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Origami-Based Flexible Robotic Grippers via Hard-Soft
Coupled Multimaterial 3D Printing

Wenbo Xue,' Liuchao Jin,"? Bingcong Jian,"® and Qi Ge'

Abstract

This study explores the design and performance of origami robotic grippers fabricated through hard-soft
coupled multimaterial three-dimensional (3D) printing. We evaluate the impact of design parameters on the
kinematic behavior and mechanical functionality of the gripper. A kinematic model is employed to character-
ize the reachable workspace and motion capabilities, revealing that variations in geometric parameters signifi-
cantly influence the origami gripper’s performance. Furthermore, we explore the mechanical properties of the
gripper by manipulating parameters such as soft hinge thickness and crease design, establishing a comprehen-
sive relationship between geometric design and mechanical response. Experimental evaluations demonstrate
the interplay between bending angle, force—displacement characteristics, and stiffness in the origami grippers.
This research contributes to the optimization of origami-inspired robotic structures, highlighting the potential
of multimaterial 3D printing techniques in developing flexible, adaptive, and efficient robotic applications.

Keywords: origami robotic grippers, multimaterial 3D printing, hard-soft coupling, flexible robotics, design
optimization

Introduction grasping and manipulation of heavy objects.’*?! Large

deformation on soft robots that have infinite degrees of free-

oft robots refer to robots composed of soft materials.”

Due to their inherent characteristics such as low modu-
lus, high flexibility, as well as the excellent capability of
adapting to complex environments and building safe interac-
tion with humans, soft robots have found various applica-
tions, including locomotion,z’5 manipulation,G’9 biomedical
devices,“H2 and others.>1° However, compared to rigid
robots, soft robots still have significant limitations in terms
of load capacity and positioning accuracy. The intrinsic low
stiffness of the soft materials makes the soft robotic system
incompetent in tasks requiring high load capacity, such as

dom leads to nonlinear characteristics, which makes precise
control and modeling of their position and motion extremely
challenging. %

It is worth noting that many animals, such as mammals,
birds, and fishes, have rigid skeletons for precise and power-
ful motion, and soft muscles and tissues for compliant inter-
actions with the environment. Inspired by nature, researchers
have proposed rigid—flexible coupled robotic systems to
expand their capabilities.”*>? In these attempts, the rigid
skeletons not only enhance the stiffness in specific directions
but also reduce the passive deformation in undesired directions.
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However, in most of these cases, the rigid components are
arranged in the same plane, so that the developed actuators
only exhibit single-mode and unidirectional bending. In
addition, it is still challenging to achieve precise motion
control due to the nonlinearities of the soft materials, espe-
cially in the presence of a payload.?*

Origami is the traditional art of folding papers into three-
dimensional (3D) models. Due to their high flexibility, large
contraction ratio, and low costs, origami structures have
been widely used in various engineering applications includ-
ing aerospace,33_35 architecture:s,36_38 medical devices,! 19!
as well as robots.** In these engineering applications, an
origami structure can usually be idealized as rigid panels con-
nected with hinges which the rigid panels can rotate about.
Therefore, compared with soft robots which are made of pure
soft materials, the panel-hinge system endows origami robots
with not only adequate flexibility but also much higher load
capacity. More importantly, an origami robot has limited
degrees of freedom, and its motion can be precisely modeled
and controlled. Due to the above advantages, origami struc-
tures have been widely used to form various robots such
as walking robots,45’48 variable wheel robots,42’49 robotic
arms,”*>! and crawling robots.>** Despite the rapid advan-
ces in applications of origami robots, the main methods to
fabricate them rely on the procedures of cutting papers or
polymer sheets,’***>* and manually assembling multiple
layers of sheets made of different materials.**>*® These
methods are inefficient and constrain the design flexibility
and performance of the fabricated origami robots.

3D printing is an emerging advanced manufacturing tech-
nology that allows us to fabricate intricate 3D objects in
freeform shapes and is considered as an ideal approach to
manufacturing origami robots. Among all the 3D printing
technologies, fused deposition modeling (FDM) prints struc-
tures with engineering polymers such as polylactic acid
(PLA), thermoplastic polyurethane (TPU), polyethylene gly-
col terephthalate (PET), and many others, which ensure
high mechanical robustness of the printed structure. There-
fore, FDM has been widely used to print origami robots.>’
Moreover, the multimaterial FDM 3D printing capability is
desired to fabricate origami robots with rigid panels rotating
about flexible hinges. Arrieta et al. introduced a bioinspired
spring origami gripper where the rigid facets with PLA were
directly printed on the soft substrate with TPU.>>° How-
ever, to avoid the delamination between the dissimilar mate-
rials, bolts were used to fix the two materials. Ye et al.
reported a wrapping method to address the delamination
issue in printing hard-soft coupled origami structures.’’
However, this method requires the soft material to cover the
whole structure regardless of the thickness of the soft hinges,
which leads to unnecessary extension of the 3D printing
time. Moreover, multimaterial FDM 3D printing has not yet
been extensively applied to fabricate the hard-soft coupled
origami robotic structure due to the lack of efficient design
tools which build the relation between design parameters and
motions of the origami robots.

