Downloaded by Kyle Johnson from www.liebertpub.com at 04/25/22. For personal use only.

SOFT ROBOTICS

Volume 00, Number 00, 2022
© Mary Ann Liebert, Inc.
DOI: 10.1089/s0r0.2021.0008

SoRO)

Soft Robaotics

Open camera or QR reader and
scan code to access this article
and other resources online. |

Leaf-Like Origami with Bistability for Self-Adaptive

Grasping Motions

Hiromi Yasuda,®* Kyle Johnson 3" Vicente Arroyos,® Koshiro Yamaguchi,

Jordan R. Raney? and Jinkyu Yang'

Abstract

The leaf-like origami structure is inspired by geometric patterns found in nature, exhibiting unique transitions
between open and closed shapes. With a bistable energy landscape, leaf-like origami is able to replicate the
autonomous grasping of objects observed in biological systems such as the Venus flytrap. We show uniform
grasping motions of the leaf-like origami, as well as various nonuniform grasping motions that arise from its
multitransformable nature. Grasping motions can be triggered with high tunability due to the structure’s bistable
energy landscape. We demonstrate the self-adaptive grasping motion by dropping a target object onto our paper
prototype, which does not require an external power source to retain the capture of the object. We also explore
the nonuniform grasping motions of the leaf-like structure by selectively controlling the creases, which reveals
various unique grasping configurations that can be exploited for versatile, autonomous, and self-adaptive

robotic operations.
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Introduction

PLANTS AND ANIMALS are perpetually subjected to the
unpredictable nature of their ever-changing surround-
ings, forcing the development of dynamic responses and self-
adaptive behavior to accommodate for their rapidly changing
environment. For example, sea anemones can catch targets
with different shapes and sizes because of their self-adaptive
morphology,! and the Venus flytrap is capable of self-
adaptive movements in response to a multitude of stimuli.*?
Engineering a versatile grasping device that can mimic the
nastic movements of these natural adaptive systems is one of
the many challenges facing the field of robotics.

Recently, origami-inspired structures have been studied
with a focus on biomimetic folding/unfolding behavior. For
example, one of the most well-known crease patterns, the
Miura-ori,4 can be found in tree leaves and other plants.s’7 In
addition, a fast folding grasping motion inspired by earwig
wings has been demonstrated by introducing an extensional
membrane element to the Miura-ori building block.® These
Miura-ori-based reconfigurable structures show great poten-
tial for engineering devices, but the variations of their folding
patterns are still limited to the single degree-of-freedom
(DOF) nature of the Miura-ori fold implemented using a rigid
origami approach. These limitations have hindered the
adoption of Miura-ori in practical applications.
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Using the Miura-ori unit cell as a building block, De Fo-
catiis and Guest explored the biomimetic leaf-like origami
patterns, specifically leaf-in and leaf-out origami® (see Fig. 1
for the leaf-out origami in which its Miura-ori unit cells are
directed 0utward6; also see Refs.®? for the leaf-in origami
whose unit cells are directed inward). It has been shown that
leaf-out origami can exhibit numerous rigid folding motions
(i.e., multi-DOF) despite the single DOF nature of the indi-
vidual Miura-ori elements.” Another interesting aspect of the
leaf-out origami structure is its tunable bistability.

While these studies have shown versatile characteristics of
leaf-out architectures, a systematic investigation on leaf-out
origami kinematics needs to be yet conducted, particularly with
the focus on transition between multistable configurations,
tunable energy landscape, and the development of numerical
framework to calculate various folding/unfolding motions.
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Also, from the engineering standpoint, the applications of leaf-
out origami have been largely unexplored despite such versatile
morphology and stability characteristics.

