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Abstract: The central triangular panel of a minimum unit of the Resch Triangular Tessellation twists
during the folding/unfolding process. Taking inspiration from this artistic origami, this paper presents
a novel helical origami mechanism with a foldable/deployable form. It has 3-Degrees-of-Freedom
(DoFs) and is capable of helical motion (one twisting motion coupled with the translation along with
the same axis). The mechanism is extracted from an origami structure which consists of two minimum
units of the Resch triangular tessellation pattern connecting in stack face to face. Three origami creases
intersecting at a common point, equivalent to a traditional spherical joint, are adopted for the
connection. The geometric and kinematic characteristics of the origami mechanism are analyzed. The
workspace of the centre of the moving platform of the mechanism is analyzed. A proof-of-concept
prototype of the mechanism is fabricated and experimentally demonstrated by a cable driven actuation
system. The pure helical motion mode (when three inputs are the same) is tested using the prototype
and is compared with the theoretical model. It is also demonstrated that the mechanism is able to
change between folded and deployed configurations. Diverse motion configurations with different
settings of input angles are presented by evaluating the 3D model and prototype of the novel helical
mechanism. The connection of multiple helical origami mechanisms in series leads to a novel
continuum robot which is also discussed. Compared with other multi-DOF counterparts, this novel
origami mechanism is capable of the helical motion and diverse motion configurations corresponding
to different actuation angles without flexible panels.

Keywords: Origami, Helical Motion, Resch Triangular Tessellation, Robot Mechanism.

1 Introduction

Origami is the art of folding a sheet of paper into various forms without stretching, cutting or gluing
other pieces of paper to it [1, 2]. It was originally developed more for artistic purposes, folding sheets
of paper into various shapes, either in abstract forms or mimicking certain objects [3]. Origami has
attracted attention from various areas, such as architecture [4-6], mathematics [7-9], and
engineering[ 10-12], because it enables complex 3D structures from folding a 2D material with crease
patterns composed of all crease lines of the complex structure [13-15]. There are four basic crease
patterns: the Miura-ori pattern, the Waterbomb pattern, the Yoshimura pattern, and the Diagonal
pattern respectively. These crease patterns all belong to tessellation origami, where both the unfolded
and folded states use repeated elements to form two-dimensional patterns [16, 17]. Resch Triangular
Tessellation was developed by Ronald Resch in 1960s. It has repeated triangular patterns in both
folded and unfolded states.

The origami concept is valuable in the field of robotics due to its transformation between 2D patterns
and 3D structures through simple folding and unfolding. In addition, both mountain folds and valley
folds can be seen as rotational joints from the aspect of robotics, which further highlights the



applicability of origami to robotics. There have been various types of origami-based robots reported
in the literature and they are actuated in different methods [18-20]. Belke et al. published a robotic
platform and reconfigurable modular robots based on origami theories [19]. Driven by micro stepper
motors, different spatial configurations and functions could be achieved through folding motions
among robotic modules. McClintock et al. reconstructed the Delta robot with origami techniques at
millimeter-scale [21]. Actuated with three individual piezoelectric bending actuators, this milliDelta
origami robot presented micrometer-level operation precision. Li et al. developed a light-weight, soft
robotic gripper, which is composed of an origami structure based on a Waterbomb pattern and a
flexible thin membrane [22]. Driven by vacuum, this origami gripper could lift a large variety of
objects, showing great adaptability and robustness. Hao et al. proposed a deployable stent inspired by
the bi-stable characteristics of a Waterbomb pattern [23]. Actuated and controlled by memory alloy
wire, this design presented good bi-stability and deployability. Miyashita etc. developed a self-foldable
origami device which could transform from a tiny sheet into a 3D functional structure under the remote
control of alternating external magnetic field [20]. Nelson et al. presented origami-inspired sacrificial
joints which can be obtained by folding steel sheets following pre-designed crease patterns [24]. Zhang
et al. developed an origami parallel module which was composed of two triangular bases and three
waterbomb bases [25, 26]. This mechanism can be seen as the classical 3-RSR mechanism realized in
the novel origami form. Dai introduced the screw theory in the kinematic analysis of the origami-
based mechanisms [27, 28] which prompted the development of this research area. Advantages shared
by these origami-inspired robots include ultra-compact footprint, reduced weight, low cost, good
manufacturability, free friction, etc.[29]

