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ABSTRACT

Kirigami can induce shape transformations in planar and nonplanar geometry by rational cut design, significantly increasing the kinematics
degree of freedom. Here, we exploit kirigami metamaterials and hard-magnetic actuation to design untethered soft robots. The kirigami soft
robot, consisting of slit perforated kirigami patterns with embedded hard-magnetic disks in each facet, exhibits modularity, scalability, and
programmable locomotion. By varying the magnetization arrays, the kirigami soft robots show diverse static and dynamic behaviors, which
are systematically studied by experiments and FEM. We demonstrate multi-module soft robots with programmable locomotion, where direc-
tional locomotion is generated by a synergistic effect and circular motion is realized by the asymmetric pattern. Active and passive environ-
mental adaptabilities and multifunctionalities are shown, including passing over gaps, active obstacle avoidance, moving over various
substrates, carrying loads, remote circuit switches, and amphibious motions by bistability. This work paves the way to design untethered soft

robots with programmable motions and multifunctionalities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155355

I. INTRODUCTION

Controllable locomotion is essential to creatures in nature for
moving, preying, and fleeing, which is equally desirable in soft robotics.
Unlike conventional rigid robots that realize motions by controlling
high-power engines and transmission systems, the programmable
locomotion of soft robots is based on functional soft materials and
structural design.'” Functional soft materials, such as shape memory
polymers, dielectric elastomers, and magnetic, responsive materials,
provide actuation under light, thermal, magnetic or external stimula-
tions.” " Among them, hard-magnetic soft materials, obtained by
embedding hard-magnetic particles (e.g, neodymium-iron-boron
alloy, NdFeB) into a soft polymeric matrix (e.g., silicone rubber,
gels),”'* could provide fast, reversible, and untethered actuation by
manipulating the external magnetic field."” '® The structural design
further improves the embodied intelligence of soft robots that converts
actuation to controllable physical motions, with no involvement of
controllers or processing units.'” **

A widely used method to program the locomotion of magnetic
soft robots is to design the magnetization profile. Varying magnetiza-
tion profiles can generate localized magnetic torques under external

magnetic fields, which cause the soft robots’ shape deformations.
Magnetic soft robots with various shape deformations and multifunc-
tionalities have been developed, such as millimeter soft robots with
multimodal locomotion on complex terrains,”” variable-stiffness
robots with reversible actuation and shape locking,” integrated multi-
functional robots with customized deformation and functions,”” and
3D-printed untethered robots with auxetic mechanical behaviors and
reconfigurable configurations.”® Computational methods have also
been developed to predict the shape change with prescribed mag-
netization profiles or inversely design the profiles according to
desired deformation.”*”*' However, this method requires com-
plex magnetization profiles and sophisticated manipulation of the
magnetic fields. Achieving accurate magnetization profiles remains
challenging due to the non-homogenized magnetic particles, fabri-
cation errors and cumbersome manufacturing processes, although
various fabrication techniques have been proposed, such as 3D
printing,”*”* jigs molding,”>”""*** lithography,”*® spraying,”’
laser reprogramming,”®*” roll-to-roll,””*’ and modular assembly
with bonding agents.”"*' Accurate manipulation of the magnetic
fields also requires exquisite equipment and skilled operations.
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Another method to realize programmable shape change is using
metamaterials, such as origami,“"15 lattice,"*"” and heterogeneous 3D
frames."*"’ Metamaterials impart exceptional properties and function-
alities that differ from and surpass those of the constituent
hard-magnetic soft materials, improving embodied intelligence and
mitigating the dependence on accurate magnetization profiles and
sophisticated magnetic control. Versatile behaviors, such as bistability,
high stretchability, and negative Poisson’s ratio, can be realized using
metamaterials even with simple magnetization profiles and magnetic
fields. For example, the bistability of Kresling origami has been
exploited to design robotic arms,*’ spinning robots,"* and crawlers."”
Voxelated three-dimensional magnetic soft machines were designed
with programmable shape morphing, negative Poisson’s ratio, and
complex stiffness distribution.*” Although several metamaterials have
been proposed to design untethered soft robots, the development of
soft robots with modularity, scalability and programmable locomotion
is still limited.

Kirigami, an ancient art of creating beautiful decorations by cut-
ting, involve strategically configured cuts to guide buckling/folding
processes by releasing the continuous constraint in the constituent
sheet material.”””' By rational cut design, kirigami can induce shape
transformations in the planar or nonplanar geometry, significantly
increasing the kinematics degree of freedom.” The kirigami facets pro-
vide platforms for embedding functional components, creating oppor-
tunities to build the next generations of soft robotics. The periodic
arrangements of the kirigami patterns further enable easy combination
of modular units. Another unique characteristic of kirigami is scalabil-
ity, indicating that kirigami soft robots of different sizes follow similar
working principles.”” Therefore, kirigami metamaterials provide a
promising way to design modular and scalable soft robots with con-
trollable locomotion.

Here, we develop an untethered kirigami soft robot consisting of
slit perforated kirigami patterns with embedded hard-magnetic disks
in each facet, which exhibits modularity, scalability and programmable
locomotion. The hard-magnetic disks provide localized magnetic actu-
ation, while the kirigami patterns provide large deformation and
diverse functions. The deformation and locomotion are studied sys-
tematically using experiments and FEM. The periodic kirigami struc-
tures further endow the untethered soft robots with modularity and
scalability. Multiple modular units are combined to improve the struc-
tural and loading capabilities, and kirigami soft robots of different sizes
are designed. We demonstrate multi-module soft robots with pro-
grammable locomotion, such as walking, crawling, flapping, swim-
ming, and swing locomotion. Direction change is realized by the phase
differences of magnetic fields, and asymmetric (AS) pattern enables
circular motion. Active and passive environmental adaptabilities and
multifunctionalities are shown, including passing over gaps, active
obstacle avoidance, moving over various substrates, carrying large
items, remote circuit switches, and amphibious motions by bistability.
This work paves the way to design untethered soft robots with pro-
grammable locomotion and multifunctionalities.