Here, we demonstrate the feasibility of using leaf-out
origami’s reconfigurability and bistability to achieve versa-
tile, autonomous, and self-adaptive grasping motions. First,
we use a rigid origami model to characterize the unique ki-
nematics of the structure, especially transitions between open
and closed modes separated by the flat state. In addition, we
model the crease folding as a torsional spring (e.g., water-
bomb origami'®'" and degree-4 vertex origami'? ), and we
examine the ability to tailor the energy landscape by altering
the design parameters, specifically the rest angle of the spring
element. We then design and fabricate multilayered proto-
types of the leaf-out origami structure with tailored energy
barriers.
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FIG. 1. Leaf-out origami for grasping objects based on bistability. (A) Flat configuration of the leaf-out origami composed

of five Miura-ori unit cells. Red (blue) lines indicate mountain (valley) crease lines. Dashed lines indicate the mountain
boundary crease lines connecting adjacent Miura-ori unit cells. (B) Folded configuration of the leaf-out origami. We define
the global coordinate as well as the local coordinate attached to one of the Miura-ori unit cells. The folding angle along the
boundary crease is defined as pg. Right inset illustrates the geometry of the Miura-ori unit. We define two folding angles p,,
and py for the main and subcrease lines, respectively. (C) The uniform grasping motion of the leaf-out origami is plotted in
the configuration space. The folding path projected onto the bottom plane (p,,05-plane) is denoted by the gray line. (D) The
leaf-out origami can exhibit bistable behavior via transformation from its folded shape (open phase) into another folded
configuration (closed phase) passing through the flat state. (py;, pg)=(120° —30°) is used for this calculation. Color
images are available online.
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LEAF-LIKE ORIGAMI FOR GRASPING MOTIONS

We experimentally demonstrate the feasibility of catching
a falling object by triggering the grasping motion, which only
occurs within a predetermined range of impact forces. Fur-
thermore, we numerically explore various grasping configu-
rations by controlling selected Miura-ori unit cells. Our
numerical analysis reveals the multitransformable morphol-
ogy of the leaf-out origami. This is demonstrated through the
simulation of distinct grasping movements: a two-fingered
pinching motion and a symmetric four-fingered grasping
motion.

Our grasping mechanism has advantages over other de-
signs in that the leaf-like origami structure can be easily
tailored, fabricated, and actuated for various mechanical
properties and applications.'>™'> That is, multistable and
multitransformable devices can be manufactured only from
surface materials, which leads to fast 2D machining (e.g.,
laser cutting) and simple and lightweight systems.

Although multistable mechanisms (especially bistable
behavior) have been previously used to design and actuate
various robotic devices such as grippers,'®™'® swimming ro-
bots,' and jumping robots,?” they tend to be complicated,
and/or induce cumbersome fabrication processes. Based on
the tunable dynamic response of the origami-based structure,
our design principles demonstrate great potential for de-
signing and fabricating simple robot prototypes to create
devices for various applications such as surgical robots,
space, deployable structures, and catch-and-release traps.

Materials and Methods

Leaf-out origami model

The leaf-out origami consists of n.;; Miura-ori unit cells
(Fig. 1A), with neighboring unit cells connected by the
boundary crease lines.*” The Miura-ori is known as a rigid
origami structure whose surfaces can be modeled as rigid
panels connected by hinges, and exhibits 1 DOF folding
motion. The geometry of each Miura-ori unit cell is charac-
terized by the following geometrical parameters: central an-
gle (x=mn/nen) and length parameters (L, =0A and
L, =AD). Based on the 1 DOF nature of the Miura-ori unit
cell, the folding motion of the whole leaf-out origami can be
expressed by considering the orientation and folding motion
of each Miura-ori unit cell.

To describe the orientation of the unit cell, we introduce
the global coordinates (R;=[i; i, i3]) and the local coordi-
nates (R={e; e, es]) attached to the Miura-ori unit cell such
that the e,-axis is aligned with OA and the direction of e; is
the same as the i3-axis at the flat state (Fig. 1B). By using
these coordinate systems, we define the Euler angle () to
express the rotation of the local coordinate system (R) around
the i,-axis as R=R; R, where

1 0 0
R, =|0 cosyy —siny|. (1)
0 siny  cosy

Here, if the leaf-out origami shows uniform grasping motion,
the negative and positive Euler angles i indicate the open and
closed states, respectively, as shown in Figure 1C. We later
discuss the details of this uniform grasping motion.