Helical motions from origami structures have been well studied in the literature [30, 31]. Jiang et al.
developed an origami-inspired twisting skeleton which was actuated by an artificial muscle [31]. The
desired helical motion was analytically and experimentally verified. Zhang et al. developed a
segmented worm robot by successively integrating kirigami parallel structures with a helical motion
[32]. Both peristalsis and inchworm-type motion in nature could be imitated with shape-memory-alloy
linear actuators. Kresling proposed the Kresling patterns which were spontancously generated from
buckled cylindrical thin-wall shells under torsional load [33]. Origami mechanisms based on the
Kresling patterns presented helical motions in their folding process [34, 35]. Berre et al. considered
the Kresling tower origami with helical motion as a building component for the compliant mechanism
design [36]. A model was derived in their research to describe the helical trajectory and bi-stable
positions. Wu et al. introduced a magnetically controlled origami robotic arm based on Kresling
patterns [35]. The origami robotic arm enabled multimodal motions, such as twisting, bending, and
stretching. The Kresling origami patterns were also used in the design of reconfigurable helical
antennas [37, 38]. The operating frequencies of the origami antennas could be adjusted by changing
the height [38]. Hoff et al. adopted an origami twisted tower in a multimodal origami arm which was
thread-actuated [39]. Jeong et al. used similar origami twisted components in their three-finger
manipulator [40]. Yoneda et al. made a paper spring by folding and gluing together two thin strips of
paper [41]. The helical motion of this paper spring was investigated theoretically and experimentally.
The problem with the most helical origami mechanisms in literature is that the planes of the origami
structures are not rigid [41, 42] and must deform in the folding process to produce the helical motions.
It is because those origami designs are over-constrained and non-rigid foldable.

In this study, we aim to address the above issues/needs by proposing a new helical origami mechanism.
This mechanism is inspired by Resch Triangular Tessellation is first proposed following the origami
principles. It is constructed by connecting two minimum units face to face using the 3-hinged origami
joints, which has 3 DoFs with rigid panels. The helical motion is the focus in this paper, which is
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highly desired in many applications such as drilling a hole or achieving a rotation using a linear input
[43]. If a pure helical motion is needed, a simple cylindrical constraint can be added to the end effector
of the mechanism.

This paper is organized as follows. Section 2 provides a geometric analysis of the helical behaviour of
the minimum unit of the Resch Triangular Tessellation. The primary design of the helical origami
mechanism and its origami connecting joints are introduced in Section 3. In addition, the kinematic
analysis of the helical origami mechanism is carried out and the workspace of the mechanism is
analyzed in this section. A preliminary prototype of the origami mechanism is shown in Section 4 for
the verification of the helical motion. Section 5 provides an expanded discussion on the diverse motion
configurations of this helical origami mechanism with a 3D model and the prototype. This is followed
by the introduction of an integrated origami robot composed of several helical origami mechanisms as
modules in series. Conclusions and prospects are drawn in Section 6.

2 The Twisting Behavior of the Minimum Unit of Resch Triangular Tessellation

The Resch Triangular Tessellation (RTT), as shown in Fig. 1, is a typical example of origami
tessellation design. It was patented by Ronald Resch, an artist, computer scientist and applied
geometrist in the 1960s [44]. The crease pattern of this tessellation is composed of identical minimum
units repeating in a certain order, which is illustrated in Fig. 1(a). During the transformation process
from a 2D sheet gradually into a 3D structure (from the state in Fig. 1(a) to (e)), the triangular block
in the center of each minimum unit twisted 30 degrees. This twisting behavior can be observed on
every triangular minimum unit of Resch Triangular Tessellation. Each minimum unit is composed of
four parts, one central plane and three identical external panels, as illustrated in Fig. 1(a). Since both
the unit itself and the central plane are all triangular, their tip angles are all 60 degrees. The boundaries
of the central plane are solid lines which are origami mountain folds. The central plane starts to twist
when the three external panels are folded about the solid boundary (simultaneously at the same angular
speed).

External panel~
Central plane

a, =30° /4

() (b) (©) (d) (e)
Fig. 1. The folding process of RTT and the twisting behaviour of the minimum unit [45].

The twisting behavior is further discussed based on the minimum unit as shown in Fig. 2. In the
coordinate system 0-xyz, a minimum unit is in a certain folding condition where external panels rotate
with the identical angle of 0 at an angular speed of w. In x-y plane, the projective regular triangle ABC
turns into A'B’C’ when the external planes rotate, while the central triangle plane is fixed in x-y plane.
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o represents relative angle between the central triangle DEF and the changing projective triangle
A'B'C’. a¢ indicates the angular displacement of the triangle A'B'C’ relative to its initial position ABC,
which is the twisting angle of the minimum unit. Height % represents the increase in the size of this
unit in the z-direction. According to geometric knowledge, their relationship can be easily derived and
described by the equations below:

. <2c050 + 1) 30° )
a = arctan | ——— | —
V3
h =1-sinf 2)

Rotational angle § can be replaced by wt, indicating the dynamic folding process. Therefore, the

twisting angle of the central plane relative to the reference line, ac, is:
2coswt + 1)

NG 3)

According to the Egs. (2) and (3), the twisting motion and the increase of the height in the z-direction
are coupled with each other and are determined by the folding of three external panels. From this
aspect, the minimum unit of Resch Triangular Tessellation behaves in a helical manner and its

ac = 60° — arctan(

equivalent pitch is:

360°
P= 1 =121 (4)
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Fig. 2. Geometric parameters of the minimum unit of RTT in different views. (a) Side View; (b) Bottom-side
view; (c) Top view.

