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ABSTRACT: Biomimetic actuators with stimuli-responsiveness, adap-
tivity, and designability have attracted extensive attention. Recently, soft
intelligent actuators based on stimuli-responsive materials have been
gradually developed, but it is still challenging to achieve various shape
manipulations of actuators through a simple 3D printing technology. In
this paper, a 3D printing strategy based on magneto-active materials is
developed to manufacture various biomimetic magnetic actuators, in
which the new printable magnetic filament is composed of a
thermoplastic rubber material and magnetic particles. The continuous
shape transformation of magnetic actuators is further demonstrated to
imitate the motion characteristic of creatures, including the predation behavior of octopus tentacles, the flying behavior of the
butterfly, and the flower blooming behavior of the plant. Furthermore, the magnetic field-induced deformation of the biomimetic
structure can be simulated by the finite element method, which can further guide the structural design of the actuators. This work
proves that the biomimetic actuator based on soft magneto-active materials has the advantages of programmable integrated structure,
rapid prototyping, remote noncontact actuation, and rapid magnetic response. As a result, this 3D printing method possesses broad
application prospects in soft robotics and other fields.
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1. INTRODUCTION

Inspired by natural biology, soft actuators with stimuli-
responsiveness, adaptability, and designability have attracted
extensive attention. Compared with traditional rigid actuators,
soft actuators have the advantages of simple structure, silent
operation, good flexibility, and biocompatibility. In this field, the
smart actuators based on stimulus-response materials are highly
desirable, which can generate various mechanical deformation
quickly and gently under different external stimuli. Stimulus-
response materials based on various actuation principles have
been widely applied in soft actuators, including light,1,2

electric,3,4 heat,5,6 magnetic,7−9 pneumatic,10,11 and chem-
ical12,13 stimulus. Among these actuation principles, magnetic
actuation is one of the most attractive actuation methods
because the magnetic field can easily and harmlessly penetrate
most biological materials and provide a fast and effective
actuation method,14,15 which has also been proven to be safe for
humans in magnetic resonance imaging and magnetic hyper-
thermia. Magneto-active materials composed of magnetic
particles and flexible polymer matrix16 are widely used in
various fields due to the advantages of simple control, rapid
response, and remote contactless actuation. Among them, soft-
magnetic materials utilize carbonyl iron particles with low-
remanence and low-coercivity to achieve a high response of the
structural deformation to the magnetic field.17 Upon applying
the magnetic field, a large macroscopic deformation can be
obtained due to the magnetic interaction force between the
magnetic particles and the magnetic field. After removing the

external magnetic field, the reconfigurable magneto-active
materials can recover to the original state due to their inherent
elasticity and reversible properties. Recently, many soft smart
actuators based on magneto-active materials have been
developed,18−20 and they exhibited high performance on
shape transformation of magnetic kirigami patterns and remote
actuation of magnetically actuated lifters, accordions, valves,
pumps, and mixers.
Because of the complex structure, the traditional molding

method is limited in manufacturing magnetic actuators. 3D
printing technology is a kind of additive manufacturing
technology, which has been successfully applied in various
fields.21−24 For the new generation magnetic actuators, the
development of different printing strategies based on various
matrix materials is of paramount importance due to the wide
diversity of 3D printing structures. Recently, with the develop-
ment of printing materials, many magnetic actuators with novel
design concepts based on 3D printing technology have been
developed, including digital light processing (DLP),25−30 direct
ink writing (DIW),31−36 and fused deposition modeling
(FDM).37−40 3D printing magnetic actuators can be divided
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into structures based on homogeneously dispersed soft magnetic
particles32,33 or structures based on anisotropic magnetization
profiles.28,31,35,36 The latter is achieved by patterning magnetic
particles or magnetizing hard magnetic particles in the matrix.
These actuators will be subjected to force or torque under the
magnetic actuating field thus resulting in shape transforma-
tion.41,42 Furthermore, the diversity of the 3D printing method
can promote the development of magnetic actuators. Among
them, in comparison to the DLP, FDM has the advantages of a
simple working principle, no particle sedimentation, wide
adaptability of material, and low cost. Moreover, during the
DIW printing process, due to the low initial modulus of the ink,
the actuators will collapse and deform under the action of gravity
when printing the three-dimensional structure. To our knowl-
edge, most of the previously printed magnetic actuators were 2D
and 2.5D structures, even a few of them were soft magnetic
actuators with a complex structure. As a result, it is still a
challenge to realize a simple 3D printing technology for soft
actuators with magnetic shape manipulations. However, in the
FDM method, since the filament has a relatively large modulus
compared with the ink and the material is cooled rapidly during
the printing process, three-dimensional structures can be
directly printed. As a result, FDM printing based on flexible
magneto-active materials is one of the effective and feasible
solutions, in which thermoplastic rubber (TPR) with both
rubber and thermoplastic properties is an ideal matrix material.
Herein, a 3D printing strategy is developed for biomimetic

