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Several efforts have been made to develop walking smart soft robots through different strategies such as the use
of complex aligned magneto-active materials. Here, we show a simple approach for the design of a smart soft
robot using an elastomer film with randomly distributed ferrimagnetic nanoparticles able to be remotely
controlled by a magnetic field. The magneto-active robot has a rotating-square kirigami geometry resulting in a
flexible smart auxetic metamaterial (i.e., a negative Poisson-ratio structure). Alongside the standard translational
locomotion on a smooth-surface under a steady magnetic force, the auxetic kirigami structure mimics the
crawling-locomotion of worms over a high-roughness surface under an oscillatory horizontal field, even climbing
vertical-obstacles. A theoretical understanding for this new locomotion mechanism stresses the relevance of the
kirigami metamaterial design and the ferrimagnetic response of the particles. The soft robot can also transport a
payload having weights higher than the weight of the smart elastomeric film. The smart auxetic structure further
presents a rolling locomotion by properly orienting the magnetic field, meaning multiple remote locomotion
mechanisms.

1. Introduction advantage of the programmable actuation that results from the con-

tinues/monolithic metamaterial architectures to replace complex

The design of soft robots uses the ‘mechanical intelligence’ resulting
from the soft material properties and the corresponding structure/ar-
chitecture to mimic the neuromechanical control system of animal
locomotion through simple mechanisms [1]. A key component to mimic
in soft body animals is the capacity to change and adapt in unsteady
environments by controlling the contact time and force distribution on a
surface, allowing for instance complex locomotion mechanisms [1].
Recently, mechanical metamaterials (i.e., structures with unusual
properties arising from the designed architecture rather than from the
intrinsic material property) has been highlighted for advanced soft robot
design toward future intelligent machines [2]. These soft robots take

assembled structures or actuators [2]. For instance, coupled modules of
buckling-driven elastomeric metamaterials actuated by a negative air-
pressure mechanism can mimic the locomotion of caterpillars and
other crawling organisms using a dynamic anchoring process [3]. In this
context, kirigami cutting principles have been recently applied for the
development of novel soft metamaterial actuators using mainly the ge-
ometry of the structure rather than the properties of the material [4-6].
The mechanical motions of kirigami patterns can produce unconven-
tional material characteristics, such as highly stretchable smart surfaces
able to transform flat sheets into a 3D-textured surfaces that mimics
snake-skin and -crawling locomotion [4]. The locomotion highly
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depended on the buckling instability occurring under uniaxial tension
on the kirigami surface that results in a pattern with highly anisotropic
frictional characteristics. The smart surface of this soft robot was
pneumatically actuated using an internal fiber-reinforced elastomeric
soft actuator [4]. In this regard, an advance in this field is the use of
smart soft-materials for novel wire-less control/actuation through
remote stimuli-responsive systems avoiding conventional wire-
connections [5,6]. For instance, liquid crystal polymer networks with
kirigami designs allowed the design of micro-soft-robots having versatile
remote 3D actuation through light-stimulated photomechanical move-
ments [5]. By rolling-up a photomechanical multi-petal structure
developed with this smart material, a locomotion was possible through a
multiple bending/unbending dynamic using oblique-incidence illumi-
nation that allows to the petals push the ground.