Let n be the unit index numbered counterclockwise. To
analyze the folding motion of the nth Miura-ori unit cell, we
use the two folding angles, p,,, along the main crease lines
and pg , along the subcrease lines, with relationships between
these two folding angles as follows:

tan(0g/2) = tanasin(p,,/2) (2.1)

sin(0g/2) = sinasin(pg/2) (2.2)

where 0 is an angle between e, and a vector pointing from
Vertex A to Vertex D, as shown in Figure 1B. The folding angle
for the boundary crease, connecting the nth and the (n + 1)th unit
cells, is denoted by pj . Here, the folding angle (p;) along the
crease line j is defined as the complement of the angle between
adjacent surfaces connected by the crease j, so that the positive
and negative folding angles indicate valley and mountain folds,
respectively. In this study, we assume that the leaf-out origami
maintains its mountain and valley crease assignments during
folding/unfolding motions, that is, 0 < py, pg <7 and
— 7 < pg < 0. We also examine the relationship between the
folding angle pp and the Euler angle y. We consider the unit
vectorb=[b, b, b3]Talong the boundary crease OB, as shown in
Figure 1B, which is expressed by

— sinocos(py,/2)
b=[i1ip i3] | cosacosy — sinasinysin(py,/2) |.  (3)
cosasiny + sinocos y sin(p,,/2)

To analyze the unique multitransformable feature of the leaf-
out structure,” we use the rigid origami simulation tech-
nique?"** and explore various grasping motions. We briefly
review the rigid origami simulation technique®'? in this sec-
tion. First, we consider the loop closure constraint around vertex
O, which is connected to N =2n,, creases (see the yellow arrow

in Fig. 1A): F(pg) =X1X2 -+ Xy =13 where I, is the mTXm

pB,n 18

cell

identity matrix, and p, = {p,‘,“p,i1 o Pan

cell

the vector composed of N folding angles along crease lines
connected to vertex O. y; represents the rotation matrix for the
crease j as a function of the folding angle p; and the central angle
o (Fig. 1A):

cosp; 0 sinp; cosaa —sina O
X;i= 0 1 0 sine cosa  O|. (4)
—sinp; 0 cosp; 0 0 1

Then, if we take a derivative of F with respect to p;, we
obtain

OF OF OF
—Ap,+ -4+ —Ap. 4+ - —Apy =0 5
dp; & Ip; b dpy Pw ©)

where Ap; is an increment folding angle, and the partial de-
rivative is calculated as

0 —a; ¢

F i J
g— = aj 0 - bj . (6)

Pii | —¢ b 0
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Note that this matrix consists of only three independent
variables a;, b;, and c;, instead of nine. By using this partial
derivative, we can rewrite Equation (5) as, CAp =0 where
Ap= [ApM,l Apg1 - APpng, ApB,nce“] , and

ay a) ceeoan
C=|b b, - byl. 7
C1 C CcN

Therefore, the solution is calculated as follows:
Ap=[Iy —C*C|Ap, (3

where C is the global linearized constraint matrix, and C'isthe
Moore/Penrose pseudoinverse matrix of C. However, through
the iterations of each folding step in the simulations based on
the Euler integration, the residual F (p<0) + Ap) — I3, where
0 indicates the initial valid folding angle, is accumulated.
Here, we define r=1[r, r, rc}T, which is composed of the re-

sidual components calculated from

1 0—r, O0+4r
F(p<°>+Ap)= O+r, 1 0=r|. (9
O—rc 0+I’b 1

Then we modify Equation (8) by introducing an additional
term to compensate for the accumulation of numerical error
as follows?!*2:

Ap:[IN_C+C]Ap()_C+€. (10)

In this study, we determine ¢ by numerically solving
r(p” +Ap, &) =0.

