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Abstract— Structures with origami design enable objects to
transform into various three-dimensional shapes. Traditionally
origami structures are designed with zero-thickness flat paper
sheets. However, the thickness and intersection of origami
facets are non-negligible in most cases, uniquely when integrating origami design with robotic design because of the
more efficient force transfer between thick plates compared
with zero-thickness paper-sheets. Meanwhile, the single-layerpaper oriented initial design limited the shape transformation
potential as multiple layer origami structures could conduct
more variety of deformation. In this article, we are proposing
a general design method of parallel-motion thick origami
structures that could apply in robotic design like a parallelmotion gripper.

I. INTRODUCTION
Origami is an ancient art of paper folding. Its shape
transforming ability has innovated various engineering designs. A typical example is the origami-based deployable
arrays integrated with solar panels [1], [2]. Recently, some
innovative designs are proposed for robots [3], wheels [4],
actuators [5], [6], gift box[7] etc. The attraction of origami
structures is that it could provide unlimited possibilities of
geometric transformation and motion with different crease
patterns.
Generally, for robotic design, twisting, bending, and rotating motions are all essential. There are some research
works combining the bending motion of origami with a
forceps-like robotic gripper design [8], [9]. A forceps-like
gripper is able to work out fine for some small objects,
but larger and heavier ones would fall off because of the
small contacting area of forceps. More complicated origami
patterns are also applied to develop pneumatic actuators
[10], [11], [12]. Those pneumatic origami actuators are more
compliant, flexible, and passive; the grippers made from
those structures are more reliant on the shape adaptive ability
of origami structures. It has the same function as a pneumatic
suction cup or artificial muscles, and therefore the shape
configuration cannot be controlled precisely.
Parallel grippers are another type of widely-used engineering gripper with higher precision and gripping force
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because the parallel gripping surface can usually provide
a larger contacting area between gripper tips and objects.
There is already some mature design using split rails to
achieve parallel-motion [13]. As those parallel grippers are
composed of gears and rails, it will break when overloaded.
In this work, we want to combine the high control precision
and gripping force of traditional parallel gripper with the
flexibility and adaptability of origami structures. There could
be a lot of application scenarios for parallel origami gripper
when the compliant and flexible parallel gripper is needed.
Grippers with parallel-grasping capability are more useful
for various tasks and can be controlled with better motion
precision. Here in this project, we have developed a novel
design strategy for parallel-motion origami structures, and
we integrated the geometric design with a parallel-motion
gripper shown in Fig. 1. The main contribution of this paper
is the general idea to take advantage of the parallel motion
mechanism, which has always been a fundamental feature of
origami structures.
II. DESIGN METHOD
A. Parallel-motion Design for Zero-thickness Origami Paper
Sheets
For origami structures, the fundamental motion is rotation
because all facets are rotating around their connected creases.
To make our design strategy simple and easier to deploy, we
will construct our origami pattern based on the widely-used
Miura-ori. Miura-ori is a typical origami folding pattern with
1-DOF(Degree of freedom) when all facets are considered to
be rigid, which means the facets can neither bend nor stretch
[14]. The mechanical features like bi-stability, geometric
relations between different folding states, and kinematics
of Miura-ori structures have been widely discussed [15],
[16], [17]. A unit cell of Miura-ori is shown in Fig. 2. The
unit cell is symmetric about the plane P1 P2 P3 . For active
periodic Miura-ori patterns, the key parameters are the angle
α, which is the angle between two adjacent creases, the
input angle θ, which is the dihedral angle between the initial
facet and the folded facet, and the output angle γ which
is the supplementary angle of 6 P1 P2 P3 . When a Miura-ori
patterned origami structure is folding, the relation between
input angle θ and output angle γ is given as [18]:
cos α
γ = 2k cos−1 ( p
)
(1)
1 − cos2 θ sin2 α
The variation of output angle γ with the change of input
angle θ and curve angle α is shown in Fig. 3. As α becomes
larger and larger, there will be a jump of output angle γ when
θ changes around zero, which means the acceleration of the

flat paper sheet, when the input angle is 0, it is composed
of two stacked layers, which is shown in Fig. 5
This reverse extending strategy could apply to Miura-ori
structure with more unit cells, in Fig. 4(c)and(d), a parallelmotion origami structure with 4 Miura-ori cells is shown,
which we call it second-order parallel-motion Miura-ori as
it can be treated as two first-order Miura-ori combined. The
upper and bottom blue lines will keep parallel as long as
α1 = α2 , β1 = β2 , because γ1 + γ2 + γ3 + γ4 = 360◦ when
previous conditions are satisfied.
Unlike the single-unit Miura-ori structure, which has only
one possibility for parallel-motion, there could be different
choices for multiple Miura-ori structures when we want to
get parallel-motion tips. Fig. 4(d)(e)(f) showed three different
ways to get those parallel-motion facets.

