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Abstract

Recent advancements in soft electronics and robotics have expanded the possibilities beyond the capabilities of
traditional rigid devices, indicating promise for a range of applications in electronic skins, wireless biomedical
devices, and others. Magnetic materials exploited in these soft systems can further broaden the modalities in
sensing and actuation. These magnetic materials, when constructed in the forms of nanoparticles,
nanomembranes, or other types of nanostructures, exhibit some unique characteristics, such as the
magnetoresistance effect and size-dependent coercivity. Soft electronics and robotics employing such magnetic
nanomaterials offer a variety of functions, including the detection of the intensity and direction of magnetic fields,
measurement of various types of mechanical deformations, manipulation and transport at small scales, and
multimodal complex locomotion in a controllable fashion. Despite recent advancements in soft electronics and
robotics, challenges remain in developing advanced materials and manufacturing schemes to improve performance
metrics and facilitate integration with other devices. This review article aims to summarize the progress made in
soft electronics and robotics based on magnetic nanomaterials, with an emphasis on introducing material and
device performance. The discussions focus on soft electronics and robotics based on magnetic
nanomembranes/nanostructures and magnetic composites. As a concluding remark, this article summarizes the
current status of the field and discusses opportunities that underpin future progress.
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INTRODUCTION

In recent years, advances in materials and manufacturing approaches have inspired a diverse set of soft
electronics and robotics with performances comparable to conventional rigid devices"”. The flexibility and
stretchability of these soft systems offer tremendous potential applications in many aspects, including but
not limited to electronics/optoelectronics, microelectromechanical systems (MEMS), energy harvesting and
storage devices, electronic switches, healthcare monitoring systems, and other biomedical tools"*".

Compared to rigid devices, soft electronics with mechanical similarity to biological tissues ensure intimate
contact at the interface, enabling high-quality data acquisition with reduced noise and artifacts"**". For soft
robotic systems, including soft actuators, major advantages involve capabilities of adaption, continuous
deformation, environmental responsiveness and less damage to delicate objects”**. The soft form factor of
these systems also allows them to withstand bending, stretching, folding, and other means of mechanical
deformations® >, thus providing possibilities for further miniaturization/integration and expanding the

application scenarios to electronic textiles, sensory skins, and minimally invasive surgeries™***.

Among various types of functional materials exploited in soft electronics and robotics, magnetic materials
are of interest due to their unique properties in sensing and actuation. Compared to conventional magnetic
materials, magnetic nanomaterials demonstrate some unique advantages. Firstly, magnetic materials in the
form of nanomembranes or nanostructures can produce magnetoresistance (MR) effects, thereby
expanding the sensing ability of magnetic sensors™*. Secondly, magnetic materials at the nanoscale show
size-dependent coercivity, offering great potential for programmable deformation and tunable torque.
Thirdly, mixtures of magnetic particles/nanowires and polymer matrices exhibit low effective modulus and
can be magnetized in a programmable format through advanced manufacturing approaches, creating a
diverse set of soft structures with enhanced capabilities in sensing and actuation. Incorporating these
magnetic nanomaterials into soft electronic systems allows for the detection of the intensity and/or
direction of magnetic fields generated from the earth” or human body"*, providing opportunities for
wearable navigation and fundamental studies of electrophysiology"=*”. In robotic applications, besides the
advantages of remote controllability and transparency to biological tissues“*", magnets in nanoscale or
mixed in polymer matrix can possess programmed magnetization profiles to produce various complex
deformations and abundant motion sequences®*". Further developments in magnetic nanomaterials can
continue to promote the performances and broaden the functions of soft electronics and robotics.