Il. DESIGN AND CONTROL OF KIRIGAMI SOFT ROBOTS
A. Structural design

The periodic kirigami pattern is shown in Fig. 1(a). A typical slit
perforated pattern is used, formed by orthogonal slit perforations with
length [ and width J. The slit perforations divide each kirigami unit
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into four squares with the ability to rotate around the hinges in-plane
and out-of-plane. Single- or multiple-module kirigami soft robots can
be designed using the periodic kirigami pattern. Four hard-magnetic
disks with identical dimensions (diameter R and thickness t) are
embedded into the center of each square with predefined orientations
[Fig. 1(b)]. The left and right sides of the soft robots are closed with a
straight beam to guarantee stability (Movie 6).

Two methods are used to fabricate the kirigami structures. The
kirigami structure can be made from silicone rubber (Smooth-On,
Inc., Ecoflex 00-50) by molding [Fig. 1(c)], while digital light process-
ing 3D printing is able to fabricate miniature kirigami structures. The
magnetic disks are fabricated by mixing 20 vol. % hard-magnetic par-
ticles (neodymium-iron-boron, NdFeB, ~5 um in size) into the sili-
cone rubber through a thorough stirring. After being magnetized
under an impulse field (~2 T), the magnetic disks possess an in-plane
magnetization M along the x-axis. When an external field B is applied,
the magnetic unit tends to align its direction with the applied field
resulting from the magnetic torque T = M x B, which deforms the
kirigami structures simultaneously due to the strong bonding. The kiri-
gami pattern enables large deformation, while the hard-magnetic disks
provide localized magnetic torque. In particular, in-plane rotation is
exhibited when a y-directional magnetic field is applied, while a z-
directional magnetic field enables out-of-plane deformation. In addi-
tion, bending and rotation deformation is superimposed under a com-
bined magnetic field B, and B; [Fig. 1(d)]. The developed kirigami soft
robots enable modular combination by virtue of the extensibility of
kirigami pattern. Figure 1(e) shows single-module and two-module
kirigami soft robots.

A local coordinate (X, Y, Z) is set along the length, width and
thickness directions of the kirigami soft robot. We set the orientation
of the magnetic disk along the positive or negative X direction for con-
venience. Depending on the orientations of the four magnetic disks, a
single-module kirigami soft robot possesses 16 different patterns (Fig.
S2), which can be divided into five categories: (i) symmetric about
both the X- and Y-axis (XYS) (ii) symmetric about X-axis only (XS)
(iii) symmetric about Y-axis only (YS) (iv) antisymmetric to the center
(ANS), and (v) asymmetric (AS) [Fig. 1(f)]. The motions of soft robots
in the same category are consistent by merely adjusting the magnetic
field. Kirigami soft robots in different categories exhibit diverse defor-
mations and motions by varying the orientation direction and applied
magnetic fields [Fig. 1(g)].

B. Static deformation

The kirigami pattern couples with the localized magnetic tor-
que to form diverse deformed shapes in a noncontact manner. We
develop a FEM method to predict the static deformation of the kiri-
gami soft robots under various magnetic fields (Fig. S3). Figure 2
shows the experimental and FEM static deformations of the five
typical single-module kirigami soft robots when applying y and z
magnetic fields. A global coordinate (x, y, z) is used. Magnetic
fields along the x, y, and z directions are denoted as =B, *+B, and
*+B,, respectively. The symbol “4+” and “—” represent magnetic
fields with positive or negative directions. Note that the kirigami
soft robots show no deformation when an x magnetic field is
applied, as the initial magnetization direction X is coincident with
the x direction (Figs. S5 and S6).
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FIG. 1. Structural design of the untethered kirigami soft robots. (a) The kirigami pattern is formed by orthogonal slit perforations with length / and width 6. The periodic pattern
enables multi-module combination. (b) The kirigami soft robots are acutated by localized magnetic torque generated from the hard-magnetic disks. (c) Typical manufacturing
procedures. (d) The kirigami pattern enables both in-plane and out-of-plane bending. (e) Multi-module soft robots can be designed by combining module units. (f) The kirigami
soft robots can be divided into five categories based on the geometries and the magnetization arrays. (g) Typical deformations of the kirigami soft robots under external mag-
netic fields.
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FIG. 2. Static deformation of the kirigami soft robots under By, (top view) and B, (front view). The kirigami soft robots exhibit diverse in-plane deformation under B, and out-of-
plane deformation under B,. The kirigami soft robots are divided into five categories: (a) symmetric about both the X- and Y-axis (XYS), (b) symmetric about X-axis only (XS),
(c) symmetric about Y-axis only (YS), (d) antisymmetric to the center (ANS) and (e) asymmetric (AS). The magnitudes of the applied field is 15mT for all the kirigami soft

robots. The corresponding FEM simulated results are given for comparison. All the scale bars are 5 mm.
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1. Magnetic actuation along the y-axis

We can observe that all five kirigami soft robots exhibit in-plane
deformations under =B,. The XYS soft robot behaves as a tweezer
with the upper and lower halves alternately open and closed. When
+B, is applied, its left half rotates clockwise while the right half rotates
counterclockwise owing to the bilateral symmetric orientations, form-
ing a close upper half and an open lower half. The opening position
reverses when -B,, is applied. The opening angle is around 31° when
the magnetic field intensity is 15 mT.