In this article, we introduce a powerful multimaterial
FDM 3D printing method with strong interface bonding
between hard and soft materials, enabling us to manufacture
origami grippers with both foldable characteristics and strong
mechanical performance. Compared to previous studies,’®
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this method further enhances the efficiency of 3D printing
manufacturing. The design method proposed in this paper
for the interface bonding of hard and soft materials can
appropriately match the relationship between interface
bonding strength and printing time. Specifically, rigid PLA
and flexible TPU components are mutually penetrated
between printing layers, ensuring that they will not separate
even under large deformations, and reducing the manufac-
turing time with the same printing area. The proposed multi-
material 3D printing method is versatile and user-friendly
for users without a chemical background. Using this method,
we successfully printed foldable origami grippers consisting
of three fingers based on the Yoshimura folding pattern.
These origami grippers were manufactured using a commer-
cial FDM printer equipped with two nozzles, capable of
simultaneously printing TPU and PLA in a single printing
process. By optimizing the design and printing parameters,
the printed origami test units could be compressed by 50%
under a load of 150 N. Origami tubes can bend over 90° by
controlling cable-driven and complete a bending-recovery
cycle in as fast as 0.625 s. After studying the bending angle
characteristics, stiffness characteristics, and reachable work-
space of origami tubes, a flexible robotic gripper was assembled
from three origami tubes and a servo motor. The gripper
could open and close by driving the cable displacement syn-
chronously, thereby releasing and grabbing fragile objects.
The proposed method opens a new and efficient pathway for
manufacturing origami robots with broader efficiency and
performance.

Results and Discussion

Multimaterial 3D printing of hard-soft coupled
origami structures

As illustrated in Figure la, we use a commercial FDM
multimaterial 3D printer (Ultimaker S5, The Netherlands) to
print a Yoshimura origami 2D pattern with length / and
height 4. Figure 1b presents the repeating unit design for the
Yoshimura origami pattern consisting of hard panels (PLA)
and soft hinges (TPU). To ensure a strong interfacial bond-
ing between the hard panel and soft hinge, as depicted in
Figure 1c, we propose a mutual penetrating approach to
design the hard-soft interface where d is the interfacial
depth; 7y is layer thickness (#y is 0.1 mm determined by the
printer); f, and f; are the thicknesses of the hard panel and
soft hinge respectively. Figure 1d demonstrates the process
of fabricating a 3D origami tube by folding the printed Yosh-
imura origami sheet and adhering the two edges. Due to the
high flexibility, the origami tube exhibits large angle bending
when a moment is exerted.

Since the origami sheet is 3D printed with two dissimilar
materials (PLA for hard panels and TPU for soft hinges), the
interfacial bond between them is weak if the interface is not
specially designed (direct neighboring interface in Fig. le).
To improve the interfacial bonding, we propose the mutual
penetrating interface design (mutual penetrating interface in
Fig. 1le), where the detailed design parameters are described
in Figure 1lc. Other than the mutual penetrating approach,
the previously reported wrapping approach where the hard
panels are wrapped and connected by highly stretchable soft
parts (wrapping in Fig. le) enables strong interfacial bonding
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FIG. 1. Multimaterial 3D Printing approaches for fabricating hard-soft coupled origami patterns. (a) Illustration of

using an FDM multimaterial 3D printer to fabricate a multimaterial origami pattern. (b) Zoomed-in view of a hard-soft
coupled origami unit pattern. (¢) Side-view illustration of the origami unit pattern showing that the hard and soft mate-
rials are mutually penetrated. (d) Snapshots of the process that transforms a flat crease origami pattern into a 3D ori-
gami structure. (e) Illustrations of three different designs for forming the hard-soft interface in origami structures. (f-h)
Uniaxial tensile tests to compare the mechanical performance of the hard-soft-hard samples printed using three different
interface designs: detailed sample dimensions in (f), snapshots of samples stretched by over 50% in (g), and stress—
strain curves in (h). (i) Comparison of the estimated time for printing origami patterns using three different interface
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designs. 3D, three-dimensional; FDM, fused deposition modeling.
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between hard and soft parts and has been successfully used
to fabricate thick-panel origami structures.”® In Figure If,
we design a uniform hard-soft-hard (HSH) specimen for uni-
axial tensile tests to quantitatively investigate the stress—
strain relationship of the samples with the three different
interfacial designs. As demonstrated in Figure 1g, the tensile
stress easily separates hard and soft parts of the specimen
with the direct neighboring interfacial design; in contrast, the
HSH specimens with the mutual penetrating and wrapping
interfacial designs can sustain more than 100% strain with-
out apparent delamination at the interface. Figure 1h presents
uniaxial tensile tests on the HSH specimens with the three
interfacial designs. For the specimen with the direct neigh-
boring interface, the hard and soft parts delaminate when the
applied stress is only 4.03 MPa and the specimen deforms by
22.3%. For the specimens with mutual penetrating interface,
the failure strain increases from 28.9% to 746.8% by raising
the interfacial depth d from 0.25 to 15mm. In the origami
application, the deformation of the soft hinge is usually less
than 50.0%. Therefore, in this work, d is set to be 2.0 mm
for fabricating the robotic finger. The specimen with wrap-
ping interface design exhibits the strongest interfacial bond-
ing, and it is not yet damaged even under a large deformation
of over 1100%.