magnetic actuators, in which a new printable magnetic filament
composed of thermoplastic rubber material and magnetic
particles is employed as the magneto-active materials. Inspired
by natural creatures, various biomimetic magnetic actuators
were printed to imitate their motion characteristics, including
the predation behavior of octopus tentacles, the flying behavior
of the butterfly, and the flower blooming behavior of the plant. It
is found that the magnetic field-dependent deformation of the
magneto-active materials dominated the final actuation. The
finite element method (FEM) is employed to simulate the
magnetic field-induced deformation of biomimetic actuators

and the simulation matches well with the experiment results.
This research is helpful in promoting the development of
biomimetic actuators with programmable integrated structure
and good controllability, which further provides a wide
application potential of magneto-active materials in soft
intelligent robots, biomedicine, and bionics.

2. MATERIAL AND METHODS
2.1. Materials. The thermoplastic rubber (TPR) particles with a

shore hardness of 70A used as the flexible matrix were supplied by the
Hanwha TOTAL Petrochemical Co., Ltd. As the magnetic filler, the
carbonyl iron particles (CIPs, 7 μm average diameter) were purchased
from BASF in Germany. TPR particles and CIPs were dried at 50 °C for
10 h before the fabrication process.

2.2. Fabrication and Printing Processes. The fabrication and
printing processes of the biomimetic magnetic actuator were shown in
Figure 1. As illustrated in Figure 1a, the TPR particles were first heated
to 70 °C in the internal mixer to soften the surface, and then the CIPs
with the same mass were slowly added for premixing. The composites
were obtained after thoroughly stirring. Then, a twin-screw extruder
was used to fabricate the magnetic filaments with CIPs content of 50 wt
% (Figure 1b). The above composites were poured into the feed hopper
and then flowed downward into the extruder barrel. After thoroughly
mixing in the screw extruder at 190 °C, the molten mixture was cooled
by water after coming out of the die. By using the appropriate feeding
speed, screw speed, and drawing speed of the drawbench, the
appropriate magnetic filaments with the required diameter of 1.7−1.8
mm which could be fed into the 3D printer smoothly were obtained.
Finally, the biomimetic magnetic actuators were printed by utilizing an
FDM 3D printer (Figure 1c).

2.3. Characterization. The microscopic morphology of filaments
and printed films were observed by using scanning electron microscopy
(SEM, GeminiSEM 500, ZEISS). The magnetic properties of filaments
were characterized using a Hysteresis Measurement of Soft and Hard
Magnetic materials (HyMDC Metis, Leuven, Belgium). The tensile
performance of filaments and printed films with rectangle shape were
obtained by a dynamic mechanical analyzer (DMA, ElectroForce 3200,
TA Instruments, USA). The loading rate was set at 0.1 mm/s. Besides,
the magnetic field, generated by a NdFeB permanent magnet,
commercial electromagnet, and DC power, was measured by a Tesla
meter (HT20, Shanghai Hengtong Magnetic Technology Co., Ltd.,