For the XS soft robot, the orientations of the four magnetic disks
are the same. Therefore, it shows a rigid body rotation with negligible
local deformation. When +B, is applied, the same clockwise moments
are generated on all four cylinders, generating a clockwise rigid body
rotation. Similarly, a counterclockwise rigid body rotation is shown
when -B,, is applied. The rotation angle is around 52° when the mag-
netic field intensity is 15mT. As the YS soft robot is symmetry about
the Y-axis and asymmetric about the X-axis, the adjacent facets are
subjected to magnetic torques in opposite directions. Hence, the adja-
cent facets rotate around the shared joints in the opposite direction.
All the facets rotate away from each other when +B,, is applied, and
the soft robot spreads out. In contrast, all the facets rotate inward
when -B,, is applied. A ~35% elongation in the x direction with a 48°
opening angle along the y-axis is observed when B, = 15 mT.

No apparent deformation can be observed on the ANS soft robot
when B, is applied. As the ANS soft robot is antisymmetric about the
central point, the magnetic torques on the hinges are counteracted,
and all the hinges are locked. Due to the asymmetric magnetization
array in the AS soft robot, unbalanced moments are generated.
Therefore, the overall deformation consists of a local deformation
superimposed on a rigid body rotation. When +B,, is applied, the tor-
que on the top-left facet is in the counterclockwise direction, while the
torques on the other three facets are in the clockwise direction. The AS
soft robot rotates clockwise. In addition, the upper part opens as the
two upper torques are in the opposite direction, while the lower part
closes.

2. Magnetic actuation along z-axis

Unlike the in-plane deformation under B,, the kirigami soft
robots exhibit out-of-plane deformations under B,. B, drives the facets
to align their magnetization along the z direction by out-of-plane rota-
tions. Distinct bending configurations are predicted by designing the
magnetization array (the last two columns in Fig. 2).

When +B, is applied to the XYS kirigami soft robot, moments
with +y direction are generated on the left facets and with —y direc-
tion on the right facets. The left and right boundaries of the soft robot
tend to bend upward, leading to a V-shaped deformation. When —B,
is applied, the torques’ direction is reversed, and the center of the kiri-
gami soft robot pops up. As the magnetic disks’ magnetizations are
identical in the XS soft robot, it bends as a whole under B,. Specially,
the left part lifts by 18 mm when B, = 15mT.

The neighboring facets in the YS soft robot exhibit opposite rota-
tions due to the opposite magnetizations. The front and back halves
are raised in an inverted “V” shape and sank in a V shape alternatively
under =B, similar to walking in place. The ANS kirigami soft robot
exhibits an antisymmetric deformation, while the AS soft robot shows
an asymmetric shape. The top-left facet of the AS soft robot remains

ARTICLE pubs.aip.org/aip/are

on the ground, while the other three facets pop up by about half its
body length when -B, =15mT. This asymmetric deformation results
in a circular motion when a periodic z magnetic field is applied.

C. Dynamic motions

Multimodal dynamic motions can be generated by taking advan-
tage of the diverse static deformed shapes. Although the deformed
shapes are symmetric under a single periodic B, or B, we demonstrate
a synergistic effect when combined B, and B, are applied due to the
structural design, which drives the directional locomotion. The
motions of the single-module kirigami soft robots under combined
actuation are studied (Movie 1). Periodic square waves with 2 Hz fre-
quency are applied. Zero and n phase differences are used.

Figure 3(a) shows the motion of the XYS kirigami soft robots
under combined B, and B,. We first plot the FEM simulated energy
evolution in a period. Figure 3(a-ii) plots the potential energy of a XYS
kirigami soft robot as the applied magnetic field changes continuously
from —15 to 15mT. Single B,, B., or a combined B, and B, are used.
The potential energy includes the stored strain energy, work done by
the magnetic fields and contact, and dissipation due to friction. Note
that kinematic energy is not included as the FEM simulation is static.
We can observe that the energy is symmetric when a single B, or B, is
applied, indicating symmetric motions in their original position. On
the contrary, the energy is asymmetric when a combined field is
applied, implying that part of the energy is converted to kinematic
energy, which causes directional locomotion. The insight into energy
evolution suggests a feasible strategy for programming the locomotion
of the kirigami soft robots.

Experiments are then conducted. Results show that the soft robot
moves toward the + y direction when the phase difference is 0 and
toward the —y direction when the phase difference is 7. The direc-
tional locomotion results from a synergistic effect when a combined B,
and B, are applied, as a single periodic B, or B, generates only sym-
metric motions in its original position (Movie 2). Figure 3(a-iii) shows
the trajectory of the bottom center hinge marked by blue dots, and
Fig. 3(a-iv) shows experimental and FEM deformed shapes under neg-
ative (Mode 1) and positive (Mode 2) B, and B_, respectively. We can
observe that the states are the combined states by applying B, (alter-
nating tweezer) and B, (alternating V shape) separately.