From the different strategies for developing smart metamaterials and
soft-robots, those based on magnetic actuation are highlighted as mag-
netic fields are: penetrable, non-destructive, safe, biologically friendly,
and fast, without the need of setting any environmental condition [6,7].
Several examples of magnetic smart soft-materials (or magneto-
rheological materials) displaying complex shape-morphing and loco-
motion mechanisms can be found mainly by programing the response
through the magnetization/dipole control of the particles embedded
into the continuous soft-matrix [8-14]. This strategy allowed for
instance millimetric soft-robots with multimodal locomotion under a
magnetic field able to swim/climb in liquids, roll/walk/crawl/jump on
solid surface, and even perform pick-and-place and payload-release
tasks [15]. Despite the outstanding locomotion of these smart mate-
rials, they presented limited movement/deformation due to the simple
architecture design used, further reducing the possibility of mimic the
complex morphology and control of natural locomotion [7]. For
instance, an ultra-fast magneto active soft robot having complex ge-
ometries can be designed to walk, swim, levitate, transport payload,
squeeze into a vessel smaller than their dimensions, and capture a living
fly [16]. The use of metamaterial and kirigami structures can further
result in a controlled complex shape-morphing behavior programmed by
the specific geometry and the response of the magnetic smart-material
[7]. By using hinge-linked individual anisotropic blocks with aligned
magnetic particles, the kirigami structure can present a set of different
2D and 3D reconfigurable complex shape-motions with fast response
[7]. A similar strategy was reported using a 3D printing process coupled
with a magnetic field for programming ferromagnetic domains in prin-
ted soft-materials that allows 3D complex shape-morphing behaviors
under a magnetic field [17]. This strategy was applied to act remotely
both an auxetic metamaterial structure (i.e., with negative Poisson-
ratio) and a hexapedal structure for wrapping and carrying objects
through rolling-based locomotion. Another route used an UV
lithography-based method to produce a controlled patterning of mag-
netic particles in a soft-matrix [18]. By controlling the applied magnetic
fields, encoded magnetic polymer sheets with designed-geometries were
able to perform multi-axis bending, large-angle bending, and combined
bending and torsion shape-morphing, and even a locomotion through a
multi-legged paddle crawling.

Complementing the above-mentioned reports designing complex
shape-morphing architectures through programmed magnetic align-
ment under a variety of specific fields, here we introduce a simple smart
magnetic auxetic metamaterial based on a kirigami design (rotating-
square geometry) that under a magnetic field produced by a commercial
magnet, presents multiple locomotion mechanisms. Although there are
several kirigami designs for producing magnetic active soft robots, we
focused on a rotating-square architecture having an initial (or resting)
angle between the squares of zero, by the several advantages that pre-
sent [19]: 1) easy preparation as it is the simplest cut-design allowing
auxetic response (avoiding complex laser-cut equipment); 2) constant
Poisson ratio of — 1.0; and 3) in-plane isotropy meaning that the Poisson
ratio is the same irrespective of the direction of loading. Moreover, in
the resting state does not have free-space maximizing the total force per
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area exerted by the external magnetic field. In this way, rather than
focusing on programming both the magnetization of the particles
embedded in the soft-matrix and the shape-morphing responses, we used
the “mechanical intelligence” of a highly flexible isotropic magnetic
responsive auxetic metamaterial to produce multimodal locomotion.
Alongside translational-locomotion, our soft-robot mimics the complex
locomotion of crawling limbless animals, such as worms, through a
dynamic anchoring process controlling the friction on the surface and
moving in a retrograde peristaltic wave. Rolling locomotion can also be
performed by our soft robot. All these locomotion processes were ob-
tained without the need of complex shape-morphing behavior or
magnetization programs.

2. Materials and methods

Cobalt ferrite (CoFeoO4) nanoparticles were synthetized using a
method similar to that reported by Green et al. [20]. Cobalt Nitrate (Co
(NO3)2:6H20) (1.8 g, 0.0062 mol) and Iron (II) Chloride (FeCly-4H20
(2.4 g, 0.0121 mol) were placed into a 250 mL beaker. Water (100 mL,
Millipore) was added and the mixture stirred for an additional 15 min to
dissolve the salts. To this was then added a solution of NaOH (10 mL, 3
M) to raise the pH of the solution with an associated color change. This
mixture was stirred for an additional 30 min then heated under stirring
to below boiling point (80-90°Celsius) for approximately 1 h. The
resulting brown/black suspension was isolated using magnetic separa-
tion and cleaned repeatedly with water until a neutral pH of the dec-
anted water was achieved then the material was washed twice with
ethanol and dried in an oven at 80 °C overnight.

The size and morphology of the synthesized particles were charac-
terized by a scanning electron microscope (FEI QuantaTM 250) equip-
ped with an Octane silicon drift detector for elemental analysis via
energy-dispersive X-ray spectroscopy. The magnetization measure-
ments of the magnetic particles were performed by a vibrating sample
magnetometer (VSM) at 300 K.