Figure 1. Schematic illustration of (a,b) the fabrication processes of magnetic filaments and (c) the printing processes of the biomimetic magnetic
actuator.
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China). FDM 3D printing was completed by using a commercial 3D
printer (Creator pro, Flashforge Co., China).
2.4. Numerical Methods. The finite element method (FEM) was

adopted to calculate the deformation characteristics of the biomimetic
magnetic actuator. The simulation was carried out by COMSOL
Multiphysics 5.4. The geometric models were first designed by
SolidWorks 2016 and directly imported into COMSOL. The geometry
included the solid domain and air domain. Each domain was defined by

the corresponding material properties. The magnetic force on the
magnetic actuator was imported from the force calculation interface.
The fixed support was applied to the corresponding position of the
magnetic actuator. In the case of small strain and large rotation, the
nonlinear solver settings option was open. After proper meshing and
solving, the deformation characteristics of the biomimetic magnetic
actuator could be obtained.

Figure 2. Digital images, SEM micrographs, and its magnified images for (a) the cross-section of the pure TPR filament, (b) the cross-section of the
magnetic filament, and (c) the surface of the printed films.

Figure 3. (a) Magnetization curves of CIPs, magnetic filament, and pure TPR filament. (b) Tensile stress−strain curves for the magnetic filament. (c)
Schematic illustration of the printing orientations. (d) Tensile stress−strain curves for the printed TPR/CIPs films with different printing orientations
and the number of layers.
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3. RESULTS AND DISCUSSION

3.1. Characterization for the Filament and Printed
Film. TPR/CIPs composite with good thermoplasticity and
high flexibility was an ideal raw material for fabricating magnetic
filaments with a diameter of 1.7−1.8 mm. High printing
accuracy could be obtained by adjusting and optimizing the
printing parameters. The nozzle diameter was 0.8 mm. During
the printing process, printing speed, layer height, and infill
density were set to be 10mm/s, 0.2 mm, and 100%, respectively.
Besides, the nozzle temperature and build-plate temperature
were set at 210 and 70 °C. The deposition directions of the infill
pattern for layers were 0° or 90°. Figure 2 showed the digital
images and the SEMmicrographs of the pristine filament and the
final printed film. As illustrated in Figure 2a, the pure TPR
filament was neat and homogeneous. After doping the black
CIPs, the magnetic filament became a black color. Figure 2b
showed the SEM images of the cross-section of the magnetic
filament, which indicated that the CIPs were uniformly
distributed within the TPR and the surface bonding capabilities
between the CIPs and TPR matrix were very good. Here, the
filament could be used to fabricate various structures via the 3D
printing technique. As shown in Figure 2c, the magnetic films
were easily obtained by the above method and they showed
different fiber structures by varying the printing orientations.
Besides, the SEMmicrographs for the surface of the printed film
were also studied. Obviously, it had few inconsistencies within
the intralayer regions, indicating a good printability of this
method. Moreover, the adhesion between the printed fibers was
relatively strong, which endowed the printed product with a
good mechanical property.
The hysteresis loop showed the saturation magnetization of

CIPs, magnetic filament and pure TPR filament was about 245,
123, and 0 emu/g, respectively (Figure 3a). The residual
magnetization and coercivities were almost zero, which allowed
the magnetic filament with easy changes in the magnetic
properties. The cyclic tensile stress−strain curves of the
magnetic filament were illustrated in Figure 3b. In the cyclic

loading stage, the displacement was applied to achieve the
specified strain (30%, 60%, and 90%), and then the displacement
was returned to the original position before the beginning of the
next loading cycle. As expected, the stress−strain curve
depended on the maximum loading encountered previously.
Obviously, the as-prepared magnetic filament exhibited a typical
Mullins effect. During the cyclic loading stage, if the load was less
than the previous maximum load, the stress would be much
lower than the stress of the first load process, and it exhibited
nonlinear elastic behavior. When the loading increased beyond
its previous maximum load, the stress−strain curve would return
to the linear elastic curve.
To study the effect of the printing orientations (0° and 90°)