When constructing origami structures through multimate-
rial 3D printing, the printing time is also an important con-
sideration. In Figure 1i, we compare the estimated printing
time for printing the same origami patterns (in Fig. 1a) with
different interfacial designs. We use the 3D printing slicing
software (Ultimaker Cura 5.5.0, Ultimaker, Netherlands) to
evaluate the printing time for those origami patterns. The
basic parameters for estimation include layer thickness
(0.1 mm), line width (0.4 mm), printing speed for PLA
(40mm/s), and printing speed for TPU (20 mm/s). As
shown in Figure 1i, in general, the increase in origami area
requires more printing time. In the case when the hard panel
and soft hinge have the same thickness (¢, = 1.6 mm, and
t;=1.6mm), printing an origami pattern with the direct
neighboring interface requires the least time; the time to
print the origami pattern with the mutual penetrating interface
is slightly higher than that to print the one with wrapping
interface. However, when the soft layer hinge thickness (t;)
is lower than the hard panel thickness (#;), the time to print
the origami pattern with the wrapping interface becomes
highest. This is because for the origami pattern with direct
neighboring or mutual penetrating interface, once the print-
ing of the soft hinge is complete, the remaining parts only
need single material (hard material) printing mode to finish;
in contrast, for the origami pattern with wrapping interface,
the multimaterial (hard and soft materials) printing mode
covers the entire process which requires more time as the
printing speed for TPU is only half of that for PLA and the
two-material-switching steps take additional time. After
comparing Figure 1h and i, we conclude that the mutual
penetrating interfacial design offers reasonably good interfa-
cial bonding between the hard panel and soft hinge, and
requires less time to print an origami pattern with the thick
hard panel and the thin soft hinge compared with the wrap-
ping interfacial design. Therefore, in this work, we use the
mutual penetrating interfacial design for the following
origami-based robotic structures.

XUE ET AL.

Design for hard-soft coupled origami-based robotic finger

As illustrated in Figure 2a, we fabricate an origami grip-
per by assembling three origami fingers onto a 3D-printed
base. The origami fingers are actuated by cable driving.
One end of the driving cable is attached to the tip of the
origami finger, and the other end of the cable is mounted to
the pulley of a servo motor fixed on the back of the 3D-
printed base. When the servo motor turns on, the rotation
of the pulley pushes the driving cables, resulting in the
bending of the three origami fingers (Fig. 2b), which is
closely related to the geometric parameters of the origami
structures. Therefore, it is necessary to develop a model
that connects the bending kinematics and geometric param-
eters of the origami finger.

Kinematic model of the Yoshimura origami structure

Figure 3a—c illustrates the ideal zero-thickness model of
the Yoshimura origami unit cell that is used to form the ori-
gami finger. The Yoshimura origami unit cell can be
described by three equilateral triangle planes: AA;A»As;,
ABB;Bj3, and AC;C,C3. The length of each equilateral tri-
angle is L, and the height of each isosceles triangle panel is
h. The height of the unit cell is Hy. The deformation of the
origami unit cell can be described by the coordinate system
00-X0-Yo-Zo, Which is fixed at the center of the bottom trian-
gle plane AAjA>A;. In the center of the top triangle
AB,| B, B3, we set a coordinate system o,-X;-y,-2;. To facili-
tate the geometric analysis, we set the middle points for
lines A1A3, B1Bj3, and C,C5 as point My, point M5, and point
M3, respectively.

Before bending deformation, the coordinates of the three
vertices of AA1A»A; and AB{B,B; are p,, and pp in the
00-X0-Yo-Zo system are as follows:

T T
L 3L 3-L
"A’:[z 6 0}’ pf‘zz[o -3 0}’
T
L V3-L
pA3_|:—§ —6 0] (1)
T T
L V3L V3L
"B‘[z 5 HO}’ p32[° 3 HO]’
L V3L !
_| _L V3L )
Ps, { 2 6 HO}

Here, Hy is the height of the origami unit cell which can
be expressed by 4 and L:

2
Hy=2 h2—<\f~L> . 3)

Figure 3d illustrates the bending motion of the origami
unit cell by using the sectional views, which are cut by the
Yo-Zo plane where the points A,, By, Cy, M, M,, and M3 are
located. During bending deformation, the bottom triangle
AA1A»A5 is stationary, but the middle and top triangular
planes are tilted. In the counterclockwise bending, the
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origami unit cell reaches the maximum bending angle when
vertex B, arrives at the bottom triangle plane AA;A,As3;
in the clockwise bending, the origami finger reaches the
maximum bending angle when middle C, arrives at the bot-
tom triangle plane AA;A;A;. In Figure 3e, we use the
counterclockwise bending scenario to conduct the geomet-
ric analysis, which helps us calculate the coordinates pp,
of the three vertices AB|B,Bj after bending. As shown in
Figure 3e, during bending, the lines A,M;, B,M,, and
C1 M3 converge to a point G. The angle between the A, M,
and B,M; is o, so that LA,GBy=o. LA,GB, is equally
divided by line C; G into two angles (LA,GC = £ CGB, =
f =o/2). During counterclockwise bending, o varies from 0°
to ol

2 2 2
cOoS OCnJlrzlx _ (lA2M3 + lM3C1) + (lA2M1) - (lMICI) ) )
2 2 (lAzMs + lMSCI) : (lAle)

where Iy, u,, Inyc, s Laym,» and Ly, ¢, are the lengths of the lines
between the corresponding vertex.

