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Abstract. This paper applies the traditional kirigami technique to the non-rigid-
foldable tubular origami, which provides a new method to convert the non-rigid
foldability. Tubular Yoshimura and Kresling origami, as two typical non-rigid-
foldable structures, are applied with the kirigami technique and presented. A
radially closable origami (RC-ori) becomes a rigid-foldable kirigami (RC-kiri)
when cutting the connected edges of every folding unit.

The creases of RC-kiri are applied with outside LET joints, and the simulated
model is constructed and analysed by Abaqus. The force-displacement relation-
ship is obtained which shows two stages divided by the critical instability point.
The FEA results are compared with the theoretical results, and its potential sources
of errors are analysed. A physical model is made by 3D printing. The verifica-
tion methods including dihedral angles, diameter-displacement curves, and force-
displacement curves in outward folding configuration. Our study builds a bridge
between origami and kirigami and expands the application of LET joints to the
fabrication of tubular kirigami.

Keywords: Tubular kirigami - Non-rigid foldability - Outside LET joint - Finite
element analysis - 3D print.

1 Introduction

Tubular origami such as Kresling, waterbomb, and Yoshimura has become an emerging
topic over the recent decades. Their properties have great potential in a wide range of
applications. Their tubular shape provides a closed environment for medical devices [1],
pneumatic actuators [2]], and omnidirectional robot arms [J3]. Their non-rigid foldability
benefits energy absorbers [4]]. Metamaterials exploit their tunable mechanical response
properties [S]]. With their radial closability, their application even extends to valves [6].

A large class of tubular origami is non-rigid-foldable [7,|8]], which greatly limits its
fabrication and applications. Its folding requires the in-plane deformation or the trav-
elling of hinges [9]. The current common solution is to use flexible materials for the
in-plane deformation. Bulter et al. tested five kinds of flexible sheet materials for the
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origami bellows used in Mars rovers [[10]. Melancon et al. 3D printed an inflatable
Kresling structure with the flexible TPU95A filament and coated it with a thin layer of
polydimethylsiloxane (PDMS) [11]]. Flexible materials such as paper and plastic sheets
are easy to deform, while most engineering materials are too rigid to allow large de-
formations. Therefore, a new method is applied in this paper to convert the non-rigid
foldability.

Most tubular origami structures are built by isometrically embedding folding pat-
terns in 3D space [8]]. Non-rigid foldability comes from the over-constrained connec-
tions between each folding unit, as vertex positions conflict when defined by the mo-
tion of different folding units [[I2]. According to this feature, cutting the connected
edges can change the non-rigid foldability. And this approach makes the structure a
kirigami. Kirigami is popular in recent research for its high stretchability and deforma-
bility [13/|14]], but few researchers have applied kirigami techniques to origami struc-
tures for research. This paper takes a radially closable tubular origami pattern (RC-ori)
as the main object [[6], and modelling and analysing are demonstrated based on its
kirigami configuration(RC-kiri).

Folding along the creases of engineering materials is a great challenge. A fold is
a reduction in stiffness along the creases [|15]. For thin materials with high flexibility,
folding at the crease can be achieved by plastic deformation or punching [[10}/16-18]].
However, to withstand loads and insulate heat, radiation, and sound, the thickness and
stiffness of engineering materials should be considered [[19]]. High stiffness strongly
limits the possible folding motions [20]]. In addition, engineering materials always re-
quire the assembly of additional mechanical hinges or membranes [21]]. For instance,
Lang et al. applied the synchronized-offset rolling-contact elements (SORCE) to thick
origami mechanisms [22]]. Bulter et al. proposed a regional sandwiching of compliant
sheets (ReCS) technique [23].

The compliant joint has been the focus of many studies over the years [24}25]. It
allows the material to maintain stiffness on the panels while reducing stiffness at the
creases without adding additional hinges or membranes, which is an effective way to
surrogate folds [20}21]]. Delimont et al. summarized and evaluated several commonly
used compliant joints [[1526]. Xie et al. designed a new outside-deployed lamina emer-
gent joint for a large angular rotation [27]. Ferrell et al. developed a revolute U-form
flexure (RUFF) and a torsional U-form flexure (TUFF) for use in sheet metals [28].
Wilding et al. designed three kinds of LET joints that have minimal parasitic motion
under tension and compression [29]]. To simplify the model, this paper applies the most
commonly used outside LET joints to tubular kirigami.