and the number of layers (1, 2, and 3 layers) on the mechanical
properties, films with different thicknesses (0.34, 0.54, and 0.74
mm) were printed in two printing orientations: 0° film and 90°
film. The length and width of the films were 50 and 10 mm,
respectively. For the 0° film, the printing orientation was the
same as the width direction (Figure 3c). While for the 90° film,
the printing orientation was the same as the length direction
(Figure 3c). All samples were tested with the tensile direction
along the length direction. Figure 3d showed the comparison of
the tensile strain−stress curves for the printed films with
different printing orientations and the number of layers. The
initial 3% strain region was used to calculate the modulus, where
the stress−strain relationship was linear. This result showed that
for films with the same number of layers, the tensile modulus of
the 0° films (17.3, 21.3, and 23.7 MPa for 1, 2, and 3 layers,
respectively) was always less than the 90° films (27.7, 32.8, and
34.1 MPa for 1, 2, and 3 layers, respectively). This was because
there were more printed fibers adhesion of the 0° film in an
individual layer. The larger contact area among the printed fibers
increased the probability of voids and imperfect bonding, which
inevitably led to a smaller tensile modulus. Besides, keeping the
same printing orientation, the tensile modulus increased with
the number of layers. The reason for this phenomenon may be
that when printing the next layer, some materials in the previous

Figure 4. (a) Schematic illustration of the cantilever beam test system. (b−d) The deflection versus the magnetic field curves of the cantilever beam
with different printing orientations and the number of layers.
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layer could be melted to reduce the voids and defects. Finally,
compared with the magnetic filament (36 MPa, Figure 3b), the
strength of all the printed films was slightly decreased due to the
voids and imperfect bonding during the printing process.
To investigate the bend deformation behavior of printed films

with different printing orientations and the number of printing
layers, a cantilever beam bending test was carried out. Figure 4a
showed the schematic diagram of the test system. The structure
and size of the test samples were the same as the previous tensile
specimens. The magnetic field strength around the cantilever
beam was controlled by moving the height position of the
NdFeB magnet (N52, 50 × 50 × 30 mm) and was monitored in
real time by a Tesla meter probe at the same height as the beam.
At the same time, a camera was used to record the bending
deformation of the beam, and the deformation was measured by
the analysis software. For convenience, the length of the
cantilever beam was defined as L, and the deflection was defined
as the vertical displacement of the end of the beam.
Figure 4b−d showed the deflection deformation versus the

appliedmagnetic field curves for the cantilever beam. The curves
could be divided into three stages: in the first stage, the
deflection slowly increased with the magnetic field strength.
When the magnetic field was applied to the cantilever beam, the
magnetic force was generated along the thickness of the
cantilever beam, which increased with the magnetic field. In
the second stage, with further increasing of the magnetic field,
the deflection of the cantilever beam increased sharply. This was
because the magnetic field around the beam showed a nonlinear
increase as the magnet approached. Therefore, the magnetic
interaction force was increased accordingly, and the nonlinear
magnetic force distribution caused a larger deformation. In the
last stage, the maximum deflection deformation close to the film
length would be obtained in the balance stage, and the bending
angle of the cantilever beam could reach close to 90° at this time.
Furthermore, consistent with the tensile experiment (Figure
3d), for the cantilever beams with the same test length and
number of layers, the 0° film was always easy to generate large
deflection deformation than the 90° film. Figure 4b−d also
showed that with the same number of layers, the longer beam
could generate larger deformation under the same magnetic
field. Due to low bending stiffness, the relatively thin beam was
also more sensitive to deformation than other thick beams. In a
word, all the printing orientation, length, and thickness affected
the deflection of the cantilever beam under the magnetic field.
Therefore, through different parameter combinations, the
deformation magnitude of the printed magnetic actuator
under different magnetic fields could be designed.

To better understand the deformation mechanism, the
printed film was adopted as a simplified theoretical model to
demonstrate its magnetic response behavior under the magnetic
field (Figure 5). For the isotropic TPR/CIPs composite
material, which could be magnetized under the external
magnetic field, the relationship between magnetization M and
magnetic field H was M = (ur − 1)H, where ur was the relative
permeability. Because the magnetic property of the composite
materials was determined only by CIPs content, the relative

permeability could be calculated by = + +
−u 1r

3ø(4 ø)
4(1 ø)

43 and the

ø was the volume fraction of magnetic particles. The magnetic
flux density B could be obtained by B = μ0(H +M), where μ0 was
the permeability of vacuum. Then, the magnetization of the
c omp o s i t e m a t e r i a l s c o u l d b e e x p r e s s e d a s

