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Deployability, multifunctionality, and tunability are features that
can be explored in the design space of origami engineering solu-
tions. These features arise from the shape-changing capabilities
of origami assemblies, which require effective actuation for full
functionality. Current actuation strategies rely on either slow
or tethered or bulky actuators (or a combination). To broaden
applications of origami designs, we introduce an origami system
with magnetic control. We couple the geometrical and mechani-
cal properties of the bistable Kresling pattern with a magnetically
responsive material to achieve untethered and local/distributed
actuation with controllable speed, which can be as fast as a
tenth of a second with instantaneous shape locking. We show
how this strategy facilitates multimodal actuation of the mul-
ticell assemblies, in which any unit cell can be independently
folded and deployed, allowing for on-the-fly programmability.
In addition, we demonstrate how the Kresling assembly can
serve as a basis for tunable physical properties and for dig-
ital computing. The magnetic origami systems are applicable
to origami-inspired robots, morphing structures and devices,
metamaterials, and multifunctional devices with multiphysics
responses.

untethered actuation | origami | magnetic actuation | origami
computing | multifunctional systems

O rigami, the art of paper folding, has unfolded engineering
applications in various fields. We can find such applica-
tions in materials (1, 2), electrical (3), civil (4), aerospace (5,
6), and biomedical (7) engineering. Those applications take
advantage of the origami shape-changing capabilities to cre-
ate tunable, deployable, and multifunctional systems. Natu-
rally, shape-changing systems require proper actuation. Unfor-
tunately, the lack of a robust solution for shape actuation is
one of the barriers to widespread use of origami-based engi-
neering solutions. While many applications focus on mechani-
cal (8) and pneumatic (9-12) actuations, those solutions result
in bulky assemblages with excessive wiring. Although other
solutions exist, where thermo- (6, 13, 14), humidity- (15),
and pH-responsive (16) materials are adopted, the actua-
tion speed of the shape transformation is significantly limited
by the slow response rate of the materials and/or actuation
sources.

By means of origami engineering, kinematic shape change
can be synergistically integrated with mechanical instabilities
to devise functional mechanisms (12, 17-19). Such instabili-
ties may arise from nonrigid foldable patterns with an unstable
deformation path leading to a stable state, representing multi-
stability and instantaneous shape locking (2, 10). The Kresling
pattern (20) is an example of a geometrically bistable pattern
that can be spontaneously generated on a thin cylindrical shell
under axial and torsional load, displaying a natural coupling
between axial deformation and rotation. For a bistable Kres-
ling, the bistability represents an instantaneous shape locking of
the pattern in the two stable states, which are achieved either
by axial forces or torques that are superior to the energy bar-
rier between states. When composed of axially assembled N unit
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cells, the Kresling assembly can effectively accomplish tremen-
dous height shrinkage, while possessing the capability of achiev-
ing 2" independent stable states if each unit cell is actuated
locally. Because of those properties, this pattern has been used
in several applications, such as metamaterials (21, 22), robots
(8), and wave propagation media (23). However, under cur-
rently available actuation methods (e.g., motors, pressure, shape
memory polymers, and hydrogels), those Kresling structures
are limited by slow actuation or bulky wiring systems. Further,
local/distributed control requires multiple actuation sources
as well as multiple controllers, leading to increased system
complexity.

Recently, magnetic-responsive materials have emerged as a
promising alternative for shape control (24, 25), as this allows
for untethered ultrafast and controlled actuation speed, as well
as distributed actuation (26, 27). The magnetic untethered con-
trol separates the power source and controller out of the actuator
by using field-responsive materials, making applications possi-
ble at different scales (e.g., macro, micro, and nano). These
features promote magnetic actuation as an ideal solution for
origami shape transformation, as explored in this paper. Thus,
we attach magnetic-responsive plates to the Kresling unit cells
for the application of torsion to a level that triggers the bistable
state transition (Fig. 14). This torsional force is instantaneously
generated in the presence of an external magnetic field B, which
causes the plate to rotate while trying to align its programmed
magnetization M with B. For a multicell Kresling assembly, with
a magnetic plate attached on each unit cell, different magnetic
torque intensities and directions can be exerted by distinguishing
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Magnetic actuation of the Kresling pattern and assembly. (A) Kresling pattern with a magnetic plate at deployed and folded states, where 63 is

