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ABSTRACT: Millirobots that can be actuated and accurately steered by external magnetic fields, are highly desirable for
bioengineering and wearable devices. However, existing designs of millirobots are limited by their specific material composition,
hindering their wider application due to a lack of scalability. Here, we present a method for the generation of heterogeneous
magnetic millirobots based on magnetic coatings. The coatings, composed of hard-magnetic CrO2 particles dispersed in an adhesive
solution, impart magnetic actuation to diverse substrates with planar sheets or 3D structures. Millirobots constructed from the
coatings can be readily reprogrammed with intricate magnetization profiles using laser localized heating, enabling reconfigurable
shape changes under magnetic actuation. Using this approach, we demonstrate on-demand maneuvering capability of reconfiguring
locomotion involving crawling, overturning and rolling with a single millirobot. Various functions, including the ability to catch a
fast-moving ball, object transportation, and targeted assembly, have been achieved. This adhesive strategy facilitates the design of
millirobots and may open avenues to the creation of complex millirobots for broad applications.
KEYWORDS: magnetic actuation, magnetic domains, reprogrammable magnetization, locomotion, millirobots

■ INTRODUCTION
Millimeter-scale robots hold great potential in the fields of
bioengineering, healthcare, and environmental monitoring.1−3

The development of responsive materials enables millirobots to
convert external stimulus such as light,4−6 heat,7 pH,8 humidity,9

and electrical10 and magnetic fields11−14 into mechanical
movements. Among these stimuli, magnetic fields, with distinct
advantages of being fast, precise and safe, offer an untethered
way to dexterously manipulate the responsive machines.15 The
mechanism to activate and manipulate the magnetic robots
relies on the magnetic force and torque exerted on magnetic
components. To be more specific, their motion capability and
functionality are dependent on the localized distribution of
magnetic moments in the robots. Therefore, precise realization
of programmable and reconfigurable magnetic moments in
arbitrary sites are highly desirable for effective control and
enriched functionality of magnetic millirobots.

Discrete magnetic millirobots provide a straightforward way
toward magnetically drivable operation, in which discrete tiny
magnets or patches of magnetic composite are affixed to
deformable body as guiding components for programmed
magnetic assembly and actuation.16−20 Nevertheless, the non-
negligible footprint increases as a result of numerous discrete
magnets and the limited flexibility in magnetic programming
hinders further miniaturization and implementation of such
millirobots.
On the contrary, continuous magnetic millirobots incorporat-

ing micro/nanomagnetic particles in a soft polymeric matrix
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offer extra opportunities in flexibility and versatility. By
introducing magnetic anisotropy in the magnetic composites,
morphological transformations of millirobots can be accom-
plished. Programming magnetic anisotropy has been achieved
by physical alignment of soft-magnetic particles to form a
chainlike microstructure,21−23 or by orientation of premagne-
tized hard-magnetic particles toward the designated direc-
tion,24−28 both of which resulted from a magnetic field being
applied to immobilize magnetic fillers in polymeric matrices
during the fabrication process such as template-assisted curing,
3D printing or UV lithography. Furthermore, reprogrammable
magnetic anisotropy endows a magnetic actuator with the
capability of multiple shape changes upon an identical magnetic
field. To date, three different kinds of reprogramming strategies
have been introduced based on reorientating the magnetic
particles embedded in fusible polymeric matrices,29,30 applying a
magnetic field greater than coercivity,31−33 and heating the
ferromagnet above its Curie temperature followed by a
magnetization process during cooling.34 However, the existing
reprogrammable magnetic millirobots mostly feature homoge-
neous materials in a planar form, which imposes great constrains

on materials universality, design freedom, and functionality.
Although assembly approaches based on thermal welding or
bonding agents can tackle these issues to a certain extent, the
applicability of substrate materials is still limited to a few
elastomers.35,36