The paper is organized as follows. In section 2, the kirigami technique is applied
to Kresling, Yoshimura, and RC-ori, their different configurations are presented. And
the kinematic analysis is performed on RC-kiri. Section 3 applies the outside LET
joint to the tubular RC-kiri. The configuration design, theoretical modelling, and force-
displacement relationship analysis is carried out. In Section 4, the finite element model
is briefly described, and the FEA results are compared with the theoretical results. Ver-
ification is performed to verify the accuracy of the results. And the paper concludes in
Section 5.
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2 Tubular kirigami

2.1 Yoshimura and Kresling kirigami

Most kirigami are planar structures [30H33]l, and to the best of our knowledge, spa-
tial kirigami is mainly studied by its tensile motion [13}[34,[35]. This paper, how-
ever, analyses the motion generated by compressing the tubular kirigami. Typical non-
rigid-foldable tubular origami structures (Kresling and Yoshimura) are applied with the
kirigami technique and analysed below.

Fig. 1. (a) Tubular Yoshimura structure. (b-e) The folding process of four configurations of tubular
Yoshimura kirigami structure.

Several conditions need to be clarified here. First, to keep the ends shape(polygon)
during folding, a symmetrical stacking of two layers is necessary. Second, the folding
state of every folding unit is the same, so that there is only one degree of freedom.
Folding units are the embedded units that make up the cylinder, they have the same
folding pattern. As can be seen in the Yoshimura structure (Fig.[Th), one of the folding
units is marked by red lines. There are four triangle facets of each folding unit and they
are symmetrical along the yellow line in the middle. When the connected edges between
each folding unit are cut, the green facets and blue facets both can be folded inward or
outward. The structure becomes rigid-foldable and that leads to four configurations of
Yoshimura kirigami, as shown in Fig. Ekb—e).
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Similar to Yoshimura, Kresling also becomes rigid-foldable when its connected
edges are eliminated. However, some Kresling and Yoshimura kirigami structures only
has three configurations because panel interference occurs when all facets are folded
inwards. In fact, the single-layer folding unit of both Yoshimura and Kresling patterns
is a parallelogram composed of two identical triangles. Yoshimura uses isosceles trian-
gles [36]], and Kresling generally uses obtuse triangles. Thus, the triangle parameters
seriously affect the structure properties. Meanwhile, another important parameter is the
number of folded units. Fig. [T only takes the equilateral triangle with six units as an
example.

2.2 Radially closable kirigami (RC-Kkiri)

RC-ori is a radially closable origami with non-rigid foldability whose folding unit con-
sists of two right-angled trapezoids and two right triangles, as shown in Fig. 2] Based
on the authors’ previous paper [6], the RC-ori crease pattern is fully defined by two
parameters, the number of folding unit n and the polygon side length a. The side length
only affects the structure size, which means the number of folding unit can fully define
the configuration. This paper takes n = 6 as the research object because two main factors
are considered. First, the cross-sectional area of the tube expands with the increase of n,
and a larger cross-sectional area results in a greater adjustable range [6]. Second, when
comparing the layers of overlapping panels in the fully folded state. It shows that there
are fewer overlapping panels when n < 6, which is beneficial for fabrication. (Fig.[3)

(b)
Fig. 2. The folding process of the RC-kiri structure [[6]

n=4 n=>5 n=o6 n="17 n=_8

Fig. 3. The top view of fully folded RC-kiri when n =4, 5, 6, 7, 8. Darker areas represent more
overlapping layers.
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When applying the kirigami technique to RC-ori, it becomes rigid-foldable with
three configurations (Fig.[2(b-d)). When the trapezoid facets are folded inwards and the
triangle facets are folded outwards, a radially closable kirigami configuration is created,
and every folding unit is a degree-four vertex pattern, as shown in Fig. @p. They have
good performance because the vertex is straight-minor (a; + as = a3 + ay = ) [22].

The relationship between displacement H and the folding angle of every facet A~;
can be derived by the following equations,

h atan — H
nf=— =-—--~--"__"° 1
sin ho atanf M
T T
b=5-% @

where £ is half of the dihedral angle between two symmetrical trapezoid facets, &
is the axial length during folding and hg is the initial axial length, a is the side length
of every folding unit, @ is the base angle of the right-angled trapezoid and is also half
of the polygon interior angle.

0\~ V}
B e T/
76
Y
(a) (b)

Fig. 4. (a) Front view of the RC-kiri structure. (b) RC-ori crease pattern.

