
494 IEEE TRANSACTIONS ON ROBOTICS, VOL. 37, NO. 2, APRIL 2021

Morphing Origami Block for Lightweight
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Abstract—Origami provides a unique tool for the design of
robotic frames owing to its simple shaping principle by “fold-
ing.” However, achieving the fast and reversible activeness of a
highly reconfigurable structure remains challenging owing to the
limitations of accessible actuators. In particular, it is difficult to
find an actuator that can realize a simultaneously large, rapid,
reversible, and stable movement while leading to a favorable form
factor for the origami. To overcome this, in this article, we propose
a 3-D shape-shifting system consisting of a morphing origami
block that complements the stability problem of shape memory
alloy wire actuators by tuning its structural characteristics. This
cooperative scheme improves the reversibility and stability of the
shape-shifting system, which enables the rapid transformation with
high degrees of freedom unlike in existing programmable origami.
As a stand-alone unit of transformation, morphing block equipped
with deployable mechanism and actuators weighs 6 g and has a
volume change factor of ten. Furthermore, the transformation time
in both directions is less than 5 s, and the block can carry more
than 120 g of payload in the deployed state. The proposed system
composed of multiple origami blocks can reconfigure itself into
diverse 3-D target shapes.

Index Terms—Compliant mechanism, mechanism design,
modular robots, robotic origami.
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I. INTRODUCTION

ORIGAMI has been proved to be a unique tool for develop-
ing transformable structures in natural [1]–[4] and artifi-

cial systems [5], [6]. The simple shaping principle of origamis,
i.e., the transformation between a planar (2-D) packed shape and
a desired 3-D shape by folding and unfolding along predefined
crease lines, has been adopted in the robotics field for various
purposes. The lightweight skeletal structure enabled by origamis
is extremely advantageous to realize robotic applications in
challenging environments, such as dynamic gaits in unstruc-
tured terrains [7], wing transmission [8], jumping on water [9],
foldable arms for an unmanned aerial vehicles (UAVs) [10],
deployable robots with dual morphing [11], and multimodal
locomotion [12], [13]. Another advantage of origami structures
is the dramatic and versatile shape-changing capability without
the need for a complex assembly process. This aspect has been
exploited for various applications, such as a deployable wheel
[14], self-deployable stents [15], and foldable UAV [16]. In
addition, researchers have focused on the benefits of the simplic-
ity of origami-style fabrication as a potential means to expand
the accessibility of robotics to the public [17] and to allow the
development of self-assembly robots [18]–[20].

To fully exploit the advantages of the transformability of
origami structures, researchers attempted to develop shape-
programmable origamis. The theory of origami proves that
an infinite number of arbitrary 3-D shapes can be generated
from a 2-D template [21], [22], and various methods have been
proposed for implementing programmability, such as universal
self-folding sheets [23], [24], mechanical metamaterials [25]–
[29], Snapology [30], tessellation [31], lattice kirigamis [32],
and string origamis [33].

Although many methods to achieve programmable origami
have been reported, it has been challenging to realize active
programmable origami that can exhibit large, rapid, reversible,
and stable movement in real-world applications. Programmable
matter by folding [23] with multiple degrees of freedom (DOF)
actuation was achieved by using a distributed self-folding joint
made of a shape memory alloy (SMA) actuator. A robotic
origami module was built using conventional electric motors
to realize a small-distance and simple folding motion [34]. A
metamaterial machine was developed using fast and reversible
pneumatic actuation on hinges to provide multi-DOF transfor-
mation into various configurations [25]. Fast and reversible fold-
ing was achieved using ferromagnetic domains [35] or fluidic
channels [36]. The critical factor determining the performance of

1552-3098 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Seoul National University. Downloaded on September 13,2022 at 06:02:07 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-3839-2700
https://orcid.org/0000-0003-2555-5048
https://orcid.org/0000-0002-7739-0882
https://orcid.org/0000-0003-2555-5048
mailto:sareum@berkeley.edu
mailto:dylee@seas.harvard.edu
mailto:ghiip203@gmail.com
mailto:kjcho@snu.ac.kr
mailto:jskoh@ajou.ac.kr
http://ieeexplore.ieee.org
https://ieeexplore.ieee.org


KIM et al.: MORPHING ORIGAMI BLOCK FOR LIGHTWEIGHT RECONFIGURABLE SYSTEM 495

the active programmable origami is the limitation of the folding
actuator.

