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Evolutionary Algorithm-Guided Voxel-Encoding Printing of
Functional Hard-Magnetic Soft Active Materials

Shuai Wu, Craig M. Hamel, Qiji Ze, Fengyuan Yang, H. Jerry Qi,* and Ruike Zhao*

Hard-magnetic soft active materials (hmSAMs), embedding hard-magnetic
particles in soft polymeric matrices, have attracted a great number of research
interests due to their fast-transforming, untethered control, as well as excellent
programmability. However, the current direct-ink-write (DIW) printing-based
fabrication of hmSAM parts and structures only permits programmable magnetic
direction with a constant magnetic density. Also, the existing designs rely on the
brute-force approach to generate the assignment of magnetization direction
distribution, which can only produce intuitional deformations. These two factors
greatly limit the design space and the application potentials of hmSAMs. Herein,
a “voxel-encoding DIW printing” method to program both the magnetic density
and direction distributions during hmSAM printing is introduced. The voxel-
encoding DIW printing is then integrated with an evolutionary algorithm (EA)-
based design strategy to achieve the desired magnetic actuation and motion with
complex geometry variations and curvature distributions. With the new EA-
guided voxel-encoding DIW printing technique, the functional hmSAMs that
produce complicated shape morphing with desired curvature distributions for
advanced applications such as biomimetic motions are demonstrated. These
demonstrations indicate that the proposed EA-guided voxel-encoding DIW
printing method significantly broadens the application potentials of hmSAMs.

to mechanically align their magnetic polar-
ities with the externally applied magnetic
field B. To enable functional actuation of
hmSAMs with complex deformation, a
well-designed magnetization distribution
has to be encoded into the structure. To
increase the programmability and fabrica-
tion flexibility of hmSAMs, the additive
manufacturing technique of direct ink
write (DIW) was recently developed, as
shown in Figure 1b.**) Here, by applying
a longitudinal magnetic field near the tip
of the printing nozzle, the magnetic ink
has a magnetization along the printing
direction as the magnetic polarities of the
embedded particles are aligned with the
longitudinal magnetic field.”® By control-
ling the printing path, a predesigned
distribution of the magnetization direction
(M-direction) can be encoded into the
printed structure and thus generates shape
changes upon the application of an
actuation magnetic field (Figure 1c).l**
To predict the magnetic actuation, a
theoretical framework was developed and
implemented through the finite element

1. Introduction

Hard-magnetic soft active materials (hmSAMs), functional soft
composites that consist of hard-magnetic particles such as
NdFeB embedded in soft polymeric matrices, have attracted a
great number of research interests due to their fast-transforming,
untethered control, as well as excellent programmability,
promising applications in soft robotics,” active metamaterials,”!
morphing devices,?! and biomedical devices.! As shown in
Figure 1a, the embedded hard-magnetic particles, once mag-
netized, can provide microtorques and deform the soft matrix

method (FEM) to describe the magneto—mechanical behavior
of hmSAMs. Enabled by this simulation platform, the complex
shape change of functional hmSAMs with programmed
M-direction distribution can be precisely predicted (Figure 1c).

Sophisticated functionalities usually rely on shape changes
with nonuniform curvatures or, more specifically, with precisely
controlled curvature distribution.”! For example, a sidewinder
(Figure 2a) can move at a high speed on both hard and granular
surfaces. It slithers on a sand dune by reducing slippage at
its contact points with the sand and manages its body’s agile
deformation morphology during winding to provide efficient

S. Wu, Dr. Q. Ze, Prof. R. Zhao

Department of Mechanical and Aerospace Engineering
The Ohio State University

Columbus, OH 43210, USA

E-mail: zhao.2885@osu.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aisy.202000060.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aisy.202000060

Adv. Intell. Syst. 2020, 2, 2000060 2000060 (1 of 10)

C. M. Hamel, Prof. H. ). Qi

The George W. Woodruff School of Mechanical Engineering
Georgia Institute of Technology