A series of reviews, in a general sense, have covered topics ranging from nanomaterials-enabled electronics
and robotics”***” to mechanisms and materials of magnetic devices**. While many review articles have
provided valuable insights into the development of materials, structures and manufacturing approaches for
soft electronics and robotics, few have focused specifically on soft electronics and robotics based on
magnetic nanomaterials. Recent works have shown that magnetic nanomaterials have the potential to
expand the functions or promote the performances of many electronic and robotic systems in areas such as
biomedicine, sensing, and human-machine interaction. Therefore, this review article aims to discuss
magnetic nanomaterials and their applications in soft electronics and robotics to provide an overview of the
latest developments in this field. In Figure 1 and Table 1, we categorize magnetic nanomaterials into two
groups: magnetic nanomembranes/nanostructures (i.e., materials with thicknesses in nanoscale or with
nanoscale patterns) and magnetic composites (i.e., mixtures of polymer matrices and magnetic particles).
Sections “Soft electronics based on magnetic nanomembranes/nanostructuresand” “Soft electronics based
on magnetic composites” introduce the progress of soft electronics based on magnetic nanostructures/
nanomembranes and magnetic composite materials, respectively. Sections “Soft robotics based on magnetic
nanomembranes/nanostructures” and “Soft robotics based on magnetic composites” continue to describe
the applications of magnetic nanostructures/nanomembranes and magnetic composites, respectively, with a
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Table 1. Representative magnetic nanomaterials

Type W.o rk.mg Repre§entatlve Manufacturing approaches References
principle materials
Nanomembranes/nanostructures GMR effect Co/Cu, NiFe/Cu Molecular beam deposition,
sputtering, electrodeposition, [72,73,81]
printing
AMR effect NiFe, NiCo Sputtering, thermal evaporation [87,91,95]
TMR effect CoFeB/MgO/CoFeB, Co/ Sputtering, transfer printing [99,100,104]
Al,05/Algy/NiFe
Magnetic composites Hard-magnetic NdFeB particles, CrO, 3D printing, molding, laser heating  [146,160,164]
particles
Soft-magnetic Iron particles, Soft lithography, magnetic field- [126,128,170]
NiFe particles assisted molding
Superparamagnetic Iron oxide nanoparticles Thermal curing, laser/mechanical  [149,150,165]
cutting

AMR: Anisotropic magnetoresistance; GMR: giant magnetoresistance; TMR: tunneling magnetoresistance.

focus on robotic systems. In the end, a concluding section summarizes the main advantages and
applications of soft electronics and robotics based on magnetic nanomaterials, and presents some thoughts
for the further development of this field.

SOFT ELECTRONICS BASED ON MAGNETIC NANOMEMBRANES/NANOSTRUCTURES

Electronic devices that can detect the intensity and direction of magnetic fields are important for
applications spanning from motion tracking in consumer electronics to in vitro assays in biomedicine**.
Soft electronics with such capabilities provide additional possibilities, such as on-skin, tattoo-like
navigation, and in vivo multimodal sensing. Superconducting quantum interference device (SQUID) and
optical-pumping magnetometer (OPM) are important techniques for magnetic field sensing, but they

[63-66

require low temperatures, bulky wires, or optical fibers that are not compatible with soft electronics'***. In
contrast, the MR effect relies on materials constructed in the format of nanomembranes or other
nanostructures to detect magnetic fields. The ultrathin feature (thickness in the nanoscale) of these
materials allows for their construction in a miniaturized and flexible format. In Sections “Soft electronics
based on GMR effect”, “Soft electronics based on AMR effect”, and “Soft electronics based on TMR effect”,
we discuss soft electronics based on giant magnetoresistance (GMR), anisotropic magnetoresistance (AMR),

and tunneling magnetoresistance (TMR) effects, respectively.

Soft electronics based on GMR effect

The GMR effect primarily relies on multilayer nanostructures made up of alternating ultrathin
ferromagnetic (FM) and non-magnetic (NM) conductive layers, each with a thickness of a few
nanometers'”*). Figure 2A shows the schematic illustration of a simplified GMR sensor, where one NM
layer is sandwiched between two FM layers. In the absence of a magnetic field, the FM layers are in a
random magnetization direction, and can be modeled as antiparallel configurations using a tri-layer
structure [middle frame of Figure 2A]. In this case, both spin-up and spin-down electrons encounter strong
scattering, thereby causing high resistance. When an external magnetic field is applied, the FM layers can be
induced into parallel alignment, allowing spin-up electrons to pass through with little scattering, and
strongly scattering spin-down electrons. The clear paths for spin-up electrons result in low electrical
resistance of the GMR structure [right frame of Figure 2A]. Recent advancements in material science and
electrical engineering yield a diverse set of GMR structures, including magnetic multilayer structures, spin
valve trilayer structures, and magnetic granular structures””", with materials ranging from multilayers of
Co/Cu to NiFe/Cu and others”””. Among the various GMR structures, the spin valve trilayer structures



Page 4 of 25 Lin et al. Soft Sci 2023;3:14 | https://dx.doi.org/10.20517/ss.2023.05

Soft electronics

%

P
C‘Q/,b‘;%,;
Magnetic / ) _
nanomembranes/nanostructures Magnetic composites
=== .