A commercial elastomer (Ecoflex 00-30 from Smooth-On Inc.) was
used as the polymer matrix for the preparation of the polymer com-
posite. Part A of Ecoflex was first mixed with the magnetic nanoparticles
(26 wt%) through an ultrasound bath (low energy to avoid a cross-
linking) for 15 min. Afterward, Part B of Ecoflex (same amount as Part A)
was added to the solution and mixed for 10 min in the ultrasound bath.
The liquid composite (15 wt%) was added to a mold (made from Eco-
flex) and left for at least 60 min for continuing the crosslinking process.
The system was then putted in an oven at 60 °C 120 min for finishing the
crosslinking process and forming a film of 30 x 30 x 1 mm®. For the
auxetic kirigami design, the pure ecoflex film was cut using a laser
cutting equipment (Epilog Legend 360 using air-cooled CO2 laser tubes).
For the generation of the magnetic force, a commercial Neodymiun
magnet was used consisting in a circular magnet of 35 mm of diameter
and 6 mm height.

3. Results and discussion
3.1. Material characterization and smart behavior

The morphology of the synthesized ferrimagnetic cobalt ferrite
(CoFe304) nanoparticles is displayed in Fig. 1a while the magnetic
response at room temperature as measured by VSM is displayed in
Fig. 1b. Nanoparticles having sizes around 30 nm were mainly obtained
displaying a ferrimagnetic behavior with a coercivity of 362 (Oe) and a
remanent magnetization of 28 (emu/g). These nanoparticles were mixed
with the soft-polymer matrix without using any external magnetic field
to explore the behavior of an isotropic system rather than a material
with aligned nanoparticles and improved dipole-orientation. Fig. 1c
shows an optical microscope image of the composite confirming the
random/isotropic orientation of the micro-sized agglomerates formed
from the nanometric particles. Regarding the tensile behavior, the
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Fig. 1. Main materials characterization and the auxetic behavior of the composites. A): Scanning electron microscopy (SEM) image of the synthesized cobalt
ferrite (CoFe,04) nanoparticles; B) vibrating-sample magnetometry (VSM) results from the CoFe,04 nanoparticles; C) optical microscopy images of the elastomeric
composite having embedded CoFe;04 nanoparticles; D) tensile stress—strain images of the continue elastomer/CoFe;04 nanocomposite (v representing the Poisson
ratio); and E) tensile stress—strain images of the kirigami auxetic nanocomposite film (v representing the Poisson ratio). Black-bars in Fig. 1d and white-bars in Fig. le

represent 20 mm.

resulting continue-film (without the kirigami design) displays the stan-
dard elastomeric response (Fig. 1d) meaning a positive Poisson coeffi-
cient of 0.2 (i.e. under stretching the film become narrower in the
orthogonal axis). An opposite behavior is displayed by the kirigami-film
(Fig. 1e) as under stretching the sample become wider (auxetic). At low
tensile strains, the sample presents a Poisson ratio of —1.0 that agrees
with the theoretical value from a pure rotating-square systems pre-
senting auxetic behavior [19,21]. By increasing the strain, the Poisson
ratio change to values around —0.8, meaning that other deformations
such as square-stretching and out-of-plane deformation become rele-
vant. Non-perfect squares or imperfections from the laser-cuts can also
explain these changes. Noteworthy, the auxetic-kirigami film presented
much lower tensile-stiffness than the continue-film with differences

around one order of magnitude in the forces needed for strain, for
instance 0.53 and 0.02 N for 3 cm deformation, respectively. This flex-
ibility arises from the rotating-squares that are connected at their
vertices by hinges, meaning that the stiffness of this auxetic meta-
material depends on the stiffness from the hinges rather than on the
elastic modulus of the material [19].