Atlanta, GA 30332, USA

E-mail: qih@me.gatech.edu

Prof. F. Yang

Department of Physics

The Ohio State University
Columbus, OH 43210, USA

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


mailto:zhao.2885@osu.edu
https://doi.org/10.1002/aisy.202000060
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:qih@me.gatech.edu
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com www.advintellsyst.com

(b) DIW printing of hard-magnetic

soft active materials

Magnetized ink

= NdFeB magnet

Magnetic polarity

Magnetic field shield

Magnetization DIW FEM Experiment
direction printing prediction

Figure 1. Actuation and DIW printing of hmSAMs. a) The actuation mechanism of hmSAMs. Scale bar: 15 pm. b) DIW printing of hmSAMs with a
programmed distribution of M-direction. c) A DIW-printed sample with the complex shape actuation and the FEM prediction. Reproduced with
permission.’?? Copyright 2018, Springer Nature.
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Figure 2. Voxel-encoding DIW printing of hmSAMs. a) A sidewinder snake controls its body curvature distribution for sidewinding motion.
b) Actuation schematics of hmSAMs with tunable M-direction and M-density. c) Voxel schematic and a printed voxel by the voxel-encoding DIW printing.
Scale bar: 2mm. d) Three-layered voxel encoding with tunable M-density and M-direction (or magnetization). ) Measured M-density of voxel-
encoding DIW-printed three-layered voxels. The black dashed line represents the ideal M-density of an hmSAM sample that is magnetized after
solidification.
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motion.!®! All these efficient motions are achieved by precisely
and synergistically controlling the dynamic curvature distribu-
tion of the body parts or even the entire body. Although the
DIW printing of hmSAMs brings the feasibility for M-direction
distribution control that allows complicated shape change,
the existing designs rely on the brute-force approach, namely
the trial-and-error approach, to generate the assignment of
M-direction distributions, which can only produce intuitional
deformations. In addition, the current DIW printing of hmSAMs
only permits programmable M-direction with a constant magne-
tization density (M-density), as the magnetic field for alignment
is predetermined by the printing setup. However, to achieve
the complex functional curvature distribution of the deformed
shape, both M-density and M-direction have to be rationally
programmed during printing, which is impossible via the
current DIW printing technique and the brute-force approach
for magnetization distribution design due to the complexity
and high nonlinearity of deformation morphology. Thus, the
design space and the potential functionalities and applications
of hmSAMs are significantly limited. Note that although it is
technically feasible to tune the M-density during printing by
applying a varying magnetic field produced by an electromag-
netic coil, the rheological property of magnetic ink can be largely
affected due to the change in particle alignment in ink, causing
significant printing issues. For example, when the viscosity of the
fabricated magnetic composite ink is suitable for printing at a low
magnetic field, increasing the magnetic field by an electromag-
netic coil for high M-density printing increases the ink viscosity,
which leads to clustered ink that potentially clogs the printing
nozzle.

In this article, to facilitate the design of complex actuation
of hmSAMs for functional applications, we introduce a “voxel-
encoding DIW printing” method to program “magnetization
distributions”, i.e., both the M-density and M-direction distribu-
tions, during the printing of hmSAMs. The voxel-encoding
DIW printing is then integrated with an evolutionary algorithm
(EA)-based design strategy to achieve the desired magnetic
actuation and motion with complex geometry variations and
curvature distributions.”) With the new EA-guided voxel-
encoding DIW printing technique, we demonstrate the func-
tional hmSAMs that produce predesigned complicated shape
morphing with desired curvature distributions for advanced
applications such as biomimetic motions.