= − = −M u H B( 1)r
u
u u

( 1)r

r0
. Furthermore, the magnetic force

applied on the beam could be determined by fm =M ·∇B.42 The
length, width, and thickness of the cantilever beamwere l,m, and
n, respectively. Thus, combining the equations above, the
magnetic field load q along the length direction of the beam
could be calculated as

= =
−

∂q f mn
mn u

u u
B B

( 1)
m

r

r0 (1)

After deformation, the shape of the beam was schematically
shown in Figure 5, where the direction of the load was consistent
with the initial state. Herein, (x, y) and (s, θ) were used to
denote the rectangular coordinates and the curvilinear
coordinates, respectively. Due to the same origin at the free
end, the geometric relationship could be expressed as dx = cos θ
ds and dy = sin θ ds. Usually, the length of the beamwas assumed
to remain constant. Therefore, the deflection differential
equation of the beam could be written as

∫ ∫θ θ= − [ ]
s

q s s s sEI
d
d

( ) cos ( )d d
s

s

s

0
0 1 1 0

0 (2)

where EI was the bending stiffness of the beam. According to the
calculus theory, we take the derivative of the equation again:

∫θ θ″ + =q s sEI cos ( )d 0
s

0
1 1 (3)

where the boundary conditions were θ(l) = 0 and θ′ (0) = 0. Eq
3 was typical boundary value problems of nonlinear ordinary
differential equations, which was usually solved by the numerical
calculation of the shooting method. After obtaining the equation

Figure 5. Digital images and schematic diagram of the magnetic field-induced deformation process for the printed film. (x, y) and (s, θ) denoted
rectangular and curvilinear coordinates, respectively.
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of θ with respect to s, the coordinates of any point on the beam

could be obtained by ∫ ∫θ θ= =x s s s s( ) cos d , y( ) sin d
s s

0 0
.

Here, the load q was first obtained based on the initial
conditions. However, the load in the nonuniform magnetic field
would change with the deformation of the beam, which was
called magneto-elastic coupling. To solve the coupled problem,
an iterative algorithm was needed to solve eqs 1 and 3
repeatedly. The solution process was mathematically compli-
cated and difficult, but the FEM was perfectly fitted to the
solution of this kind of problem. Thus, we would utilize finite
element simulation to obtain the magnetic field-induced
deformation of the complex structures under various magnetic
fields.
As a result, the physical principle of determining the magnetic

response behavior was very simple: the structure was driven and
controlled by the magnetic force under the external magnetic
field, and the final shape was balanced by the magnetic force and
the elastic interaction force. After removing the magnetic field,
the structure would return to the original shape, which was
driven by the deformation-induced elastic energy.
3.2. Magnetic Actuation Deformation of the 3D

Printed Biomimetic Magnetic Actuator. Both two-dimen-
sional and three-dimensional complex structures have been
successfully constructed, which demonstrated the versatility of
FDM 3D printing technology. Figure 6 showed the digital

images of the various 3D printed structures, including polygon,
polyhedron, three-dimensional geometric structure, inchworm-
like structure, gearwheel-like structure, drum-like structure, and
honeycomb structure. The surface of the printed structure was
delicate, smooth, and continuous and showed that the TPR/
CIPs magnetic filament was suitable for the 3D structure
printing by the FDM technology. On the basis of the above
result, it could be concluded that the good printability of

magnetic filaments ensured it to be applied for printing the
magnetic actuators with complex structures.
Inspired by the predation behavior of octopus tentacles, a

tentacle-like biomimetic magnetic actuator was designed and
printed to demonstrate the movement characteristics of the real
tentacles. Figure 7a showed the structural design of the four-arm
tentacle-like actuator and the way of the magnetic field loading.
First, the top of the actuator was fixed on the bracket, and then a
NdFeBmagnet (N35, 10× 10× 50mm)was placed through the
actuator to provide the external magnetic field. By vertical
moving the NdFeB magnet up and down, a variable magnetic
field could be obtained to provide the magnetic actuation. The
digital images and video of the movement process of the
magnetic actuator were recorded by the camera. Here, the
deflection was defined as the horizontal displacement of the end
of the arm.
Figure 8 briefly showed the grasping and releasing movement