the direction of the applied magnetic field B, 6y is the direction of the plate magnetization M, and §6 is the rotation angle controlled by B. (B) Torque
required to fold the unit cell and magnetic torque versus plate rotation angle §6 at given B. (C) Contour plot of the analytical and measured results showing
whether the unit cell will switch from stable state [1] to stable state [0], depending on the direction 6z and intensity B. Dashed line represents the analytical
prediction. (D) Schematics of the magnetic actuation of a two-cell Kresling assembly. The first column represents the initial state of the unit cells, and the
other three columns show the three different stable states of the assembly after the magnetic actuation. The parameters 66, and §6, denote the rotation
angle of the bottom and top unit cells, respectively. In each column, the corner Insets represent the unit cell state after the magnetic field is removed.
Tr+ and Tr— represent the required torques to fold and deploy the unit cell, respectively. The red cross (on the third column) denotes that the rotation is
constrained by the geometry. (E) Contour plot of experimental measurements for the actuation from the [00] state to the other three states.

the magnetization directions of the magnetic plates. The unit
cells can be actuated either simultaneously or independently
by using different magnetic torques of the magnetic plates and
distinct geometric-mechanical properties of each unit cell. Fur-
ther, the magnetization directions change with the states of the
multicell assembly, allowing multimodal distributed actuation by
controlling just the magnetic field.

The remainder of this paper is organized as follows. First, we
discuss the design and actuation of the Kresling pattern using dif-
ferent strategies, and the mechanical behavior with the magnetic
actuation. Next, we provide two examples of applications of the
magnetically actuated Kresling: 1) a Kresling assembly with tun-
able mechanical property and 2) a magneto-mechano-electrical
Kresling pattern for digital computing. Then, we conclude with
final remarks.

Results and Discussion

Geometry and Magnetic Actuation. The Kresling pattern is a non-
rigid foldable origami, meaning deformation is not restricted
only to folding hinges but also involves bending and stretching
of both panels and hinges. This nonrigid behavior is what allows
for unit cell bistability. Although, theoretically, geometrically
designed Kresling unit cells present bistability, the material plays
an important role in whether or not this behavior will be observed
in the fabricated unit cell. Thus, to guarantee bistability, the
design of the pattern parameters (panel angle o, and lengths
a and b in Fig. 1D) is guided by both geometric relations (28)
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and computational mechanics simulations (29) (SI Appendix, sec-
tion 1 and Table S1). The Kresling unit cells are fabricated with
cut-relieved hinges (30); that is, we replace diagonal mountain
folds by cuts (SI Appendix, Fig. S1). In each unit cell, we add
a magnetic-responsive plate with volume V and a programmed
magnetization M, whose direction is always in the plane of the
plate. In the presence of an external magnetic field B, a mag-
netic torque T = V(M x B) is generated, which tends to align the
plate magnetization direction €5, with the magnetic field direc-
tion 6. Note that the direction of the applied magnetic field is
also in the plane of the plate, so that the induced magnetic torque
causes a rotational motion of the plate around the longitudinal
axis of the Kresling unit cell. This motion twists the unit cell by
an angle 66. Fig. 14 shows a single unit cell that folds under a
clockwise magnetic torque (Movie S1). Because the unit cell is
bistable, an energy barrier has to be overcome for the switch from
stable state [1] (deployed) to state [0] (folded). We experimen-
tally quantified this energy barrier (SI Appendix, sections 3 and
6) by obtaining the required torque to fold the unit cell (black
curve in Fig. 1B). This means that the magnetic torque has to
be both clockwise and larger than the required torque ( Tr+) for
the unit cell to fold. The magnetic torque 7" with clockwise as
the positive direction is computed as T'= BMV sin(6y — 0p),
where B is the magnetic field intensity, M is the magnetization
intensity of the magnetic plate (SI Appendix, section 7), and both
directions 6p and 6, are defined with respect to the z axis.
Taking the case with magnetization direction 63, =180° at the

PNAS | September 29,2020 | vol. 117 | no.39 | 24097

ENGINEERING


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2013292117/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013292117/-/DCSupplemental

Downloaded at Georgia Tech Library on October 23, 2020

deployed state, as an example, the Kresling pattern folds when
the provided magnetic torque is larger than the required torque
during the entire folding process (red curve in Fig. 1B with
B =20 mT and 65 =80°). Note that the magnetic torque varies
during the rotation of the magnetic plate. If the applied magnetic
torque is smaller than the required torque at any angle during
the entire folding process (blue curve in Fig. 1B with B =20
mT and 6p = 140°), the Kresling pattern will fail to achieve the
folded state and will return to the deployed state when the mag-
netic field is removed. Because of the tunability of the magnetic
field, the actuation speed can be controlled as quickly as a tenth
of a second as shown in Movie S1. Fig. 1C shows the required
actuation condition (combination of B and ) to fold the Kres-
ling from state [1] to [0] (SI Appendix, sections 4 and 8). For
the deployment of the unit cell (switching from state [0] to [1]),
a counterclockwise torque 7' < Tr— throughout the rotation is
required. SI Appendix, Fig. S11 shows the deployment process
and required actuation condition.