The variation of o leads to the changes of other angles
such as f3, y, 01, and 0,. 0; and 0, can be calculated based
on the relation between vectors lu,u, lysc,s la,m,, and

lM,C] N

Lo, + e, = bom, ey @)

FIG. 2. Schematic illustration of
the origami fingers. (a) Relaxed state
of the origami fingers. (b) Grasping
state of the origami fingers.

’ Pulling cable

Eq. 5 can be extended in component form:

Iayn, - €08 01 + lygc, - €08 (00/2) — Iy, - €08 02 — la,p, - cos0 = 0,
lA2M3 -sin 01 + lM3C| -sin (06/2) — lM1C| -sin 62 — lAle -sin0 = 0,

(6)

so that 0; and 0, can expressed by the variable o and other
geometric parameters. Detailed solving processes for Eq. 6
can be found in Supplementary Materials.

Once 0 is calculated, one can have the expression for the
vector Iy,

lA2M3 = [O lA2M3 - COS 01 lA2M3 -sin 01 ]T. (7)

14,0, can also be calculated by the current positions of verti-
ces A, and M,:
- ~ . - - L T
Lov, = Py, —Pa, = [O Ymy —Ya, —ZAZ] . )
A is stationary, so that p,, = py, (s, = — V3-L/3,
Za, =0). By comparing Eqs. 7 and 8, we can have the cur-
rent position of vertex of M5:

V3L

~ 0 ——— +lA2M3 - COS 91 lA2M3 - sin 61
Py, = 3 —

T

(€))

= Zmy
Yy .
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FIG. 3. Origami unit movement
analysis. (a) Top and bottom iso-
metric views of the origami unit.
(b) Top view of the origami unit.
(¢) Wireframe diagram of the
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origami unit. (d) Schematic rep-
resentation of the forward and
backward bending process of the
origami unit in wireframe diagram.
(e) Geometric illustration of the
counterclockwise bending motion
of the origami unit. (f) Geometric
illustration of the clockwise bend-
ing motion of the origami unit.

Similarly, we can have the expression for the vector lg,
as follows:

v, = [0 g, -cosy  —lpu, -siny]T. (10)

where 7 is a function of « (y = 0; — ). I,», can also be cal-
culated by the current positions of vertices B, and M3:

~ ~ ~ ~ ~ ~ T
g, = Po, —Ps, = [0 Yag, =V, 2w, —Zm,| . (11)

Since p,,, has already been calculated in Eq. 9, by com-
paring Eqs. 10 and 11, we can have the current position of
vertex of Bj:

V3L

- 0 — ——— +1lam, -cosO — I, -cos (6 —a)
Ps, = 3
s,
T
Laoags - $in 0y + gy, -sin (0 — o) | . (12)
%5

Similarly, we can have the expression for the vector 1z, ,
as follows:

leMz = [0 leMz - COS o 132M2 'SiI'lOC]T. (13)

Ip,m, can also be calculated by the current positions of verti-
ces B, and M,:

~ ~ ~ ~ ~ ~ T
leMz =Py, — Pp, = [O Ym, = VB, My — ZBZ} . (14)

Since pp, vector is known in Eq. 12, by comparing Egs.
13 and 14, we can have the current position of vertex of M,:

5)

- 0 yp, + Igm, -coso Zp, + Ipu, - sina r
Py, = .

Ym, R

By comparing Figure 3c with e, and since point M, is the
center of symmetry for vertices B; and B3, we can easily cal-
culate its coordinates during the bending process:

T T
B = |5 e 2| b= |5 o] ()

Using Eqgs. 12 and 16, we can calculate the coordinates
pp, of the vertices in the top triangle during counterclock-
wise bending. The geometric parameters used to compute
P, can be found in Table 1.

Using the same analysis procedure, we can also calculate
the coordinates p of the vertices in the top triangle during
clockwise bending (Fig. 3f) during which o varies from 0° to
o = —ol

max (amax max”/*
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TABLE 1. GEOMETRIC PARAMETERS OF A Y OSHIMURA
Oricami UNIT CELL IN FIGURE 3

Geometric
parameter lau,  Iase, v, we, lgms g, lusc
Value h L L h h L h

Once we know the coordinates pp. of the vertices in the
top triangle, the geometric center o; of the AB|B,B; can be
readily calculated:

’;

_ I\ -

Po = 3P a7)
i=1

As shown in Figure 4, an origami finger can be assembled
by stacking several origami unit cells. Figure 4a illustrates
an isometric view of an origami finger with 5 unit cells.
As shown in Figure 4b and c, the coordinate system
0;—1-X;_1-y;_-Z;— is fixed to the center of the bottom tri-
angle of the i unit cell and is the local coordinate system
used to describe the motion of the coordinate system
0;-X;-y,;-z; which is fixed to the center of its top triangle. In
addition, the globe coordinate system O-X-Y-Z is attached to
the center of the bottom triangle of unit 1, which is stationary
during bending (Fig. 4c). The current position of the center
of the top triangle of the ith unit cell can be described by the
local coordinate system o;_i-X;,_-y;_-Z;i—1 (denoted as
p,,)> and can also be described by the globe coordinate sys-
tem O-X-Y-Z (denoted as P,,).