In the previous study, we proposed a fast and reversible
self-folding block array consisting of a torsional SMA wire
(TSW) actuator [37] in a conference form [38]. In these studies,
we presented the concept of a stand-alone unit of transformation
by using an overconstrained origami pattern to achieve bistabil-
ity. The discretization of the entire morphing architecture into
numerous identical morphing blocks with simple binary trans-
formation allowed high-DOF shaping control without suffering
from highly nonlinear characteristics of actuation; the torque
depends on the location and configuration of the actuator, which
was a major obstacle to achieve the target shape.

However, the presented origami blocks can only be deployed
in a 2-D plane and cannot be expanded into 3-D space direction
due to the low structural stability after transformation. Even
though the high energy density of a TSW actuator provides a high
driving force, the blocking force of the actuator is insufficient
to maintain the structure without an accompanying motion and
additional energy consumption.

In this study, we demonstrate a programmable origami ar-
chitecture with 3-D shape-changing capability and its enabling
design methodology to create desired actuation characteristics
without the need for additional actuators or components. We
present a method to systematically design active origamis based
on the cooperative scheme between the physical property of
the origami structures (structural bistability) and a low-profile
origami-compatible actuator (TSW actuator) to balance the sta-
bility and transformability of the origami mechanism. The key
strategy is to exploit the multi-DOF behavior of a flexure under
the overconstrained kinematics by understanding the behavior
of two origami components—the facet and flexure. Unlike most
of the existing origami models, which consider thin flexures
as joints with a single DOF and facets as rigid links without
deformation, we modeled both deformations and determined the
contribution of each component to the global folding deployment
of the origami composite. As a result, we can tune the bistability
by changing the lengths of the flexure so that the block can gener-
ate an additional DOF with a unique torque profile. Furthermore,
we selected an efficient actuator location by considering the
nonlinear behavior of the structure to ensure the minimization
of the required torque for the target transformation.

The proposed system demonstrated a fast and reversible mor-
phing capability with mechanical stabilization features. Each
block (see Fig. 1) is a self-contained and lightweight (6 g)
unit that can rapidly change its shape (within 5 s) with a high
deformation ratio (volume change factor of ten). Furthermore,
each block can support at least 20 and five times its own weight
in the static and transition states, respectively. The modularity
concept is proven through the development of a 3-D reconfig-
urable system with 27 morphing blocks arranged in a 3 × 3 × 3
lattice. The presented system provides a shape-programmable
architecture owing to the use of the collective binary shape
switching of the blocks into various 3-D target configurations.

II. STRUCTURE DESIGN

The morphing block structure design is inspired by the Kres-
ling origami pattern [39], which is a flat-foldable, deployable

Fig. 1. Three-dimensional programmable origami consists of a multitude of
morphing origami blocks. Blocks are identical, self-contained units that contain
folding mechanism for deployment, two pairs of self-folding actuators on the
side facets, printed circuits on the flexures, and magnet electrodes.

column. This pattern has been used as a kinematic bone struc-
ture for various transforming applications, such as deployable
columns [40] and mechanical metamaterials [41]. The triangular
facets of the Kresling pattern enable a column to be expandable
and collapsible through the simultaneous vertical and rotational
motions of the top surface, which leads to a dramatic volume
change. Such a pattern exhibits bistability owing to its geom-
etry, which can help realize coupled torsional and elongated
motion in an orthogonal manner. This bistability makes a target
configuration more stable than the other configurations that can
appear during continuous transformation and helps generate
rapid snap-through motion. Although the original pattern has
a connected column structure, each layer of the column can be
decoupled from the others, as the pattern can be transformed in
both localized and global manners. In addition, because the base
shape and footprint area of each module remain constant during
the transformation, the transforming unit is stackable.

