason S. Kl

A flat-folded state of an origami crease pattern is a fold-
ing along specified creases into the plane, and a layer-order
defined on every pair of overlapping faces that (1) respects
any mountain/valley assignment, and (2) obeys the anti-
symmetry, transitivity, consistency, and non-crossing con-
ditions defined in [I, Section 11.4]. We only discuss folded
states that fold flat, so we drop the ‘flat-’ prefix throughout.
Deciding whether a crease pattern admits any folded state
is known to be NP-hard [2], while some crease patterns
admit an exponential number of folded states, see Fig

There are multiple existing software that can compute
one or more folded states of a crease pattern, including
Oripa [3], Orihime [4], and Oriedita [5]. These software
all generally follow the algorithm described by [6] to com-
pute folded states: (1) construct an overlap graph of cells,
where each cell is a maximal region of the folded image
that overlaps the same set of crease pattern faces, and (2)
find a linear order of faces within each cell that avoids self-
intersection of the paper. This algorithm is straight for-
ward, and necessarily requires exponential time to compute
an exponential number of folded states.

An alternative algorithm constructs a bipartite comn-
straint graph on the set of pairs of faces that overlap
(variables that must be assigned a Boolean order), and
the set of transitivity, consistency, and non-crossing con-
ditions that must be satisfied (constraints), with edges
connecting each constraint to its associated variables.

Theorem 1 The constraint graph for a crease pattern with
n faces has complexity O(n®) and can be constructed in
O(n?) time.

Corollary 2 The layer order of a given folded state can be
verified in O(n?) time.

To find valid layer orders (i.e., valid assignments of the
variables), first assign each variable corresponding to a
pair of faces that bound a mountain/valley assigned crease
(crease assignment implies layer order). When a variable is
assigned, check whether any of its adjacent constraints are
violated (i.e., no valid assignment exists), or whether any
variable assignment can be inferred from the constraints.
This #nitial assignment stage can be computed in time
linear in the size of the constraint graph via breadth-first-
search. For crease patterns that have a unique folded state,
this stage may fully compute the layer order in O(n?) time.

If there are still unassigned variables after initial assign-
ment, one can compute all possible valid layer orderings in
exponential time by checking the 20(n?) possible remaining
variable assignments (layer orders), each in O(n?®) time.
However, for many crease patterns, we can speed up the
search by identifying groups of variables that are assignable
independently from each other. After initial assignment,
remove all assigned variable vertices from the constraint
graph to form the pruned constraint graph, which may

1Department of Mechanical Engineering, National University of
Singapore, jasonku@nus.edu.sg

d)

il

Figure 1: (a) A generalizable crease pattern with 2k+1 =n
faces (k horizontal flaps and k vertical flaps) with exactly
2(k*) = 20("*) yalid folded states. The pruned constraint
graph has k2 connected components, each of size 1, allowing
an implicit representation of all folded states to be com-
puted in O(n?) time. (b) A depiction of the constraint
graph variables: variables assigned in the initial assign-
ment stage are colored light green, with the other variables
colored according to their pruned constraint graph compo-
nent. (c) and (d) depict two valid folded states.

be disconnected into multiple components containing vari-
ables that are assignable independently from each other.

These components are often small, so an exponential
search on each one will be much faster than an exponential
search on the whole graph. Once all assignments for each
component are enumerated, one can list all folded states
by computing the Cartesian product of the assignments
from each component; or one can count the total number
of folded states by multiplying the number of assignments
found for each component. Storing only the assignments
for each component provides an implicit representation of
all folded states, which can represent an exponential num-
ber of folded states in polynomial space. See Fig [I] for one
such example.

Theorem 3 All folded states of a crease pattern with k
pruned constraint graph components having sizes s1, - . ., Sk,

can be tmplicitly computed in O <n3 + Zle s3- 251') time.

This algorithm has also been implemented (somewhat
inefficiently) in a web application called flat-folder [7].
A primary motivator for the development of this algorithm
and software is to generate folded states in FOLD format [8]
as test case input for future origami simulation software.
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Self-organized Curved Folding

SEAIZR, Y[R

Tomohiro Tachi and Junichiro Horikawa

A sheet of paper has the property of not stretching or shrinking, but when a compressive
force is applied, it can macroscopically shrink while forming a "wrinkle". Origami is a method
of manipulating the relationship between intrinsic properties (properties of the surface
measured along the surface) and extrinsic properties (properties of the surface in space)
through such "macroscopic shrinkage." For example, the "Origamizer" is a technique that
allows free-form surfaces containing bowl- or saddle-shaped regions to be made with a plane
that has zero intrinsic Gaussian curvature.

Existing surface design approaches using origami tessellation have involved generating
patterns on a given surface using predefined geometric rules and adjusting them numerically
to satisfy the developability criteria. The limitation of the existing method is that the topology
of the given pattern is arbitrary and has no relation to the surface to be generated. As a result,
the efficiency of paper usage in design may become low, and properties such as structural
stiffness and softness of the generated surfaces may be uncontrollable.