Figure 4c illustrates a counterclockwise bending of the
origami finger where the bending angle for each unit cell is
o. Thus, the total bending angle of the origami finger is @
(@ =5a). The bending motion of the origami finger can be
simply reflected by the current position of the origami fin-
gertip P,,. To derive P,,, we first calculate P,,, which is
the current position of the center of the top triangle of the
1°" unit cell described by the globe coordinate system
0-X-Y-Z. Since O-X-Y-Z coincides with 0p-Xo-y,-Zo, we
have

P, =p,,. (18)

Unit cell 5

Unit cell 4
Unit coell 3
Unit cell 2

Unit cell 1

7

For the center of the top triangle of the second unit cell,
its current position is P,, in the local coordinate system
01-X1-y1-Z; which is rotated by R(a) with respect to the coor-
dinate system P, . Therefore, its current position P,, in the
globe coordinate can be calculated as follows:

P,, = R(x)-p,, +P,,. (19)
The rotation matrix R(«) is as follows:
1 0 0
R(x) = |0 cos(x) —sin(a) (20)
0 sin(o)  cos(a)

Following the above analysis, we can express the current
position of the ith unit cell in the globe coordinate:

P(), = R((l_ 1) ' OC) 'pg,- +P”‘*‘
| @1
= R(OC)171 Py, +P0i—l i>1

Specifically, the bending deformations of each individual
unit cell in Figure 4 are the same. Thus, we have

P, = P (22)

Since the degree of deformation of each origami unit is
consistent, the bending angle of each origami unit is «,

4
P, = ) R(@)-p. 23)
=0

For an origami finger composed of 5 origami units, the
bending angle is as follows:

w = 5a 24

Due to the rotational symmetry of the origami units, their
3D reachable space is as follows:

Po,, = R.(120°-k)-P,, k=0,1,2 (25)

where the expression of the rotation matrix rotating 120°
multiples around the z-axis is as follows

FIG. 4. Origami finger ass-
embly diagram. (a) Side view
of the origami finger. (b) Initial
undriven state. (c) Bent state.

0,0) y, Y
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cos (120°-k) —sin(120°-k) O
R,(120°-k) = | sin (120°-k)  cos(120°-k) 0O
0 0 1

(26)

The detail of the derivation for motion equations of multi-
ple interconnected origami units is illustrated in Section S2
of Supplementary Materials.

The influence of geometric parameter on Yoshimura
origami’s behavior

By analyzing the kinematic model of the Yoshimura ori-
gami structure, we found that various design parameters
affect the reachable workspace. Therefore, we can use the
theoretical model to guide structural optimization. Figure 5
illustrates the influence of origami unit parameters (L,A) on
the motion capability of the origami structure. Each origami
finger in our design consists of several identical origami cells,
with five cells chosen for the configuration in this study. These
cells are simultaneously manufactured using a multimaterial
3D printer, ensuring geometric consistency across all cells.
This uniformity is critical to maintaining the structural integrity
and performance consistency of the origami finger during
bending motions. To further enhance uniform force distribu-
tion, we addressed potential point contact issues between the
driving rope and the origami structure at the ends of the finger
by incorporating hard end caps. These caps ensure uniform
force conditions across all origami cells, preventing localized
force transmission and ensuring consistent force distribution
during bending. Therefore, during the bending process, each
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unit maintains a consistent degree of bending. The center of
the origami fingertip, which corresponds to the origin of the
coordinate system Os-Xs-Ys-Zs, represents the reachable
workspace of this section of the origami finger.

When L=30mm and 4 = 15 mm, the 3D reachable space
of the origami unit is depicted in Figure 5a. Figure 5b shows
the projection of the motion trace of the center point at the
fingertip (L=32mm, 2= 15mm) on the horizontal plane.
The trace generally forms radial segments centered around
the origin, with adjacent segments separated by angles of
approximately 60°. Through the viewport, we can observe
the complete motion trace of the center point at the fingertip
of the origami finger on the vertical plane. Additionally, as
shown in Figure 5c, the origami finger does not exhibit per-
fect symmetry during clockwise (CW) and counterclockwise
(CCW) bending, confirming the asymmetry observed in
Figure 3.

With 2= 15mm held constantly, we examined the influ-
ence of varying L from 20 mm to 44 mm on the motion trace
of the fingertip center point on the plane, as depicted in
Figure 5d. Similarly, with L=32mm fixed, we explored
how varying h from 10 to 20 mm affected the fingertip’s
motion trace, as shown in Figure 5e. Based on these kinematic
analyses, a model of an origami finger with five units was
established for various parameter sets (L, ). Figure 5f presents
the maximum displacement of the fingertip center point from
the initial central axis (z-axis) as a pseudo-color cloud map.
The results indicate that, generally, a decrease in L combined
with an increase in / results in a greater displacement from the
central axis. We selected the optimal origami unit parameters

b c
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FIG. 5. Analysis of origami unit design parameters. (a) Reachable space of 5 origami units. (b) The projection trace
of the spatial motion of the center point at the fingertip of the origami finger on the horizontal plane. (¢) The motion
trace of the center point at the fingertip of the origami finger on the vertical plane. (d) Motion traces of the origami
finger with different design parameters L. (e) Motion traces of the origami finger with different design parameters /.
(f) Maximum displacement of the center point at the fingertip relative to the z-axis for different values of & and L.
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as L=32mm and & = 15 mm. This configuration, highlighted
by a yellow four-pointed star, demonstrates a displacement
from the initial central axis of 74.4 mm. The selection of these
parameters is not aimed at maximizing the vertical axial offset
distance. Instead, they represent a balance between perform-
ance, structural stability, and practical manufacturing con-
straints. Smaller L and larger 2 values yield a thinner and
longer overall finger design, which can increase the fingertip’s
maximum displacement. However, under the rope-driven
actuation condition, the origami finger operates in a compres-
sive stress state. According to material mechanics principles, a
slender structure is prone to instability under such stress condi-
tions. Additionally, the selected parameters are influenced by
the size of objects we aim to manipulate, such as water bottles,
dragon fruits, and apples, which have characteristic diameters
of approximately 60 mm. The parameters L=32mm and
h=15mm are suitable for handling these objects, providing
an optimal balance between design functionality and structural
integrity. From a manufacturing and assembly perspective, L
values smaller than 32 mm pose significant challenges. The
assembly process requires manually gluing and fixing the
joints of the origami fingers while maintaining pressure on