3 Design and Modelling of the Helical Origami Mechanism
3.1 Kinematic Structure of the Helical Mechanism with a Spherical Joint

Inspired by the twisting behaviour of the RTT observed in its folding process, a helical origami
mechanism is proposed and introduced in this section. The helical mechanism is designed primarily
by arranging two identical minimum units (as shown in Fig. 2) face to face and connecting their three
tip points, respectively. A spherical joint is employed in each limb to connect the upper and bottom
units to conceive the helical motion. A 3D model of this helical mechanism is created with
Solidworks® as shown in Fig. 3, where the spherical joints are indicated. In the 3D model, all panels
are designed with an identical thickness of 2 mm. In real operations, the thickness of the panels is
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expected to be thin but with sufficient strength to prevent deformation. It is selected based on both the
geometries of the origami structures and the mechanical properties of the materials.

The expected helical motion is observed when the external panels of the bottom minimum unit fold
up simultaneously with the identical input angles. The central plane of the upper unit twists by an
angle of a; with respect to the central plane of the bottom unit, which is fixed to the ground. The
twisting motion and the transformation process are presented in Fig. 3(a) to 3(d), corresponding to the
actuation angle, 0, of 0°, 30°, 60°, and 90°, respectively. The twisting angle, @, increases gradually
from 0° to 60°. It should be noted that the upper central plane keeps parallel to the bottom central
plane in the transformation process in the model.

Upper unit  Spherical joint

N\ 6300

@ T =

0=0° N

(a) (b) (d)
Fig. 3. 3D model of the primary design of the helical origami mechanism (with spherical joints) and its
transformation process with the input angles of (a) 8 = 0% (b) 8 = 30°, (c) 8 = 60%; and (d) 8 = 90°. (Three
input angles are identical.)

The number of total components of this structure () is 8. Crease lines are considered as equivalent
rotational joints and the number, #n, is 6. The number of spherical joints, m, is 3. Therefore, the DoF
of this helical origami mechanism with three spherical joints can be easily determined based on the
Gruebler's criterion as follows:

DoF=6X(N—-1)—nx(6—-1)—mx(6—-3)=3 &)

However, the traditional spherical joints do not exist in the origami field. The function of the spherical
joints should be achieved by alternative 3-hinged origami joints to perform the desired helical motion
and fabricate origami robots based on this kinematic design.

3.2 The New Helical Mechanism with 3-hinged Origami Connecting Joint

A spherical joint enables three rotational motions that are perpendicular to each other. It can be
replaced by three rotational joints with axes intersecting with each other from the perspective of
equivalent DoF [46]. The three rotational joints are connected in series by extra panels as illustrated
in Fig. 4, which satisfies the origami principles. However, the introduced two extra panels of each
connecting position increase the total number of components in the origami robot mechanism. The 3D
model of the helical origami mechanism with alternative 3-hinged origami joints and its transformation



process with different actuation angles is illustrated in Fig. 5. The twisting motion of the upper central
plane is successfully achieved in this 3D model and the helical origami mechanism can be fabricated
in a purely-origami manner.

External panel form
the upper unit

External panel form

the bottom unit . .
Rotational joint

Extra panels

Fig. 4. An alternative 3-hingned origami joint following the origami principle with three rotational joints and
two extra panels (equivalent to the traditional spherical joint).

Bottom unit ~ Upper unit

3-hingned origami joint

ato

(d)

Fig. 5. The helical origami mechanism with alternative 3-hinged origami joints and its transformation process
with the input angles of (a) 8 = 0°; (b) 8 = 307, (c) 8 = 60°; and (d) 8 = 90°. (Three input angles are identical.)

(a)

The total number (N) of the helical origami mechanism with alternative 3-hinged origami joints (as
shown in Fig. 5) is 14. All joints here are rotational joints and their number, n, is 15. The mobility of
the helical origami mechanism remains three according to Eq. (6) based on Gruebler's criterion.