—
=== — . e % o
Nanostructures + Nanomembrane(s) M ag netl c .. ° :
Deposition or transfer N anom ate ri al S Magnetic particles
/ | \ Mixing
' \\ ' ' Polymers
Flexible substrate \ Magnetic nanowires
%, #°
% e
A, R
(bs"’b;f"eo, fﬁ@
Soft robotics
B

ﬁcompasslﬂl

bl 74 ramming magnetic netic rolled-up . . 7
MMR sensorl % I nsional network(2 MMIM|c effect117

AMR effect mesmgnetoelectronicsl‘" magnetoception”! f etic encoding!s?!

1856 1988 1992 1995 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Future development

meﬁecl  magnetoresistive devices? | Flexible TMR senslor‘ S m&mﬁn : jami sensor arrays(®7

|
[Softrobotszs  [[Ehapeable Magnetostectronicsi™

ammable soft robots
0 drug delivery!153]

Figure 1. Overview of soft electronics and robotics based on magnetic nanomaterials. (A) Classification and representative examples;
(B) Chronology of publications and intellectual properties (patents).

exhibit a linear response of resistance under a magnetic field, making them ideal basic components for

magnetic sensors'”.

Such magnetic sensors are based on nanomembranes of multiple materials configured in a multilayer
format. The ultrathin feature provides immediate opportunities to construct soft magnetic sensors by
depositing NM and FM layers on flexible polymer substrates. Another advantage of GMR sensors is that the
materials deposited directly on polymer substrates can also exhibit sufficient sensitivities for many
applications. For example, Parkin et al. demonstrate that multilayers of Co/Cu (thickness: 1 nm for one
layer of Co, 0.9 nm for one layer of Cu) deposited onto Kapton films display large room-temperature
magnetoresistance, with MR ratios of up to 65%, comparable to those found in similar structures prepared

on silicon wafers™.
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Figure 2. Soft electronics based on magnetic nanomembranes/nanostructures. (A) Schematic illustration of the structure and
mechanism of a simplified trilayer GMR sensor; (B) An imperceptible magnetic sensor foil consisted of GMR sensors. Top frame:
structure of the sensor. Middle frame: optical image of a sample (marked by the blue dashed rectangle) mounted to a stretching stage.
Bottom frames: scanning electron microscopy (SEM) images of the sample under 50% compressive strain. The red arrow indicates the
direction of the applied magnetic field. Reproduced with permission from Ref.U”.Copyright© 2015. Springer Nature; (C) An SCMN with
eight functions. Left frame: schematic illustration (temp.: temperature). Right frames: optical images of the SCMN attached to a sheet
of paper, integrated on a human finger and human skin, and stretched manually. Reproduced with permission from Ref.”®. Copyright®
2018. Springer Nature; (D) Schematic illustration of the structure and mechanism of an AMR sensor; (E) An e-skin compass. Left frame:
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structure of the device. Right frames: optical micrography of the e-skin compass. Reproduced with permission from Ref."*". Copyright®
2018. Springer Nature; (F) An active matrix consisting of micro-origami sensor arrays. Left frame: structure of the device. Inset of the
left frame shows the micrograph of the AMR sensors. Right frame: optical image of an integrated micro-origami magnetic sensor device
with 8 x 8 pixels. Right frame: magnified view of several pixels. Reproduced with permission from Ref.”®”. Copyright® 2022. Springer
Nature; (G) Schematic illustration of the structure and mechanism of a TMR sensor; (H) A flexible TMR sensor. Top frames:
transmission electron microscopy (TEM) images of the MTJ structure. Bottom frame: optical image of MTJs transferred onto nitrile
glove. Reproduced with permission from Ref."".Copyright® 2016. John Wiley and Sons; (1) A film-type strain gauge with the
exchange-biased MTJ. Left frame: schematic illustration of the device. Top right frame: optical image of the motor-driven tensile
machine for the sample. Bottom right frame: illustration of structure. Reproduced with permission from Ref."®”). Copyright® 2022. AIP
Publishing. AFM: Antiferromagnetic; AMR: anisotropic magnetoresistance; GMR: giant magnetoresistance; MTJs: magnetic tunneling
junctions; PET: polyethylene terephthalate; SCMN: stretchable and conformable matrix network; TMR: tunneling magnetoresistance.