a b

Mountain

= == = Valley

VaN|

9

both sides. A smaller L results in insufficient internal space,
making these tasks impractical. Similarly, practical constraints
on the maximum achievable % arise from multimaterial print-
ing resolution limitations and structural integrity requirements.
Taking these considerations into account, the chosen configu-
ration (L=32mm,%=15mm) demonstrates a displacement
from the initial central axis of 74.4 mm and achieves a balance
between kinematic performance, structural stability, and practi-
cal manufacturability.

The design parameters of origami patterns play a crucial
role in determining the mechanical response of the resulting
3D origami structures. Figure 6a displays the crease pattern
for the Yoshimura origami, which is subsequently used to
create the robotic grippers in this study. In the crease pattern,
the solid blue line represents the peak creases that bend the
structure outward, whereas the dashed red line represents
the valley creases that bend the structure inward. To enhance
the load-bearing capacity of the 3D origami structure, we
increased the thickness of the hard panels (#;) to 1.6 mm, as
shown in Figure 6b. To prevent rotational interference
caused by the increased thickness, we adjusted the crease
pattern by defining the widths of the valley and peak lines as

-><-t
S

[,
N\ /)

— t,=0.2 mm t,=0.4 mm
= 200 - w,;=1.0 mm w,=2.0 mm
8150 '
5 - B
g
‘» 100 -
(7]
1] L
S
g 50 -
o
O

0 3 6 9 12 0 3 6 9
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12
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0 12

Displacement (mm)

Displacement (mm)

FIG. 6. Relation between origami design and mechanical performance. (a) Representative unit pattern of Yoshimura
origami. (b) Key design parameters for a thick panel Yoshimura origami unit pattern. (¢) Snapshot of an assembled 3D
origami Yoshimura unit. (d) Process of compressing a 3D Yoshimura origami unit. (e) Experimental results of com-
pressing the 3D origami units with different design parameters.
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wi and w, respectively. Figure 6c¢ illustrates a 3D origami
unit cell constructed from the modified Yoshimura pattern
(parameters are listed in Table 2). Figure 6d shows the
experimental setup where the origami is compressed by 50%.

Previous studies have shown that the width of the valley
(wy) and the thickness of the soft panel (z;) significantly
impact the mechanical behavior of the manufactured origami
unit cells, compared to other parameters.®®®' Figure 6e
presents the force—displacement relationship for origami unit
cells with various w; and ¢, values. From Figure 6e, we
observe that with a fixed w;, increasing 7, substantially
enhances the stiffness of the origami structure, as the major-
ity of deformation during compression occurs at the soft
hinges.60 Additionally, for structures with the same f;, an
increase in w; from 1.0 mm to 2.0 mm results in a marked
decrease in stiffness. However, further increases in w; have
minimal impact on the mechanical response. This phenom-
enon occurs because, when w; is considerably smaller than
2t;, — tq, the rotation of hard panels causes significant stretch-
ing of the soft hinges, thereby increasing stiffness®’; when
w; 1s near or exceeds 2f;, —t,, the deformation of the soft
hinges is minimal. Based on Figure 6e, we have chosen to
adjust the robotic finger stiffness by varying 7, while keeping
other parameters constant, as outlined in Table 1.

In this work, we employ 3D origami tubes (Fig. 1d) as fin-
gers to construct a flexible origami gripper. The bending of
the origami fingers is achieved through a cable-driven mecha-
nism, which is illustrated in Supplementary Video S1. There-
fore, understanding the bending behavior of the origami tube
based on design parameters and cable-driving inputs is essen-
tial. Figure 7a illustrates our testing system, which investigates
the relationship between the origami bending angle and cable
displacement/force. In this system, both the horizontal transla-
tional stage and the origami fixture are mounted on an optical
table. One end of the origami finger is fixed to the fixture,
ensuring that the finger is initially deployed horizontally. The
other end of the origami finger is connected to a steel cable
(Jiangsu Faersheng Acquisitive Liter Group Co., Ltd., China;
diameter: 0.8 mm), which is then attached to a force sensor
(Bengbu Dayang Sensing System Engineering Co., Ltd., China;
range: 0—1000N, zero balance: 0.1% FS) mounted on the
translation stage (FSK40, Chengdu Fuyu Technology Co.,
Ltd., China; stroke: 200 mm). When the stage moves leftward,
it pulls the cable, resulting in the bending of the origami fin-
ger, which is recorded by a camera (Z71I, Nikon Corporation,
Japan) positioned in front of the finger. We denote the dis-
placement of the driving cable as Ax, and the bending angle 0
is defined as the angle between the origami edge and the
y-axis. An increase in Ax causes a corresponding increase in

TABLE 2. GEOMETRIC PARAMETERS USED TO
MANUFACTURE THREE-DIMENSIONAL ORIGAMI STRUCTURE

Geometric parameter Value Unit
t 0.4 mm
th 1.6 mm
wy 2.0 mm
Wo 1.0 mm
o 42.5 °

ao 32 mm
b() 25 mm

XUE ET AL.