2. Results

2.1. Tunable Magnetization by Voxel-Encoding DIW Printing of
hmSAMs

For a printed hmSAM, its M-density and M-direction distribu-
tions determine the strength of the driving force and deforma-
tion trajectory under an external magnetic field, respectively.
As shown in Figure 2b, if the hmSAM beam has an alternating
M-direction distribution but a constant M-density in each
section, it deforms into a symmetric wavy shape. To achieve func-
tional deformations and dynamic motions, a symmetry-breaking
actuation is necessary.” As discussed earlier, the well-controlled
dynamic curvature distribution of a sidewinder snake is key to
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achieve the high-speed sidewinding motions on a sand surface
(Figure 2a). By tuning the M-density and M-direction distribu-
tions of the hmSAM beam at the same time, shape morphing
with more complicated curvature distributions can be obtained
to facilitate functional applications such as biomimetic deforma-
tions and motions. Here we introduce a voxel-encoding DIW
printing method that can tune the magnetization (both the
M-density and M-direction) of the hmSAMs at the voxel level.
In this printing method, each voxel consists of multiple
high-aspect-ratio DIW-printed hmSAM layers, as shown by the
schematic graph and an actual DIW-printed voxel in Figure 2c.
By controlling the printing direction of each layer in the voxel, the
magnetization of the entire voxel can be programmed. For exam-
ple, Figure 2d shows a DIW-printed voxel with the number of
layers n =23, then the effective magnetization can be encoded
with 2 n+ 1 =7 variations (represented by the gradient colors)
due to the combination of inactive layer “I,” left-print layer
“L,” and right-print layer “R.” The magnetization of the three-
layered voxel is shown with respect to the seven different
voxel-encoding types with left defined as the positive M-direction,
as shown in Figure 2e. It shows that M-density increases linearly
with the number of active hmSAMs layers printed in the same
direction. Note that the effective M-density of the voxel is the
vector summation of the printed layers, i.e., [LIL] has the same
M-density as [LLI]. [LRL] has the same M-density as [LII] (see
Supporting Information for more details). By increasing the
layers in a DIW voxel, finer M-density tunability can be realized.
For example, a four-layered voxel and a five-layered voxel gener-
ate 9 and 11 voxel-encoding types, respectively (see the vibrating
sample magnetometer [VSM] measurement of M-density in
Supporting Information).

2.2. An EA-Guided Strategy to Program Magnetization
Distributions

Utilizing the voxel-encoding DIW printing, the high magnetiza-
tion tunability of hmSAMs is achieved, which can greatly
enhance their programmability with a much broader design
space. For a DIW-printed beam composed of m voxels with
n layers, the design space is (2 n+ 1)™. For example, for a beam
consisting of m =10 voxels with n=3 layers as shown in
Figure 3a, the design space is 7' =282 475 249. Although the
voxel-encoding DIW printing provides a solution for program-
ming hmSAMs, the assignment of magnetization in individual
voxels to achieve a predetermined shape change is impossible via
the brute-force approach due to a large number of variations and
high complexity of the voxel setting. Here, we introduce an
EA-guided design strategy to address this challenge of program-
ming magnetization distributions for complex curvature distri-
butions and dynamic motions. To achieve a highly autonomous
inverse design of magnetization distributions for voxel-encoding
DIW printing, the desired beam deformation is fed into the
EA-guided design strategy. After iterations of EA-based optimi-
zation, the deformation of the structure from FEM simulation
evolves toward the target morphology and curvature distribution.
When a certain criterion is reached, the EA process terminates and
exports the magnetization distribution, as shown in Figure 3a.
As an example of the EA-guided design process (Figure 3b),
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Figure 3. EA-guided design strategy for programming magnetization distribution of hmSAMs. a) With the desired curvature distribution as the input, the
magnetization distribution is generated by EA. b) Flowchart of the EA-guided design strategy.