To control the folding angle of a desired crease line, we
alter Ap, and embed the condition for the controlled crease
line in Equation (10). If we control the folding angle of crease
line j (here, we use Apc for controlled angle increment), we
modify Ap=[Apy -+ Ap; -+ Apnl" as Ap=[Apy -+ Apc
cee ApN]T. Also, to implement the controlled crease line in
K=Iy - C'C, we impose the K(j,:) =1, that is, the compo-
nents of the matrix K in the jth row are zero, except K(j,j)=1.

Based on the rigid origami simulation, we conduct the
energy analysis by modeling crease line j of the leaf-out
origami as a linear torsion spring with spring constant ;
(Supplementary Fig. S1). By using this torsion spring model,
we analyze the energy landscape as follows:

1 Nrowl 2
EZEZ Ki(p = P3) (1
j=1
where Nt 1S the total number of crease lines in the leaf-out
origami, and p; is the rest folding angle of jth crease line.

Fabrication of the paper prototypes

To empirically test the leaf-out structure, we fabricate a
multilayered structure to enhance the rigidity of each facet, as
well as the folding behavior of the crease lines, which
achieves rigid origami-like folding motions, that is, defor-
mation only takes place along the crease lines. We utilize a
CO, laser system to fabricate our prototypes. Figure 2A

YASUDA ET AL.
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FIG. 2. Paper leaf-out prototype fabrication by layer. (A)
Layout of the composite structure consisting of paper, ad-
hesive, nylon, and PET layers. The layers also showcase the
unique cut pattern required at each step of the process. (B)
The photograph shows one of our handcrafted prototypes.
The inset shows the magnified view of our comb-like crease
design. PET, polyethylene terephthalate. Color images are
available online.

shows the layout of our leaf-out origami prototype composed
of six layers stacked in the vertical direction. We use con-
struction paper (Strathmore 500 Series 3-PLY BRISTOL,;
thickness of the paper is 0.5 mm) and nylon (thickness of
0.025 mm) to maintain the flat surfaces on each unit cell, and
polyethylene terephthalate (PET; thickness of 0.25 mm) to
define the rigidity along the crease lines, as seen in Figure 2A.

Between the bottom layer of the construction paper and the
nylon, we use a 3M very high bond adhesive, and between the
nylon and top layer of construction paper we use an archival
double tack adhesive (ADTA). The ADTA covering is left
along each crease line during the top construction paper layer
cut because the prototypes are fabricated by being stacked,
and so, the covering protected the nylon layer from being
pierced by the laser during the cut for the top construction
paper layer. The ADTA is used for the top layer adhesive
because it is thicker and therefore more protective, as well as
being less adhesive and easier to remove after the final cut for
the structure is completed.

Figure 2B shows the fabricated prototype whose design
parameters are (7¢ep, L1, Lr) = (5, 70 mm, 30 mm). To achieve
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a sharp and straight crease folding, we introduce a comb-like
crease design (see inset, Fig. 2B and also Supplementary Movie
S1 for the folding behavior), which also helps to improve the
consistency of folding behavior and to enhance the repeatability
of tests. Without the PET layer, the structure’s crease line stiff-
ness is defined primarily by the flexible nylon layer. To increase
the bending rigidity, the PET layer consisting of 1 mm cuts with
11.5 mm gaps in between each cut (see Fig. 2A for visualization)
is applied, and the crease line stiffness is assumed to be defined
solely by the PET layer due to the pliability of nylon. We found
that tuning the stiffness of only the boundary edges, and leaving
the other crease lines to be defined solely by the nylon layer,
maximized the structure’s ability to grasp onto dropped objects.