The directional locomotion mechanism is illustrated. When the
fields change from negative (Mode 1) to positive (Mode 2), the bottom
center hinge drops vertically and immediately. As the fields change from
positive (Mode 2) to negative (Mode 1), the two side hinges touch the
ground and act as pivots. The XYS kirigami soft robot then moves for-
ward due to the shape change. By applying a periodic oscillating field,
the soft robot moves forward continuously. The soft robot moves
50mm in 9s, indicating a speed of 5.5mm/s. The kirigami soft robot
moves backward when the phase differences is 7 with a similar mecha-
nism (Fig. S8). Similarly, the YS kirigami soft robots move toward the
+y direction with a speed of 7.4 mm/s when the phase difference is 0
and toward the —y direction when the phase difference is 7 [Fig. 3(b)].

Another synergetic effect can be observed on the XS kirigami soft
robot when a combined B, and B, magnetic field is applied. Swings in
place are observed when a periodic B, is applied individually, while no
movement shows when applying a periodic B, alone. However, when
a combined B, and B, magnetic field is applied, the kirigami soft robot
swings in deterministic directions. It swings to the +x direction when
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FIG. 3. Dynamic locomotion of the kirigami soft robots. (a) and (b) shows the directional locomotion of the XYS and YS kirigami soft robot under combined B, and B,. (c) shows
the swing motion of a XS kirigami soft robot under combined B, and B,. Magnetic fields with periodic square wave at a frequency of 2 Hz are used. (i) shows the applied mag-
netic fields. (i) shows that the FEM simulated energy evolutions under single or combined magnetic fields. The asymmetric energy under combined magnetic fields indicates
that a synergistic effect is generated. (iii) and (iv) show the locomotion and deformation of the soft robots at various times. The FEM simulated results are given for comparison.
All the scale bars are 5 mm.
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the phase difference is 0 [Fig. 3(c)] and to the —x direction when the
phase difference is 7 [Fig. S8(c)]. The moving speed is 7.9 mm/s under
a square-wave magnetic field with an intensity of 72mT and a fre-
quency of 2 Hz.

Figure 3(c-ii) plots the energy evolution under various magnetic
fields. The dependence of the energy on the magnetic field is symmet-
ric when B, or B, is applied alone, while it is asymmetric when com-
bined B, and B, are applied. The energy difference leads to the
directional swing in Fig. 3(c-iii). Figure 3(c-iv) shows the swing mecha-
nisms. When positive B, and B, are applied, moments are generated
on the cylinder disks, which lifts the left side of the soft robots (Mode
1). In contrast, the right side is lifted (Mode 2) when a negative B, and
B, is applied. We can observe clearly that the angle between the mag-
netization and the magnetic field direction in Mode 1 is more signifi-
cant than in Mode 2, implying a larger moment in Mode 1, which
causes the jumping toward the + x direction. The mechanism of mov-
ing left when the phase difference is 7 can be illustrated similarly.

D. Application prospects

The kirigami patterns and the untethered localized magnetic tor-
que enable the dexterous and diverse motions of the kirigami soft
robots, showing promising application prospects. The periodic kiri-
gami patterns enable the soft robots’ modular combination, which
could provide structural and capacity advantages. Another unique
characteristic of kirigami is scalability. Kirigami soft robots of different
sizes follow similar working principles. The orientation change of the
kirigami soft robots leads to distinct motions, which provide active
adaptability when navigating in unstructured environments. We also
demonstrate multifunctionalities such as carrying loads, remote
switches, removing obstacles, circular locomotion and multimodal
motions by bistability.

1. Modularity and scalability

The periodic kirigami pattern enables the modular combina-
tion of the soft robot. Multi-modular soft robots can be fabricated
by repeating the kirigami patterns, which can enhance the robust-
ness of kirigami soft robots in different working scenarios and ful-
fill unachievable tasks for a single-module soft robot, such as larger
output force and more stable locomotion. Figures 4(a-i) and 4(a-ii)
exhibit single-, two-, and three-module YS kirigami soft robots
under *+B,. All the three kirigami soft robots show expansion or
contraction deformations.

Figure 4(a-iii) shows the expansion and contraction of single-
module YS kirigami soft robots with three different sizes (L =14, 26,
and 53 mm). We can observe that the three kirigami soft robots are
scalable and follow the same deformation principles (Movie 3). The
two larger soft robots are fabricated using molding, while the matrix of
the smallest one is 3D printed. Therefore, the design framework of the
kirigami soft robot is not confined to specific manufacturing methods
or particular feature sizes. Such scalability opens up a broad appeal in
environments with different scales, such as in medical or industrial
settings.

Figure 4(b) shows XYS kirigami soft robots pushing a large cylin-
der (diameter is 30 mm, weight is 3.5 g) under a combined periodic B,
and B,. The FEM-simulated deformed shapes are shown in Figs. 4(b-1)
and 4(b-ii). The cylinder hardly moves as the output force of the
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single-module soft robot is small [Fig. 4(b-iii)]. By combining two XYS
modules, the output force is significantly improved, and the cylinder is
moved fast and steady [Fig. 4(b-iv)]. In addition to the output force,
the multi-modular soft robots also exhibit structural advantages. For
example, Figs. 4(c) and 4(d) show single- and three-module soft robots
cross gaps. YS magnetization pattern is chosen. A combined periodic
B, and B, is used. The single-module soft robot can move over a
narrow gap (~9mm). In contrast, the three-module soft robot can
cross a bridge with a larger gap up to a module’s body length
(~20mm). Therefore, we can use the periodic kirigami structure to
modularly combine magnetic soft robots with improved mechanical
performances.