DoF=6X(N—1)—-nx(6—-1)=3 (6)
The helical origami mechanism is composed of two minimum units arranged in a stack as shown in

Fig. 5. Therefore, the twisting angle, a¢, and increase of the height, hg, of the helical origami

mechanism can be calculated by Egs. (7) and (8), as follows based on Egs. (2) and (3).
2coswt + 1)

73 (7
ho = 21 - sinwt ®)
In the overall transformation process, the origami robot mechanism shows helical motion as indicated
in Fig. 5. It should be noted that the helical motion here is different from that of general screws. The
ratio between the increase in height, hg, and the twisting angle, ag, is not constant during the twisting
process, and it changes along with the actuating angle, 8, which is confirmed by Egs. (7) and (8).

ac’ = 120° — 2 arctan (



3.3 Kinematics Analysis of the Helical Origami Mechanism

The 3D model of the helical origami mechanism whose three external panels rotate with identical
angles is shown in Fig. 6. The kinematic characteristics of the helical motion of this origami
mechanism are analyzed based on the screw theory [27, 28, 47]. The three alternative 3-hinged origami
joints (equivalent to traditional spherical joints) are marked as N, P and Q, respectively. The helical
origami mechanism can also be seen as two central planes (i.e. AABC and AGHM) connected by three
limbs (i.e. GH-N-BC, HM-P-AB and MG-Q-AC) in parallel. A global Cartesian coordinate frame O-
XYZ is set up at the central plane of the bottom unit, AGHM, as indicated in Fig. 6. The origin of the
coordinate, O, is coincident with the central point of the triangular plane. The X-axis is perpendicular
to GH while Y-axis is parallel to GH. Z-axis is set through the right hand rule. The distance from O to
GH is denoted by a, which is assumed as 1 for kinematic analysis in Fig. 6. In the limb 1, GH-N-BC,
the screw of joint GH can be expressed as:

Seu =[0,24/3, 0, 0, 0, 2V3] )

The screw of spherical joint N can be expressed as:

[1,0,0,0, 2sin8, — 3]
Sx =10, 1, 0,—2siné, 0, 2cos@ + 1]T (10)
[0, 0, 1,—/3, — (2cosd + 1),0]T
A local Cartesian coordinate frame o’- x'y'z’ is set up at the top plate AABC where the origin of the
coordinate is coincident with the central point of the plane. x"-axis is perpendicular to BC while y'-

axis is parallel to BC. z'-axis follows right hand rule. The screw of joint BC expressed in the local
coordinate is:

06, =[0,2/3,0, 0, 0, 2V3] " (11)

The transformation matrix from local coordinate to global coordinate is:

cosd —sind 0 O 0 O
sind cos§ 0 O O O
0 0 0O 0 0 o

ORo' ~ |—4sindsind —4cosdsin@ 0 cos§ —sind 0 (12)
4cosédsinf  —4sindsind 0 sind cosd O
0 0 0 0 0 0
where § is the rotational angle from global coordinate O-XYZ to local coordinate o’-x'y’z’:
6=m— 2arctan[(2c059 + 1)/\/§] (13)
The screw of joint BC expressed in the global coordinate is:
Sgc = Og,, o'SBC = [—2V3sind, 2v3co0s8,0, —8 V3cosdsing, — 8v3sindsing, 0]T (14)

The motion screws of limb 1 are:



S;; = [0, 2v3,0,0,0,2V3]T
S, = [1,0,0,0,2sing, —3]T
S; =14 S43=1[0,1,0,—2siné, 0, 2cosd + 1]T (15)
S14 = 1[0, 0, 1,—/3, — (2cos6 + 1),0]"
S;5 = [-2V3sin8, 2v/3¢0s6,0,-8V3cosdsing, —8+/3sindsing, 0]T
The constraint screw of limb 1 is:

1
T = [cotf, —2cotbcoth — E(\/g + cotd)cscG, 1,2 V3 + cotd + 4cosfcotd,—1,—(3
16)
1 (
+ 4cosf)cotScotd — > (V3 + cotd)csc]”

The constraint screws of limbs 2, and 3 can be derived by rotating the screw vector ST along Z axis by
B = 2m/3, n and 4m/3, respectively.

