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Zehua Xiang, Mengdi Han,* and Haixia Zhang*

The advent of functional materials offers tremendous potential in a broad
variety of areas such as electronics, robotics, and energy devices. Magnetic
materials are an attractive candidate that enable multifunctional devices
with capabilities in both sensing and actuation. However, current magnetic
devices, especially those with complex motion modalities, rely on perma-
nently magnetized materials with complicated, non-uniform magnetization
profiles. Here, based on magnetic materials with temporary-magnetization, a
mechanically guided assembly process successfully converts laser-patterned
2D magnetic materials into judiciously engineered 3D structures, with
dimensions and geometries ranging from mesoscale 3D filaments, to arrayed
centimeter-scale 3D membranes. With tailorable mechanical properties and
highly adjustable geometries, 3D soft structures can exhibit various tethered
locomotions under the precise control of magnetic fields, including local
deformation, unidirectional tilting, and omnidirectional rotation, and can
serve as dynamic surfaces for further integration with other functional mate-
rials or devices. Examples demonstrated here focus on energy-harvesting
systems, including 3D piezoelectric devices for noncontact conversion of
mechanical energy and active motion sensing, as well as 3D solar tracking
systems. The design strategy and resulting magnetic-controlled 3D soft struc-
tures hold great promise not only for enhanced energy harvesting, but also
for multimodal sensing, robotic interfaces, and biomedical devices.

rigid devices, soft microsystems commonly
adopt functional materials with appealing
properties, such as dielectric elasto-
mers,'% shape-memory polymers,™ liquid
metals,”?l and hydrogels.¥ Reliable actua-
tion is of vital importance in microsystems,
especially for energy harvesting, where the
mechanical stability, controllability, and
adaptability are highly desired to maintain
the long-term power output in a complex
environment. Recent advances in materials
have enabled soft actuators with different
driving mechanisms, including magnetic
effect,™ chemical effect,™ photothermal
effect,®) and electrical effect.” The intro-
duction of biomimetic designs or mul-
tidimensional geometries allows for the
continuous operation in complex environ-
ments.'822 Among these strategies, the
magnetic-controlled approach shows com-
pelling advantages, due to its fast response,
large deformation, precise control and
stable repeatability.!*3-2°]

Magnetic materials deform under
external magnetic fields, which is crucial
for magnetic-controlled structures.[26-28]
Most magnetic-controlled robotics exploit
magnetic materials to achieve various

1. Introduction

Emerging soft microsystems attract huge attention in wearable
biosensing,? biomedical implants,?# human-machine interac-
tion,>® and energy conversion.) Unlike traditional large and

locomotion, where the permanent and programmed magneti-
zation profiles are key design parameters.?’! Strong magnetic
fields from these permanent magnets pose a variety of incom-
patibility issues in scenarios such as electronic circuit, biomedi-
cine, and micro/nanomanufacturing. By contrast, magnetic
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materials without permanent magnetization (e.g., soft mag-
netic materials, or magnetic materials with small coercivity)
experience temporary magnetization under magnetic fields.1%
The removal of magnetic field can directly turn the magnetic
domain distribution to its initial state without remanence. How-
ever, the lack of regionally programmed magnetization impedes
the precise control and actuation modalities of planar magnetic
structures under temporary magnetization. Recent exploration
of 3D fabrication and functional materiall®-* enable a variety
of 3D robotic structures with tailored engineering designs and
provide feasible approaches to acquire 3D devices with specific
properties and functions.?>-%]

Here we leverage a mechanically guided, compressive-
buckling process to construct magnetic-controlled 3D robotic
structures based on temporary-magnetized materials. A mix-
ture of poly(dimethylsiloxane) (PDMS) and neodymium iron
boron (NdFeB) microparticles forms a PDMS-NdFeB com-
posite (PNC), which experiences temporary-magnetized pro-
cess during the approach of an external magnetic field. The
cooperation of the laser patterning and layer-by-layer transfer-
ring process allows for the preparation of various 3D robotic
structures at different scales. The 3D robotic structures can
realize different controlled locomotion, from unidirectional
tilting to omnidirectional rotation under the precise control
of the external magnetic field. Integration of energy materials
and devices (i.e., piezoelectric materials, organic solar cells) to
the 3D robotic structures yields advanced capabilities in energy
harvesting. The action of external magnetic field and intrinsic
elastic stress of the 3D robotic structure facilitate the complex
and controllable deformation, showing promising prospects for
enhanced multidirectional energy harvesting, as well as multi-
functional sensing and multidimensional actuation.