Recently, adhesive strategies emerge as a promising route to
construct heterogeneous magnetic millirobots by expediently
integrating responsive adhesive layers with diverse sub-
strates.37,38 It holds the outstanding merits of adapting to
arbitrary structures regardless of material, shape and scale. In
particular, an agglutinated spray of magnetic composite is
invented to functionalize inanimate surfaces.37 Although the use
of soft-magnetic iron microparticles results in inevitable
limitations in magnetic moment design (no magnetic repulsion
can be generated) and difficulty in effective reprogramming in an
atmospheric environment, it provides researchers with vast
inspiration for developing designable functional magnetic
millirobots based on the adhesive strategy.
Here, we report a coating-based approach to preparing

heterogeneous magnetic millirobots from diverse nonmagnetic
substrates. This approach is enabled by stable adhesiveness of

Figure 1. Magnetic coating turning nonmagnetic objects into millirobots. (a) Schematics showing the preparation of millirobots involving
microgrooves induced by femtosecond laser ablation, dissolution of CrO2 particles into PVA solution, spin-coating, removal of partial area of coatings
and geometry cutting by femtosecond laser, and magnetic programming assisted by laser heating. (b) Microscopic images displaying the morphology
of microgrooves generated by femtosecond laser ablation. Scale bars, 100 μm. (c) Realization of shape change of a sheet of (i) TPU, (ii) paper, and (iii)
nonwoven fabric substrate under an upward magnetic field when coated with a magnetic film onto its surface. The image in the lower left is a schematic
of the magnetization profile, where the magnetization directions are marked with red arrows. Scale bar, 2 mm. (d) Dependence of the folding angles of
strips on both the magnetic flux density strength and the loading percentage of CrO2 particles in the magnetic coatings, which are performed by using
strips of identical structures, whose geometry sizes are 9 mm long and 2 mm wide. The inset photograph shows the actuation performance of a strip
(with coatings of 30% CrO2) under varied magnetic fields from 25 to 65 mT (ΔB = 10 mT).
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magnetic coatings to the surface of objects from planar sheets to
3D structures. By virtue of the hard-magnetic coatings,
programmable and reconfigurable magnetization profiles with
arbitrary discrete magnetic moments can be readily patterned by
means of laser localized heating, giving rise to the accurate
steerability and locomotion diversity of millirobots. Taking
advantage of this method, reconfigurable shape transformation
and tunable locomotion modes of one structure with on-
demand manipulation capabilities are demonstrated. Further-
more, diverse manipulation functions, including the capture of
moving objects, transportation, and assembly have been
achieved. Our fabrication scheme provides a rapid and facile
tool to turn multiple inanimate materials into millirobots,
thereby establishing a new route to design millirobots.

■ RESULTS AND DISCUSSION
Characterization of Magnetic Coating. Our magnetic

composite is prepared by suspending CrO2 particles in PVA
solution, and then the magnetic slurry of CrO2@PVA composite
is coated on the surface of a targeted object followed by a
solidifying process. CrO2 particles stably exists on the surface of
an object without any chemical changes after being subjected to
the solidifying process (Figure S1). During the solidifying
process, the magnetic coating gradually solidifies to a form of
magnetic film as a result of the evaporation of water in PVA
solution (Figure S2). The resultant thickness of the magnetic
film is relevant to CrO2 content, which varies from 50 to 105 μm
when the CrO2 content increases from 20 to 40% (Figure S2),
suggesting a facile way to control the thickness of the film. The

magnetic particles are evenly distributed without apparent
aggregation on the surface of a substrate after solidification, as
indicated by the scanning electron microscopy (SEM) images
(Figure S2).
Microgrooves are generated on the smooth surfaces of