Considering that the Kresling pattern is compatible with
any polygonal base shape, we attempted to use the simplest
pattern that can generate a unit volumetric change. The minimum
requirements of the polygonal base were as follows: 1) the
tessellated pattern can fill the plane without gaps and 2) the
height of the polyprism is equal to or larger than the side length
of a polygon (in order to allow a large volumetric change). The
simplest case of planar tessellation is an equilateral triangle.
To determine the maximum height of the polyprism for each
polygon, we plotted the vertexes on the circumscribed circle
of the polygon. The top and bottom facets were assumed to
move parallel to each other during the deployment. As shown in
Fig. 2(a), which shows the top view of the circumscribed circle,
the height is maximized as A′C passes through the center of the
circle (critical case) with only half of its side length. The second
simplest candidate that satisfies planar tessellation is a square.
As shown in Fig. 2(b), the maximum height is equal to the side
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Fig. 2. Folding pattern generation for the origami block. (a) Equilateral
triangle case and its top view in the general and critical folding cases. (b) Square
case and its top view in the general and critical folding cases.

length of the square. Therefore, we selected the square polygon
case of a Kresling pattern for the morphing block.

III. TUNING OF THE PHYSICAL CHARACTERISTICS

The key physical characteristics of the morphing block are
stability against mechanical disturbances and the presence of an
energy barrier to prevent spontaneous state transitions. To ensure
these characteristics, we used origami patterns with bistability
[42]–[44], which have inherent stability in certain configura-
tions. If the crease lines of the origami pattern are assumed as
ideal revolute joints according to the traditional origami models
[45], [46], the kinematics of the morphing block derived from
the Kresling pattern can be defined only in two states, namely,
a fully folded sheet state and a fully deployed cubic state.
Moreover, as the block moves from one state to the other, it
undergoes undefined kinematic configurations due to the extra
mobility afforded by the elastic deformation of the materials
[47]. The origami pattern of the block consists of two types of
elements made of different materials—the rigid facets and the
flexible joints (flexures) connecting the facets. The response of
each part with different stiffnesses leads to a unique physical
characteristic, which is useful for the tuning of the physical
characteristics. In this study, two geometrical factors were in-
troduced to tune the physical characteristics—the modification
of a connected pattern and the variation of the flexure lengths.
The disconnection of the faces can change the skeletal structure
of the block, which can lead to a dramatic variation in the
energy barrier according to the deformation mode. In contrast,
the use of the flexure length allows the fine-tuning of the energy
barrier.

A. Kinetic Chain Modeling (Facet Characteristic Model)

Fig. 3 shows the possible facet configurations. The top and
bottom plates are connected through multiple kinetic chains
(represented as red lines in Fig. 3). These kinetic chains in a

Fig. 3. Cases of facet separations. The number and shape of the kinetic chains
determine the possible deformation modes of the block.

closed-loop reduce the freedom of movement, thereby helping
in the realization of the desired shape transformation. However,
the quantitative examination of the physical effect of the chains
is challenging owing to their complex 3-D behavior and high
geometrical nonlinearity.

In this study, we analyzed the effects of the chains rather
than performing an exhaustive analysis of the mechanics of the
compliant material. We built a simplified truss model assuming
that the deformation of the facet is negligible compared to
the facet dimension (see Fig. 4). Each facet was modeled as
a combination of trusses (i.e., virtual linear springs), and the
deformation of each facet was represented by the compression
of the springs, which were not allowed to undergo stretching.
The deformation of the facet was quantified from the internal
energy of the structure UF , which is proportional to the sum
of the squared displacements of the facet springs; however, the
following condition had to be satisfied—the dislocation of a
connecting vertex should remain in the flexure length range. We
assumed that the structure was always deformed in the direction
leading to the minimum UF . Based on these assumptions, the
problem of obtaining the configuration of the structure can be
expressed as the following optimization problem:

minimizeUF

= kF
∑
mij

(‖mV i − mV j‖ − lFmij)
2

lFmij
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Fig. 4. Simplified model for the facet and flexure deformation. The facet is
treated as a truss structure with elasticity (only compression), and the flexure is
treated as a multiaxis rotational spring whose stiffness changes depending on
the direction of the bend.

subject to ‖ mV i − nV j‖ − lf < 0

for all the interfacet vertex pairs (m, n, i, j) (1)

where kF is the effective stiffness of the facet model, mV i is
the position vector of the ith vertex of the mth facet, lFmij is the
undeformed length of the truss connecting the ith and jth vertexes
of the mth facet, and lf is the length of the flexure. Because
the work applied to the structure had a direct impact on the
internal energy, the gradient of UF was assumed to represent the
responsive force. A vertex configuration of the block was created
by finding a configuration corresponding to the minimumUF by
using the sequential quadratic programming algorithm provided
by MATLAB, MathWorks.