we consider a beam that is composed of m = 10 voxels with n =3
layers in each voxel. As discussed earlier, individual voxels have
seven variations, which are termed 1, 2, 3, 4, 5, 6, and 7, as gen-
otypes. The individual’s genotypes are translated into M-density
and M-direction distributions, which are used to construct the
FEM models. The deformation from the FEM simulation is used
to evaluate the generated magnetization distribution through a
fitness function (see Supporting Information for more details).
Selection, crossover, and mutation steps of the EA are conducted
by using an open-source evolutionary computation framework to
create new magnetization distributions until the desired defor-
mation with a small enough fitness function value or the prede-
termined maximum number of generations is reached.’”! The
detailed algorithm information regarding the algorithm is shown
in Supporting Information. It should be noted that with the
effective magnetization concept, the total number of variables
in the model is significantly reduced. If using individual layers’
M-direction (inactive, left print, and right print) as the design
variables, the total design space would be (3")". For the case in
Figure 3 with m = 10 voxels with n = 3 layers in each voxel, it is 3*°,
which is ~728 881 times larger than the current one (7'°) yet offers
the same design flexibility. With the integration of the EA-guided
design and the voxel-encoding DIW printing of hmSAMs,
the magnetization distributions can be rationally programmed,
enabling the deformation under magnetic actuation with desired
curvature distributions for predetermined functionalities.

Adv. Intell. Syst. 2020, 2, 2000060 2000060 (4 of 10)

2.3. Effect of Voxel Size on the EA-Guided Design and DIW
Printing

Here, we start by using a three-layered (n = 3) voxel with seven
voxel-encoding types, which provide a fine enough magnetiza-
tion tunability. Intuitively, for an hmSAM beam with a number
of voxels, decreasing the length of the voxels would increase the
resolution for deformation. However, a small voxel size affects
the actual DIW printing quality due to the accumulated ink
cluster at the two ends of the printing filament. In addition,
it slows down the printing speed due to the additional motions
of the printing nozzle. To decide the voxel size for a high-
enough printable resolution, 50 mm-long beams with voxels
lengths of 1mm, 2, 5, and 10mm (m =50, 25, 10, and 5,
respectively) are evaluated for their printability, magnetic
property, mechanical property, and deformation resolution.
Figure 4a—c shows the EA-calculated magnetization distribu-
tions for the three cases (2, 5, and 10 mm) when actuating
the beams to a quarter-circle target shape, as shown in
Figure 4d. The M-densities of the three-layered voxel are
represented by the gradient colors: dark blue, blue, and light
blue for left-direction M-densities of M, 2/3M, and 1/3M
and dark orange, orange, and light orange for right-direction
M-densities of M, 2/3M, and 1/3M, where M is the M-density
of a single printed hmSAM filament. (See Supporting
Information for the generated magnetization distribution of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Effect of voxel size on the EA-guided design strategy and voxel-encoding DIW printing. a—c) Magnetization distributions with 2, 5, and 10 mm
three-layered voxels. d) Maximum principal nominal strain distribution of the deformed beam with 2 mm voxel at 40 mT. e) Comparisons between the
target shape and the FEM simulations with different voxel lengths. f) Fitness function and DIW printing time with respect to voxel length. g) DIW-printed
single-layered 20 mm by 4.8 mm samples with 10, 5, 2, and T mm-long voxels. Scale bars: voxel lengths. h) M-density and shear modulus of DIW-printed
samples with respect to voxel length. The black dashed line represents the ideal M-density of an hmSAM sample that is magnetized after solidification.
i) Magnetic actuation of EA-guided DIW-printed beams with different voxel sizes at 40 mT.

the hmSAM layers). As an example, Figure 4d shows that,
under a 40 mT upward magnetic field, the beam with 2 mm
voxels deforms into the desired target shape, with EA-
calculated magnetization distributions. Figure 4e shows the
FEM predictions of the magnetic actuations for beams with
2, 5, and 10 mm voxels, denoted by the diamonds, triangles,
and circles, respectively. The solid black curve is the target
quarter-circle shape. The comparisons show good agreements
between the FEM-predicted deformed shapes and the target
shape even for the beam with relatively long voxels (10 mm).
Although the fitness function in Figure 4f shows that the
beam with 1mm voxel achieves the best actuation in the
FEM simulations and EA calculations, designs with smaller
voxel sizes are much more time-consuming during printing
because the motion control of the nozzle constantly requires
it moving up and down as it prints. Figure 4f also shows
the printing time as a function of the voxel length. To
print a three-layered, 50 mm by 4.8 mm, cantilever beam,