One important direction of soft GMR sensors focuses on investigating the influence of different flexible
substrates on the performance of the GMR device, in order to develop magnetic sensors with desired
sensitivity, flexibility and mechanical endurance for applications in biomedicine or other bio-integrated
systems"”>”*. Figure 2B introduces electronic skins (e-skins) integrated with GMR sensors. Such e-skins
allow wearers to perceive the presence of static or dynamic magnetic field, thereby expanding the sensing
capability of the human body. Here, the highly sensitive GMR sensor elements are on an ultrathin
(thickness: 1.4 pm) polyethylene terephthalate (PET) foil with mechanical properties of light weight and
high strength. The GMR sensors exhibit high sensitivities of up to 0.25% Oe™, identical to their counterparts
on rigid Si/SiO, wafer substrates. The e-skins are thin enough to provide an imperceptible feature during
wearing and can withstand cyclic tensile strains (270%, 1000 cycles) without fatigue””.

The incorporation of photolithographic techniques into these magnetoelectronic nanomembranes on
ultrathin plastic foils enables the fabrication of devices with accurate patterns over large areas and in a
multiplexed array format. These resulting sensor arrays exhibit flexibility, stretchability, and mechanical
robustness and can integrate with other soft electronics to form a multifunctional system. Figure 2C shows a
skin-inspired, highly stretchable and conformable matrix network (SCMN) that combines multiple
functions, including but not limited to the sensing capabilities of temperature, in-plane strain, humidity,
light intensity, magnetic field, pressure, and proximity"””. The multilayer design [left frame of Figure 2C]
separates six different types of sensor units in different layers to avoid complicated wiring. The magnetic
field sensors exploit multilayers of Co/Cu as the GMR elements (MR ratios: 50%), and locate in the middle
of the multilayer stacks. The combination of magnetic field sensors with other devices allows for
simultaneous measurements of various signals induced by the external environment, providing immediate
applications in navigation, touchless control, and human-machine interface.

Other examples of soft electronics based on GMR nanomembranes include printable GMR sensors for low-
cost large-area production and easy integration with wearable devices and textiles”™*, highly integrated
magneto-sensitive electronic membranes for extensive applications in the field of interactive
electronics®**, GMR 3D angular encoders with high angular accuracy in all directions®, and many
more!®*,

Soft electronics based on AMR effect

Compared with GMR nanomembranes, whose resistance only depends on the intensity of the magnetic
field, the resistance change of AMR sensors depends on both the intensity and the direction of the magnetic
field. The AMR effect is an important physical phenomenon in spintronics, where the angle between the
current flow and magnetization direction determines the resistance of the ferromagnetic material
[Figure 2D]. Compared with GMR sensors, AMR sensors usually have a smaller resistance change under a
magnetic field. However, the capability to distinguish the direction of magnetic field underpins unique



Lin et al. Soft Sci 2023;3:14 | https://dx.doi.org/10.20517/ss.2023.05 Page 7 of 25

applications of AMR sensors.

Figure 2E shows an example of using nanomembranes of Fe, Ni,, alloy (thickness: 50 nm) as AMR sensors
for an on-skin compass'*. The layout of the compass exploits a Wheatstone bridge configuration to connect
four AMR sensors [right frame of Figure 2E]. The compass uses silicone elastomer as the substrate and gold
thin film (thickness: 100 nm) as the contact and conditioning layer. These thin film materials render a
highly compliant compass that can form intimate, conformal contact with the skin. It shows sufficient
sensitivity (0.54 mT" for a single sensor) to geomagnetic fields (40-60 pnT), and functions properly under
cyclic bending with a radius of curvature of 150 um. The AMR-based on-skin device can fully replicate the
functionality of a compass, thereby allowing people to orientate themselves with respect to the Earth’s
magnetic field for navigation purposes.