2. Active and passive environmental adaptability

The kirigami design improves the embodied intelligence of the
soft robots, providing superior active and passive environmental
adaptabilities. The kirigami soft robots’ locomotion depends on the
angle between the magnetization and the applied magnetic field, which
may change during motion. The angle change then leads to locomo-
tion behavior change, even under an unchanged magnetic field. This
property could provide active adaptability in unstructured environ-
ments, which is rarely found in existing soft robots.

We take a two-module XYS kirigami soft robot with different
magnetic content as an example. The magnetic content of the cylinder
disks of the left module is 20 vol. %, while that of the right module is
10vol. % [Fig. 5(a-i)]. We first study the locomotion under a
periodic magnetic actuation B,. Both FEM [Fig. 5(a-ii)] and experiments
[Fig. 5(a-iii)] show that the soft robot exhibits an alternating M and W
shape. The non-homogeneous magnetic contents lead to directional
locomotion. When B, is positive, the left side bends higher due to the
large magnetic contents. Therefore, a large elastic energy is stored in the
left part. When B, is reversed, the stored elastic energy is released, and
the kirigami soft robots crawl toward the right. The locomotion behavior
of the soft robot under B, alone is investigated next [Fig. 5(b)]. As the
left module’s magnetic content is larger, the left module expands more
than the right module. The non-homogeneous deformation breaks the
symmetric and drives the soft robot to rotate anticlockwise (Movie 4).

The different locomotion modes under B, or B, can be used in
active obstacle avoidance [Fig. 5(c)]. A combined B, and B, with the
same phase is applied. When the soft robot encounters a cylindrical
obstacle, it rotates around the obstacle with an anticlockwise rotation
[similar to the behaviors in Fig. 5(b)]. During the rotation, the soft
robot’s orientation changes, which induces behavior change. When the
rotation angle is 90°, the soft robot crawls forward [similar to the
behaviors in Fig. 5(a-iii)] and the soft robot moves away from the
obstacle instead of keeping rotating around the cylinder. Note that the
external magnetic field remains the same during the whole process.
The change in locomotion behaviors results from the orientation
change in motion, which is a type of active environmental adaptability.

The kirigami soft robots also exhibit strong passive environmen-
tal adaptability. Figure 5(d) shows a two-module YS soft robot moving
over various substrates and climbing on a slope. A combined B, or B,
with the same phase is applied, which drives the soft robot to move
toward the + y direction. Four substrates are tested: plastic bubble
wrap, TPU-coated cotton fabric, spandex fabric and sanding paper
[Fig. 5(d-iii)]. The moving speeds are 11.0, 10.2, 10.2, and 10.1 mm/s,
respectively. It shows that the soft robots can adapt to various
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FIG. 4. Modularity and scalability of the soft robots. (a) show the modularity and scalability of the kirigami soft robots. YS modules are used. (b) The multi-module soft robot
exhibits a larger output force. A single-module XYS soft robot cannot move a large cylinder. By combining two XYS modules, the output force is significantly improved and the
cylinder is moved fast and steady. (c) and (d) A single-module YS kirigami soft robot can move over a gap of 9 mm, while a three-module YS kirigami soft robot can move along
two bridges with a larger gap of 20 mm. The FEM simulated deformations are given. All the scale bars are 10 mm.
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substrates without much decrease in speed. Climbing slope tests are
also conducted. The climbing speed is 4 mm/s when the slope angle is
17° [Fig. 5(d-iv)] (Movie 4).

3. Loading carrying and remote circuit

We demonstrate multi-module kirigami soft robots with the abil-
ity to carry a large object, act as a remote circuit switch and remove
obstacles on a slope.

As already mentioned in Figs. 2(c) and 4(c), the YS soft robot can
form V and inverted V shapes, which is suitable for carrying large
objects. Figure 6(a) shows that a two-module YS soft robot can carry a
large lattice and move at a speed of 6 mm/s. Load capacity is critical
for soft robots to perform transportation in unstructured environment.
In addition, a simple circuit is designed in Fig. 6(b). The XS kirigami

(a) Carrying test
S+YS
D “.M,,k

—_ — —>
“«— —> — —

40 mm

ARTICLE pubs.aip.org/aip/are

soft robot behaves as a remote circuit switch by virtue of its large out-
of-plane bending deformation. A conductive wire is attached to the
right side of the soft robot. The soft robot stays on the ground initially,
and bends and connects the circuit when a negative B, is applied. The
LED device is thus lit on (Movie 5). The robots™ ability to remotely
control the large deformation facilitates the connection or repair of cir-
cuits in limited spaces.

In addition, multiple modules with different types can be com-
bined to achieve coupled motion. For instance, a two-module soft
robot composed of XYS and YS modules is designed [Fig. 6(c)]. The
two-module soft robot moves from the left-bottom to the right-top
corner under a combined B, and B.. As shown in Figs. 3(a) and 3(b),
both XYS and YS modules move forward under combined B, and B..
The out-of-plane deflection in XYS module is larger than that in YS
module, which drives the two-module soft robot to move in the right
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FIG. 6. Multifunctionalities of the kirigami soft robot. (a) A two-module YS soft robot can carry a large lattice and move at a speed of 6 mm/s. (b) The bending deformation of a
two-module XS kirigami soft robot can be employed as a remote circuit switch, which lights a LED device upon —B, = 15mT. (c) Remove obstacles from the slope. A XYS-YS
two-module soft robot can climb and remove a stellate obstacle on a slope with an angle of 10°. (d) A two-module AS soft robot shows a circular motion under a periodic B,.