Adv. Intell. Syst. 2020, 2, 2000060 2000060 (5 of 10)

the printing time increases 11 times when using 1 mm voxels
than using 10 mm ones. Next, the printing quality is taken into
consideration by evaluating the appearance, the mechanical,
and magnetic properties of DIW voxels. From the printed
single-layered 20 mm by 4.8 mm stripes with different voxel
lengths in Figure 4g, the printing quality decreases with the
voxel length as the shorter voxel leads to accumulated clusters
between adjacent voxels. As a result, the M-density at the
clusters is very weak, which causes a significant decrease in
M-density for the whole beam when printed using small voxels,
as shown in Figure 4h. Here, the ideal M-density is its largest
possible value and is measured from an hmSAM sample that is
magnetized after solidification represented by the black dashed
line in Figure 4h. With the 1 mm printing voxel, the measured
M-density can only reach 40.8 kA m ™", which is only 36.3% of
the ideal M-density and greatly limits the range of the tunable
M-density. With larger printing voxels, the M-density increases
and reaches a plateau with a maximum value of 70.7kAm™"

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(62.8% of the ideal M-density). While the voxel size drastically
affects the magnetic property, the mechanical property indi-
cates a relatively consistent shear modulus around 300.5 kPa,
as shown in Figure 4h. It should be noted that the M-density
of 70kAm™" and the shear modulus of 300kPa, which are
measured with the one-layer 20mm by 4.8 mm samples
without joints, are used in the FEM simulations and the EA
calculations for the target deformation shape for beams with
different voxel sizes. Due to the reduced M-density for beams
with small printing voxels, the deformation under the same
magnetic field decreases. Consequently, Figure 4i shows that
under the same applied magnetic field, the beams with small
voxel sizes (1 and 2 mm) deform less than the beams with large
voxel sizes (5 and 10 mm). To reach the same target quarter-
circle shape, an increased magnetic field is needed for beams
with 1 and 2mm printing voxels (Video S1, Supporting
Information). Based on these studies on the voxels, to ensure
the DIW printing quality and speed, as well as the EA-guided
design’s accuracy, voxel sizes between 2 and 5 mm are chosen
for the EA-guided voxel-encoding DIW printing of hmSAMs
in the following demonstrations to achieve programmable
magnetization distribution.

2.4. EA-Guided Magnetization Distribution for Targeted
Deformations

Utilizing the EA-guided voxel-encoding DIW printing of the
hmSAMs with tunable magnetization distributions, three
morphing structures, including parabolic, cosine, and half-circle
curves, are demonstrated in this section. Figure 5a—c shows the
magnetization distributions of the three targeted deformations
from FEM simulations and EA calculations. The corresponding
FEM simulations of the EA-guided design at 20, 30, and 35 mT
are shown in Figure 5d—f, respectively, with the strain contours
showing the maximum principal nominal strain distributions
of the deformed beams. Figure 5g—i shows the comparisons
between the target shapes (the solid black curves) and deformed
shapes from FEM simulations (the orange circles), indicating
good agreements for all three cases. Using the magnetization dis-
tributions from the EA-guided design strategy, three different
50 mm-long beams composed of three-layered 5mm-long
voxels with different magnetization distributions are printed.
Figure 5j-1 and Video S2, Supporting Information, show the
actuation of these beams at 21, 32, and 32 mT magnetic fields,
indicating good agreements with FEM simulations. The highly
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Figure 5. The EA-guided magnetization distribution designs and the voxel-encoding DIW printing for different morphing structures. a—c) Magnetization
distributions by EA-guided design strategy with parabolic, cosine, and half-circle curves as the target shapes. d—f) Deformations and maximum principal
nominal strain distributions from FEM simulations at 20, 30, and 35 mT with yellow dashed lines representing targeted deformations. g—i) Comparisons
between the target shapes and FEM simulations. j—I) Deformations of the voxel-encoding DIW-printed samples at 21, 32, and 32 mT.
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autonomous and reliable EA-guided design strategy for voxel-
encoding DIW printing of hmSAMs with programmable magne-
tization distributions enables various desired magnetically
actuated deformations with predesigned curvature distributions
and further expands the application possibilities in reconfig-
urable and functional structures and devices.