hydrophobic materials such as polyurethane (TPU) and
polydimethylsiloxane (PDMS) by femtosecond laser ablation
(Figure 1b) in order to enhance the adhesion of the magnetic
coating to their surfaces, as a rough surface possesses stronger
adhesion strength than a smooth one.37 To demonstrate the
adhesive ability of the magnetic coating to diverse materials, we
coated the magnetic slurry onto different substrates with an
identical structure. Experimental results show that the magnetic
coating exhibits stable and firm adhesion to the surface of a wide
range of substrates like TPU, paper, cloth, andmetal (Figure 1c).
The strong hydrogen bonds between PVA chains and water
imparts the magnetic coating with high wetting and strong
adhesive abilities.37,39 Moreover, it undergoes a paste−solid
transition after solidification and thus become nonviscous to
other surfaces. Therefore, the effective adhesion ability before
solidification, together with the magnetic actuation performance
after solidification, make the magnetic film an efficient tool to
construct millirobots from nonmagnetic objects.

Strategy to Construct Millirobots from Nonmagnetic
Objects. In our strategy, it takes two steps to construct a
magnetically drivable robot: coating the object with a magnetic
film and then programming magnetic anisotropy on the film. A
flexible substrate coated with the magnetic film is cut into a
designed geometry, where a femtosecond laser is used to remove

Figure 2. Programmable 3D magnetization directions, shape deformation, and controlled locomotion of diverse substrates. (a, b) Examples of the
magnetic patterns and the corresponding (a) pedestrian-like structure and (b) twisting structure upon a magnetic field of 60 mT, both of which are
composed of a sheet of TPU and the magnetic coatings on their surfaces. (c) Hexagonal tube made of paper and the magnetic coatings on its inner
surface via an origami technique, whose magnetization profile is encoded at the deployed state, generates a forward rolling motion with rotational
magnetic actuation. (d) Circular tube structure consisting of aluminum foil and the magnetic coatings on the outer surface is programmed with
magnetization directions along the tangential direction of the circumference. Scale bars, 5 mm.
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the upper magnetic film to form joints between adjacent
segments. Such structural designs are adopted mainly for two
reasons. First, it is constrained by the magnetic film which
becomes nondeformable after paste−solid transition. Second,
folding around the joints is more energetically efficient than
homogeneous bending of the whole structure, as revealed by a
recent study.40 Figure 1c presents diverse substrates such as
TPU, paper, and nonwoven fabrics in response to external
magnetic fields, where all the substrates are designed with planar
segments connected via flexible joints. The designated magnet-
ization profiles are programmed via a heat-assisted magnet-
ization strategy by means of near-infrared (NIR) laser localized
heating (described in Text S1), enabling arbitrary discrete
magnetic moments. Consequently, by virtue of the deformable
substrates as joints, each planar segment folds under magnetic
actuation.
To quantitatively assess the performance of magnetic

actuation, we encoded a strip of TPU substrate with a joint on
the left side with in-plane magnetization directions along its
length and subjected to a magnetic field applied perpendicular to
the plane (Figure 1d). A folding angle, θ, which characterizes the
performance of the strip in response to magnetic fields, increases
linearly from 42.3 to 62.9° as the magnetic field varies from 25 to
65 mT (Figure 1d), indicating a good performance of the
magnetic film intended for accurate actuation of objects. A
magnetically patterned segment experiences a magnetic torque
in the presence of an external magnetic field, in which the
segment tries to align its magnetization direction with the field
direction, leading to folding (or rotating) around a joint. As
shown in Figure 2a, a cartoon figure patterned with in-plane
magnetization directions for its extremities mimics a pedestrian
when exposed to an alternating magnetic field normal to the

plane. When the shape of a dumbbell-like plane structure is
encoded with discretely out-of-plane magnetization profiles, it
deforms into 3D structure, giving rise to a twist of the flexible
substrate in the middle under a magnetic field of 60 mT
perpendicular to the plane (Figure 2b). It is worth noting that
the deformations of the structures can result from both attractive
and repulsive forces exerted on the magnetic film, which is
attributed to the existence of remanent magnetization of CrO2
particles and hence is distinctly different from the deformation
modes based solely on attractive forces acting on the soft-
magnetic particles like Fe and Fe3O4.