All the scale bars are 10 mm.
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direction. Therefore, the two-module soft robot moves in the front and
right direction simultaneously. In addition to directional motion, the
two-module soft robots also possess large force output capability. A
stellate obstacle is removed by the soft robot when moving on a slope
of 10°.

4. Circular motion

Circular locomotion is challenging for magnetic-driven soft
robots, as the orientation of the soft robots changes with the locomo-
tion, which may change the applied torque. Therefore, sophisticated
magnetic field control is generally required. The AS module shows an
eccentric flapping under B, by virtue of the asymmetric magnetization
array, which forms a local forward and lateral driving force. Here, a
two-module AS soft robot is demonstrated with circular locomotion.
B, with an intensity of 15 mT and a frequency of 2 Hz is used. The soft
robot shows a circular motion with a radius of 25mm in Fig. 6(d). As
B, is always perpendicular to the magnetization array, the local for-
ward and lateral driving force does not change with the soft robot’s
motions. Using the kirigami design, sophisticated magnetic field con-
trol is avoided to achieve a 360° turning,

We have designed a single-module YS kirigami soft robot that
can move along a closed path using circular and straight motions
(Movie 9). The YS kirigami soft robot can realize stable locomotion
along straight lines under a combined B, and B.. The magnetization
orientation of the disks is shown in Fig. 7(a). The orientation angle is
not zero. Therefore, the net magnetization of the four disks is not zero,
which enables easy rotation.

The YS kirigami soft robot first moves toward the positive y-axis
under a combined B, and B,. The soft robot rotates 90° clockwise
when a single B, is applied due to the non-zero combined

Magnetization
pattern

Original
state
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magnetization. After this, the robot moves along the positive x-axis
under a combined B, and B,. Subsequently, a —B,, is applied, and the
robot clockwise rotates 90°. The robot moves toward the negative y-
axis upon a combined -B, and —B.,. After that, the soft robot rotates
90° counterclockwise again under a B,. Finally, the robot moves along
the negative x-axis under a combined —B, and B, until it returns to
the starting point. The soft robot can rotate to any angle by applying a
combined B, and B,.

5. Amphibious soft robots by bistability

The kirigami soft robot may exhibit bistability by rationally
choosing the geometric parameters and magnetization directions.
Here we demonstrate that the bistability of the kirigami soft robot can
be employed for mode change. When a positive B, magnetic field is
applied, the magnetic disks of a YS kirigami soft robot rotates around
the hinges, and the kirigami structure transits to another stable state
[Figs. 8(a) and 8(b)]. Using the bistability property, we have designed
an amphibious soft robot. A lighter EVA (ethylene vinyl acetate) mate-
rial is used for the base of soft robots, and it can float on the water.
Two paddles are attached below the two left magnetic disks. As shown
in Fig. 8(c), the kirigami soft robot moves from the ground to the water
environment under a combined square-wave B, and B, magnetic field.
When the soft robot enters the pool, a positive B, magnetic field is
applied, and the kirigami structure transits to another stable state. The
paddles also rotate to the suitable position along with the rotation of
the magnetic disks. When a combined square-wave B, and B, super-
imposed on the constant B,, the two paddles alternative sink and drive
the kirigami soft robot to swim. The kirigami soft robot swims toward
the + y direction when the phase difference between B, and B is 0,
while it swims toward the - y direction when the phase difference is .

15 mT

FIG. 7. The YS soft robot can move along a closed path using circular and straight motions. The soft robot moves straightly from the original position (a) to position (b), and
then clockwise rotates at position (c), following a straight movement (d) and a clockwise rotation (€), and it continues to move straightly (f) and then counterclockwise rotates at
position (g). Finally, it returns to the starting point with a straight movement (h). The scale bar is 10 mm.
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FIG. 8. Amphibious soft robots by bistability. (a) Design of the kirigami soft robot. (b) The soft robot transits to another stable state under a B,. (c) The locomotion and swim-
ming motion of a bistable YS kirigami soft robot under combined magnetic actuation of By, B, and B,. The scale bar is 10 mm.

The detailed magnitudes and directions of the applied magnetic fields
are shown in the Movie 7.

6. Swimming and rolling locomotion

The kirigami soft robot can exhibit non-planar locomotion, such
as swimming and rolling motions. From the front view of Fig. 2(a), the
XYS kirigami soft robot exhibits a non-planar deformation. We have
exploited this non-planar deformation for swimming motions (Movie
7). Figure 9 shows the motion of a XYS kirigami soft robot with two
thin wings attached to both ends under a square-wave magnetic field
B.. The wings are made from PET films. We can observe that the kiri-
gami soft robot can swim upward along the z direction. The XS soft

robot shows rolling locomotion by applying a combined B, and B,
(Fig. S10 and Movie 11).