Distributed Actuation. Rationally designing the individual mag-
netization on each unit cell of the Kresling assembly allows a
distributed torque to be introduced along the longitudinal axis
of the assembly and under the applied magnetic field. To explain
the concept, Fig. 1 D and E shows the actuation of a two-cell
assembly with equivalent geometries (SI Appendix, section 5).
The global states are defined by a binary code [ij], with i and j
denoting the bottom and top unit cells, respectively. For exam-
ple, global state [10] corresponds to the state in which the bottom
unit cell is deployed and the top unit cell is folded. Each unit cell
behaves differently due to the different magnetization directions
of the attached magnetic plates (e.g., 0° and 90° at the folded

state [00]). By tailoring the intensity and direction of the mag-
netic field, the two-cell assembly can be precisely actuated from,
and to, any of the four stable states. In Fig. 1D, we provide the
top view of the unit cells as the assembly switches from the sta-
ble state [00] to the other three stable states under a 20 mT
magnetic field (Movie S2). Starting from the state [00], when a
20-mT magnetic field is applied at 65 = 120°, the torque gener-
ated is enough to deploy the bottom unit cell, but not the top
one, leading to a new stable state [10]. Note that the torque gen-
erated on the top unit cell is determined only by the top magnetic
plate, while the torque acting on the bottom unit cell is the vector
summation of the magnetic torques from both magnetic plates.
Thus, only the bottom unit cell can change state, rotating by §6,
making the top unit cell rotate with it by rigid body motion (i.e.,
002 = d61). Fig. 1E shows the contour plot of the magnetic field
direction and the intensity needed to keep the global state at
[00] or to switch to any of the three other stable states [10], [11],
and [01]. In ST Appendix, Fig. S12, we present the contour plots
for the actuation starting from the stable states [10], [11], and
[01], which provides guidance to achieve sequential deformations
from a specific state to the others.

Based on the concept of distributed actuation, one could the-
oretically and ideally achieve 2V stable states from a Kresling
assembly with N unit cells. This multistable assembly therefore
enables a large number of state shiftings, which can be further
explored for multifunctional applications such as tunable physi-
cal properties and logic computing that will be discussed in the
following sections.

State Shifting of Kresling Assembly. Taking advantage of dis-
tributed actuation, we explore the state shifting behavior of the
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Fig. 2. Magnetic actuation of generalized reverse creases Kresling assemblies with multiple cells. (A) Two-cell Kresling assembly with reverse creases. (B)
Sequential magnetic actuation of unit cells with reverse creases. (C) Magnetic actuation setup used to provide the 2D magnetic field. (D) Magnetic actuation

of multicell assembly with reversed creases leading to cyclic switch of states [11], [01], [00], [10], [11], ..

., etc. Each contour plot provides the set of actuation

parameters (B and 0g) needed to switch the unit cell from one stable state to the other.
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Kresling with enhanced programmability by assembling unit cells
with reverse creases. As shown in Fig. 24, the two assembled
unit cells are chiral to each other and have opposite folding
rotational direction. The orange unit cell folds under clockwise
(CW) rotation, while the blue unit cell folds under counterclock-
wise (CCW) rotation. As an example, we show, in Fig. 2B, a
four-cell Kresling assembly with chiral unit cells (blue—orange—
blue—orange) in which we can program the actuation of the achi-
ral groups (represented by same colors) to fold/deploy together.
This strategy also allows for two global actuation modes: 1)
purely rotational modes in which the change in global state
occurs without axial displacement (represented by switching
between states [1010] and [0101] in Fig. 2B) and 2) purely axial
modes in which the change in global state occurs without the
change in global rotation (for example, switching between states
[1111] and [0000] in Fig. 2B). This occurs because the rota-
tions of the pair of chiral unit cells cancel each other, leading
to no rotation between the polygonal panels in the two extremi-
ties. The distributed actuation allows us to achieve the fully and
selectively folded/deployed states even though we control the
unit cells in groups. All of the reported actuation strategies are
possible because of the local response of the magnetic plates,
assembled directly on the unit cell under the two-dimensional
(2D) magnetic field generated by the setup in Fig. 2C. The setup
consists of two pairs of coils along the Cartesian z and y direc-
tions. Inside the coil assembly, the samples are attached to an
acrylic base that kinematically restricts one of the ends, leav-
ing the other end free for any type of displacement. In Fig. 2D,
we show the contour plots with the measured actuation param-
eters (B and 6p) needed to cyclically switch states [11], [01],
[00], and [10] (Movie S3). Although some transformations can-