Fig. 2.

(a)Miura-ori unit cell; (b)Thick Miura-ori panels

Fig. 1.
(a)-(d)Motion of origami gripper under pneumatic actuation,
negative pressure for expansion and positive pressure for grasping; (e)(h)Grasping experiments

moving facets will become extremely large. Therefore too
large α angle is not suitable for robotic design because of
its jumping output angle. For origami-based gripper design,
we suggest choosing an angle of α between 30◦ to 60◦ .
From (1), it is obvious that in a Miura origami structure
composed of two unit cells with curved angle α1 and α2
respectively, once α1 = α1 we will get γ1 = γ1 . Fig. 4(a)
shows a paper sheet folded into two Miura-ori cells, which
we call it first-order parallel-motion Miura-ori. The boundary
lines of the upper and bottom facets will keep parallel in the
whole folding process. From this, we can extract the unit
structure for parallel-motion origami, in Fig. 4(a), the upper
and bottom beams are heading for reverse directions when
folding. However, to make full use of the parallel motion
mechanism, we want two parallel surfaces orienting to the
same center point so we can integrate the mechanism with
gripper design. Traditionally, origami patterns are designed
in one sheet of paper by simply adding mountain and valley
creases, and it usually results in the design in Fig. 4(a), here
we solve this problem by reverse extending the bottom facets
shown in Fig. 4(b). This transformation will create a duallayer origami structure when the input angle θ = 0◦ . Duallayer means the whole structure cannot be unfolded into one

Fig. 3.

Relations between θ and γ

B. Panel Thickness and Hinge Effects
Previous design and discussion are all based on ideally
rigid and zero-thickness origami structure. In real engineering situations, the thickness of origami facets is nonnegligible. There are various discussions and methods on
thick origami structure hinge design [19], [20]. In this article,
we are using the hinge-shift technique to transform the
Miura-ori unit to thick origami structures shown in Fig. 2(b).
In zero-thickness Miura-ori unit, the four hinges will all
point to P2 and will stay in the same plane when input
angle is zero, while in thick Miura origami structure, the
four hinges will locate on two parallel planes and construct

sake of compromise between motion precision and structure
stiffness and durability.

Fig. 5.

First-order parallel-motion thick origami structure

Fig. 4.
Construction of parallel motion tips for Miura-ori structures:
(a)(b)Extending the bottom strips inversely to create parallel-motion tips
which towards inside; (c)(d)(e)(f)Three different ways to make the endmost
tips heading inside.

a spatial 4R linkage also known as Bennett linkage [21]. The
thick origami structure will have only 1 DOF. Assume the
thickness of the panel is t then the thickness for the stage
between facets C and D is 2t.
After we get the unit thick Miura-ori structure, we can
apply it to parallel-motion design. As shown in Fig. 5(a),
the simplest parallel-motion structure is composed of one
dual-layer tip and one thick Miura-ori cell (Fig. 5(b)).
Similarly, the second-order parallel-motion thick origami
structure could be designed (Fig. 6). For an ideal rigid
origami model, the number of hinges will not influence the
mechanical property of the whole structure. However, for
origami structure designed with living hinges, there will be
stress concentration in hinge areas, and it will accelerate
hinge failure. Generally, the durability of hinges mainly
depends on the hinge material and geometric parameters
of hinges. In our design, we will use 3D-printed thermoplastic elastomer(TPE) for longer hinges and nylon-6 for
short hinges. As the material is determined, the geometric
parameters of hinges are the main issue we need to concern.
A significant difference between first and second-order
parallel motion Miura-ori is the second-order unit can
achieve the same travel distance with two smaller curve
angles α2 and β2 compared to the curve angle of first-order
unit α1 . If the width for the origami panels is fixed, then a
smaller curve angle will result in a longer hinge length. This
feature of the second-order origami unit can decrease the
stress concentration in hinges. However, we cannot reduce
the stress concentration further by keeping adding hinges
because force and displacement cannot fully pass living
hinges, so the increased number of hinges will decrease the
precision of geometric constraints between origami panels.
So here we only tried second-order origami unit for the

Fig. 6.

Second-order parallel-motion thick origami structure

Fig. 7.