0. The variation in the bending angle is measured using an
online video frame processing software (Kinovea-0.9.5, open-
source software).

Figure 7b shows snapshots of the origami finger at bend-
ing angles of 0°, 30°, and 90°. In Figure 7c, we present the
relationship between cable displacement and bending angle,
which demonstrates good linearity. Achieving a 90° bend in
the origami finger requires a cable displacement of 35 mm.
Our robotic gripper system integrates three origami fingers
driven by a single servo motor. Since the maximum output
torque of the servo motor (DM-J4310, DM Technology Co.,
Ltd., China) is 3N-m and the winding wheel radius is
20 mm, the tension applied to each finger is limited to 50 N.
Therefore, it is necessary to investigate the relationship
between the force and bending angle (or force and cable dis-
placement) for the origami finger with different soft hinge
thicknesses, ;. As shown in Figure 7d, increasing #, results
in higher bending stiffness. Under the maximum tensile
force of 50N, the maximum bending angle decreases from
130.7° to 106.5°, 67.0°, and 40.7° as t, increases from
0.2 mm to 0.4 mm, 0.6 mm, and 0.8 mm, respectively.

We further investigate the dynamic bending behavior of
the origami finger. Figure 7e shows the dynamic input of the
horizontal translational stage, with a displacement amplitude
of 35 mm, which corresponds to a 90° bend. The period of
the loading—unloading cycle is denoted as 7, leading to a
cable displacement speed (v) of (2x35mm)/7. In the
dynamic bending behavior characterization, we use origami
fingers with a soft hinge thickness () of 0.4 mm, which can
bend up to 90° and provide greater bending stiffness com-
pared to fingers with 7, =0.2mm. Figure 7f presents the
dynamic bending responses of the origami finger under varying
displacement speeds (or periods). At T=70s (v=1mm/s),
the origami finger exhibits quasi-static bending, achieving a
precise range between 0° and 90°. As T decreases to 14s,
4.7s, and 2.3 s (corresponding to v=>5mm/s, 15mm/s, and
30mm/s), the bending amplitude slightly decreases but
remains around 80° due to the high elasticity of the soft hinges.

In this work, we utilize three origami fingers to form a
gripper. Therefore, the bending stiffness of each finger is
crucial for the performance of grasping target objects. To
investigate this, we set up a testing system, as shown in
Figure 8a, to evaluate the bending stiffness of the origami
finger at various bending angles. In this system, the origami
finger is fixed to a goniometric stage. By adjusting the gonio-
metric stage, we ensure that the top surface of the origami
finger, at any given bending angle, is parallel to the optical
table surface where the translation and goniometric stages
are mounted. During testing, the translational stage moves
rightward, causing a contact plate to push against the tip of
the origami finger. A force sensor between the contact plate
and the translational stage measures the resulting force.
Figure 8b displays snapshots of the origami fingers at differ-
ent bending angles (0 =0°, 25°, 50°, and 75°). By adjusting
the rotational angle of the goniometric stage, we maintain
the top surface of the origami finger horizontally aligned,
ensuring the force from the contact plate is normal to the tan-
gential direction of the fingertip.

Figure 8c shows the force—displacement curves recorded
for the origami fingers with various soft hinge thicknesses
(t;=0.2mm, 0.4mm, 0.6mm, and 0.8 mm) and bending
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FIG. 7. Experiment on bending an origami finger. (a) Schematic diagram of the measurement system. (b) Process
photos of origami finger bending 90°. (¢) Displacement versus bending angle of origami fingers during loading. (d)
Displacement versus cable tension force of origami fingers during loading. (e) Time versus displacement of transla-
tional stage of the measurement system. (f) Time versus bending angle of origami fingers during dynamic response.

angles (0=0°, 25°, 50°, and 75°). The data indicate that, for
a fixed hinge thickness, the bending stiffness increases with
an increase in the bending angle 0. Similarly, at a constant
bending angle, an increase in f#; results in higher bending
stiffness. As bending stiffness increases, deforming the ori-
gami finger becomes more difficult. For instance, with
t, =0.2 mm, the force required at a 5 mm displacement for
a 75° bend is 0.321 N, compared to 0.083 N for a 0° bend,
showing the maximum force is approximately 3.87 times

the minimum. As #; increases, the deformation resistance
significantly grows. For #; =0.8 mm, the force needed at a
5mm displacement for a 75° bend is 2.39 N, much greater
than the 0.321 N for t;, = 0.2 mm, with the maximum force
being about 7.45 times the minimum.

Stiffness directly measures an origami structure’s ability
to resist elastic deformation under external forces. Since
resisting external deformation is inherently a dynamic pro-
cess, we developed a method for calculating stiffness, as
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FIG. 8. Stiffness experiment of origami finger. (a) Schematic diagram of the test system. (b) Photographs of initial
states at different bending angles. (¢) Displacement versus thrust of translational stage during pushing origami fingers.
(d) Stiffness calculation method illustration. (e) Stiffness results of the origami finger at different bending angles.

illustrated in Figure 8d. Taking the test curve for ¢, = 0.4 mm
at a bending angle of 75° as an example, the slope at the ini-
tial point represents the initial stiffness, whereas the slope at
the curve’s endpoint represents the endpoint stiffness. The
slope of the line connecting the initial and endpoint is con-
sidered the average stiffness.