By fixing vertically the samples in the mobile top-section of the
tensile-strain equipment and adding a magnet in the fixed bottom-
section, the high flexibility of the kirigami sample is confirmed
(Fig. 2a-b). While the continue-sample did not deform while moving-
closer to the magnet (Fig. 2a), even under contact, the auxetic struc-
ture deformed remotely by approaching to the magnet (Fig. 2b), for
instance 30% at 0.4 cm with a Poisson ratio of —0.8. By fixing

Fig. 2. Comparative images showing the effect of a magnetic field on the behaviour of the continue and kirigami based films. Figures A and B show the
behavior of the continue and kirigami auxetic samples, respectivelly, fixed at the moving top-section of the tensile stress—strain equipement and moving closer to the
fixed magnet at the botton-section. Figures C and D show the behavior of the continue and kirigami auxetic samples, respectivelly, horyzontally fixed at one border

under a semicircular-moving magnet closer to the another border.
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horizontally one border of the samples, both films response remotely
through a vertical bending following the lines of force from the magnet
having a semicircular-vertical trajectory close to the another border of
the films (Fig. 2¢-d). The stiffness of the continue-film produces a null
tensile strain-deformation and a reversible behavior after completing a
back-forward bending meaning that bending elasticity of the film is
higher than the magnetic force in that position (Fig. 2¢7). The kirigami-
film otherwise strains during the trajectory and stays bended after the
cycle due to the out-of-plane rotation of the hinges (Fig. 2d7 and 2d8).
These results confirm that the mechanical properties of the kirigami
metamaterial are controlled by the pattern of the cuts rather than by the
stiffness of the material [22,23].

The driving force for actuation/locomotion in magnetic-active ma-
terials is the torque and force generated by the alignment of the ferri-
magnetic particles embedded in the soft-matrix with an external
magnetic field [6,14]. Magnetoactive materials can respond by simple
translation triggered by the attractive force generated by the external
magnetic field located in-plane respect to the film with particles having
a magnetization alignment in that direction. This translational loco-
motion was confirmed by putting the samples (30 x 30 x 1 mm?®) on a
smooth-plastic horizontal surface (with a low surface/film friction) and
by steadily moving-away in-plane the magnet located under the surface
as displayed in Fig. 3a. Both samples were able to follow the magnet by
simple translation. This simple translational locomotion appeared when
the frictional force generated by the surface on the sample is lower than
the force triggered by the magnetic field. By increasing the surface-
roughness (for instance by using a sandpaper surface) this trans-
lational movement is not observed. This motivated the analysis of more
complex locomotive mechanisms such as those find in nature, in

a) Auxetic Film
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particular animal crawling. The ferrimagnetic nanoparticles incorpo-
rated into the soft material present a magnetization under a magnetic
field without losing this condition when the field is removed (Fig. 1b).
The magnet on the other hand presents a non-uniform short-range field
with closed-loop lines of force that depending on its relative position
respect to the film can produce either attractive or repulsive forces on
the magnetized particles. For instance, the particles will have an
attractive force when the magnet is located under the film in a N-S di-
rection, but they will have a repulsive force when the magnet is moved
next to the film where the lines of forces change of direction relative to
the particle-magnetization.

3.2. Biomimetic locomotion

Motivated by the control of the dynamic magnetic force exerted on
the particles by changing the relative magnet/particle position, we
explored the locomotion of our films using the same set-up but with a
magnet having a periodic in-plane movement (Fig. 3b and Supplemen-
tary Video 1). The time-varying magnetic field on the sample is obtained
by cycles consisting of 3 stages: 1) the center of the circular magnet is
located under the head of the film (white lines in Fig. 3b-1); 2) the
magnet is in-plane displaced-away (tail to head) to a distance where the
lines of force do not reach the sample (Fig. 3b-2); and finally 3) the
magnet is in-plane displaced-closer (head to tail) to the sample (Fig. 3b-
3) until a position where the center of the magnet matches the new
position of the head of the film (Fig. 3b-4). To avoid translational
movement, these experiments were carried-out on a surface with a high
roughness (sandpaper). The attractive/repulsive oscillating magnetic
forces acting on the auxetic matrix, resulted in a complex set of

d)