In this study, we aim to naturally generate crease patterns from the properties of the
generated surfaces (or more precisely, from surface-to-surface mapping). We take an
approach inspired by the self-organization of wrinkles in biological membranes that attempt
to grow in confined spaces, such as brain wrinkles and insect shells. In such growing biological
membranes, repeating patterns are generated in a self-organized manner as each part
compresses against its surroundings. In this study, we generate a new origami tessellation by
simulating the fold pattern of such a membrane. We also report that by extracting and
organizing the wrinkle patterns produced, it becomes "Curved Origami," origami composed

of curves and curved surfaces.
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Interactive fabrication of origami, by origami, for origami

WSS ¥ AL ‘ HIURS KB TSR0 7ekt
Koya Narumi Graduate School of Engineering, The University of Tokyo

B

AGEETlE, FH S HFIC Human-Computer Interaction (HCI) O3B CHEf L CE 72T ob B 7 7 7
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Abstract

In this talk, I will introduce three origami-related techniques on fabrication, actuation, and interaction which

we conducted mainly in the field of human-computer interaction (HCI): (1) Self-folded Tessellation is the
self-folding method based on a commercialized inkjet printer, which can automatically fold complex origami
tessellation with hundreds or thousands of facets (i.e., fabrication of origami); (2) Pop-up Print and Blow-up
Print are the 3D printing method of tall 3D objects requiring smaller printing time, smaller support material
consumption, and smaller storage space, by printing a given model in the bistably folded state and unfolding it
after fabrication (i.e., fabrication by origami); (3) Liquid Pouch Motors are the thin, lightweight, and soft
pneumatic actuators that are printable and untethered as well (i.e., actuation for origami). If time allows, I will

additionally introduce other origami-related interaction techniques we did in the past.
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3D Printing with Kirigami Honeycombs

L. A. Diago, J. Shinoda and I.Hagiwara,
Meiji University & Interlocus Inc., JAPAN

Introduction

Three-dimensional (3D) printing also formally known as Additive Manufacturing (AM) or rapid prototyping is the
process of making three dimensional objects from 3D modeled data in progressive layers and it is currently being
promoted as the spark of new industrial revolution. On the other hand, manufacturing technology based on honeycomb
panels has had a rapid growth in recent years due to its lightness and strength. The manufacturing process has changed
rapidly after Nojima and Sajito demonstrated that curved panels could be created using a kirigami operation. Nojima
and Saito introduced the term “kirigami honeycomb” in [1] where they use the cross section of the 3D shape to describe
the panel and include cuts in the pattern to obtain its 3D structure. Moreover, with conventional methods, STL (Stereo-
lithography) data, which are often used by the additive 3D printer, can be used only after the formulas on the upper and
lower surfaces are obtained. So, conventional methods cannot treat a structure with a non- uniform shape between the
upper and lower surfaces, and also curvature and thickness can only change in one axis. Here we propose a new method
such as the target structure is expressed in CAD and/or STL data and it is covered with a honeycomb core of any shape
in any direction.

Materials and methods

The main problematic point to build complex 3d shapes resides in the presence of non-convex unit cells that overlap in
the projection from 3D o 2D plane [1-3]. Instead of using Caslish and Gershenfeld [3] iterative approach to ensure that
no sections of the folding pattern overlap, we propose a two-step algorithm to avoid overlap and minimize the amount
of un-used materials in the final pattern.

Preliminary Results

Figure 1 shows the honeycomb representation of honeycombs apples. The top left part shows the created pattern and the
top right part shows the folder state of the apple in the origamisimulator.org. The lower panels show the real models
printed on a 3D printer Creator Pro 2.0. The lower left panel shows the original 3D apple printed with full material. The

two middle panels showing the honeycomb apples printed with 30% and 70% reduction of the materials. Note that the
weight is educed about 20% (154.3g vs 193.2¢g). The right panel shows the related model in paper.

Honeycomb apples

http://origamisimulator.org

Real models (PLA and Paper)

Figure 1. Honeycomb representation of honeycomb apples.
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Design application of the correspondence between
spherical 4R linkage and rigid single vertex origami
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We discuss design applications using the correspondence between the 4R spherical 1
inkage and the rigid origami. The planar four-bar linkage is classified by input/outpu
t bar motions according to the Grashof criterion"”, and when this is extended to a sp

herical mechanism, the motions are classified into 33 types'"

. Corresponding the sph
erical 4R linkage to the single-vertex degree-four rigid origami, we show the folding
behavior of the planar and non-planar vertices. By organizing the correspondence b
etween the spherical linkage and the origami behavior, we propose a design method
from both the mechanism and the origami. We present a study of the application of

the 4R spherical linkage with non-rigid kirigami-origami(RES).

Fig. 1. The spherical 4R linkage. [1] Fig. 2. Kirigami spherical 4R linkage. Fig. 3. RES applicable with spherical 4R linkage.
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