Fig. 5(a) shows the response of the structure to a disturbance,
as calculated using the model, and Fig. 5(b) shows photographs
of the blocks. For each case, the resistive forces were investigated
by applying a relative displacement of 20% to the top facet in
the x-, y-, and z-directions. Case 1, which corresponds to the
original pattern without a disconnection, contains the full set of
kinetic chains, which provides a large disturbance resistance in
all directions. However, the four layers of facets between the
top and bottom facets thicken the structure when fully folded.
Case 2 involves a simple circular loop of the kinetic chains with
four side facets. Although removing the side facets solves the
interference and thickness problems, this configuration causes
undesired excessive movement, resulting in a low resistive force
against the disturbances in the x-direction. Case 3 is another
case in which the side facets are removed. Although the twisted
kinetic chain leads to a kinematic overconstraint, the structure
lacks mechanical stability as it can undergo large displacements
even with a small facet deformation. Case 4, the selected pattern,
includes half of the original kinetic chains, with three side facets

Fig. 5. (a) Responsive force against the displacements in the x, y, and z
directions. Cases 2 and 3 do not involve a resistance against the deformation
in the x-direction. (b) Photographs of the blocks showing the response of each
pattern to the external force. The presence of an insufficient resistance leads to
undesired deformation modes.

in each chain. The superposition of the kinetic chains in different
shapes leads to high resistance in all directions.

B. Flexure Characteristic Modeling

A flexure connecting a facet pair serves as a joint of an origami
structure, and it is generally expected to have a single DOF along
a predefined direction. However, in practical scenarios, a flexure
typically has additional DOFs, and thus, is important for the
transformation between stable states in the proposed structure.
Nevertheless, an exhaustive analysis of the characteristic of
flexure is challenging owing to its complex behavior. To simplify
this problem, we assumed that the flexure always has a devel-
opable surface and solely considered a relative rotation between
the facets by neglecting the relative translation allowed by the
flexure. We assumed the flexure to be a multiaxis rotational
spring with a rotational stiffness, which is a function of the
rotation vector. To derive the correlation function between the
rotation vector and rotational stiffness, we focused on the effect
of the direction of the rotation. In general, the rotation direction
vector should be aligned along the primary axis. However,
because the overconstrained condition of the structure induces
out-of-plane and twisting axis components, we assumed that this
misalignment affected the size of the bending area, resulting in
a dramatic change in the rotational stiffness of the flexure joint.

We denote the set of basis vectors of the coordinate system
of the mth facet with respect to the origin coordinate as oCm ∈
SO(3) and the rotation matrix from the basis of the mth facet to
the nth facet as mRn ∈ SO(3). Then, the rotation matrix can
be transformed into a unique rotation vector as follows:

mRn �→ mφn = (mφnx,
mφny,

mφnz) (2)
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Fig. 6. Change in the bending area as a function of the rotation direction.
(a) Bending in predefined direction. (b) Bending area reduction induced by the
φy component. (c) Bending area reduction induced by the φz component. (d)
Diagram of the effective lengths of the long (lel) and short sides (les).

where, in this study, we consider vector mRn as an indicator
of the flexure deformation (see Fig. 4). The accumulated strain
energy of the flexure was assumed as a function of the rotation
vector as

Uf =

kf∑
mn

‖mφn‖2 , kf = g ( mφn) . (3)

It is worth noting that the rotational stiffness kf is a function
of the rotation vector mφn.

The correlation function was derived under the assumption
that the flexure is inextensible, and thus, the deformed surface
remains in the developable surface; in other words, the deformed
surface can be flattened onto a plane without an axial membrane
strain. Under this assumption, we introduced the virtual solid
figure shown in Fig. 6 to describe the behavior of the flexure.
Owing to the characteristic of the developable surface, the flex-
ure can be assumed to behave as if it wraps the virtual cylinder;

then, the central axis of the cylinder becomes a rotation axis of
the flexure.