Dimensions for motion analysis

III. MOTION ANALYSIS
Because of the symmetry in our parallel-motion structure,
the motion analysis can be simplified as a simple 3D rotation
problem. Shown in Fig. 13(a)(b), for a single-vertex Miuraori unit, P1 is the initial position of a randomly selected
point P on the surface, P2 is the current position of P at
any folding state. Assume the coordinate of P1 is already
known, the coordinate of P2 can be calculated through two
sequential rotating transformations around hinge 1 and hinge

2. For any given point P at an initial state, its coordinate at
any time could be easily calculated by multiplying different
rotation matrix around certain hinges:
Pt = Rn Rn−1 ...R1 P0

(2)

Where Rn is the rotation matrix for spatial rotation transform
along arbitrary axis and here it refers to hinge n.
The geometric dimensions for motion analysis are shown
in Fig. 7. For Fig. 7(a), H1 = 50mm, H2 = 100mm, H3 =
30mm. For Fig. 7(b), H1 = 50mm, H2 = 30mm, H3 =
100mm, H4 = 25mm, H5 = 15mm. For both structures the
beam width d = 15mm, panel thickness t = 2.5mm.
The motion analysis results are shown in Fig. 12. A
point P on the origami tips is picked for demonstration.
Obviously, from the figure, we can tell how the curve angle
will influence the motion of the origami structure. As the
curve angle changes, the path of P is extending, but the
direction barely changes (Fig. 12(a)(d)). From the X and Y
coordinates change, we find that the acceleration is changing
rapidly due to the increase of curve angle. All these results
indicate that we need to find a suitable curve angle to balance
travel distance and control capability.

Fig. 8.

Fig. 9.

Pneumatic actuator for origami actuation

Fig. 10.

FEM simulation results of hinge effects

Rotation axis and actuation surface of thick origami units

IV. EXPERIMENTS
The final design and motion simulation of the gripper is
based on the geometry shown in Fig. 13(c)(d). Two first-order
thick Miura-ori structures are connected through five flat
connecting panels. This design is to increase the gripper stiffness in the tangential direction and provide two horizontal
panels for the further upgrade; for example, soft tips can be
installed through the reserved screw holes. The final gripper
is made by 3D-printing with nylon-6 filament. Those hinges
which may encounter stress concentration are extended to
prevent hinge failure. The gripper is actuated through a
pneumatic rotating actuator, which is also 3D-printed with
TPU filament. The actuator can provide a rotating motion
through an axis that is offset from the centerline, which
is perfectly compatible with thick origami motion (Fig. 8).
This kind of rotation actuator could actually also considered
as origami structures [22], [23]. The actuation and grasping
experiments of the origami gripper are shown in Fig. 1. The
parallel motion worked out nicely, and the gripper can hold
an aluminum block, which weighs up to 500g.

Fig. 11. Motion and grasping experiments of second-order origami gripper

Fig. 12.

Motion analysis of first and second-order parallel-motion thick origami structure

Fig. 13.

Design and motion of first-order origami gripper

The second-order gripper is also fabricated through 3Dprinting. The difference is the body of the second-order
one is printed with PLA and hinges with TPU filaments
separately. As shown in Fig. 11, The motion of the secondorder gripper is nicely identical to the simulation. Five
grasping tests are shown in Fig. 11(e)-(i). The box that the
gripper holds in Fig. 11(i) weighs up to 1.5kg.
An interesting phenomenon we found during our experiments is hinge thickness will deeply influence the parallelism
of the structure. If the hinge is too thin, it will easily
break, and no parallel motion will exist. On the other side,
if the hinge is too thick, the large stress to deform the
hinge will decrease the parallelism. As shown in Fig. 10,
the FEM(Finite Element Method) simulation results indicate

that when hinge has a thickness of 0.8mm, the resulted tip
bending angle 4ϕ will be apparent.
V. CONCLUSIONS
Origami structures have great potential in developing various robotic actuators. It could be either hard thick origami
panels composed of rigid plates and bearings or soft elastomer sheets or even in between them. The parallel-motion
mechanism demonstrated in this article could be applied to
both high precision mechanical structure or compatible and
compliant metamaterials. We have proposed two different
types of parallel-motion mechanisms and conducted the
grasping experiments for both. The future work of this
project will mainly focus on the improvement of fabrication
and modeling. For the fabrication part, produce hinges with

lower thickness while higher stretching stiffness will be
considered. For the modeling, we will try to propose a
simplified model based on FEM and pseudo-rigid body
model to model the motion and elastic deformation inside
the whole structure.
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