21,22,37 Therefore,
compared with robots covered with soft-magnetic films, a
robot covered with hard-magnetic coating exhibits higher
degrees of freedom and superior design flexibility, making
more complex deformation modes possible.
In the case of rigid substrates, an object is always divided into

several regions and discretely patterned via a heat-assisted
magnetization approach or through keeping small-sizedmagnets
in close proximity, enabling locomotion modes like rolling,
rotating, and tumbling. The force for rolling and rotating motion
arises from the magnetic torque, whereas the magnetic force is
responsible for steering the rolling direction. Figure 2c depicts a
hollow hexagonal tube created based on origami techniques. Its
in-plane magnetization directions are patterned at the deployed
state, giving rise to the formation of desired magnetizations in
varying 3D directions once folded. When a cubic permanent
magnet underneath the hexagonal tube rotates counterclockwise
around the axis of the hexagonal tube, the hexagonal tube rolls
forward clockwise at a pace of 60 deg/step (Video S1). It is
worth noting that this approach for programming spatially
distributed magnetization directions is applicable for any
substrates such as paper sheet as well as metallic foil, as long

Figure 3. Reprogrammable magnetization profiles and shape changes. (a) Schematic illustration of magnetic reprogramming showing reorientation of
magnetic domains during the process of NIR-assisted magnetization, where the laser power is set at 175 W. (b−d) Schematic description of the
magnetic patterns and the corresponding shape changes upon application of magnetic fields. The upward magnetic fields are generated by a permanent
magnet located (c) below and (d) above the robots. Scale bars for all images: 5 mm.
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as they can be folded along their creases to form a 3D structure.
Similarly, a circular tube made of aluminum foil is fabricated and
is driven to roll forward/backward around its own axis under an
out-of-plane counterclockwise/clockwise rotating magnetic
field, whereas it rotates simultaneously as a permanent magnet
rotates about the normal direction of the plane (Figure 2d and
Video S2).

Reprogrammable Magnetization. Reprogrammable
magnetization is beneficial to millirobots by maximizing their
shape deformation and locomotion modes, endowing them with
higher programming freedom and better environmental
adaptability. Reprogrammable magnetization of the robots is
enabled by the CrO2 magnetic film through reorientation of the
magnetic domains. As shown in Figure 3a, themagnetic domains
orientate orderly in the ferromagnetic state below the Curie
temperature (TC), whereas they orientate randomly at higher
temperatures above TC. In addition, the ordered magnetic
domains can be reorientated upon application of amagnetic field
when they undergo a transition from the paramagnetic state (T >
TC) to the ferromagnetic state (T < TC). As a result, magnetic
reprogramming is attainable based on this heat-assisted
magnetization strategy. Since the Curie temperature of CrO2
(TC = 391 K) is well within the operating temperature range of
most materials,11 minimal impact would be imposed on the
properties of substrates. More importantly, the heat-assisted
magnetization approach allows a facile and efficient way of
magnetic reprogramming that does not require any extra
treatments of the magnetic film and substrates, completely
different from previous robots constructed with iron-skin
magnetic film which depend on physical realignment of the
embedded magnetic particles at wet or liquid environment.37

Thus, more complex morphologies and shape transformations
are easily attainable. Figure 3b presents a 1D strip of TPU
substrate fabricated with the magnetic films coated onto four
divided sections. For the strip encoded with in-plane alternating