To analyze the folding/unfolding motion of the creases, we
perform cyclic loading tests (100 cycles) on crease samples
(Supplementary Fig. S1B). We use the loading curve from the
last (100th) cycle to obtain the torsion spring constant per unit
crease width (xpgr=0.76 Nm/rad/mm). Using this normal-
ized torsional spring constant, we adjust the torsional stiff-
ness of the crease line in proportion to its length. The rest
angle is p = 71.8° based on the rigid crease model. While
this angle is set manually in our study, it can be tuned by
changing the materials, geometrical configurations, and/or
preprocesses (e.g., oven heating) of our leaf-out architec-
tures. We only use the thin nylon sheet as an elastic hinge for
the creases without PET, resulting in creases with negligible
stiffness. Therefore, we neglect the effect of the creases
without PET in our analysis (i.e., k=kg=0).

Drop test

To experimentally demonstrate the grasping motion, we
conduct drop tests (see Supplementary Fig. S2 for the testing
setup). To capture the grasping motion, we use a high-speed
camera (Chronos, Kron Technologies) filming at 1052 frames
per second. The object we drop is a polyurethane ball of mass
Mpa =22.3 g and volume vy, =179.6 cm?® (Rpa1=3.5cm). We
place the leaf-out on top of an aluminum plate in front of the ball
drop device, with drop height measured from the top of the
aluminum plate to the bottom of the ball. The ball is pinched in
place over the center of the leaf-out structure by pressure from a
screw. To drop the ball with zero initial velocity, we simply
unscrew the bolt to release the ball.

Results
Uniform grasping motion

In this section, we consider the uniform deployment/con-
traction, that is, all of the Miura-ori unit cells show identical
folding motion (py; , = py; and pp , = pg forn=1, ..., neen),
which corresponds to the case where the leaf-out origami
catches a spherical target object. To achieve this folding
mode, we control Ap, depending on the posture of each
Miura-ori unit cell, which is described by the Euler angle (/).
We can obtain the folding angle along the main crease line p,,
from the Euler angle  as follows’:

sin o cos(py,/2)

tan o = (12)

cosacosy — sinosiny sin(p,,/2)

In addition, the rotation of the unit vector e, around the
boundary crease b through the angle pjp is identical to the
rotation of e, around i3 through 2u for the uniform grasping

motion. The rotation around the vector b can be expressed by
using the Rodrigues rotation formula as follows:

Ry=1Is+ sin( — 7+ pg) b+ [1 — cos( — 4+ pp)lba  (13)

where
0 —bs b
b= b; 0 —b |. (14)
—by b 0

Also, the rotation around i3 is expressed by

cos2o — sin2o O
R3 = | sin2a cos2o  O]. (15)
0 0 1

Therefore, we obtain Rsze; = Rpe;. By solving this equation
numerically, together with Equation (12), we obtain the re-
lationship between the folding angles (p,; and pp) and the
Euler angle 1.

By feeding these folding angles p,, and pg as a function
of the Euler angle  into the rigid origami model, we per-
form the simulation for the grasping motion of the leaf-out
origami with ng.;=5. Figure 1C shows the folding path
plotted in the 3D configuration space where the negative
and positive Euler angle regimes correspond to the open
and closed phases, respectively, and y = 0 indicates that
the leaf-out is completely flat (see the inset illustrations in
the figure).

Based on the kinematic analysis, we also analyze the
energy landscape for the transformation from the open
phase to the closed state by using the energy expression
[Eq. (11)]. Assuming identical torsional stiffness for every
crease line (i.e., kj =k for j=1,..., Nyow1), we calculate the
potential energy change as shown in Figure 1D. Here, the
rest angles for the main and boundary crease liens are (p,,,
pp)=(120°, —30°) for this calculation. In the figure, the
two black triangles indicate the local minimum states,
which are separated by the energy peak at the flat state
(h =0°).