7. Interaction between soft robots

The interaction between robots is complex but critical for con-
trolling programmable locomotion. We have conducted interaction
experiments for the kirigami soft robots (Fig. 10 and Movie 8). As
shown in Fig. 10(a), two kirigami soft robots with XS and YS are
placed in the workspace. Under a combined B, and B, square wave
magnetic field, the horizontally placed YS soft robot moves in the right
direction while the vertically placed XS soft robot rolls. We can observe
that the XS soft robot rolls over the YS soft robots. Next, the
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FIG. 9. Swimming motion along z-axis of
a XYS kirigami soft robots under a
square-wave magnetic field B,. Two thin
wings made from PET film are attached at
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FIG. 10. The interactions between two kirigami soft robots. (a) The interaction between XS and YS soft robots by rolling over. The interaction of XYS and YS soft robots from
(b) center and (c) corner directions. All the scale bars are 10 mm.
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interaction between XYS and YS soft robots is studied. When a com-
bined B, and B, square wave magnetic field is applied, the horizontally
placed YS soft robot moves toward the + y direction, while the verti-
cally placed XYS soft robot remains at its initial position [Fig. 10(b-i)].
When the two soft robots contact at the workspace’s center, the YS
soft robot almost stops [Fig. 10(b-ii)]. When a combined B, and B,
square wave magnetic field is applied, the XYS soft robot can move in
the —x direction [Fig. 10(b-iii)]. After that, the YS soft robot continues
to move in the +y direction when the magnetic field shifts to a com-
bined square-wave B, and B, [Fig. 10(b-iv)]. If the YS soft robot con-
tacts the XYS soft robot from the left-bottom corner, the interaction
force will change the orientation of both soft robots [Fig. 10(c)]. The
YS soft robot will then move due to the change in the magnetization
orientations. Hence, both soft robots will move toward the right-top
direction.

8. Kirigami soft robots with different cutting patterns

Kirigami offers an incredibly diverse range of patterns due to the
infinite possibilities of various cuts and provides promising functions.
Here we explore the behaviors of soft robots with other types of kirigami
patterns (Movie 10). The cutting pattern in Fig. 11(a) is based on motifs

ARTICLE pubs.aip.org/aip/are

found in the twin tomb towers located in western Iran.” It contains
four square plates, each connected by four hinges. The location and
magnetization directions of the magnetic disks are shown. The applied
magnetic field is shown in the second column. The experimental snap-
shots demonstrate that the soft robot moves toward the +y direction.

Another kirigami pattern is the triangular kirigami, which con-
tains six triangular plates [Fig. 11(b)]. Hinges link the adjacent plates.
All the magnetization directions are set along the positive or negative x
direction. When a B, magnetic field is applied, each triangular plane
forms a clockwise/counterclockwise rotation around the hinges, which
shows an alternative expansion and contraction with large volume
change. We have also varied the aspect ratio of the simple slit perfora-
tion kirigami pattern [Fig. 11(c)]. The XS kirigami pattern is used. The
experimental snapshots demonstrate that the soft robot moves toward
the +y direction under a combined B, and B_, similar to the normal
XS kirigami soft robot.

lll. DISCUSSION
A. Geometry of the magnetic units

To ensure the alignment of the magnetization direction, we draw a
mark on the magnetic disk before magnetization. After magnetization,

. -B,

Vb,

17 mT

P\ N p5
e \ e

17 mT 17 mT

05
Time (s)

FIG. 11. Locomotion of kirigami soft robots with different cutting patterns. (a) The kirigami soft robot moves toward the +Y direction under a combined B, and B,. (b)
Triangular kirigaimi soft robot shows alternative expansion and contraction with large volume change. (c) The locomotion of a XS kirigami soft robot with a different aspect ratio.

All the scale bars are 10 mm.

Appl. Phys. Rev. 10, 041405 (2023); doi: 10.1063/5.0155355
Published under an exclusive license by AIP Publishing

10, 041405-14

S2:0¥'Z| €20T 1890100 €2


pubs.aip.org/aip/are

Applied Physics Reviews

we carefully aligned the marker to the desired directions. Another
method to guarantee the magnetization direction is to change the geom-
etry of the magnetic units from circular to square because the circle is
symmetric to any line across the center. We have conducted experi-
ments with kirigami soft robots with magnetic blocks. A XYS soft robot
with four kirigami blocks was fabricated, and the locomotion under a
combined square-wave B, and B, was tested (Fig. 12 and Movie 12).
Results show that the kirigami soft robot with magnetic block walks
more stable than those with magnetic disk. The trajectory is also almost
straight.

B. Advantages of metamaterials in magnetic actuation

Magnetic actuation has superior advantages for fast and unteth-
ered actuation. Achieving programmable deformation often requires
meticulous design of internal magnetization profile and external mag-
netic fields, imposing significant requirements on the magnetic robots’
manufacturing and control. Metamaterial-based magnetic soft robots
not only retain the advantages of immediate, remote, and reversible
actuations found in hard-magnetic soft materials but also encompass
the versatile attributes of metamaterials, such as shape morphing, aux-
etics and wave manipulation. Lattice and origami metamaterials have
been widely combined with hard-magnetic soft materials to realize
multifunctionality. For instance, integrating lattice metamaterials with
hard-magnetic soft materials has enabled untethered revisable defor-
mations, shape-locking,” and tunable stiffness and acoustic bandg-
aps.”” Similarly, origami metamaterials have been combined with hard
magnetic soft materials to realize multimodal deformation,”*” tunable
physical properties for digital computing”” and medicine delivery."'

In this study, we have combined the kirigami structure with
hard-magnetic soft material to achieve stable locomotion, multifunc-
tionality, and multimodal motions by virtue of the shape morphing
and bistability of the kirigami structures. (i) Stable locomotion:
Traditional soft robots rely on deformed configurations for motion,

(@) xvs (b) xvs

FIG. 12. The directional locomotion of the XYS kirigami soft robot with square mag-
netic units under a combined B, and B, with (a) zero phase difference and (b) =
phase difference. All the scale bars are 10 mm.
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necessitating the precise design of internal magnetization profiles and
external magnetic fields. Minor errors can lead to substantial devia-
tions. In contrast, the kirigami soft robot employs mode transitions for
locomotion, significantly reducing the dependence on internal magne-
tization profiles and external magnetic fields, thereby promoting stable
movement. (ii) Multimodal motions: The kirigami structures may
exhibit bistability by rational adjusting the geometric parameters, facil-
itating multimodal motions. We have incorporated bistability experi-
ments to demonstrate that an amphibious kirigami soft robot can
navigate on the ground and then transition to another stable state for
underwater propulsion. (iii) Multifunctionality: The programmable
3D morphing also enables various functions, such as load-bearing and
swimming via transitions between V and inverted V shapes and
remote circuit through substantial out-of-plane bending.