Most of the AMR sensors can only perceive field components in one or two dimensions, due primarily to
the planar configurations of the devices. To expand the sensing capability to a third dimension (i.e., vertical
direction), researchers exploit a self-folding process to construct high-density active matrix of magnetic
sensors with three-dimensional (3D) geometries [Figure 2F]"*". Specifically, each sensing pixel consists of
three AMR sensors folded in three orthogonal orientations to enable 3D magnetic vector field sensing. The
AMR sensors are based on nanomembranes of NiFe alloy (thickness: 20 nm), and can be used for
spatiotemporal mapping of 3D magnetic fields with a spatial resolution of 1.1 mm. In addition, the 3D
magnetic sensor is capable of detecting the amplitude and direction of external mechanical stimuli by
adding a flexible composite skin layer and embedded magnetic hairs.

As an important application in biomedicine, AMR sensors with a navigation function can integrate with
various medical tools, such as biopsy needles, endoscopes and catheters, to allow physicians to track the
positions and movements of medical tools inside human bodies without the use of harmful radiation or
contrast agents™™. For example, a self-assembled catheter integrated with rolled-up flexible AMR sensors
offers basic navigation functionalities with a resolution of 0.1 mm, similar to those of electromagnetic
tracking™'. The strategy of deploying AMR sensors on medical tools constitutes a novel paradigm for the
manufacturing of biomedical tools and has the potential to expand the boundary of minimally invasive
surgery.

Other examples of soft electronics based on AMR nanomembranes include stable magnetic sensors with
sensitivities comparable to GMR sensors on flexible substrates®’, printable sensors with high performance
and compliance®, magnetic angle sensors for angular position measurement in harsh environments'*”, and
others"”*”

Soft electronics based on TMR effect

AMR and GMR sensors have great potential for use in soft electronics, yet the MR ratios are typically less
than 5% for the former and around 50% for the latter. Such low MR ratios limit the sensitivity of AMR
and GMR sensors and hinder their applications in detecting weak magnetic fields presented in biology™” .

Meanwhile, the MR ratio can exceed 200% in magnetic tunneling junctions (MTJs)"* that exist in the TMR
effect. Figure 2G depicts the structural schematic of an MTJ, composed of a free layer (FL), a barrier layer
(an extremely thin insulator), a pinned layer (PL) and an antiferromagnetic (AFM) layer [left frame of
Figure 2G], each with a thickness of a few nanometers. The AFM layer fixes the magnetization direction of
the PL, while the magnetization direction of the FL can rotate under an external magnetic field. Thus, the
MTT structure can be considered as a sandwich heterojunction consisting of an insulating layer between two

FM sheets. The two FM layers are in antiparallel configurations without any external interference [middle
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frame of Figure 2G]. In this case, the electrons in the minority-spin sub-band of one FM layer tunnel into
the majority-spin sub-band of the other layer, and those in the majority-spin sub-band enter the opposite,
resulting in small tunneling current and high resistance. In another case where the two FM layers are in the
same magnetization direction, the electrons would pass into the consistent sub-band from one layer to the
other, thereby leading to large tunneling current and low resistance [right frame of Figure 2G]. Since there
is almost no interlayer coupling between the two FM layers, a small external magnetic field can change the
magnetization direction of one layer and induce considerable resistance variation. Such processes render the
high magnetic sensitivity of TMR sensors.

However, the fabrication of high-performance TMR materials usually requires an annealing process at
elevated temperatures (= 300°C) and high vacuum conditions""", which impedes the formation of TMR
sensors on flexible polymer. The transfer printing process, which involves retrieving material from a
carrying substrate and delivering it onto other flexible or stretchable substrates, can solve the problem to
some extent!'”. Figure 2H shows an example of flexible TMR sensors"*". Here, a conventional deposition
process is used to form nanomembranes of CoFeB/MgO/CoFeB (thickness: 6/2/4 nm) on a thermally
oxidized silicon substrate. By etching away the underlying silicon, the nanomembranes can be released and
transferred onto various flexible substrates, including aluminum foil, silicone elastomer, nitrile glove, and
others [bottom frame of Figure 2H]. In this particular case, the transfer process enhances the MR ratios to
more than 200% (~1.38 times higher than the TMR prior to transfer), primarily due to the strain-induced
change on quantum tunneling, which enables the development of flexible TMR sensors.