Sk = R4Sy (17)
cosp —sinp 0 0 0 O
sinfF cosp 0 O O O
10 0 0o 0 0 O
Ri=1lo 0 o cosp —sinp 0 (18)
0 0 0 sinp cosp O
0 0 O 0 0 0
The constraint-screw system employed on top plate is then derived as:
S = [cot8, —2cotScotd — %(\/E_q. cot6) csc,1,2v/3 + cotS + 4cos cots, —1,
—(3+4cosB)cotd coth — %(\/§+ cot§) cscd]”
Sy = [—g—?(—Z cotd cotO —%(\/E+ cottS) csc@),?cot@ +% (2 cotd cotd +%(\/§+ cot6) csc@),
1,—?+%(—c0t6—4c0t6c059),
Sc= 7 V3 1 (19)
5+7(c0t6 + 4 cosfcotd),—(3 + 4cos)cotd cotd —E(\/§+ cot8) cscO]”
St =[- coZtB +?(—2 cotd cotd —%(\/E+ cot6)csc€),—?cot6 +%(2 cotd cotd +%(\/§+ cottS) csc@),
1,—32—\/§+%(—c0t6—4c0t6c059),
§+ J?g(cot(Y + 4 cos 6 cotd),—(3 + 4cosB)cotd coth —%(\/§+ cot§) cscO]T
The motion-screw system of the top plate is then obtained as:
(7+4cos6 +5cos20 + 2cos30) csch_.
Stl = [01 01 1: 0: 0, ]
2V3
S. (010 —2sin6 6(sin 8 + sin 26)
2 = [0,1,0,=25sin 27 +42cos8 +29cos26 + 12 cos30 + 4cos48’
2v/3(1 4 2cos0)2(1 + 4 cos6) sin
27 +42cosB +29cos20 + 12cos360 + 4 cos46
S =100 2v3(1 + 2cos0)%(1 + 4 cos @) sin
= [1,0,0, 27 + 42 cos6 + 29 cos 20 + 12 cos 30 + 4 cos 46’
2 singd 4 6(sin 8 + sin 26) 01T
\ sl 27 +42cos8 + 29cos26 + 12 cos38 + 4 cos 46’ ]

Based on the Eq. (20), the pitch of the helical motion of the helical origami mechanism along Z-axis
is:



Pitch (7+4cosB +5cos20 + 2cos360)csch 51
itch =
23 -

It is indicated in Eq. (20) that the helical origami mechanism has three DoFs and is able to achieve
pure helical motion with a variable pitch when the three external panels of the bottom unit bend
simultaneously with the identical initial angle and angular speed. The relationship between the pitch
and the input angles is plotted in Fig. 7 based on Eq. (21) under the condition of particular design
parameters. The pitch curve corresponding to the actuation angles close to 0° indicates that the origami
mechanism has a large pitch and the translational motion dominates in this actuation angle range. By
contrast, the pitch curve corresponding to the actuation angles close to 90° indicates a small pitch and
the twisting motion of the origami mechanism dominates in this actuation angle range. This variable
pitch makes the helical origami mechanism less suitable for the application scenarios related to
traditional helical motions and screws with constant pitches. However, it enables the helical origami
mechanism to achieve tasks where the translational motion is more required at the beginning/end and
the twisting motion is more expected at the end/beginning. In addition, the variable pitch curve can be
further modified by changing the design parameters based on certain particular applications.

160 .

120 H .

80 - .

0 1 1 T !
0 15 30 45 60 75 90

Input angle 6 [°]

Fig. 7. Pitch of the helical origami mechanism (a = 1 mm).

In this case, the top central plane is parallel to the bottom central plane in the whole moving process.
The derived equations indicate that the helical motion is controllable and programmable. For practical
interests that only helical motion is needed, we can add a simple cylindrical constraint to the end
effector of the mechanism [48]. Such a mechanism (with a central cylindrical constriction and a single
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actuation input) and its transformation process are schematically shown in Fig. 8. By doing this, the
mobility reduces to one that can be controlled easily using one actuation without a need to synchronise
input from three actuators. This is advantageous to the application of this helical only motion of the
origami mechanism.

al=60°

Romees
'

x

Cylindrical guide on the
bottom central plane

2

Slider on the top
central plane

00

9=60°
(@) (b) (©) (d)

Fig. 8. A helical mechanism (with a central cylindrical constriction and a single actuation input) and its
transformation process with the input angle of (a) 8 = 0°; (b) & = 307, (c) 8 = 60°; and (d) 6 = 90".

To=30° 6=90°

3.4 Workspace of the Helical Origami Mechanism

According to the schematic model of the Helical origami mechanism, we have

H=[1,v3,0]xa (22a)
M=[-200]xa (22b)
G=[1,-30]xa (22¢)
N = [1+ 2cos6;,V3, 2sinb; | x a (22d)
P = [~2 — c0s6,,/3c0s8,, 2sinb,| x a (22e)
Q = [1 — cosbs, —V3 — \/3c0sb3, 2sinb;]| x a (22f)

0; (i=1,2 and 3) is any of the three inputs.