magnetization directions, an ‘m’-like shape is obtained upon an
upwardmagnetic field.When twomiddle sections of the strip are
reprogrammed with magnetization directions opposite to the
magnetic field, the strip undergoes a gate-like shape trans-
formation under magnetic actuation. Similarly, more shape-
morphing configurations can also be realized by reprogramming
its magnetization profiles, as shown in Figure 3b. Additionally, a
planar structure can transform into various 3D structures using
this heat-assisted magnetization approach. Figure 3c shows two
distinct conformations tailored by reprogramming different
magnetic configurations in the five panels. Moreover, multiple
conformations can also be obtained by subtly reprogramming
the magnetization directions. As a demonstration, a six-armed
millirobot is designed (Figure 3d). The different magnetization
directions of the outer six panels enabled by magnetic
reprogramming make it exhibit three different morphological
structures.
Reprogrammable magnetization can be further explored to

optimize the motion behaviors of robots by creating different
magnetization profiles. Figure 4 shows an eight-legged
millirobot made of a TPU substrate with the magnetic films
coated solely onto eight legs. The magnetic films provide
magnetic torque and propulsive forces to drive shape morphing
of the flexible body and locomotion of the whole structure. On
the basis of the facile magnetic reprogramming of the films, the
millirobot is subsequently encoded with three distinct magnetic
patterns. Therefore, the millirobot exhibits reconfigurable
locomotion modes, i.e., crawling, overturning, and rolling. A
cubic magnet is placed underneath the millirobot, which
provides magnetic torque and force to drive the robot to
locomote on the plane. A crawling motion mimicking an
inchworm based on out-of-plane bending is realized once the
millirobot is exposed to a magnetic field swinging back and forth
(Figure 4a). When the magnet swings back and forth within a
certain angle range, a spatiotemporally varied magnetic field is

Figure 4. Locomotion modes of an eight-legged millirobot with distinct magnetic patterns enabled by reprogramming: (a) crawling motion, (b)
overturning motion, and (c) rolling motion.
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produced. Consequently, as themagnetic field sweeps from right
to left, the magnetic torque exerted on six legs on the right drives
them to bend and deform the body. In the meanwhile, the time-
varying magnetic field causes the body to constantly bend
toward themiddle of the robot, whereas two outer legs on the far
left basically remain stationary, forming an overall arched
structure. In contrast, when the magnetic field turns from left to
right, the robot is unfolded from left to right by the action of the
magnetic torque, thereby driving the entire robot to move
forward (i.e., to the right side) for a certain distance. Therefore,
this bending-unfolding process generates a net displacement
that drives the entire robot forward. By repeating the magnetic
actuation process successively, the robot moves forward in a
crawling motion, resulting in a distance of 8.5 mm in five cycles
(Video S3). When all legs are reprogrammed with an identical
magnetization direction at an angle of 45° to the normal vector
of the plane (Figure 4b), the movement efficiency of the robot
can be markedly enhanced. The robot overturns upon a
magnetic field perpendicular to the plane, making it move
forward by a distance of 9 mm in each cycle (1 BW/cycle, BW:
body width). Consequently, the robot keeps advancing
continuously in an overturning motion by alternately applying
magnetic fields in the upward and downward directions (Video
S3). Furthermore, the legs can also be reprogrammed with
discretely 3D magnetization directions in the normal plane
along the length of the robot (Figure 4c). Correspondingly, the
robot gradually curls into a tubular shape under the action of a
counterclockwise rotating magnetic field generated by a rotary
magnet underneath. Further, moving the magnet forward as it
rotates allows the robot to continuously roll forward (Video S3).
Compared with the first two locomotion modes, the rolling
motion enables the robot to transform between planar and 3D

structures, allowing for better adaptability to different terrains
and unstructured environments. Moreover, the curled tubular
structure facilitates carrying and transporting objects in the
movement, as discussed in the following section.