2. Results and Discussion

2.1. Design of Magnetic-Controlled 3D Robotic Structures

The preparation of PNC film begins by mixing PDMS with NdFeB
microparticles with different mass ratios at room temperature
(Figure 1a; Figure S1, Supporting Information). In its initial state,
the atomic force microscopy (AFM) images demonstrate that the
PNC film exhibits random distribution of magnetic domains
under zero-external magnetic field (Figure S2, Supporting Infor-
mation). The approach of an external magnet to the PNC film
induces magnetic field and converts the magnetic domains of the
PNC film into oriented distribution with an obvious phase shift.
And after the removal of the magnet, the temporary-magnetized
PNC film can recover to its initial state (Figure S3, Supporting
Information). The remanence (M,) of the PNC film is highly
dependent on the applied magnetic field, which is almost negli-
gible under the unsaturated applied magnetic field (< 0.5 T) with
low coercive force (Hc), while the M, becomes much larger under
the applied magnetic field over 0.5 T (Figure 1b; Figure S4, Sup-
porting Information). The surface magnetic field of commonly
commercial magnet is usually below 0.3 T and attenuates with
the distance (Figure S5, Supporting Information). Therefore, it
is reasonable to modulate the magnetic properties of PNC under
the precise control of the external magnet.
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The transformation from 2D PNC film to 3D robotic struc-
ture involves planar laser-patterning process and compressive-
buckling process. First, a laser patterning process defines the
obtained PNC film (200 um in thickness) into various 2D pat-
terns (left frame of Figure 1c). The corresponding scanning
electron microscopy (SEM) images (right frame of Figure 1c)
demonstrate the sharp boundaries of 2D precursors with dif-
ferent configurations, including straight lines, crisscross, and
semicircular curves. As shown in Figure S6 (Supporting Infor-
mation), the surface morphologies of laser-pattering process
are strongly dependent on the power of laser and the mass
ratio of the NdFeB microparticles. Both the cutting depth and
cutting width increase with the power, and the power is deter-
mined at 8 W with the minimum line width of 200 um to bal-
ance the width and depth of the laser-cutting notch. Meanwhile,
the increased mass ratio of NdFeB microparticles leads to a
decrease of the cutting depth caused by the increased energy
loss. After transferring the patterned PNC 2D precursor on
the prestretched elastomer substrate (Ecoflex 00-30, =400 um
in thickness), the adhesive layers (Dowsil 732 and silver adhe-
sive, =65 um in thickness) and stiffening layer (poly(ethylene
naphthalate) (PEN), 125 um in thickness) are successively
screen-printed with alignment. The release of strain induces
the compressive-buckling process and realizes the prepara-
tion of arrayed 3D robotic structures (left frame of Figure 1d
and Figure S7 (Supporting Information)). The finite element
analysis (FEA) results of the 3D table array further validates
the conversion from planar patterns to 3D structures, where
the low strain distribution of functional layers on the table top
ensures the mechanical stability, and is beneficial to the prac-
tical applications (right frame of Figure 1d). The 3D robotic
structure experiences locally deformations under the applica-
tion of external magnet, and can easily recover to its initial state
after the removal of magnet (Figure le). Compared with other
technologies for building 3D structures, this strategy provides
a reliable approach to develop magnetic-controlled 3D robotic
structures at different scales, ranging from mesoscale ribbon,
to sub-millimeter-scale single structure, and to large-scale
arrayed structure (Figure S8, Supporting Information).