Therefore, starting from the open phase, once the structure
overcomes the energy barrier, it triggers the grasping motion
transforming to the stable closed state. To maintain this
grasping shape, our leaf-out origami does not require external
energy input. This implies that the structure can initiate a
change in state by utilizing the energy from the target object
(e.g., kinetic energy of a falling object, as demonstrated lat-
er). This contrasts with the conventional soft robotic grippers
with pneumatic actuation®> and with other origami-based
robotic grippers,”*~’ which require power from a source
supplemental to the object being grasped. However, without
the addition of an actively controlled actuation system, leaf-
out origami grippers are limited to catching objects with
enough input energy to overcome the structure’s bistable
energy barrier.

The natural follow-up question: is the grasping motion
tunable? In other words, can we tailor the energy landscape
to control the energy barrier and locations of the energy
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minima? To investigate the tunability of the grasping mo-
tion, we analyze the energy landscape for various config-
urations, specifically different rest angles. We assume
Oy = — pp, and then pg is obtained from the folding angle
relationships [Eq. (2)]. Also, we assume identical torsional
stiffness (x) for every crease line. Figure 3A shows the
energy landscapes as a function of the rest angle (p,,) and
Euler angle (). The energy curves of the leaf-out origami
show the local maximum peak at yy =0°, which corre-
sponds to the complete flat state, and the analysis result
clearly shows two energetically lower states before/after
this peak, that is, bistable origami.”’15

In addition, these bistable energy curves can be tailored
drastically by varying the rest angle (p,,). Leaf-out origami
can exhibit not only tunable bistability, but also a monostable
configuration, specifically if p,, =0°, which corresponds to
the case in which the leaf-out origami is initially in the flat
state (see the gray-colored curve in Fig. 3A).

To further analyze the tunability of this origami struc-
ture, we characterize the energy barrier between two stable
states, by defining the energy gaps (AE, and AE,) as
shown in Figure 3B. Letting the energy ratio be
E=(AE,— AE,)/(AE, + AE,), we compare the energy
levels at each stable state by controlling two rest angles,
oy and pp. The surface plot of the energy ratio (&) in
Figure 3C shows the two different regions bounded by the
dashed line, indicated £ =0, that is, the open and closed
stable states show the exact same values of local mini-
mum energy.

In the left lower region, AE, is greater than AE, (Fig. 3B),
which means that if the origami starts from the open stable
state and transits to the other, the energy difference
AE, — AE, is trapped in the system, which can be advanta-
geous for applications involving impact. On the contrary, if
AE, < AE,, less energy is required to trigger the transition
from open to closed states, a feature that can be particularly
useful for sensitive actuation.

FIG. 3. Energy analysis.
(A) Tailorable energy land-
scape altered by the rest angle
py- Here, we assume p,, =
— pg, and py is obtained from
the folding angle relationships
(see Supplementary Data S1).
(B) We characterize the
asymmetric energy landscape
by defining the energy gaps,

YASUDA ET AL.

Experimental demonstration

We examine the bistable energy landscape of our pro-
totype by approximating the folding behavior of crease
lines by a torsion spring. We use Equation (11) and con-
struct the energy landscape of our actual prototype as
shown in Figure 4A. The analysis result clearly indicates
the two local minima in the potential energy plot, and each
stable configuration of the leaf-out origami agrees quali-
tatively well with the postures of the actual prototype at its
corresponding stable state.

To further validate the grasping based on bistability, spe-
cifically the energy barrier predicted by the rigid origami
model, we conduct drop tests. Figure 4B shows the snapshots
from the drop test in which the drop height is 360 mm. Our
leaf-out origami prototype successfully demonstrates uni-
form grasping motion to capture and maintain hold of the
target ball (see also Supplementary Movie S2 for the grasping
motion of the prototype).

We analyze how the grasping motion can be triggered
depending on the input, specifically the impact momentum,
by varying the drop height. If the ball is dropped at the height
h, the potential energy at the initial state is calculated as
Evan = myangh where g is the gravitational acceleration. Let
EGap = (Epan — AE,) / Kkper. We plot this energy difference as
a function of the drop height (%) and rest angle (p). This is
shown in Figure 4C, in which the dashed line indicates
Egap =0. If the drop height is below the threshold value
(EgGap), the grasping motion is not triggered (denoted by the
cross markers).