On-Demand Maneuvering and Functionality. The
ability of the magnetic coatings to actuate diverse substrates
enables us to achieve various functions based on the
deformation and motion from the structures. As shown in
Figure 5a, an articulated gripper that has a base, six arms, and six
fingers with a centrosymmetric structure forms a semiclosed
structure in response to an upward magnetic field. It is worth
noting that although the first two magnetization profiles as
shown in Figure 3d both form semiclosed structures in an
upward magnetic field, the latter involving the same magnet-
ization directions in its adjacent arms and fingers somewhat
exhibits faster and more stable magnetic actuation. Therefore,
both the arms and fingers of the gripper are programmedwith in-
plane magnetization directions (Figure S6). By virtue of its rapid
response to an external magnetic field, a fast-moving Telfon ball
at a speed of 117 mm/s is captured (Video S4).
The multilegged robot can be further explored for object

transportation based on the rolling locomotion displayed in
Figure 4c. Harnessing the shape deformation and motion of the
robot, rod-shaped objects can be held tightly in the tubular
structure while the robot is rolling forward, whereas the release
of an object can be readily attained by stretching the robot when
the magnetic field is removed. Controlled rolling locomotion of
the robot carrying an object for climbing up and down ramps of
11° is realized (Figure 5b; Video S5). We further design a series
of steps, a 3 mm deep trench, and a steep drop of 7 mm to the
countertop at the end of them. The results in Figure 5c
demonstrate that the robot is able to carry objects through these

Figure 5. Functional demonstrations of flexible and rigid robots with programmed magnetization profiles. (a) Snapshots showing that a gripper
structuremade from flexible TPU substrate catches a fast-moving ball upon application of an upwardmagnetic field. The base of the gripper structure is
fixed to the platform to guarantee a stable shape transformation. (b,c) Frames from recorded videos illustrating that an eight-legged millirobot holds a
rod-like object for transportation based on rolling locomotion through different terrains, including (b) slopes and (c) various steps. (d) Details
extracted from the same video as shown in panel c represent the way an eight-legged millirobot climbs over an obstacle with a height of 4 mm while
keeping the object being tightly wrapped. (e) Magnetically controlled manipulation and assembly by using a tube fabricated with rigid aluminum foil
and magnetic coatings on its surface. The time stamp format is minutes:seconds. Scale bars: (a) 5 mm, (b) 10 mm, (c) 10 mm, and (d) 10 mm.
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obstacles. More impressively, the object is tightly wrapped in the
robot’s tube structure even when the robot rolls down from the
high drop (Video S5). As shown in Figure 5c and d, when the
robot approaches an obstacle like a step or a trench, it places a
pair of legs at the front of its body on the upper end of the
obstacle. Then, taking advantage of the support provided by the
front legs for the whole body, the robot continues to roll up its
body under the rotating magnetic field to overcome these
obstacles. Since only six legs on the left of the robot are required
to wrap the object, an object will not fall off the robot during the
transportation process and over obstacles.
We further demonstrate the capability of orientation control

of an untethered rigid tubular robot for intentional manipulation
and assembly of objects (Figure 5e; Video S6). A robot
composed of a rigid base can be operated to manipulate objects
larger than itself with the help of the forward propulsion of its
rigid body. This strategy allows the tubular robot to simply push
objects to desired locations. In Figure 5e, two cubes are pushed
to a prescribed position for assembly in a straight line. In fact,
this approach of robotic manipulation can be extended to handle
object units of different shapes into various final geometrical
patterns such as triangle and rod patterns, as well as into
composites forms with heterogeneous structures.41 These
results suggest the potential application of untethered robotic
assembly for coding and repair of millimeter-scale components
constrained by energy supply.

■ CONCLUSIONS
In summary, this work introduces an approach to creating
magnetically drivable millirobots from various nonmagnetic
objects by covering them with hard-magnetic coatings. This
method enables different substrates ranging from planar sheets
to 3D structures to be effectively actuated under magnetic fields.
When combined with NIR laser heating, the millirobots can be
reprogrammed with arbitrary magnetization patterns in a rapid
and facile fashion. By leveraging this method, multiple
locomotion modes like crawling, overturning, and rolling, as
well as good magnetic steerability and manipulation capabilities,
are demonstrated. Various functions of these millirobots have
been achieved, including catching a fast-moving object, object
transport and assembly. Although functional applications in
aqueous environment is limited by the stability of the magnetic
coating in the current state, adding gluten as the component and
an additional PVA layer can help build robust magnetic coatings,
laying the foundation for possible application in such circum-
stances. The method described here is expected to provide
alternative solutions to the design of millirobots.