S RERERRN

ol

E L

Fig. 3. Locomotion mechanisms. A) Sequence of images of the continue and auxetic films over a smooth plastic surface taken when the magnet (located below the
surface) is displaced in-plane from left to right at constant speed, resulting in translational locomotion of the films as the friction force is lower than the attractive
magnetic force; B) images of the crawling locomotion of the auxetic film over a rough sandpaper surface when the magnet (located below the surface) moved one
cycle (white line/arrow represent the position of the center of the magnet while blue line/arrow represent its closest border); C) head-lifting of the continue and
auxetic films (see Fig. 3b.2) where o represents the angle formed; and D) a diagram showing the mechanism for the auxetic deformation (see Fig. 3b.3) due to the
attractive forces arising from field-lines getting in the same direction that the magnetization generating a local tensile-strain and a torque on the structure expanding
from tail-to-head (F, and red arrows represent the frictional forces while F;, and black arrows represent the attractive magnetic force where the latter is higher than
the former explaining the translational movements). The scale bar represents 5 mm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. Auxetic locomotion mechanism of the magnetorheological elastomers (MRE). A) Diagram showing the different stages of crawling observed on the
kirigami film (black square in the left-side and horizontal black line in the right-side) under one cycle of the magnet (circle in the left-side and red/blue rectangle in
the right-side); B) crawling locomotion of the continue and auxetic films after several cycles of the periodic magnet movement (vertical while line represent the
original position of the head of the films); and C) a plot showing the travelled distance (measured from the head, center and tail) as function of the magnet
displacement cycles for the continue and kirigami films under different conditions: smooth and roughness surface and during transport of a payload (cargo). Lo =
length of the film and u = displacement. Scale bar in Fig. 4b represents 5 mm. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

actuations. This dynamic actuation mimics a crawling-locomotion after
one cycle as displayed in Fig. 3b, that is mainly triggered by a head-
lifting (Fig. 3b-2 and 3c) and the tensile-strain through the rotation of
the squares as observed in Fig. 3b-3 and diagramed in Fig. 3d. Fig. 4a
displays a diagram showing the different forces exerted on the auxetic
film as a function on the magnet location that explains the crawling
locomotion after one cycle. After magnetization in Stage 1 (Figs. 3b-1
and 4a-1) and during Stage 2 and 3, some lines of force from the magnet
will present a direction opposite to the sample magnetization and a
head-lift process appears due to the repulsive forces (Figs. 3b-2 and 4a-
2). As the magnet moves-closer, an attractive force appears on the lifted
head-area of the auxetic film due to some field-lines getting in the same
direction of the magnetization (Fig. 4a-3). This attractive force generates
a local tensile-strain and torque on the lifted auxetic-structure expand-
ing from tail-to-head and producing a translation (Fig. 4a-3). As the
magnet moves even further, the attraction affects most of the film,
pushing-down the sample in an expanded state (around 8 %) (see

Fig. 3b-3 and Fig. 4a-4). Finally, as the magnet continue moving, the
auxetic-film relaxes from head to tail, increasing the translation during
the process (Figs. 3b-4, 4a-5,6,7) and the friction on the surface. These
actuations patterns are barely observed in the continue-film and for
instance in the head-lifting process the continue-film presents an angle o
= 11° and a vertical displacement of 1.2 mm, while the auxetic-film has
values of 22° and 2.3 mm (Fig. 3c). Indeed, after several-cycles of the
magnet motion, the displacement of the auxetic-film is much higher
than the continue-film (see Fig. 4b), due to the flexibility of the kirigami-
film.

To automate the displacement of magnets and to better tune the
itinerary of each motion cycle we mounted the magnet on a small linear
guide (ball screw) actuated by a stepper motor (Nema 23). The servo
motor was connected to a RAMP 1.4 controller mounted over an
Arduino Mega board and interfaced to a host computed computer by a
serial USB communication. The motion program was considered and the
servo locate the magnet under the new position of the film resulting