If the rotation vector has a twisting axis component φy , the
configuration of the cylinder moves, as shown in Fig. 6(b), and
reduces the deformed area of the flexure. The deformation area is
determined from the effective length le, which can be calculated
as

le = lf − lw
φy

φx
(4)

where lf and lw denote the length and width of the flexure,
respectively. The change in the rotation axis according to the
out-of-plane component φz can be described by transforming
the cylinder into a truncated cone, as shown in Fig. 6(c). The
effective lengths of the long side lel and short side les can be
defined as

lel = lf (5)

lel − les
lwφx

=
φz

φx
, les = lf − lwφz. (6)

By combining these factors, as shown in Fig. 6(d), the resul-
tant effective length can be calculated as

lel =

{
lf , if φy

φx
< φz

2

lf − lw

(
φy

φx
− φz

2

)
, otherwise

(7)

les =

{
lf − lwφz, if φy

φx
< φz

2

lf − lw

(
φy

φx
+ φz

2

)
, otherwise

. (8)

If we assume that the material has linear material property and
pure bending, the strain energy of the flexure can be expressed
as

Ufmn =
Dlw
2

∫
le

(‖ mφn‖
le

)2

ds =
Dlw
2

· 1
le
‖ mφn‖2,

kf =
Dlw
2

· 1
le
, D =

Eh3

12 (1− ν2)
(9)

where E is the Young’s modulus, h is the flexure thickness, D
is the flexural rigidity, and ν is the Poisson’s ratio. According
to (9), the rotational stiffness is inversely proportional to the
effective flexure length. By assuming the linear variation from
les to lel, the average value of the rotational stiffness can be
calculated as

kf =
Dlw
2

· 1

lel − les

∫ lel

les

1

s
ds =

Dlw
2

· ln lel − ln les
lel − les

.

(10)
From (4), (7), (8), and (10), we have

kf =

⎧⎪⎪⎨
⎪⎪⎩

D
2 · 1

φz
ln 1

1− lw
lf

φz
, if φy

φx
< φz

2

D
2 · 1

φz
ln

1− lw
lf

(
φy
φx

−φz
2

)

1− lw
lf

(
φy
φx

+φz
2

) , otherwise
. (11)

As φy or φz increases, kf approaches infinity, which is
physically impossible; this is probably caused by the nonlin-
earity of the material and buckling deformation. To prevent the
singularity in the model while maintaining the general tendency,
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Fig. 7. Facet and flexure map for the origami block.

we approximated (11) by limiting the order of the equation λ in
the series expansion form as follows:

kf =

⎧⎪⎪⎨
⎪⎪⎩

D
2 ·∑λ

n=1
1
n

(
lw
lf

)n

φn−1
z , if φy

φx
< φz

2

D
2

∑λ
n=1

1
n

(
lw
lf

)n
[(

φy
φx

+φz
2

)n
−
(

φy
φx

−φz
2

)n

φz

]
, otherwise

.

(12)
The constraint equation is derived from the kinematics of the

facet kinetic chain. Considering the rotation matrix mRn and
the position vector of the rotation point mpn, the transformation
matrix can be defined as follows:

m Tn =

[
mRn

mpn

0 1

]
∈ SE (3) . (13)

The facet map of the structure is shown in Fig. 7. Considering
the geometrical constraints of the top facet (facet 8), we obtain

C = o T1
1T2

2T3
3T8. (14)

Furthermore, from the chain loop of the facet 1-2-3-4, we
obtain

I = oT1
1 T2

2T3
3T4

4T1. (15)

Using (3), (12), (14), and (15), the realization of the config-
uration of the structure considering the flexure deformation can
be defined in the following optimization problem form:

minimize
φ∈�12

Uf =

kf∑
mn

‖ mφn‖2

subject to C − oT1
1T2

2T3
3 T8 = 0

I − oT1
1T2

2T3
3T4

4 T1 = 0. (16)

In this study, the optimization problem was solved using the
MATLAB, MathWorks optimization solver through the sequen-
tial quadratic programming method.

Fig. 8. Simulation results of estimating deformation energy. (a) Plot of defor-
mation energy UF resulting from the facet deformation with the change in the
relative flexure length. If the relative flexure length is at least 7.5%, the facet
deformation can be avoided. (b) Plot of the deformation energy UF resulting
from the flexure deformation with the change in the relative flexure length.