IV. CONCLUSION

In this work, we develop an untethered kirigami soft robot con-
sisting of slit perforated kirigami patterns with embedded hard-
magnetic disks in each facet, which exhibits modularity, scalability and
programmable locomotion. The hard-magnetic disks provide localized
magnetic actuation, while the kirigami patterns provide large deforma-
tion and diverse functions. The kirigami patterns can induce both in-
plane and out-of-plane shape transformations, significantly increasing
the kinematics degree of freedom. The periodic arrangements of the
kirigami patterns further enable easy combination of modular units.
The kirigami structure also provides scalability, and kirigami soft
robots with different sizes follow similar working principles.

The behaviors under static magnetic fields are studied systemati-
cally by combining experiments and FEM, which enables the explora-
tion of the dynamic motions under oscillating magnetic fields. By
controlling the magnetization arrays and the applied magnetic fields,
we demonstrate multi-module soft robots with walking, crawling, flap-
ping, and swing locomotion. Direction change is realized by the phase
differences of magnetic fields, and asymmetric pattern enables circular
motion. The soft robot also possesses superior active and passive envi-
ronmental adaptability, such as crossing gaps, moving over various
substrates and climbing slopes. In particular, we demonstrate a two-
module soft robot with active adaptivity when encountering an obsta-
cle, which changes the locomotion type and directions under the same
applied magnetic field. We also demonstrate multifunctionalities, such
as carrying large objects, acting as a remote circuit switch, removing
obstacles on the slope and turning circularly. This work paves the way
to design kirigami soft robots with programmable motions and
multifunctionalities.

V. EXPERIMENTAL METHODS
A. Fabrications

The kirigami structure is made of silicone rubber (Smooth-On,
Inc., Ecoflex 00-50). The shear modulus of the silicone rubber is
~50kPa. The magnetic disks are fabricated by mixing 20 vol. % hard-
magnetic particles (neodymium-iron-boron, NdFeB, ~ 5 um in size)
into the silicone rubber through a complete stirring. After being mag-
netized under an impulse field (~2 T), the magnetic disks possess an
in-plane magnetization M. For a typical assembly process of the
single-module kirigami soft robot, four hard-magnetic disks with iden-
tical dimensions (diameter d=6mm, thickness f=2.5mm) are
embedded into the center of each square with predefined orientations.
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The length L, width W, and thickness H are 26, 18, and 3 mm, respec-
tively. A homemade DLP 3D printer is used to fabricate the miniature
kirigami soft robots. The multi-module soft robots are made by molds
with multiple unit patterns.

B. Finite element simulation

We conduct finite element analysis to investigate the deformation
of kirigami soft robots using a commercially available finite-element
software Abaqus 2021 (Dassault Systemes, France). The geometric pat-
terns are the same as used in the experiments. Each kirigami soft robot
model consists of two parts: silicone base and magnetic disks. The
magnetic disks’ sets are created by cell partition. A static step is created
with the initial incrementation of 0.1 and the minimum incrementa-
tion of 1 x 10~ °. The Nlgeom is on for geometric nonlinearities. A
general surface interaction with a linear contact stiffness 1 x 10° for
the normal surface behavior and a friction factor 0.3 for the tangential
interaction are used for all exterior surfaces, while the interaction
between the robots and motion platform is regarded as frictionless.
The magnetic field is applied using a predefined field with four varia-
bles. The four variables are the three direction vectors and the magni-
tude of the applied magnetic fields.

A user-defined element subroutine developed by Zhao et al*** is
used to predict the magnetically actuated deformation of the kirigami
soft robots. This subroutine employs a neo-Hookean energy function
with coupled Helmholtz potential to explicate the nonlinear deformation
of magnetic structures. The unit direction vector and magnitude of the
applied magnetic fields are defined as the initial input parameters. The
materials’ shear modulus and magnetization profiles are set according to
the experimental material properties of the kirigami soft robots.

In the simulation, the gravity effect is considered as a body force
with an acceleration of 9.8 m/s%. The initial shear modulus = 100 and
200kPa are used for the silicone base and magnetic disks, respectively.
The bulk modulus is chosen to be 1000 times the shear modulus to
approximate the incompressibility. The magnetization intensity of mag-
netic disks is experimentally measured to be M= 110kA/m. Owing to
the magnetization of each magnetic disks is aligned with x-axis, the
directional vector of magnetization profiles only switches between +1
and —1 in the x-direction. We employ a user-defined eight-node brick,
linear elements in the FEA model. The actuation loading amplitude is
defined to linearly increase from 0 to 1 during the timespan of magnetic
actuation step. A code repository for the FEM simulation is available at
https://github.com/Wang-s-Lab/kirigami-soft-robot-FEM.git.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of materials and
methods, finite element analysis, magnetic actuation experiments and
magnetic actuation setup. Programmable locomotion, adaptability,
scalability, modularity, and multifunctionalities of kirigami soft robots
are also demonstrated in the supplementary movies.
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