The positions of points A, B and C can be set as

A= (X1,¥1,71) (23a)
B = (x3,¥2,2;) (23b)
C = (x3,¥3,23) (23¢0)

The centre of the top platform of helical origami mechanism o’ is calculated by

A+B+C
o= (xryvz) =T (24)
Here are nine geometric constraints for the helical origami mechanism:

AB = BC = AC = 2v/3a (25a)
CN =BP = AQ = 2a (25b)
BN = AP = CQ = 4a (25¢)

As the number of unknown parameters about points A, B and C is equal to the number of geometric
constraints, the workspace of the centre point o’ of the helical origami mechanism can be calculated.
When the all the inputs 8; change in the rotational range of [0°, 90°], the result of a sample with scale
factor @ = 10v/3 mm is shown in Fig. 9.
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(c) @
Fig. 9. Workspace of the centre point 0’ of the helical origami mechanism. (a) View along y-axis; (b) View along
x-axis; (¢) View along z-axis; (d) Isometric view.

It is shown in Fig. 9 that the x coordinate of the centre o’ ranges from -23.5771 mm to 23.6226 mm.
The y coordinate of the centre o’ ranges from -26.1413 mm to 23.6051 mm. The z coordinate of the
centre o’ ranges from 0 mm to 69.2820 mm.

The classical 3-RSR mechanisms, either in the origami forms or not, can also achieve diverse spatial
motion configurations, while the helical motion is not available. Compared with these classical 3-RSR
mechanisms. this novel origami mechanism is capable of the helical motion and diverse motion
configurations corresponding to different actuation angles. This is the main advantage of this design.
In addition, no flexible panel exists in this origami mechanism. Rigid materials can be used in the
fabrication for a higher structural strength.

4 Prototype Fabrication and Experimental Test

The crease pattern is obtained and presented in Fig. 10 when the helical origami mechanism is
completely unfolded. When the bottom or top central plane is divided into three equal parts from the
central point, a fan-shape crease pattern is obtained (as shown in Fig. 10(a)) in this case. It should be
noted that the crease pattern shown in Fig. 10(a) is one example of many possible solutions. The dotted
lines represent valley folds while the solid lines represent the mountain folds and outlines. Based on
this pattern, we can easily fabricate a helical origami mechanism from foldable materials in sheets.
Connecting operation is still required in certain positions to complete the fabrication. This monolithic
character of the origami robot mechanism highly reduces fabrication time and cost. In addition,
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foldable materials in thin-sheet forms, such as membranes, steel, plastic, and carbon fibre plastic
composites, can be used for the fabrication of the mechanism for different application scenarios.

Hole for connection

(@) (b)
Fig. 10. (a) The crease patterns of the helical origami mechanism; and (b) The completely unfolded prototype
fabricated using 3D printing.

Based on the crease pattern shown in Fig. 10(a), a prototype is fabricated using 3D printing and the
material is PLA. The crease pattern of the fully unfolded prototype is shown in Fig. 10(b). The hole on
each lamb of this fan-shape prototype is for connection and to form the complete upper central panel
of the helical origami mechanism. The key dimensions of the prototype are indicated in Fig. 10(b) and
the thickness is 2 mm. Every two adjacent plates are connected by adhesive tapes and the rotational
joints (i.e. mountain fold and valley fold) are naturally formed. The completed prototype is shown in
Fig. 11(a). It should be highlighted that 3 redundant equivalent spherical joints are introduced in the
prototype to enhance the strength of the prototype. However, they do not influence on the kinematic
characteristics of the helical origami mechanism.

Input 3

Sy Input 2
(b)
Fig. 11. (a) The helical origami mechanism prototype actuated by 3 cables; (b) Arrangement of the three inputs;
(c) Distribution of the leaf springs which provide force against actuation.

This helical origami mechanism is actuated by cables [49]. Three actuation angles, 8; (i = 1, 2, 3), of
external panels of the bottom unit determine the helical behavior and diverse spatial configurations of
the origami robot mechanism. They are also corresponding to the 3 DoFs of the design. The
arrangement of the three inputs which fold the three bottom external panels with respect to the crease
lines is illustrated in Fig. 11(b). The range for each actuating angle is set to be from 0° to 90° to avoid
interference of the planes. Other possible actuating methods include shape memory alloy [23],
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pneumatic actuators [31], and etc. Three leaf springs (as indicated in Fig. 11(c)) are utilized in this
mechanism. One end of each leaf spring is fixed on the bottom central panel (the base). The other side
of the leaf spring can slide along the guide attached to the bottom external panels. These leaf springs
provide force against actuation (folding of the bottom external panels) and help the helical origami
mechanism go back to the original configuration (where 8; = 0°) when the cables are released.
Singularity and bifurcation are avoided in this prototype. This is because joints (formed by adhesive
tapes) only exist on one side of the panels. The thickness of the panels prevents the joints rotate over
180°. In addition, the leaf springs give a folding tendency of the bottom external panels. This also helps
to eliminate the singularity and bifurcation in the working process.