a) b) Fig. 5. Theoretical results from the auxetic loco-
0.12 motion mechanism. Effect of the number of magnet
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—* (=02Cy=0.5 (s * (=02C,=0.6 net displacement of the soft robot and its length) from
0.175 ) 0.10 -emen ) : ) Hom
e (=04Cy=05 S Al e (=02C,=07 the numerical simulations assuming that the kirigami
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" s+ C,=2C,=0.5 ol (™ = 0.08 ;4 t rotating solid blocks connected at the shared corners
“E’ 0.125/ —= (,=20C,=05 ‘F [ ™ ’ "E’ through springs: A) results from different normalized
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from the locomotion in Stage 3. The crawling-speed therefore will
depend not only on the characteristic times of the hardware (i.e., stepper
motor) but also on the specific displacement program. For instance, the
continue-film needs 28 min for advance 10 cm (around 3 times the
length of the films) with a program optimized for its displacement, while
the auxetic-film needs 21 min under the same program. This means that
even under an optimal condition for the continue-film locomotion, the
auxetic-film move faster. Noteworthy, for a program designed for the
auxetic-film, this time is reduced to only 4 min while the continue-film
barely move. In this way, under an optimum controller program for each
film the speed is 3.6 mm/min for the continue-film and 25 mm/min for
the kirigami-film, confirming the relevance of the flexibility and auxetic-
structure for the crawling-locomotion. Fig. 4b displays an example of the
different locomotion speed for both samples under the optimum pro-
gram for each sample, while Fig. 4c shows the relative displacement for
each sample depending on the number of cycles. Fig. 4c confirms the
much higher speed (around 7 times) of the kirigami-film as compared
with the continue-film. Fig. 4c further allows the measurement of the
locomotion (or movement) efficiency defined as the ratio of the distance
moved per cycle to the maximum dimension of the soft robot, meaning
the slope of this figure. This definition allows the comparison with other
soft robots as reported previously [24]. The locomotion efficiency in our
kirigami soft robot was 6% that although is low as compared with soft
robots having other mechanisms (for instance slithering locomotion or
sandfish soft robots having efficiencies around 25%), it is in the range of
a caterpillar and quadruped soft robots [24].

From the theoretical perspective, a series of simulations were carried
out that captured all of the system’s basic features. These simulations
followed the ideas presented in [25] that allow the formulation of
auxetic toy models, that is, minimal models that capture the essential
behavior of the auxetic conformations. One such model is a rectangular
array of solid blocks that can be displaced and rotated. Such blocks
connect at the shared corners through springs that restrict their
displacement, torsion, and bending. In tuning the different parameters
of the system, we focused on the Poisson ratio, exploring the region of
elastic parameters where it was negative. In addition to the springs,
respective weights, and frictional forces, we acted on the blocks through
magnetic forces and torques acting on each block. Those calculated
forces are the magnetic response to the external magnet outside the
system. The external magnetic field has the dual role of 1) inducing a net
dipolar moment density by orienting the moment of the ferrimagnetic
particles embedded in the polymer [26] and 2) exerting forces and
torques onto it [27]. The resulting numerically equations of motion were
solved with a Runge-Kutta procedure running on GPU [28]. Different
simulations with various sources of dissipation (such as viscous drag or
Coulomb’s frictional) were carried out allowing to confirm that the
auxetic oscillatory motion requires static friction (i.e., a much greater
frictional force between the material and the surface, as compared with
the magnetic pull), as in a system without friction only translational
locomotion was observed (as similar as the locomotion observed in
Fig. 3a).

The numerical simulations under friction are in startling agreement
with the experimental findings as a locomotion process is obtained that
mimics the crawling-process (see Supplementary Video 2 for details).
This locomotive mode is mediated through the collective auxetic
behavior of the underlying geometry of the system that takes hold of the
system’s motion. The simulated displacement for each cycle is in
excellent agreement with the experimental results as concluded
comparing Fig. 4c and Fig. 5. Our model further stresses the relevance of
the kirigami design through the large effect of the rotational elastic
coefficient (Cr) producing a systematic reduction in the locomotive
mode (Fig. 5a). By increasing this coefficient, a drastic decrease in the
speed (slope between relative displacement and number of cycles) of the
soft-robot was observed confirming the need of a rotational flexibility of
the rectangular array for a relevant locomotion. Indeed, Fig. 5a shows
that the speed ratio between the sample with a high rotational elastic
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value (Cr = 20, meaning a much more rigid rotational system) and the
same sample but with a low rotational elastic value (Cr = 0.1, meaning a
flexible rotational system), is as similar as the experimental ratio speed
between the continue film and the kirigami film.