Fig. 8(a) presents the simulation result obtained with (1) as the
flexure length relative to the varying side length of the facet. As
the structure compresses, flexure deformation occurs; however,
when the limit is reached, the facets begin to deform as well.
Because the facets have a higher stiffness than the flexure, they
require a higher force to deform, which can also lead to the
occurrence of structural failure and delamination owing to the
accumulation of damage. Thus, we concluded that to realize the
design of the physical properties, it is desirable to avoid the facet
deformation by using the flexure deformation to pass through the
undefined kinematic configurations. The model predicts that a
relative flexure length of approximately 7.5% is the minimum
threshold to avoid the facet deformation. For a relative flexure
length of 7.5% or more, the flexure deformation model (16) was
used to simulate the behavior of the structure [see Fig. 8(b)].
The model shows that it is possible to induce bistability using
only the flexure design (without facet deformation). However, as
the relative flexure length increases, the maximum Uf decreases
drastically, which reduces the stability in the target configura-
tion. Furthermore, the minimum Uf increases, which leads to
incomplete folding in the folded state. Thus, a relative flexure
ratio closer to 7.5% leads to better performance.

C. Experiment

We conducted two experiments to evaluate the change of the
maximum deformation energy and the performance degradation
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Fig. 9. Flexure experiment setup. (a) Experimental setup with tensile tester.
(b) Origami block specimens with various flexure lengths. (c) Screenshot of
passive deformation by tensile tester.

TABLE I
PARAMETERS OF THE SIMULATION OF THE FLEXURE EFFECT

owing to repeated actuation. Five specimens were prepared with
fixed side length (50 mm) and varied relative flexure length
(5%, 7.5%, 10%, 12.5%, and 15%). In the experiment, the force
required during the whole deployment is used to measure the
deformation energy.

The experimental setup for measuring the deformation energy
is shown in Fig. 9. The block was artificially deployed by a
wire attached to the diagonal vertex at the top facet to allow the
pulling along with a torsional displacement while deploying the
unit. To validate the structural characteristics, the specimens
were made as a sandwiched origami composite with a thin
flexure (polyimide film, thickness of 12.5 μm) and facet (paper,
thickness of 100 μm) without actuators. The origami block was
pulled in the vertical direction by using a tensile tester (RB302;
Unitech) at a constant speed of 20 mm/min to transform the block
from a folded sheet to an unfolded cube. The pulling pulley was
connected to the load cell, which measured the vertical force at
a collection rate of 3 Hz (see Fig. 9).

Fig. 10(a) shows the maximum deformation energy measured
during the experiments. The plot shows a dramatic energy re-
duction at a relative flexure length of 7.5%, as predicted in the
simulation derived in Section III. The simulation results of (16)
were illustrated with the experimental results in Fig. 10(a). The
parameters of the simulation obtained from the reference and
actual geometries are presented in Table I; the estimation order
was determined from the experimental results.

Fig. 10(b) shows the degradation of the maximum deforma-
tion energy with repeated deployment. It can be seen that the
performance is drastically reduced at the relative flexure lengths
of 5%, while the performance is maintained for all the models

Fig. 10. (a) Experimental and simulation results of the energy required for
transformation; the red zone represents the facet distortion zone, which requires
large energy. (b) Degradation of the structure during repeated actuation.

with a relative flexure length of at least 7.5%. The presence of
the small flexures leads to large deformations in the facet and
consequent structural failure.

IV. ACTUATOR DESIGN AND INTEGRATION

A pair of TSW actuators [37] was embedded in the fold line
of the origami structure. These actuators could actively fold
the origami using the twisting motion of the SMA wire (see
Fig. 11) bidirectionally, as shown in Supplementary Movie. A
simple SMA wire was prestrained by twisting and each end,
which was aligned along the middle of the fold line, was fixed
to a facet, as shown in Fig. 11(a). When the wire was heated, it
twisted and generated a torque, rotating the joint [Fig. 11(b) and
(c)]. Because the SMA could be easily actuated (i.e., heated by
electricity through the wire), selective and addressable actuation
of the distributed SMA actuators could be achieved.

The design parameters of the TSW actuator were the wire
diameter (r), torsion length (L), and prestrain angle (α), as shown
in Fig. 11(a). The simplified analytical model and the properties
of SMA actuators from a previous work [49], [50] were used to
determine the design parameters. The wire diameter is directly
related to the torque and actuation frequency, and the torsion
length determines the size of the folding joint, which is propor-
tional to cube size. The prestrain angle is the maximum strain
angle and can be only adjusted by a multitude of π radian due
to geometry. Because the maximum shear strain of the SMA is
fixed, the product of the wire diameter and maximum strain angle
over the torsion length is constant. The design parameters are
determined considering the required rotation angle and torque,
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Fig. 11. TSW actuator twists to provide a restoring force, actuating the
bidirectional self-folding joint [36]. (a) Design parameters and prestraining
process of TSW wire. (b) Active folding joint triggered by heating of TSW
actuator. (c) Snapshot of active self-folding joint.