2.2. Characterization of PNC-Based 3D Robotic Structures

The prepared 2D PNC film shows great mechanical robustness
under stretching, bending, and twisting states, and can be easily
deformed with the attraction of a magnet (Figure 2a; Figures S9
and S10 (Supporting Information)). Both FEA and experimental
results demonstrate that the magnetic force of 2D PNC film
caused by the external magnet is about 1 mN, and it is critical to
keep the gap lower than 4 mm to ensure a sufficient magnetic
force for precise control (Figure S11, Supporting Information).
In its initial state, the NdFeB microparticles, with random dis-
tribution of magnetic domains, are coated by a PDMS matrix
in the PNC film, where no particle—particle magnetic interac-
tion exists under the net-magnetic field. Based on theoretical
and simulation analysis of 2D PNC model, the deformation of
2D PNC precursor mainly relies on two aspects: magnetic prop-
erty and mechanical property, both of which can be determined
by the mass ratio of NdFeB microparticles and the thickness
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Figure 1. Magnetic-controlled 3D soft robotic structures. a) Schematic illustration of preparation process and temporary-magnetized behavior of PNC
film. b) Static magnetic hysteresis loops of the PNC film under low and saturated magnetic fields. The inset shows the real-time magnetization response
of the PNC film under the approach and removal of a magnet. c) lllustration of the laser-patterning 2D PNC film with tailored designs (left) and SEM
images of the corresponding configurations (right). Scale bars: 500 um. d) Illustration of a multilayered 2D precursor on a prestretched substrate (left)
and finite element analysis (FEA) prediction of the 3D table array after strain release (right). Max. &, the spatial maximum of the maximum principal

strain. e) Optical images of the 3D table array under the initial state and magnetic-controlled state. Scale bars: 3 mm.

of PNC film, respectively (Note S1, Supporting Information).
Adjusting the fabrication process can yield 2D PNCs with dif-
ferent parameters, showing controllable magnetic and mechan-
ical properties (Figures S12 and S13, Supporting Information).
First, to quantitatively evaluate the magnetic property, PNC
film (200 pm in thickness) with different mass ratios of NdFeB
microparticles are characterized. As the mass ratio of PDMS
and NdFeB microparticles varies from 1:1 to 1:5, the bending
stiffness correspondingly increases, and the movement ()
reaches maximum under the mass ratio of 1:3 (Figure 2b). The
magnetization (M) increases correspondingly with the mass
ratio (from 0.84 to 4.51 kA m™ at 0.3 T) and larger applied
magnetic field induces higher magnetization. Meanwhile, the
increase of mass ratio also leads to a large shear modulus (G),
indicating a stronger ability to resist deformation (Figure 2c).
To achieve a balance between magnetic and mechanical proper-
ties, the following experiments select an optimal mass ratio of
1:3, as this value leads to the largest ratio between shear mod-
ulus and magnetism (M/G) (Figure 2d).
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In addition, it is feasible to adjust the thickness (D) of 2D
PNC film (from 100 to 300 pum) through the modulation of the
rotation speed during the spin-coating process. A thicker PNC
film produces larger bending stiffness (Figure 2e). Under a fixed
magnetic field of 0.3 T, the magnetization also increases with
the thickness of PNC film (from1.20 to 4.17 kA m™!, Figure 2f).
The 2D PNC film (100 um in thickness) with a larger critical
parameter (M/D?) demonstrates a larger movement during the
deformation (Figure 2g). However, considering that the average
diameter of NdFeB microparticles is =5 pm, thinner 2D PNC
film possesses insufficient uniformity due to the influence
of agglomeration. Therefore, 2D PNC films with the optimal
thickness of 200 um and mass ratio of 1:3 can provide satis-
factory magnetic and mechanical properties, thereby serving as
the reliable basic component for the following exploration.