2.5. A Biomimetic Soft Crawling Robot

Through billions of years of evolution, nature develops efficient
moving actions by dynamic shape morphing.”) For example,
during the crawling motion of an inchworm, the front and rear
parts of the inchworm body remain in contact with the ground to
provide support and friction whereas the middle portion bends
and recovers to provide the overall body motion (Figure 6a)."!
The neutral axis, which is denoted by the dashed black line in
Figure 6a, transforms between a straight line and a highly curved
line with a functional curvature distribution. The well-controlled
curvature distribution of the body during morphing is the
key to achieving efficient motion. Utilizing the EA-guided design
strategy with the voxel-encoding DIW printing, a biomimetic
crawling motion can be realized.

Due to the symmetry, the shape of the right half of the
inchworm body in Figure 6a is used as the target shape.
A 25mm-long beam composed of three-layered 5mm-long
voxels is used for FEM simulations and EA calculations. The
symmetry and the roller support boundary conditions are applied
to the left and right ends of the beam, respectively (Figure 6b).
The target shape and FEM simulation are shown in Figure 6¢ and
are denoted by the solid black curve and orange circles, respec-
tively. The half model’s magnetization distributions are applied
to a full model with the magnetization distribution shown in
Figure 6d. A 50 mm-long biomimetic crawling robot (Figure 6e)
is then printed with ten three-layered 5mm-long voxels.

(a) (b)

Magnetization distribution f

LT T T T I ]
0 10 20 30 40 50
X coordinate (mm) B

N N I I |

—> —> = |nactive & +— —

g % 75 150 225 300

www.advintellsyst.com

Upon applying a magnetic field, the middle portion of the robot
bends up to a height h whereas the front and rear segments
remain flat as predicted by the FEM simulation, mimicking
the actual body curvature distribution of a crawling inchworm.
When gradually removing the magnetic field, a smaller friction
coefficient in the forward direction leads to a directional motion
with a crawling distance of §. By applying a periodic magnetic
field, the crawling robot achieves a biomimetic directional crawl-
ing motion, as shown in Figure 6e and Video S3, Supporting
Information. Figure 6f shows the height h (the solid blue line)
and the distance & (the solid black line) as functions of the applied
magnetic field. Note that due to the large space and large
magnetic field required for the crawling motion in this case,
we use a permanent magnet for the actuation of the inchworm.
The large magnet (4” x 4" x 1”) provides a relatively good
homogeneity of the magnetic field within the center region
for actuation. The three inset images in Figure 6f show the defor-
mations of the robot at 70, 150, and 300 mT, respectively. With a
larger magnetic field, the middle segment of the robot bends
higher, leading to a larger crawling distance when releasing
the magnetic field. It should be noted that a larger magnetic field
is required in the experiment than that in simulation. This is
because the friction between the robot and the substrate is
ignored in the FEM simulations for the sake of simplicity.
These results further demonstrate that the EA-guided magneti-
zation distribution design with the voxel-encoding DIW printing
facilitates achieving morphing structures with predetermined
curvature distribution for functional applications.