TABLE II
DESIGN PARAMETERS OF THE TSW ACTUATOR

Fig. 12. Torque generated by each TSW actuator in an antagonistic pair.
Colored area represents the net energy generated by the actuator pair when
the origami block is folding, while the dashed area represents the net energy
when unfolding.

and multiple sets of parameters exist. Table II presents the design
parameters selected for the origami block. Fig. 12 shows the
torque profile of the selected TSW actuator pair. Each actuator
is prestrained by 360◦ and if heated, rotates in the direction
of decreasing prestrain angle. The torque of the actuated TSW,
which is in the Austenite (Aus) state, should always be larger

than that of the unactuated TSW, which is in the Martensite
(Mar) state, until it reaches the target position. Folding and
unfolding actuators are set to have different torque because the
torque needed for unfolding is larger than the torque needed for
folding due to the structure’s own weight.

Owing to the highly nonlinear characteristic of the SMA,
the actuation performance of the block strongly depends on the
location of the actuators, even though they might have identical
physical properties. The overconstrained condition allows any
flexure to trigger the morphing of the entire structure; however,
each flexure requires a different torque profile. These charac-
teristics need to be considered for actuator integration. The
performance of the TSW actuator is determined by the diameter
of the wire and its length. The maximum force increases with
the wire diameter; however, the actuation period also increases
owing to the cooling time. Thus, the morphing speed decreases
as the required torque increases. Therefore, it is advantageous
to select a location that requires the minimal torque to realize a
fast repetitive actuation.

The required torque profile for each flexure is derived from
the following virtual work principle of a deformable body. The
total internal virtual work U performed by the material stress
and strain is equal to the total external virtual work

U =
∑
mn

∫
τmndθmn +

∑
k

∫
Fkdrk (17)

where τmn and θmn are the actuator’s torque and angle displace-
ment, respectively, when positioned on the flexure connecting
the mth and nth facet; Fk and rk are the structure’s internal force
and displacement, respectively, applied in the j-direction. By
assuming that the payload P in the vertical direction is the only
required force for the system, and that the actuator is attached to
the flexure connecting the mth and nth facet, the required torque
can be expressed as follows:

δU = τmn δθmn − Pδh

τmn =
δU

δθmn
+ P

δh

δθmn
= U,θmn

+ Ph,θmn
. (18)

The names of the facets and the locations of the flexure pairs
are presented in Fig. 6. For example, the F1–F2 flexure indicates
the flexure that connects facets F1 and F2. Fig. 13(a) and (b)
shows the profile of the internal energy derivative U,θ and the
block’s height derivative h,θ for each flexure as a function of
the actuation angle, from which the required torque required
is determined. The internal energy and height were determined
considering the result of the physical property design section
when the flexure ratio is 7.5%. We assumed the symmetry of
the structure so that flexure which is not plotted is identical
with other flexure plotted, e.g., F1–F2 flexure is identical with
F1–F5 flexure. In Fig. 13(a) and (b), the flexure that requires
the minimum torque is the F2–F3 flexure in the middle of the
side face. Therefore, the F2–F3 flexure and F5–F6 flexure which
was placed symmetrically were selected as the active joint to be
driven by the TSW actuator, as shown in Fig. 13(c).

Authorized licensed use limited to: Seoul National University. Downloaded on September 13,2022 at 06:02:07 UTC from IEEE Xplore.  Restrictions apply. 



502 IEEE TRANSACTIONS ON ROBOTICS, VOL. 37, NO. 2, APRIL 2021

Fig. 13. Stress–strain analysis for actuator integration. (a) Internal energy
variation as a function of the folding angle of each flexure. Large changes in the
internal energy require a large torque. (b) Height variation as a function of the
folding angle of each flexure. Rapid changes in the height require a large torque.
(c) Unfolded planar view of the origami block showing the flexures and optimal
TSW actuator mapping on the pattern.