not be attained directly, the actuation actually closes a loop,
meaning that we can actuate the Kresling assembly to all of
the possible global stable states via the ultrafast magnetic actu-
ation method by controlling applied magnetic field intensity and
direction.

Distributed Actuation for Tunable Physical Property. The aforemen-
tioned discussion focuses on the Kresling assemblies with the
same unit cell geometry (same required torque and energy bar-
rier between stable states). Since their multicell assemblies are
capable of shifting between states under the distributed actua-
tion, we geometrically engineer the energy barriers needed to
fold/deploy each unit cell to achieve tunable physical property.
In our designs, the polygon size and type are fixed, and only the
height of the unit cell in the deployed state is changed to effec-
tively tune the required energy barrier. From those constraints,
the crease pattern parameters are computed (SI Appendix, sec-
tion 1). The increase in height relates to the increasing of the
energy barrier between states, as shown in Fig. 3 4 and B by
the experimentally measured force—displacement curves and the
computed stored energy of the unit cells under the axial com-
pression load (S Appendix, section 3). The samples are fixed at
the bottom, which restricts both rotation and axial displacement,
and are completely free at the top (Fig. 34). Because of the spe-
cific test boundary conditions (fixed—free ends), we do not obtain
(measure) negative forces. Instead, the null forces in Fig. 34 indi-
cate that the unit cell snaps and loses contact with the load cell.
Although the test gives no information about the unit cell dur-
ing the snapping process, it provides the height change between
the states of each unit cell and the stored energy prior to snap-
ping (Fig. 3B). The initial slope of the force—displacement curve
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Fig. 3. Tunable mechanical response of a multicell Kresling assembly. (A) Measured force-displacement curves for unit cells with distinct heights. Solid lines
represent the average responses, and shaded envelopes delimit maximum and minimum response ranges. Inset shows the schematic of the compression setup
with fixed—-free boundary conditions. (B) Stored energy versus axial displacement, obtained from the averaged force-displacement curves prior to snapping.
(C) Contour plot with measured and analytical (dashed lines) conditions for the magnetic actuation depending on each unit cell geometry. (D) Measured
force—displacement curve for a four-cell Kresling assembly in the stable state [1111]. (E) Tunable mechanical response of the four-cell Kresling assembly.
From multiple consecutive testing cycles, we obtain the average (columns) and maximum/minimum (error bars) stiffness of the assembly. Theoretical values

are approximated by a system of springs in series (S/ Appendix, section 3).
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can be further used to calculate the stiffness of each unit cell.
From the uniaxial compression, we obtain the required torque
needed to actuate each unit cell design (SI Appendix, section 6
and Fig. S14), which guides the parameter design of the magnetic
actuation. Fig. 3C shows the contour plots with the analytical and
experimental values for the actuation parameters. It can be seen
that actuation of the unit cells with higher energy barrier requires
larger B, meaning that we can use distinct energy barriers for
actuation, where the wide range of magnetic field intensity allows
for the local control of assemblies with a larger number of unit
cells (e.g., N > 4).

The assembly of geometrically different unit cells enables
tunable mechanical properties under the distributed magnetic
actuation. Because each unit cell presents a distinct stiffness,
we can conceptualize the assembly as springs in series and com-
pute the stiffness of the system in each one of the global states,
where the Kresling units are selectively folded/deployed. Fig. 3D
shows the experimental force—displacement curve for the four-
cell assembly. In this plot, we observe a sequential compression
of the unit cells. In the first linear region, we characterize the
stiffness K at the all-deployed state [1111]. Similarly, we charac-
terize the stiffness of the assembly at the other states and report
it in Fig. 3E together with the theoretical values (SI Appendix,
section 3). From this figure, we observe that, using the proposed
distributed actuation, we can tune the stiffness of the assembly
by switching between stable states.