■ MATERIALS AND METHODS
Sample Fabrication. The PVA with an 87.0 to 89.0% degree of

alcoholysis and an average molecular weight of 85 000−124 000 was
bought from Aladdin Chemistry Co. Ltd. Poly(vinyl alcohol) (PVA)
aqueous solution (10 wt %) was obtained by stirring themixture of PVA
powders and deionized water at a mass ration of 1:9 under 98 °C for 3 h
to ensure a complete dissolution. Then, the slurry of our magnetic
composite was prepared by suspending CrO2 particles (Aladdin Inc.,
China) in PVA solution with a predetermined mass ratio at room
temperature. Then, the CrO2@PVA slurry was coated on the surface of
a targeted object (TPU, PDMS, paper, and nonwoven fabric) at 500
rpm for 30 s, followed by a solidifying process for 30 min at 40 °C.
Besides, for some objects of 3D structures like the circular tube made of
aluminum foil, the magnetic coating was formed by simply spreading
the magnetic slurry on its outer surface.

A femtosecond laser system (Legend Elite-1K-HE, Coherent) was
employed for ablation and cutting. Femtosecond laser ablation was
applied to constructing microgrooves to strengthen the adhesion of
magnetic coatings to hydrophobic materials like TPU and PDMS with
smooth surfaces, where the laser power, scanning speed, and spacing
was set at 300 mW, 20 mm/s, and 30 μm, respectively. In addition,
femtosecond laser ablation was used to obtain joints from flexible
substrates by removal of the upper magnetic film. Then, the desired
geometries were cut out of the substrates.
To create the desired magnetization profiles, heat-assisted magnetic

(re)programming strategy was employed. A sample was placed on an
acrylic plate and covered by a glass slide to fix its position. A NIR laser
was used to selectively heat the magnetic coating above the Curie
temperature of the embeddedmagnetic particles. The power of theNIR
laser was set at 175 mW, and the temperature of the magnetic coating
can be heated up to 391K in 6 s. Subsequently, theNIR laser was turned
off to cool themagnetic coating. In concert with the cooling process was
a magnetic field of 40 mT in a desired direction generated by a
permanent NdFeB magnet underneath to (re)orientate the magnetic
domains of themagnetic particles in the coatings. The orientation of the
magnetic field was controlled by the rotation of the permanent magnet.
Afterward, the sample was moved to a new laser-exposed region. By
repeating this process, desired arbitrary magnetization directions were
patterned on the magnetic coatings.

Sample Characterization. Room-temperature X-ray diffraction
(XRD) measurements were performed on a Philips X’pert PRO X-ray
diffractometer. Themicrostructure andmorphology were characterized
by a secondary electron SEM (ZEISS EVO18). The thickness of the
magnetic coatings was measured using a step profiler (XP-1, Ambios
Technology, Inc.). The magnetization was carried out on a Quantum
Design vibrating sample magnetometer. The magnetic flux density was
measured by a digital Gauss meter (HM-100, Huaming instrument Co.,
Ltd., China). ANIR laser (808 nm, 0−237mW)was used for selectively
local heating of magnetic coatings. The temperatures of the magnetic
coatings were recorded by a thermal infrared camera (VarioCAMhr
head 680, InfraTec).

Magnetic Actuation. A cube permanent magnet (25 mm wide)
with a maximum magnetic flux density of 300 mT at its surface was
utilized to form spatially distributed magnetic fields. Dynamic magnetic
actuation was attained by moving the magnet in horizontal and vertical
directions and/or by simultaneously involving a back-and-forth
swinging or rotating motion of the magnet.
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