Since the 2D PNC film shows limited modalities of defor-
mation under the external magnetic field, 3D robotic structures
with diverse geometries are developed to achieve magnetic-
controlled and programmable locomotion. Through FEA-guided
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Figure 2. Characterization of PNC-based 3D robotic structures. a) Schematic illustration and simulated results of the deformation model of a 2D PNC
film under the magnetic field of a cylindrical magnet. b) With the same thickness, the effect of mass ratio of NdFeB microparticles on the movement
and bending stiffness of the 2D PNC film. The error bars are the standard error deviation from three measurements. c,d) Under different magnetic
fields, c) effect of the mass ratio of NdFeB microparticles on the magnetization (M) and shear modulus (G) of the 2D PNC film, and d) the variation
of M/G, a critical parameter that determines the degree of deflection for small deformation of the 2D PNC film. e) With fixed mass ratio of NdFeB
microparticles, the effect of thickness on the movement and bending stiffness of the 2D PNC film. The error bars are the standard error deviation
from three measurements. f,g) Under different magnetic fields, f) effect of the thickness on the M and corresponding dimension (D?), and g) the
variation of M/D?, another critical parameter that determines the degree of deflection for small deformation of the 2D PNC film. h—j) Mechanically
guided 2D precursors, optical images and FEA predictions of 3D robotic structures: h) butterfly, i) cross-shaped tent, and j) ribbon array, under initial

and magnetic-controlled states. Scale bars: 2 mm.

structural design, the 2D PNC precursors on prestretched elas-
tomer substrates are transformed into 3D robotic structures
upon release of strain. These 3D robotic structures experience
magnetic-controlled state under the external magnetic field
and recover to initial state after the removal of the magnet
(Figure S14, Supporting Information). In addition, when a
small-scale magnet acts at different regions, the nonuniform
distribution of magnetic field over the 3D structures allows for
the diverse deformed modalities of 3D robotic structures. By
modulating the acting regions of the magnet, the 3D robotic
structures (butterfly, cross-shaped tent, and ribbon array) can
demonstrate various distinct states, consistent with the corre-
sponding FEA predictions (Figure 2h—j; Figure S15 and Video S1,
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Supporting Information). For instance, controlling the movement
direction of the magnet under the 3D butterfly enables the wings
to flutter alternatively or synchronously. Through the simple and
precise control of the magnet, it is feasible to realize more com-
plex and functional deformations of the PNC-based 3D robotic
structures. Similar to nonmagnetized NdFeB, soft-magnetic
material (Fe) can also experience temporary-magnetized process
with the approach of the external magnetic field. Through the
general fabrication method with laser-cutting and mechanically
guided compressive buckling process, the developed Fe-PDMS-
based 3D robotic structures are able to demonstrate different
magnetic-controlled states (Figure S16, Supporting Information).
In contrast, the premagnetized NdFeB brings difficulty for 3D
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Figure 3. Magnetic-controlled energy harvesting from 3D piezoelectric structures. a) FEA result of strain distribution of the 3D ribbon under the mag-
netic field of a cylindrical magnet. b—d) Deformations of the 3D ribbon under the different gaps in z axis, when the magnet moves along the x axis:
b) width, c) height, and d) shift. The error bars are the standard error deviation from three measurements. e) Optical image of the 3D piezoelectric
ribbon under the initial and magnetic-controlled states and corresponding time-domain output voltage with the movement of a magnet. Scale bar:
5 mm. f) FEA results of the max. &, of 3D piezoelectric ribbon with the displacement of magnet along the x axis under the different gaps in z axis.
g) Relationship between the output peak-to-peak voltage (Vpp) and max. &,y of the 3D piezoelectric ribbon. The error bars are the standard error
deviation from three measurements. h) Time-dependence output voltage of 3D piezoelectric ribbon at different operating frequencies (in the beginning
2 s of 8 s operating period) and corresponding fast Fourier transform (FFT) of whole operating period. i) Optical images and FEA results of strain
distribution of 3D piezoelectric serpentine. Scale bars: 5 mm. j) Simulated results of effective modulus of different 2D precursors. k) Simulated results
of the relationship between displacement and force to illustrate the ultralow stiffness feature of the 3D serpentine. I) The comparison of the frequency-
domain output Vpp between the 3D ribbon and 3D SPT-1. The error bars are the standard error deviation from three measurements. m,n) Output Vpp
of 3D SPT-1 with the in-plane movement of the magnet along the x axis (m) and the y axis (n) with different distances. The error bars are the standard
error deviation from three measurements. o) Application of 3D piezoelectric serpentine for energy harvesting and motion sensing during biking.
p) Schematic illustration of the magnetic-controlled piezoelectric harvester based on 3D serpentine array, and the correlation between the output Vpp
and the biking speed. The error bars are the standard error deviation from three measurements.