It should be noted that this origami prototype twists in the clockwise direction which is opposite to the
direction presented in Fig. 5. This is due to the different arrangement patterns of the central panels and
the external panels in the prototype, which are symmetric to the pattern in Fig. 5. This feature provides
an easy approach to designing the helical origami mechanisms with different twisting angular
directions. However, the numerical relationship between the input angles and output angles and
heights is not influenced.

The helical motion of the origami mechanism is experimentally investigated using the prototype. The
folding motion of the bottom external panels is manually motivated through the cables. The three input
folding angles, 6; (i = 1, 2, 3), are controlled and kept identical by reference blocks with standard
angles. The transformation process of the prototype corresponding to the input angle, 6, of 0°, 30°,
60° and 90° are shown in Fig. 12, respectively. The twisting motion of the upper central panel and the
increase of the height of the origami mechanism are observed.

(e) 8 = 0° (Top view) (1) 8 = 30° (Top view) (g) 8 = 60° (Top view)

Fig. 12. The transformation process of the prototype corresponds to the input angle, 6, of 0°, 30°, 60° and 90°.
(The continuous twisting motion is recorded and presented in the video available through the link in Appendix.)

The output twisting angle, ¢, of the top central panel and the height, h,, of the origami mechanism
are measured in the experiments. The experimental results and the theoretical results based on Egs. (7)
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and (8) are plotted and compared in Fig. 13. A close agreement is observed. The maximum absolute
error of the twisting angle, ag, is 2.9° and it is observed when the input folding angle, 6, is 75°. The
root mean square error is 1.21°. The error of the height of the origami mechanism reaches a maximum
of 1.9 mm when the input folding angle, 8, is 15°. The root mean square error is 1.08 mm. Errors are
from multiple sources which include measurement inaccuracy, assembling errors, enlarged gaps
between the panels due to the changing adhesive condition of the tapes over time, etc. The twisting
behaviour of the top plate and the overall helical motion, which are theoretically analysed in Section
3, are experimentally verified.

E 60 T T T T T N 'g‘ 70 T T T T ‘

¥ , £

5 sol Theoretical results | S 60r Theoretical results > .

é ®  Experimental results g ®  Experimental results

EpTt 1 i

5 5

Q 2] [ -

E E 40

g 30r ] £

E 5 30F A

=

== 19

) S 20 4

e = (]

g8 10 4 2

%o ED 10 - b

§ 0 I I I I 4 T 0 I I I I I

= 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Input angle, 6 [°] Input angle, 6 [°]

(@) (b)

Fig. 13. Experimental and theoretical results of (a) the twisting angle of the upper central panel, a(, and (b) The
height of the origami mechanism, hq, with respect to the input angle, 6.

5 Motion Configurations and an Extended Multi-Module Mechanism

The helical origami mechanism proposed has 3 DoFs based on the kinematic analysis. The helical
motion around the Z-axis (in the coordinate system in Fig. 6), is achieved with three identical input
angles changing simultaneously at the same speed. This helical motion around the Z axis is just one
of the three possible motions. Due to the 3 DoFs of the design, diverse motion configurations can be
achieved with different settings of input angles.

5.1 Diverse Motion Configurations

General motion configurations of this helical origami mechanism include coupled twisting and
translation motions in space. Several motion configurations with different combinations of input
angles are demonstrated in Figs. 14-17 using both the 3D model and the prototype for comparison.
They are presented as examples of possible spatial configurations and reachable positions. It is shown
that the origami robot mechanism can reach a large range of spatial positions defined by the workspace
in Fig. 9 with diverse orientations. The spatial motion configurations of the 3D model and the
prototype match well with the same set of input angles. The minor difference could be caused by the
imperfection of the joints formed by adhesive tapes. The spatial motion configurations can be
decomposed into three twisting motions about the perpendicular axes of the coordinate system in Fig.
6 coupling with three translational motions along the axes. Alternatively, the three translational
motions along the axes can be regarded as primary motions while the twisting motions about the three
axes are coupling motions.
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Fig. 14. Motion configuration of the helical origami mechanism with input angles: 6,=0°, 8,=30°, 6;=60°. (a)
Top and (b) Front views of the 3D model; (c) Top and (d) Front views of the prototype.

Fig. 15. Motion configuration of the helical origami mechanism with input angles: §,=0°, §,=45°, 6:=90°. (a)
Top and (b) Front views of the 3D model; (c) Top and (d) Front views of the prototype.
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Fig. 16. Motion configuration of the helical origami mechanism with input angles: 6,=30°, 6,=60°, 6:=90°. (a)
Top and (b) Front views of the 3D model; (c) Top and (d) Front views of the prototype.