These results show that the combination of a smart auxetic kirigami
magnetic film with a proper dynamic force field produces a new
crawling locomotion for future design of soft-robots having biomimetic
locomotion (see Supplementary Video 1). In nature, crawling limbless
animals (e.g., worms, caterpillars, snakes, and snails) are able to move in
different environment thanks to peristaltic waves of elongation-
contraction along the body [29-31]. These peristaltic waves create
zones that increase or reduce the anchoring (i.e., friction) of the body to
the substrate. This peristaltic-like locomotion driven by dynamic
anchoring is the main mechanism that underlies the mechanical prin-
ciple of the directional migration of limbless crawlers [4,30]. However,
the direction of the peristaltic wave can be anterograde (i.e., starting in
the back of the organism, and finishing in the head) or retrograde (i.e.
starting in the front of the organism, and finishing in the rear). Animals
that use anterograde peristaltic wave, like caterpillars, reduce the fric-
tion decreasing the size or the segments under contraction [32], while
organisms that uses retrograde peristaltic wave, like worms, reduce the
friction elongating the segments under contraction [33]. Therefore, our
soft-robot mimics the locomotion of the worms, since the dynamic
anchoring with a reduction of friction during contraction, moves in a
retrograde peristaltic wave. Noteworthy, the biomimetic worm loco-
motion from our auxetic-soft-robot, in particular the head-lifting (Fig. 3c
and Supplementary Video 3), render a capacity to overcome vertical-
obstacles using the same set-up, as displayed in Fig. 6a. In particular,
the auxetic-film overcome two consecutive obstacles having each one a
height equal to the film thickness. By overcoming each obstacle, the
worm based soft-robot is located farther from the magnet and the
magnetic force decreased producing lower head-lifting angles and
length-expansion. For instance, while the angle and length-expansion
are 23° and 32 mm for the sample in the original surface, these values
change to a = 17° and 13°, and to 31 and 30.5 mm, respectively, after 1
and 2 obstacles (see Fig. 6b).

In summary, the biomimetic crawling locomotion is the result of the
auxetic kirigimi design that not only produces a much lower stiffness
optimizing the effect of the magnetic field, but also generates a rota-
tional flexibility. The latter triggers specific mechanical response under
the dynamic force fields such as an expansion in the two main planar
directions (in-plane isotropy) due to the auxetic behavior as confirmed
by our numerical simulations. These responses, arising from the specific
magnetic forces generated through the magnet movement, produce the
dynamic anchoring process needed for the crawling locomotion. These
findings open-up the research toward other kirigami or metamaterial
geometries able both to increase the flexibility of the active film and to
generate an in-plane expansion in the whole locomotion-plane under the
stresses generated by the dynamic magnetic field.

3.3. Transport and rolling behavior

An interesting characteristic desired in magneto active soft robots
relates with the capacity to transport a payload [15,16,34]. Our bio-
mimetic smart kirigami metamaterial displayed this characteristic with
a speed that depended on the weight of the payload and the roughness of
the surface (Fig. 4c and Fig. 7), while the continue film did not transport
any payload even on a smooth surface. On a rough surface, the worm-
based metamaterial was able to transport a payload having the same
weight than the smart film although with a locomotion speed around
70% lower than the pure auxetic film. By doubling the weight of the
payload, the film was not able to move with a relevant speed. Note-
worthy, our theoretical approach was able to simulate this behavior
replacing the external payload by an increase in the weight of the ma-
terial (Fig. 5b). By increasing 20% the sample weight the speed was
reduced around 50%.
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Fig. 6. Auxetic locomotion facing vertical obstacles. A) Images from the crawling locomotion of the auxetic films overcoming two vertical obstacles having each
one a height of 1 mm (the same that the height of the film) where the numbers represent the time-lapsing; and B) images showing the head-lifting angles (left-side)
and strained films (right-side) at the original position and after overcoming the obstacles. Scale bar represents 5 mm.