2.6. A Biomimetic Soft Walking Robot

To achieve complex and dexterous dynamic motions such as
walking, running, and jumping, animals operate their different
body parts in a synergistic way to maintain tractions and gain the
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Figure 6. Biomimetic crawling motion with body curvature distribution via the EA-guided design of magnetization distribution. a) Crawling motion of an
inchworm with the dashed black line representing the neutral axis. b) Deformation of the half model from the FEM simulation at 70 mT. ¢) Comparison
between the target shape and the FEM simulation. d) Magnetization distribution of the full model. ) Crawling motion of the voxel-encoding DIW-printed
biomimetic robot. f) Height h and crawling distance § with respect to the applied magnetic field.
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necessary speed.!''! For example, among different dog gaits, the
trot is considered to be the most efficient one. It is a two-beat
sequence where the diagonally opposite legs lift or strike the
ground together to keep balance while moving forward. The legs
on both sides work synergistically to move the body fast and effi-
ciently, as shown in the schematics in Figure 7a.'” To achieve
this type of biomimetic motion, four-foot robots have been built
but heavily rely on the discrete control units such as multiple
motors to generate motions of different body parts. This discrete
control often requires a large effort in computing and commu-
nication between the control units, which as a consequence affect
the operability and reliability of the robotic systems. To address
these challenges, the synergistic operations of different body
parts under a centralized control could potentially provide a
solution. Here, we implement the synergistic motion by gener-
ating the well-designed pace morphing of different body parts
using our EA-guided voxel-encoding DIW printing of hmSAMs.

To obtain an effective dynamic motion by mimicking the dog
trot, two curvature distributions, one parabolic and one sigmoi-
dal, are taken as the target shapes, simplified based on the geom-
etries of the in-motion front and rear legs that are denoted by the
blue curves in Figure 7a. To generate the biomimetic synergistic
motion, we design two target morphing shapes for the front and
rear legs, as shown in Figure 7b. The right and left legs are
denoted by the dark green solid curves and light green dashed
curves, respectively. The deformations from the FEM predictions

C>

www.advintellsyst.com

guided by the EA are shown by the dark green circles. Here,
20 mm-long beams composed of six two-layered voxels are used,
due to the consideration of the relatively low-beam bending stiff-
ness yet large-enough magnetization design space (5° =15 625).
A 21 mm spacing is set between the front and rear legs to avoid
interactions during walking. Based on the EA-guided design
strategy of magnetization distributions, four functional hmSAM
legs are DIW printed and glued onto the “body,” which is made
of a piece of thick paper. The morphing of the robot under a
uniform 35mT magnetic field is shown in Figure 7c. Here,
the colored paper triangular prisms are glued to the free end
of the legs for balance during walking, with the light green or
dark green corresponding to left or right, respectively. The mag-
netization distributions of the front-right and rear-right legs are
shown in Figure 7d. To lift and strike down each pair of the legs
sequentially to mimic the two-beat trot gait, an alternating mag-
netic field is applied with right defined as the positive direction
(Figure 7e). The detailed gait of the biomimetic robot is shown
in Figure 7f and Video S4, Supporting Information. Initially, all
four legs are on the ground. As a rightward (positive) magnetic
field is applied, the front-right and rear-left legs lift at 0.15s
and strike the ground at 0.30 s whereas the other two legs deform
but still remain on the ground. In Figure 7f, the rectangles with
solid and dashed frames denote lifting and ground-touching,
respectively. When a leftward (negative) magnetic field is applied,
the motion switches to front-left and rear-right legs lifting at
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Figure 7. Biomimetic dog trot gait via the EA-guided design of the magnetization distribution. a) Schematics of the dog trot motion. b) Designed target
deformations and FEM predictions guided by the EA design strategy. c) Actuation of a walking robot by voxel-encoding DIW printing at 35 mT. Scale bar:
5 mm. d) Magnetization distribution designs of two types of legs. e) Magnetic field profile applied for the biomimetic walking motion. f) Detailed
demonstration of the biomimetic walking gait. The dashed frame means the corresponding leg lifts and the solid frame means the leg touches the ground.
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0.75 s and striking down at 0.90s. By alternating the magnetic
field, the two pairs of diagonally located legs move sequentially
to form a two-beat trot gait. The hmSAM dog demonstrates
the robustness of the EA-guided voxel-encoding DIW printing
of hmSAMs in designing intelligent soft robotic systems with
biomimetic synergistic motions. Different components of a soft
robot can be predesigned according to actual shape morphing
and dynamic motion needs, to achieve an assembly of highly
functional parts with various curvature distributions.