Thus, the folding angle of two trapezoid facets A+, is obtained,

3

tanf — H
Ayy =m — 2 =7 — 2arcsin atany — 1%
atant

The relationship between every folding angle is mentioned in many papers [20,37}-
391,
1

tan %Avg _ sing (a1 + ag)

= 4
tan %A% sin % (1 — ag) @)
where the angles around the degree-4 vertex «; can be derived from 6, thus,
tan L A
Ars = 2arctan (2%) &)
cosf

Avyz = An (6)
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A’M = A’}/Q (7)
Ays = A = (5 - B) ®)

Here, Av; and A~g are the folding angles between the trapezoid facet and the ends
extension facet. It can be seen from Fig. [Sh that the two ends are lengthened to ensure
every folding unit is evenly stressed.

3 Design and modelling of RC-kiri with outside LET joints

This paper applies commonly used outside LET joints to every crease of the tubular RC-
kiri. Every folding unit has eight joints, as shown in Fig. [5p. To simplify the model, most
of the geometric parameters of the joints are identical, the only difference is the length
of the two oblique joints L is twice that of the horizontal joints Lr;. The parameters
are labelled in Fig. Eb and their values are listed in Tablem (¢ is the thickness).

The lengthened ends

(b) (©

Fig. 5. (a) The tubular RC-kiri model with outside LET joints. (b) Marks for folding unit related
parameters. (c) Equivalent spring model of a folding unit.

Table 1. Geometric parameters of the outside LET joints and related material parameters.

w/mm t/mm Lr;/mm Lro/mm Lg/mm b/mm v E/MPa 6Ofrad a/mm
1.5 0.8 7.5 15 4 1.5 0.37 2960 w/3 50

The folding units are indirectly connected by the extension ends. One end is fixed
and the other end is applied with force. The theoretical force-displacement relationship
consists of two stages, divided by the critical instability point. Before the force reaches
a critical point, the structure undergoes a small displacement due to the parasitic motion
of the compliant joint. When the force reaches the critical point, the panels lose stability
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and folds, causing large displacements. During the folding process, the parasitic motion
is not considered in theoretical model.

Before reaching the critical point, the main parasitic motion is the compression of
LET joints. The stiffness is provided by Chen et al. [40], and the equivalent spring
model of the folding unit is shown in Fig. [5k.

F 12E1L
Ay D ®
tw?
L = ﬁ (10)
The stiffness of a horizontal joint is,
Etw?
K =— an
L
The stiffness of an oblique joint is,
Etw?
= —— 12
L3, cos? 0 12
The stiffness of the whole structure is,
2k/2 2k k"
ktotal = +7 x 6 (13)

4k + k"

After reaching the critical point, the energy method is applied to find the force-
displacement relationship. Since the folding is mainly about the rotational motion around
the x-axis of the joint, the energy generated by the joint’s torsional deformation is,

1 2
U= ikgxiAé)Xi (14)
The equal stiffness of the outside LET joints is provided by [41},42],
2K K

= Kr+ 2k (15)
wtt (§—021% (1- 34 )) @

Kt = T (16)

El,
Kg = —= 17
B= L )

bt?

= — 18
2= 15 (18)

When substituting the folding angles Av; and the equal stiffness ko, to Eq. (@) and
differentiating it, the relationship between theoretical force and displacement during
folding is obtained. Thus, the critical instability force is obtained and can be applied to
Eq. (9) for the small displacement Ay. Therefore, the theoretical energy-displacement
curve and force-displacement curve are obtained (see the black dotted line of Fig. [6).
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4 FEA results and verification

The simulation is performed by Abaqus explicit dynamic analysis. One tube end is fixed
and the other end is given a displacement. At the same time, a small inward instanta-
neous moment is applied to every trapezoid facet to imitate the disturbance. The folding
process of the simulation model is shown in Fig. [7h. The deformation mainly occurs on
the joints, which is as expected.

Force

3500

— FEA result
~~ Theoretical result

3000

2500

— FEAresult

~ Theoretical result

Energy (mJ)
z g
g g

1000

500

10 20 30. 40 50 60 70 80
Displacement (mm)

10 20 30 40 50 60 70 80
Displacement (mm)

(a) (b)
Fig. 6. (a) Force-displacement curves of both theoretical result and simulation result of inward
folding RC-kiri. (b) Energy-displacement curves of inward folding RC-kiri.