Fig. 17. Motion configuration of the helical origami mechanism with input angles: 8,=0°, 8,=90°, §;=90°. (a)
Top and (b) Front views of the 3D model; (c) Top and (d) Front views of the prototype.
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5.2 An Integrated Robot Connecting Helical Origami Mechanisms in Series

A more complex continuous origami robot is proposed in this section where a helical origami
mechanism is regarded as a construction module. This is achieved by integrating a couple of modules
in series for a larger twisting angle and a wider operating range. An example of such an integrated
origami robot mechanism is shown in Fig. 18. The main challenge here is actuating the complex device
with a minimum number of actuators. This problem can be solved mechanically by using well-
designed origami links as indicated in Fig. 18(a). Each origami link contains two extra panels and
three rotational joints, forming a four-bar link together with one external panel from the upper unit of
the bottom helical origami mechanism (Helical module 2) and another external panel from the bottom
unit of the upper helical origami mechanism (Helical module 1). In this way, the integrated origami
robot still has 3 DoFs and only three actuators are required to achieve desired motions. One
transformation configuration of this integrated robot from different perspectives is shown in Fig. 18(a)
to (d). Its unfolded mode, where all three actuating angles are zero, is shown from the top view in Fig.
18(e). In this mode, the continuous robot has a minimum volume.

Extra panels | '

module 2
Rotational
joints I i
: _Helical
[ module 2

)

\ Twisting module 2

@,

T'isting module 1

(c) (d) (e)
Fig. 18. Integrated origami robot connecting two helical origami mechanism in series and its transformation
configuration from different perspectives.

6 Conclusions

The minimum units of Resch Triangular Tessellation show twisting behaviour during the folding
process. Inspired by this origami tessellation, a helical origami mechanism was designed by
connecting two minimum units in a stack face to face. Specially designed alternative 3-hinged origami
joints which are equivalent to traditional spherical joints, are adopted for connection. By rotating the
panels connected to the triangular base, the origami mechanism implements various motions. The top
central panel twists for 60° and remained parallel with respect to the bottom base when all three
adjacent panels rotate 90° simultaneously with the identical angular displacement. This helical motion
was confirmed by the kinematic analysis based on the screw theory. According to the geometric
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analysis, equations describing the twisting angle and the height increase of the origami robot
mechanism were derived. It is shown that the top central panel of the helical origami mechanism traces
a nonlinear helical motion with a variable pitch. The workspace of the centre point, o’, of the helical
origami mechanism is also derived and presented. The helical motion was experimentally verified by
using the proof-of-the-concept prototype which is actuated by cables.

The helical origami mechanism demonstrated in this study has three DoFs. The helical motion (i.e.
twisting motion coupled with the vertical translation) is one of the three available motion
configurations, which can be achieved by controlling the three input angles 8; (i = 1, 2, 3). Based on
the 3D model and the prototype, diverse possible motion configurations corresponding to different
settings of actuating angles were illustrated from multiple perspectives. Taking the helical origami
mechanism as a module, an integrated origami mechanism was proposed by connecting a couple of
the helical modules in series. The integrated origami mechanism amplified the twisting angles and
reachable range. The number of required actuators for this integrated origami robot remained a
minimum of three by using the 3-hinged origami connecting joints. The controllable diverse motions
(translation and twisting) with 3 DoFs distinguish the helical origami mechanism from the existing
origami structures in literature.

Main contributions of this research are summarized as follows.

e An origami-based mechanism capable of helical motion with identical input angles is
proposed in this study. Diverse spatial motion configurations are also achievable with the same
device corresponding to different input angles. Such a structure is reported for the first time
based on the authors’ knowledge.

e The kinematic model of this helical origami mechanism is established and a cable-actuated
prototype is successfully fabricated. All these provide a basis for the future applications and
further research of this novel origami mechanism.

This helical origami mechanism shows multiple advantages including the controllable and
programmable helical motion, diverse motion configurations through simple folding operations, ultra-
compact original volume, etc. Limitations of this helical origami mechanism exist. Firstly, the twisting
angle of the top central plane reaches its maximum limit of 60° corresponding to the actuation angle
of 90° due to the intrinsic geometric relationship. A larger twisting angle is not available with a single
helical origami mechanism in the actuation angle range from 0° to 90°. In addition, translational or
twisting motion only cannot be achieved with a single helical origami mechanism. Potential
application scenarios include surgical manipulators in minimally invasive surgery [50], soft robotic
arms [51], pointers in spacecraft [52], 3-DoF operation platforms, search and rescue, scenarios where
helical motions are needed, etc. This helical origami mechanism can also be fabricated at various
scales due to its scalability. Future research and development will be focused on the following aspects:
kinematic analysis of all possible motions, development of an integrated robot with more helical
modules, analysis and application of the helical motion with a variable pitch, etc.
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Appendix

The transformation process of this helical origami mechanism with identical and different input angles
is presented in the video: https://youtube.com/shorts/N990ADcK ARc.
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