robotic structures in both manufacturing and magnetic-con-  the magnet from right to left, the cylindrical magnet forms a
trolled process (Figure S17, Supporting Information). magnetic field, the center of which experiences synchronous

shift. The magnetic field and its gradient act on a selectively

working region of the 3D ribbon with a downward or obliquely
2.3. Magnetic-Controlled Energy Harvesting from 3D Piezo- downward magnetic force, inducing the corresponding part to
electric Structures collapse to the bottom (Figure S18, Supporting Information).

Considering that the magnetic field is strongly related to the
For the basic 3D ribbon structure with a fixed width of 27 mm,  working distance along both in-plane and out-of-plane direc-
the definition of parameters and the magnetic-controlled tions, it is feasible to investigate the magnetic-controlled pro-
deformation appear in Figure 3a. During the movement of  cess systemically with basic parameters, such as displacement,
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gap, and maximum magnetic field.””] When the magnet moves

along x axis, both the width and height (illustrated in Figure 3a)
decrease with the displacement of magnet (Figure 3b,c). The
increase of the gap between the 3D ribbon structure and the
magnet in z axis (from 0 to 1.8 mm) attenuates the magnetic
field. Under the strong magnetic field with the gap smaller than
1.2 mm, both the width and height of 3D ribbon structure dra-
matically decrease. Meanwhile, the shift of 3D ribbon structure
increases with the displacement of the magnet (Figure 3d). The
3D ribbon structure recovers to its initial state at the accom-
plishment of the movement. In contrast, the weak magnetic
field with a large gap allows for the small deformation of 3D
ribbon, which experiences a reverse shift when the magnet acts
on the left area with a right-downward force (Figure S19, Sup-
porting Information). These results together demonstrate the
diversity in motion modalities and provide a means to induce
deformation of 3D structures in a remote, noncontact manner,
with advantages in mitigating the mechanical damages.

In view of the advantages of noncontact deformation in
robust mechanical energy harvesting, further development
yields a 3D piezoelectric ribbon with a top electrode (silver, Ag,
=3 um in thickness), a polyvinylidene fluoride (PVDF) film
(52 um in thickness), a bottom electrode (Ag, =3 um in thick-
ness) and a PNC film (Figure 3e; Figure S20a, Supporting
Information). During the mechanical motion of the external
magnet, the 3D piezoelectric ribbon experiences deformation
due to the magnetic attraction. The deformed 3D piezoelectric
ribbon induces piezoelectric potential difference between
the top and bottom electrodes. The process efficiently har-
vests mechanical energy and converts it into electrical energy
(Figure S20b, Supporting Information). Both the mechanical
structure and output voltage experience a slight damped oscil-
lation during the recovery process. For the detailed evaluation
of the specific 3D piezoelectric ribbon, the variation of gap
(illustrated in Figure 3a) influences the relationship between
spatial maximum of the maximum principal strain (max. &p,,)
and the displacement of magnet (Figure 3f). According to the
FEA results, with a small gap, the max. &,,,, increases rapidly to
reach the critical value, and decreases dramatically as the mag-
netic force is lower than the intrinsic elastic stress. While for the
large gap, the max. &, increases slowly in the beginning, then
the 3D structure shifts until the magnetic force is insufficient
to support the deformation, leading to a symmetrical response.
Obviously, large max. &, results in the enhanced peak-to-peak
voltage (Vpp) of 66.56 mV at an operating frequency of 4 Hz,
due to the strong magnetic field under small gap (Figure 3g).
Figure 3h presents the time dependence of the output voltage
in the first 2 s and corresponding fast Fourier transform (FFT)
of the whole period (8 s) at different operating frequencies.
Under the periodic movement of the magnet, the magnetic-con-
trolled 3D piezoelectric ribbon demonstrates a low fundamental
frequency. Multiple peaks in the FFT curves indicate strong
nonlinear responses, offering opportunities in low-frequency
energy harvesting. If the operating frequency is large than 4 Hz,
the unfinished nonlinear oscillation of last cycle will overlap
with the peak of the next cycle, changing the periodic signal and
leading to the behavior with dual fundamental frequencies.