However, by crossing this boundary the leaf-out starts to
overcome the energy barrier and transform into the closed
phase (denoted by the circle markers). Note that if the impact
momentum is too large, although the grasping motion is
triggered, the leaf-out fails to retain the ball inside the
structure (see Supplementary Movie S2 for this case). Al-
though our paper prototype demonstrates the feasibility of

Energy peak
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states

0B

AE, and AE.. (py, pp)=
(60° —120°) is used to cal-
culate the potential energy
curve. (C) Surface plot of the
energy ratio, defined as
E=(AE,— AE,)/(AE,+AE,),
as a function of two different
rest angles (py, pg). Color
images are available online.
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FIG. 4. Experimental demonstration of leaf-out origami grasping motion. (A) Bistable energy landscape for our
paper prototype with PET hinges. The left and right insets show the comparison between the predicted configu-
ration and the physical prototype for open and closed states, respectively. (B) Snapshots of the grasping motion of
the leaf-out prototype from the high-speed camera images. The drop height is 360 mm. (C) We calculate the gap
Eg.p between the energy barrier to trigger snap-through behavior (AE,) and the potential energy Epa (h) where £ is
the drop height. This energy gap is plotted as a function of the drop height (%) and the rest angle (p) for the creases
with PET. The dashed line indicates Eg., =0. The cross, circle, and triangle markers indicate the three different
results of the drop test; (cross markers) the grasping motion was not triggered, (circle) the prototype grasped the
ball, and (triangle) the grasping motion was triggered, but the prototype failed to hold the ball. Color images are

available online.

grasping motion within a limited impact range, it suggests the
potential of adaptive grasping via sensing the velocity and
location of impact based on the carefully designed energy
landscape (see Supplementary Movie S3 for off-center

grasping).

Exploring multigrasping motions

One of the important tasks for grasping applications is to
catch/hold an object even if its target shape varies from object
to object. By leveraging the multi-DOF feature of the leaf-out
origami, we show that the leaf-out can exhibit various
grasping shapes. To explore different folding motions, we
selectively control the main crease line of Miura-ori unit
cells. In particular, we apply the controlled angle (Ap) to the
main folding angle of nth Miura-ori unit cell (py; ,) in the
arbitrary vector Ap,, and then we perform the simulation to
obtain the other main and boundary folding angles.

In our numerical analysis, we consider the leaf-out with
Neenn =S to mimic human fingers, and we explore its various
grasping motions. We start the simulations from the slightly
folded configuration, specifically (pfg), pg))) (7.1°, —=3.6°),
to avoid the complete flat state, which hinders the moun-
tain and valley crease assignments in the numerical cal-
culations. Note that we maintain the mountain and valley

crease assignments in the simulations. Also, we use the
identical Ap for every controlled unit cell to simplify the
analysis.

Figure 5A shows the simulation results for the two different
cases as follows: (i) the first and second Miura-ori unit cells
(n=1,2) are controlled, and (ii) first three unit cells (n=1, 2, 3)
are controlled (see also Supplementary Movie S4 for the
grasping animations). Unlike the uniform grasping motion (see
the inset illustrations in Fig. 1D), the case where two unit cells
(n=1, 2) are controlled shows pinch-like folding motion of
n=1 and 2 Miura-ori unit cells (analogous to a human hand
pinching an object between the thumb and index fingers). Also,
the leaf-out origami with three units controlled (n=1, 2, 3)
exhibits an alligator-clip-like grasping motion, such as holding
an object between three tips of n=1, 2, 3 unit cells and two tips
of the other two (see the inset [ii] in Fig. 5A).