Fig.7. (a) The inward folding process of the RC-kiri simulation model. (b) The inward folding
process of the 3D printed model. (video)

The FEA simulated results are compared with the theoretical results as can be seen
from Fig.|6l At the start of folding, the curve fluctuates greatly, and at the end of folding,
the curve shifts. Multiple potential sources of error are identified: a) At the start of fold-
ing, the triangle facets intend to fold inward, though they change the direction because
of the resistance when contact with trapezoid facets, as can be seen in Fig. Eb b) The
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applied instantaneous moment cannot imitate natural disturbance. ¢) Parasitic motion
is not considered in the theoretical model. d) Plastic deformation occurs because of the
large rotation angles. e) The thickness of the structure causes the compression stress
between panels. f) The parameter settings of Abaqus software.

To verify the accuracy of the results. The dihedral angles between each facet are
compared in Fig. [§] Overall the curves are consistent, except that the A3 is intended
to fold inwards at the start and A~y and Ay, undergo parasitic motions. Meanwhile,
a physical model is also made using a Ultimaker 3D printer, with a PP filament which
has high flexibility, as shown in Fig. [7p. Its diameter during folding is measured and
compared with theoretical results and FEA results, as shown in Fig. [0} The diame-
ter determines the cross-sectional area, which indicates the feasibility of adjusting the
cross-sectional area by controlling the displacement.

200 200

160 -

60 e 5]
40

Dihedral angle (°)
al

2
s 2
A 0
&3

80

2
2
5

-

5

2

-
®
g

©

2

~
2_ 80 =
L 70 =
5 = 60 ==

- — 50 z

= 40
/ 'QS). 0 — FEA result
(el .
! ~~ Theoretical result

[T
5 2 5
23 2
v
\

®
g
~

Dihedral angle (°)

D oa
3 3
>

Y
=

80 0 20 60 80

20 . 40 60 40
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(©) Yolva @) vs s

Fig. 8. The dihedral angles between each facet.

\ —
2 80 FEA res'ult
S0t --- Theoretical result
=) A
e L\ » Measurement result
ST\
Q L
E 50 \‘\
=g AN
= 30 AN
I ™~
20 DA
10 TS swca .,
0 10 20 . 30 40 50 60 70 80
Displacement (mm)
(a) (b)

Fig. 9. (a) Top view of the simulation model, the diameter is the distance between the central
point P of two opposite folding units. (b) The diameter-displacement curves during folding.
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There are three configurations of RC-kiri, and only two configurations caused by
natural disturbance are considered in this paper. In addition to the aforementioned in-
ward folding, the outward folding process is shown in Fig. In this configuration,
the oblique joints should not contribute the movement of the overall structure, which
makes the RC-kiri similar to a Sarrus linkage. However, it can be seen from the simula-
tion model that significant parasitic movement occurs at the oblique joints. The curves

shown in Fig. [TT] are in good agreement except some fluctuation mainly due to the
parasitic motion.

Fig. 10. (a) The outward folding process of the RC-kiri simulation model. (b) The outward folding
process of the 3D printed model.

2100
5 — FEAresult 100 || — FEATesult -
. - . B
"~ Theoretical result || _ 0 Theoretical result %
60 'g
é ~ 1200
L 40 %
2 T 900
o =
B~ 20 53] -
600 P
7
0 300 o 1
20 0 K=z i

0 10 20 30 ) 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Displacement (mm Displacement (mm)

() (®)

Fig. 11. (a) Force-displacement curves of both theoretical result and simulation result of outward
folding RC-kiri. (b) Energy-displacement curves of outward folding RC-kiri.
5 Conclusion

This paper focuses on the compressive motion of kirigami and applies it to transform
the non-rigid foldability of some tubular origami structures. Multiple configurations are
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generated using the kirigami technique, which has broad applications in many fields, in-
cluding robotics, mechanical metamaterials, and medical devices. Meanwhile, we also
introduce the commonly used outside LET joints to the tubular RC-kiri. Kinematic anal-
ysis and static analysis are carried out to obtain the force-displacement relationships.
The finite element simulation is carried out by Abaqus, and the results are compared
with the theoretical curves, which are in good agreement. The errors between the sim-
ulation and theoretical results are also analysed. The accuracy of the theoretical model
is verified by tracing the dihedral angles, measuring the diameter and analysing the
outward folding configuration. A physical model is manufactured by 3D printing, and
further experiments will be conducted in the future.

APPENDIX

Video:https://youtube.com/shorts/rA1cRolcpNc
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