Multifunctional Origami for Digital Computing. Origami systems
have recently been explored for digital computing because of
the potential applications in intelligent autonomous soft robots,
integrating the capabilities of actuation, sensing, and comput-
ing in the origami assemblies, acting as either basic logic gates

A ‘State .
1 h

Switch 0

-

(15) or integrated memory storage devices (22). The multifunc-
tional origami can eliminate the requirement of conventional
rigid electronic components and its stiffness mismatch with
compliant origami bodies. The bistable nature of the Kresling
pattern shows its potential in representing a binary system for
digital computing, introducing multifunctionality into our Kres-
ling system that goes beyond structural actuation. To develop
a multifunctional Kresling assembly, we employ a magneto-
mechano-electric device that incorporates actuation and com-
puting capabilities, which could be further extended to sense
external stimulation. The operation of the assembly is based on
the distributed actuation of the Kresling unit cells with distinct,
geometrically designed, energy barriers. By treating the applied
magnetic torque as the input signal and digitizing the resultant
mechanical states of the Kresling pattern as digital output [1]
(deployed state) or [0] (folded state), it can be regarded as a
Schmitt Trigger (Fig. 44), a basic comparator circuit to con-
vert analog input signal to a digital output signal. The higher
and lower thresholds of the “Origami Schmitt Trigger” are the
required torques (7r+ and 7r—) to change the stable state
of the unit cell (SI Appendix, section 9). In Fig. 44, blue and
green LEDs are used to represent the folded and deployed sta-
ble states, respectively. To construct the circuit, copper tape is
attached inside the unit cell to form two switches (Fig. 4B):
Switch 0 is connected to the blue LED in series, and switch 1
is connected to the green LED in parallel (Fig. 44). Starting
from the deployed state, when T > Tr+, the unit cell changes
to the folded state [0], and both switches are closed (blue paths
in Fig. 44). The green LED is short-circuited, and only the blue
LED is turned on (Fig. 4C). Now, starting from the folded state,
ifwe applya T' < Tr—, the unit cell changes to the deployed state
[1], both switches are open, and only the green LED is turned on
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Fig. 4. Origami logic circuit with LED. (A) Schematics of the electric circuit of a single unit cell, where the arrows show the current direction depending
on the state of the unit cell. If the unit cell is deployed, both switches are open, and the current follows the green arrows, turning on the green light.
Otherwise, the switches are closed, and the blue light is on. (B) Schematics showing the placement of the copper tape inside the crease pattern and folded
unit cell. (C) Schematic showing how the state of the unit cell controls whether both switches are open or closed. (D) Demonstration of the logic circuit on

a multicell pattern with unit cells with distinct energy barriers.
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(green path in Fig. 44). If the applied magnetic torque is not
enough to change the state of the Kresling pattern, the “Origami
Schmitt Trigger” remains in its state and possesses memory.
Thus, using the concept of the “Origami Schmitt Trigger,” we
design a device for three-bit information storage and display by a
three-cell magneto-mechano-electric Kresling assembly that has
three different energy barriers and controllable multimodal dis-
tributed actuation (Fig. 4D). Each unit cell is represented by two
LEDs, with lighted blue denoting the folded state. The other
colored LEDs are green, yellow, and red, whose lighted state
denotes the deployed state of the unit cell with the same color. In
this way, the state of the Kresling assembly is digitized as three-
bit information with real-time display. Fig. 4D demonstrates the
transition between the eight states in a loop by accurately con-
trolling the intensity and direction of the magnetic field (B, 05)
(Movie S4). The initial magnetization directions of the attached
magnetic plates and the circuit of the Kresling assembly circuit
are shown in SI Appendix, Table S2 and Fig. S18C, respectively.
Note that, by designing the Kresling geometries and magnetic
controlling parameters, this device can be extended to an N-
layer assembly with the capabilities of N-bit information storage
resulting from the 27 distinct states. Additionally, because of the
differently designed energy barriers in the assembly, the device
can passively sense and actively respond to the external load,
enabling an intelligent system with integrated actuation, sensing,
and computing.

Concluding Remarks

This work closes the gap existing in most origami applications
by providing an actuation solution that acts locally and remotely
on complex origami assemblies. We propose a coupling between
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Materials and Methods
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