Rough
Uncut MRE

Rough
Auxetic + 1g

Smooth
Auxetic + 1g

Smooth
Auxetic + 2g

Smooth
Auxetic + 3.5¢g

Fig. 7. Locomotion with a payload. Images of the films after one cycle. Left-side: continue, auxetic film, and auxetic film with a payload of 1.0 g over a roughness
surface; and Right-side: auxetic films with payloads having weights of 1.0, 2.0 and 3,5 g over a smooth surface. White, yellow and red points represent left-border,
center and right-border of the films respectively, where diffuse-colors and dense-colors represent the original and after one-cycle position of the films. Scale bar
represents 5 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

By changing the surface from a sandpaper (rough) to a plastic
(smooth) surface, the soft robot with the payload having its same weight
increased the locomotion speed as compared with the pure soft robot on
a rough surface (Fig. 4c and Fig. 7). Noteworthy, on this surface the soft
robot was able to transport a payload doubling its weight even with a
speed faster than the obtained under a rough surface with a payload
having the same weight. By increasing the weight of the payload to 3.5
times the weight of the soft robot, the speed decreased dramatically
(Fig. 4c¢). Fig. 7 displays a summary of the effect of the weight of the
payload and the surface on the locomotion of our biomimetic soft robot.

Beside crawling, some soft animals (for instance caterpillars of the
family Crambidae) presented a rolling locomotion that is an anti-
predatory strategy of locomotion based on the capacity of these soft
bodies to curl up into a wheel-like structure and rolling downward on a
surface thanks to gravity [32,35]. Rolling locomotion can also be found
in other animals such as Woodlouse, Namib Golden Wheel Spider, larvae
of Lepidopterans, and Stomatopod shrimps, motivating different kind of
bioinspired rolling robots [36-38]. For instance, a caterpillar-like robot
called GoQBot was developed which closely mimics this rolling strategy
[37]. Beside translation and crawling locomotion, our auxetic film

further presents a rolling locomotion when the magnet located below
the sample is rotated and translated as displayed in Fig. 8a. Under this
rotational magnetic field, first the auxetic film rolls on its axe forming a
cylinder that afterward move by rolling. The mechanism for our rolling
locomotion is displayed in Fig. 8b, based on the torque acting to align
the particle magnetization with the field meaning that under a rotating
magnetic field the sample will rotate. The rolled kirigami-film can easily
roll forward and backward by controlling the rotation direction of the
magnet. Therefore, depending on the dynamic of the magnetic field, the
smart kirigami films can display translational, crawling, and rolling
locomotion mechanisms. Under this magnetic field, the elasticity and
higher stiffness of the continue film (as showed comparing Fig. 2¢ and
2d) did not allow the rolling locomotion showing that the kirigami
design facilitates this movement.

4. Conclusions
By designing a smart rotating-square kirigami elastomeric film with

embedded random ferrimagnetic nanoparticles, a highly flexible soft
robot was developed that can be remotely acted by a simple commercial
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Fig. 8. Rolling auxetic locomotion. A) Images from the rolling-locomotion of the kirigami film starting with its rolls on an axe forming a cylinder that afterward is
able to move by rolling; and B) diagram showing the different stages of the rolling locomotion from the kirigami film (black square in the left-side and horizontal
black line in the right-side) under one cycle of the magnet (circle in the left-side and red/blue rectangle in the right-side). Scale bar represents 5 mm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

magnet. The flexibility of the resulting smart auxetic metamaterial soft-
robot allowed several locomotion mechanisms alongside the standard
translational movement, depending on the magnetic field. For instance,
under a horizontal oscillatory magnetic field over a high-roughness
surface, the kirigami soft robot mimicked the crawling-locomotion of
worms through a dynamic anchoring process, even climbing vertical-
obstacles with twofold the height of the film. A theoretical simulation
confirmed the relevance of the kirigami design on the locomotion, in
particular stressing the need of a high flexible rotational elasticity and
the friction. The worm-based locomotion generated under this magnetic
field further allowed to the soft-robot transports a payload with a speed
depending on the surface roughness and the weight of the cargo. For
instance, under a smooth-surface, the soft-robot can transport a payload
having the double of its weight. By properly orienting the magnetic field,
the smart auxetic structure can further mimic the rolling locomotion of
some soft-body animals meaning multiple remote locomotion mecha-
nisms. Our results showed that kirigami based metamaterials having
isotropic magnetic properties represent a novel strategy to design flex-
ible smart soft-robots remotely actuated by magnetic forces.
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