process of the tentacle-like biomimetic magnetic actuator.
During the downward movement of the magnet, the tentacle
would bend to the side of the magnet under the action of the
magnetic force and finally reached the closed state with
increasing of the magnetic field. By moving the magnet up, the
tentacle recovered to its original shape under the action of the
inherent elasticity of thematerial. This result showed the printed
biomimetic actuator based on a magnetic filament had the
flexibility of the TPR matrix, which could deform by the
remotely controllable magnetic force. Note that the strength of
the structure could be increased by increasing the number of
printed layers, and a larger magnetic field was required to drive
the thicker one. Video S1 showed the movement process of the
tentacle-like actuator and it was found that the grasping and
releasing movement could be controlled continuously, quickly,
and reversibly by magnetic actuation. Furthermore, the
movement process for the actuator was analyzed through
FEM. The simulation results had a similar variation tendency to
the experimental values (Figure 7d), indicating that the
simulation model could qualitatively predict the deformation
of the actuator. In another word, the rapid and reversible
actuation of the actuator based on magneto-active material
could realize reconfigurable grasping actions. The successful
application of FDM 3D printing technology in the manufacture
of biomimetic magnetic actuators provided a promising strategy
for integrated printing molding of actuators.
Inspired by the flying behavior of the butterfly, a

corresponding butterfly-like biomimetic magnetic actuator was
designed and printed to imitate the movement characteristics of
the real butterfly. As illustrated in Figure 7b, the central body of
the butterfly actuator was fixed on the bracket, and an
electromagnet was placed directly under the bracket to provide
a periodic magnetic field. By uniformly increasing and
decreasing the current, the corresponding magnetic interaction
force could be obtained as a magnetic excitation. The magnetic
field at the center body of the actuator was measured by a Tesla
meter (0−4 A corresponds to 0−130 mT). The digital images
and video of the flapping quickly of the butterfly-like actuator
under the magnetic field were recorded by a camera. Here, the
deflection was defined as the vertical displacement of the end of
the wing.
Figure 9 briefly showed the flapping process of the wings of

the butterfly-like biomimetic magnetic actuator under the
magnetic field. Under increasing magnetic field from 0 to 130
mT, the end of the actuator wings moved from the highest
position to the lowest position, which bent into the “flying”

Figure 6.Digital images of the various 3D printed structures, including
polyhedron and polygon for (a) cone and circle, (b) prism and
rhombus, (c) tetrahedron and triangle, (d) 3D pentagram and
pentagram, (e) continuous prismatic structure, (f) inchworm-like
structure, (g) gearwheel-like structure, (h) drum-like structure, and (i)
honeycomb structure.
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posture of a real butterfly. After gradually removing themagnetic
field, the biomimetic magnetic actuator recovered to the original
shape under the action of inherent elasticity. The results showed
that the structural evolution of the biomimetic actuator could
immediately follow the varying applied magnetic field. The

flapping speed was depended on the varying speed of the
magnetic field. The repeated flapping used for flying or hovering
was successfully imitated by reversible magnetic actuated
deformation under the cyclic magnetic fields (Video S2).
Furthermore, the deformation process of the biomimetic

Figure 7. Schematic diagram of the actuation experiment for the (a) tentacle-like biomimetic magnetic actuator, (b) butterfly-like biomimetic
magnetic actuator, and (c) flower-like biomimetic magnetic actuator. Experiment and simulation value of the deflection for the (d) tentacle-like
actuator, (e) butterfly-like actuator, and (f) flower-like actuator.

Figure 8. Magnetic field-induced deformation and finite element simulation of the tentacle-like biomimetic magnetic actuator. (scale bar: 5 mm).