As discussed before, different mass ratios of NdFeB
microparticles and thicknesses determine the magnetic and
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mechanical properties of the PNC film, which exerts an impact
on the output performance. The prepared 3D piezoelectric rib-
bons with different parameters illustrate similar trends of Vpp
under the varied frequencies ranging from 0.5 to 4 Hz, and
show long-term output stability during the continuous opera-
tions (Figure S20c—e, Supporting Information). The above
features are beneficial for periodically vibrational energy har-
vesting. To further optimize the structural design for enhanced
output performance, 3D structures with ultralow effective stiff-
ness are of interest. To meet the requirements for the compres-
sive-buckling process and magnetic-controlled deformation,
different serpentine patterns (linewidth: 1-3 mm) with low
effective modulus and bending stiffness (F/u) are adopted for
the development of 3D serpentine (Figure 3i-k; Figure S21,
Supporting Information). The 3D serpentine with linewidth
of 1 mm (3D SPT-1) demonstrates ultralow bending stiffness
(14 mN mm™), typically more than one order of magnitude
smaller than that of the 3D ribbon structure (476 mN mm™). It
generates continuous piezoelectric output following the move-
ment of the magnet with an amplitude (=250 mV) 9 times
higher than that of the 3D ribbon (=27 mV) at an operating
frequency of 1 Hz (Figure 3l). Independent to the temperature
variation with minimum flux loss of NdFeB microparticles,
3D SPT-1 operates stably at different operating frequencies.
The peak current reaches to around 2 pA and the maximum
power is 0.16 uW at the load resistance of 25 MQ, showing the
reliability of energy harvesting (Figure S22, Supporting Infor-
mation). Compared to other energy harvesting modes, the
magnetic-controlled approach is more attractive for enhanced
energy harvesting and motion sensing (Figure S23, Supporting
Information). Meanwhile, compared to the coil unit-based elec-
tromagnetic generator (EMG) that relies on the Faraday induc-
tion, the 3D SPT-1 shows 20 times improvement in the ampli-
tude of Vpp, which is suitable for practical applications with
high signal-to-noise ratio (Figure S24, Supporting Information).

The 3D SPT-1 experiences different deformations when
the magnet moves along the x and y axis. The corresponding
output voltages under different lateral distance and longitudinal
distance appear in Figure S25 (Supporting Information). At an
operating frequency of 1 Hz, maximum outputs are obtained
when the magnet moves along the center of the 3D serpentine
(Figure 3m,n). Besides serpentine patterns, the 3D piezoelectric
butterfly also demonstrates multiple motion modalities, and
the piezoelectric output has strong dependence to the mag-
netic-controlled modes (Figure S26, Supporting Information).
The magnetic-controlled 3D piezoelectric structure offers a
solution for noncontact mode energy harvesting that mitigates
mechanical damages, such as creases and scratches, enabling
the long-term stability of the piezoelectric output (Figure S27,
Supporting Information).

One compelling application is in the conversion of high-
speed cyclic movement. Here, we integrate a magnet and a
magnetic-controlled piezoelectric harvester based on 3D serpen-
tine array to a bicycle wheel and the nearby supporting frame,
respectively. The periodic rotation of wheel induces the back
and forth movement of the magnet, leading to deformations of
the 3D piezoelectric structure with continuous signal response
(Figure 3o0; Figure S28a, Supporting Information). The output
Vpp of the 3D piezoelectric harvester is strongly dependent on
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