V. DEMONSTRATION

The demonstration was performed using a single block with
a side length and mass of 50 mm and 6 g, respectively. Each
morphing took only a few seconds, and the fully deployed block
could support at least 20 times its own weight in the vertical
direction. As illustrated in Fig. 14(a) and Supplementary Movie,
the single block could transform between a 2-D flat sheet and a
3-D cubic block with the application of a constant current of 1.2
A to the module.

By stacking up the origami block in the vertical direction, we
built a three-story column with individually actuating origami

blocks, as illustrated in Fig. 14(b) and Supplementary Movie.
To overcome the stability issue during the morphing, the blocks
were developed in order from the bottom layer, and the folding
was performed in the reverse order.

Using a multilayer arrangement of these origami blocks, the
system could be expanded in a 3-D space. We built a modular
reconfigurable structure in a 3 × 3 matrix form with identical
three-story columns. As illustrated in Fig. 14(c) and Supplemen-
tary Movie, the shape of the three-layer block could be changed
through the actuation of the individual blocks by a command in
a programmable manner.

VI. DISCUSSION

In this study, we proposed a design strategy for an actuation
mechanism to complement the deficiencies of the TSW actuator
and presented an origami-based shape-programmable architec-
ture with an actuation capability that has not been achievable in
existing programmable origamis. We presented a shape-shifting
architecture as a representative application; however, the scope
of application is not necessarily limited to this form. The design
method that takes advantage of the structural characteristic can
be used in a variety of situations in which smart material-based
actuators are required owing to the size and weight limitations.
Fig. 15(a) and Supplementary Movie show a deployable gripper
as an example. The gripper can be unfolded into a deployed
state while maintaining its shape without any additional energy
owing to the inherent structural bistability. Another potential
property that we wish to highlight is the flexibility of the sys-
tem with modularization. Fig. 15(b) and Supplementary Movie
demonstrate the possibility of modularization of single block.
Each block consists of morphing hardware and magnet elec-
trodes which can deliver power and signal input. The blocks
can be assembled and disassembled to each other in the ver-
tical direction freely via embedded magnet electrodes in the
top and bottom facets. The bottom layer is connected to the
power source and transfers all the signal lines for each block.
Through modularization, blocks can be easily replaced and
rearranged.

The resolution of the system is determined by the essential
performance factors and the limitations of the proposed system.
If the system is implemented using the stacking method over
a 2-D area as in the current form, the resolution is limited by
the payload of each block, which limits the number of stackable
layers. The torque of the TSW actuator is closely related to
the maximum payload; however, increasing the wire diameter
limits the strain of the joint and lowers the actuation frequency.
Thus, the optimal actuator parameters can be determined by
considering the target system scale.

The scale effect on the structural characteristic was also found
to be an important design factor. The reduction in the side length
will lead to different results owing to nonscalable factors, such
as the adhesive force between the facets and flexure, and the
nonlinearity of the material properties. These factors should be
strongly dependent on the external environment and material
composition and need to be determined through on-site tests.
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Fig. 14. Implementation of the origami blocks and the shape-programmable architecture. (a) Single morphing origami block can change from a 2-D sheet to
3-D cubic shape within seconds for each transformation, and it exhibits structural stability at each target state. The block can support more than 20 times its own
weight without the actuator force. (b) Transformation of multilayered blocks. (c) Shape-changing performance of the 3 × 3 × 3 multiblock system, which can be
reconfigured into diverse 3-D configurations from a flat initial state.

Furthermore, because shape deformations are achieved only by
varying the height, the shape transformation flexibility of the
current system is limited. However, this aspect could be diver-
sified to multiple directions by utilizing various types of unit
blocks, thereby increasing the system transformation dimension.
In this case, the achievable force scale remains a major factor in
determining the resolution.

The reliability of the system becomes an increasingly critical
issue as the number of blocks increases to improve the resolution.
Owing to the inconsistencies in the manual fabrication process

and actuator performance, the behavior of each block may not be
uniform, resulting in a reliability problem. We anticipate that the
use of automated laminating and actuator assembly processes
can solve this problem. In addition, even though the system
does not require an accurate angle control, large-scale systems
require state feedback to achieve energy efficiency and stable
performance. The discretized movement of the system lowers the
required specification of the state sensing; therefore, the use of
simple feedback methods, such as a mechanical contact switch,
could provide sufficient state data.
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Fig. 15. Applications of morphing origami blocks. (a) Deployable gripper. (b)
Modularized origami blocks, which can be disassembled and rearranged in any
vertical sequence.
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