For each curve in Figure 8c, we applied this method to
calculate stiffness. The results are displayed in Figure 8e,
with initial, endpoint, and average stiffness shown from left

to right. Different #; values (0.2 mm, 0.4 mm, 0.6 mm, and
0.8 mm) are represented by black, red, blue, and green col-
ors, respectively. Compared to Figure 8c, these results intui-
tively illustrate that as the origami finger’s bending angle
increases, it becomes increasingly challenging to deform it
under external forces. Focusing on endpoint stiffness alone,
the maximum stiffness values at a 75° bend for the different
ty values are 107.1, 206.0, 674.2, and 907.1 N/m, respec-
tively, with the maximum value being 8.47 times the
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minimum. From the average stiffness results, the origami fin-
ger’s stiffness shows a clear linear increase, also peaking at a
75° bend: 64.1, 121.0, 363.6, and 478.8 N/m, where the
maximum value is 7.48 times the minimum. Combining
these results with the experimental findings from Figure 6,
as t, increases, bending the origami finger becomes substan-
tially more difficult, and its stiffness in resisting external
deformation also rises, albeit less steeply. Based on this, we
selected 7, = 0.4 mm as the optimal design parameter.

Performance of origami-based flexible robotic grippers

The purpose of designing these origami fingers is to assem-
ble an origami gripper capable of functioning as a robotic
component, particularly in applications requiring safe human-
robot interactions. The gripper is mounted on the end of a
commercial robotic arm, serving as a standard tool to grasp
daily life objects by leveraging the adaptability of origami
robots. Figure 9a shows the origami gripper in a working sce-
nario attached to the end flange of a 6-axis robotic arm.
Figure 9b presents the physical prototype, which consists of
three origami fingers arranged in a 120° circular configura-
tion. A bus servo motor on the gripper rack drives the gripper
by rotating a pulley, which in turn coiled the cables attached
to the three origami fingers, causing them to bend or straighten
accordingly. This mechanism allows the origami gripper to
grasp or release target objects effectively.

The gripper cables are eccentrically routed through one
side of the internal space, with one end fixed to an end cap

t=0s t=7s 4= t=11s %

13

and the other passing through a mounting hole, allowing rel-
ative sliding movement. Figure 9c demonstrates the gripper
successfully lifting a 387 g water bottle within 47 s, indicat-
ing its ability to handle objects securely and stably, which
showcases its safe and effective grasping capability. This
work offers both research and practical significance.

Compared to traditional electric grippers used in industrial
applications, origami grippers are more suitable for delicate
handling tasks, such as those in the food industry, due to
their adaptability and safety, which are essential for fragile
items. To validate the gripper’s ability to handle such
objects, we simulated a task of picking and placing fruits
into designated boxes, as shown in Figure 10a. Figure 10b—d
depicts the gripper grasping and placing various fruits—a
spherical orange, an irregularly shaped dragon fruit, and an
apple—into packaging boxes. A video demonstrating these
processes is shown in Supplementary Video S2. By setting
appropriate control parameters for the robotic arm (move-
ment speed less than 20mm/s), the gripper successfully
completed these tasks without damaging the fruits, under-
scoring its potential utility in the food industry.

Conclusion

In this article, we presented an investigation into the
design and optimization of origami robotic grippers fabri-
cated using hard-soft coupled multimaterial 3D printing
techniques. Using a kinematic model, we evaluated how var-
iations in unit parameters influence the reachable workspace

FIG. 9. Assembly and grasping
performance of the origami gripper.
(a) Demonstration of the origa-
mi gripper in action. (b) Physical
prototype of the origami gripper.
(¢) Grasping experiment of the ori-
gami gripper.

t=27s t=33s

t=47s
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FIG. 10. Flexible grasping experiment. (a) Task setup for the flexible grasping experiment. (b) Grasping and placing
an orange. (¢) Grasping and placing a dragon fruit. (d) Grasping and placing an apple.

and bending characteristics of the origami finger. We also
examined the mechanical response of the Yoshimura origami
under different design configurations, where the thickness of
hard panels and the width of soft hinges significantly affected
stiffness. By experimentally testing origami units with varied
thicknesses of soft hinge and width of the valley, we estab-
lished that increased thickness of soft hinge enhanced the ori-
gami’s load-bearing capacity, though this concurrently raised
bending stiffness. This study further validates that the width
of the valley plays a critical role in controlling stiffness and
highlights the balance required in design parameters to opti-
mize mechanical performance. For the practical application
in robotic grippers, we investigated the relationship between
cable displacement, force, and bending angle, illustrating
how the dynamic response of the origami structure can be tai-
lored by modifying the thickness of the soft hinge. Our find-
ings show that a smaller thickness of soft hinge allows for
greater flexibility, whereas higher values of thickness of soft
hinge achieve higher stiffness but limit the maximum bending
angle. In conclusion, this research demonstrates the potential
of origami-based robotic systems manufactured through hard-
soft coupled multimaterial 3D printing, highlighting their ver-
satility, efficiency, and effectiveness.
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