In addition, we examine the energy change during these two
grasping motions, compared with the energy landscape for the
uniform grasping motion. Here, (p,,, pg)=(60°, —120°)
is used. In Figure 5B, the energy changes during grasping are
plotted as a function of the controlled angle (Ap.), and the
cases (i) and (ii) are denoted by the red and blue curves, re-
spectively, as well as the uniform grasping case (gray curve).
Our energy analysis clearly indicates the energy minimum state
along all grasping paths.
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FIG. 5. Multitransformable grasping motions from the flat to closed states. (A) We explore different grasping motions by
controlling the folding angles of (i) the two unit cells (n=1, 2, i.e., py; | and p,, ,) and (ii) the three unit cells (n=1, 2, 3).
(B) We calculate the energy landscapes for these two cases as well as the uniform grasping motion. The identical spring

constant () is used for all the crease lines, and (g, pg)=

(60° —120°) is used to calculate the energy curves. (C)

Various different grasping motions are explored and plotted in the 3D configuration space. Each folding path is projected
onto the xy-plane at the bottom. Color images are available online.

We further explore unique grasping motions by con-
trolling different unit cells on the structure. Figure 5C
shows three additional example motions and the three
grasping motions discussed above (see Supplementary
Movie S4 for each grasping motion). In this figure, by in-
troducing two variables calculated by py, , —py 4 and
Pm.3 — Pu.s» we plot the folding paths in the configuration
space as a function of Ap. to characterize different con-
figurations of the leaf-out origami.

Interestingly, we find various folded shapes from our nu-
merical simulations, particularly two controlled unit cases
exhibiting different folding paths, and the final configurations
depending on selected two unit elements (see the red and
magenta curves in Fig. 5C for the two different cases of the
leaf-out origami with n=1, 2 and n=1, 3 unit cells con-
trolled). Note that these folding motions obtained from the
rigid origami model are an example of possible folding mo-
tions by searching a valid configuration at each iteration step
in the numerical calculation. Therefore, there are opportu-
nities to achieve more diverse grasping modes in various
ways, for example, using different controlled angles for dif-

ferent unit cells, enabling the reversal of mountain/valley
creases, which can be useful for self-adaptive grasping for
myriad target shapes.

Conclusion

We have numerically and experimentally studied the un-
ique snap-through behavior of leaf-out origami for grasping
devices. We have analyzed the multitransformable nature of
the leaf-out structure by using a rigid origami model and
found that the leaf-out origami structure exhibits a tailorable
bistable energy landscape, enabling controllable snap-
through behavior p;. To demonstrate the adaptive grasping
motion of the leaf-out origami, we have designed and fabri-
cated multilayered paper prototypes with customized hinges.

We have conducted drop tests by varying the drop height
of a spherical target object, and our prototypes have exhibited
controllable grasping motion through a triggering point that
can be altered by the tailored energy landscape. In addition,
we have explored various grasping motions by selectively
controlling the unit cell components of the leaf-out origami,
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and our numerical results have suggested the potential for
highly adaptive grasping motions for different target shapes,
inspired by human hands and other examples from nature.

Due to the scale-independent nature of rigid origami
structures, a grasping device based on the leaf-out design can
be fabricated not only for centimeter-scale target objects but
also for meter-scale applications (see Supplementary Fig. S3
and Supplementary Movie S5 for the grasping motion of the
millimeter-scale prototype).

Leaf-out origami grippers can also be actively controlled
by implementing low-power actuators at any scale, enabling
power-constrained grasping robots to gather samples of
various shaped objects. To fabricate the leaf-out origami, it
will be interesting to consider different materials for various
applications such as space structures and medical devices. In
particular, soft materials can be beneficial to design a
grasping device for fragile objects. From the numerical per-
spective, although we assumed that each surface remains flat
during folding/unfolding in the present work, considering the
surface deformations in the origami model would also be of
interest to pursue. This study elucidates the potential appli-
cations of the leaf-out origami structure as a capture mech-
anism within systems that require lightweight, easily tunable,
and autonomous grasping.
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