Figure 9. Magnetic field-induced deformation and finite element simulation of the butterfly-like biomimetic magnetic actuator (scale bar: 10 mm).
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actuator could also be analyzed through FEM. The trend
between simulated and measured deformation was consistent
(Figure 7e), indicating that the finite element analysis model
could provide design guidance for the deformation process of
3D printed biomimetic actuators with complex structures. In
summary, based on the advantages of rapid prototyping and
structural designability, the 3D printed biomimetic magnetic
actuators have broad application prospects in the field of soft
robotics.
Moreover, a flower-like biomimetic magnetic actuator with

different lengths of petals was designed and printed to
demonstrate the continuous shape transformation process of
the flower. As shown in Figure 7c, the biomimetic actuator was
placed directly above the iron core of the electromagnet and
deformed under applying the magnetic field. To evaluate the
magnetic response behavior of the biomimetic magnetic
actuator, the magnetic field-induced deformation process was
recorded by a camera. Here, the deflection was defined as the
horizontal displacement of the highest point of the petal.
Figure 10 briefly showed the continuous flower blooming

behavior of the biomimetic actuator. Upon the small magnetic
field, all petals first began to deflect outward to balance the
magnetic interaction force. At this stage, due to the large
modulus of the materials, the petal deformed slowly and
remained straight. With increasing of the magnetic field, the
inner petals became unstable, but at this time they were blocked
by the outer petals. When the magnetic field was further
increased, the outer petals also became unstable, and the entire
flower would eventually be locked on the surface of the
electromagnet in their deformed shape. After removing the
magnetic field, all petals were quickly returned to the original
shape, which must be attributed to the inherent elasticity of the
materials. The above results showed that the deflection behavior
of petals depended on the actuator structure and the applied
magnetic field strength. Consistent with the cantilever beam
experiment, the petal length had a critical influence on the
deformation characteristics. The longer petal was more sensitive
to magnetic fields. Besides, the bending and recovery of the
actuator could be controlled by the time-varying magnetic field.
Under the coupling of magnetic interaction force and elastic
force, the flower-like biomimetic magnetic actuator could open
the petals directionally (Video S3). Figure 7f also showed the
comparison between experimental data and simulated results.
Obviously, the variation trend of the simulation and
experimental data was consistent, indicating that the established

model could describe the magnetic response behaviors. Here,
due to the limitation of computational convergence, the model
could not fit the large rotational deformation after buckling well.
As a result, the model based on the nonlinear solution was
effective for explaining the bending deformation of petals and
predicting the deflection at low rotation angles, which was useful
for the structural design of smart biomimetic actuators.
Obviously, the 3D-printed biomimetic structures can

simultaneously combine the advantages of 3D printing (rapid
prototyping and convenient structure designability) and the
advantages of magneto-active materials (high flexibility, remote
noncontact control, and rapid magnetic response properties),
which have broad application prospects in the field of the soft
robot, biomedicine, and bionics.

4. CONCLUSION

In summary, a 3D printing strategy is developed to fabricate
magneto-active actuators by using a flexible magnetic filament.
The cantilever beam experiment proved that the printing
orientations and layer thickness played a critical role in
determining the mechanical properties of the printed structure.
The longer and thinner films with the 0° printing orientation
were easy to bend and deform, and the maximum deflection of
the film (20 × 10 × 0.34 mm) reached 19 mm under a 70 mT
magnetic field. Inspired by the movement behavior of natural
creatures (octopus tentacles, butterflies, and flowers), several
biomimetic magnetic actuators were printed to imitate their
motion characteristics. The actuation experiments showed that
the printed magnetic actuator possessed programmable
integrated structure, rapid prototyping, remote magnetic
actuation, fast response capability, and good controllability.
Furthermore, the deformation characteristics of the actuators
were analyzed by FEM. The results indicated that the variation
trend of the simulation value and the experimental value were
highly consistent. The effective simulation model could be
further used to guide the structural design of the actuator. This
research proved the successful application of FDM 3D printing
technology in the manufacture of biomimetic actuators based on
magneto-active materials, which provided a promising strategy
for the structural designability and integrated rapid prototyping
of actuators. Obviously, this work has broad application
prospects in soft robotics, intelligent devices, bionics, and
others fields.

Figure 10. Magnetic field-induced deformation and finite element simulation of the flower-like biomimetic magnetic actuator (scale bar: 10 mm).
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