3. Conclusion

We propose a method of voxel-encoding DIW printing of
hmSAMs to realize a wide range of magnetic property tunabil-
ities for both magnetic density and magnetic direction distribu-
tions for the DIW-printed hmSAMs. With the robust EA-guided
design method, complex nonintuitive magnetization distribu-
tions to achieve different deformations with desired curvature
distributions can be inversely designed. Utilizing the voxel-
encoding DIW printing method and the EA-guided design
strategy, two functional biomimetic soft robots are designed
and fabricated, demonstrating the great potential of hmSAMs
and our proposed approach to achieve rational magnetic actua-
tions for practical applications. Starting from simple beam
demonstrations, more complex geometries with functional 3D
deformations are feasible by the DIW printing and EA-guided
design strategy and are worth investigating in future work.
Moreover, the EA-guided design strategy could also be adapted
to program the applied actuation field for functional actuation
and motions with further complexity, which will be part of
the future work. The combination of this inverse design tech-
nique and the remarkable magnetic property tunability in the
magnetization of hmSAMs via the proposed voxel-encoding
DIW printing method can significantly broaden the application
potentials of hmSAMs.

4. Experimental Section

DIW Printing and Magnetic Actuation: The DIW ink of hmSAMs
contained two phases, hard-magnetic microparticles and silicone-based
matrix. First, SE1700 base (Dow Corning Corp.) and Ecoflex 00-30 Part
B (Smooth-on Inc.) in a volume ratio of 1:2 were mixed at 2000 rpm
for 1min by a centrifugal mixer (AR-100, Thinky Inc.). Then, 20vol%
NdFeB particles (77.5vol% to SE1700 base, the average particle size of
5pm, Magnequench) were added to the earlier mixture and mixed at
2000 rpm for 2 min and defoamed at 2200 rpm for 3 min. SE1700 curing
agent with 10 vol% to SE1700 base was added and mixed at 2000 rpm for
1 min. The well-mixed magnetic ink was transferred into a 10 cc syringe
barrel (Nordson EFD), defoamed at 2200 rpm for 3 min to remove trapped
air during transfer, and mixed at 2000 rpm for another 1 min. The ink was
magnetized at ~1.5 T impulse magnetic field generated by a customized
impulse magnetizer. After magnetization, the syringe barrel was mounted
to the custom-designed 3D printer (Aerotech), and SmoothFlow nozzle
(Nordson EFD) with 410 um inner diameter was used. The magnetized
composite ink was printed with the printing G-code converted by a
Python script from the magnetization distribution output of the EA-guided
design strategy. By alternating, leftward and rightward printed filaments,
the M-direction of each layer within the voxel was programmed (inactive,
left, and right). The printed magnetic ink was cured at 120 °C for 30 min.
The fabricated structures were actuated by a homogenous magnetic field
generated by a pair of Helmholtz coils, as shown in Figure S6, Supporting
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Information, or by a permanent NdFeB magnet with a 300 mT surface
magnetic field for the biomimetic inchworm demonstration.

Physical Property Characterization: The uniaxial tension tests were con-
ducted on the mechanical tester DMA 850 (TA Instruments). DIW-printed
one-layered 20 mm by 4.8 mm thin-film samples were stretched at a strain
rate of 0.01s™'. Shear modulus was obtained by fitting the stress—
stretch curve with the neo-Hookean model. The magnetizations of
printed samples were measured by VSM (VSM, 7707A Lake Shore
Cryotronics, Inc.).

Finite Element Analysis: To evaluate the magnetization distribution
performance generated from the EA, a user-defined element subroutine
in commercial software ABAQUS 2019 (Dassault Systémes) was used
to predict the deformations. The shear modulus, Poisson’s ratio, and
magnetization were set to be 300 kPa, 0.495, and 70 kA m~, respectively,
which were measured with the DIW-printed one-layer 20 mm by 4.8 mm
samples without joints.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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