Although the transfer printing method enables the fabrication of relatively high-quality flexible MTTs, it
complicates the manufacturing process. An alternative approach is to deposit TMR materials directly on
flexible substrates with high thermal tolerance"*>'*". Figure 2I demonstrates a highly sensitive thin-film
strain gauge based on an MTJ formed on a thin flexible polyimide substrate (thickness: 50 um)"*”, Under an
external magnetic field (intensity: 2 mT), the flexible MT] with a pseudo-spin valve (SV) structure shows a
much larger gauge factor (~1000) compared with conventional metal-foil strain gauges (gauge factor: ~2).
Using strain-sensitive free layers and adding strain-insensitive exchange-biased pinned layers allow the MT]
to obtain stable performance without external magnets, thereby making it more suitable for practical
applications.

Although transfer printing and direct deposition on high-temperature resistant materials provide effective
means to fabricate soft TMR sensors, the fragile and strain-sensitive natures of the inorganic
nanomembranes pose challenges in achieving stable electrical and mechanical performances. As a result,
most TMR sensors still possess rigid form factors, targeting applications in areas ranging from robotic
industrial control to consumer electronics and in vitro biosensing"™ "'\,

SOFT ELECTRONICS BASED ON MAGNETIC COMPOSITES

Soft electronics based on magnetic nanomembranes/nanostructures have shown great potential in
applications of multimodal e-skins, wearable navigation devices, and flexible mechanical sensors'*"">"**.
Such systems mainly rely on structural designs (e.g., ultrathin layers, serpentine and/or other patterns) to
achieve flexibility and stretchability. The materials themselves, especially those sensing elements (i.e., GMR,
AMR and TMR materials), exhibit high modulus and are not intrinsically stretchable. These properties
impede the conformal integration of magnetic sensors with soft biological tissues, and limit the degree of
freedom of deformations. Unlike nanomembranes, which only have small dimensions in one direction
(thickness), magnetic micro/nanoparticles and nanowires (NWs) possess small features in all directions
and, therefore, can be well dispersed in other mediums to form magnetic composites. Adjusting the
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material, weight ratio, and magnetization direction of the magnetic micro/nanoparticles serves as an

effective approach to adjusting the tunable elastic and magnetic properties of the composites''****..

Figure 3A illustrates a soft electronic system based on magnetic composites. The system consists of
magnetic microparticles (neodymium iron boron (NdFeB), average particle radius: ~5.00 pm; remanence:
92.3 emu g ; coercive magnetic field: 6375 Oe) and a porous silicone rubber matrix. The embedded
ferromagnetic particles enable the system to convert mechanical deformations into electricity using coils.
Compared with systems that mix the iron micro/nanoparticles with silicone rubber, the example shown in
Figure 3A can generate electric signals in the absence of external magnetic fields, which simplifies the device
configuration!**""”,

In the process of heating the mixture of uncured silicone rubber and micro/nanomagnets, an option is to
introduce air bubbles to form porous composites. Such porous structures not only reduce the modulus, but
also provide tiny spaces for the micro/nanomagnets to reorientate and move during impulse magnetization,
eventually forming a chain-like arrangement of the micromagnets associated with the giant magnetoelastic
effect. Compared with the traditional magnetoelastic effect arising from magnetic domain rearrangement
and stress-induced magnetic anisotropy under external magnetic field, this giant magnetoelastic effect is
attributed to the change of micro-magnetic chain structure under mechanical deformation. As shown in the
right frame of Figure 3A, compression changes the chain structure of the magnet, causing a decrease in
surface magnetic flux density. The soft system can withstand a tensile strain of up to 190%, and
demonstrates much lower modulus (at the level of 100 kPa,) compared with conventional magnetic alloy
(modulus at the level of 10 GPa)""*. Such features enhance the biomechanical-to-magnetic energy
conversion and open many potential applications in soft electronics, including wearable/implantable energy
harvesters, and stretchable biomedical sensors for continuous monitoring of human pulse waves and heart
rhythms""..

Another advantage of magnetic composites is that the direction of magnetization can be programmed in a
heterogeneous manner, as the composite materials are soft enough to be folded, wrapped, or otherwise
deformed into 3D geometries during magnetization***'\. In particular, magnetizing a flexible magnetic film
with a sinusoidal pattern enables high spatial resolution and the capability to decouple different mechanical
stimuli [Figure 3B]"*?. The soft tactile sensor involves a soft magnetic composite (modulus: ~2 MPa;
thickness: 0.5 mm) formed by mixing polydimethylsiloxane (PDMS) and NdFeB magnetic powders with a
weight ratio of 1:3, a silicone elastomer layer (Ecoflex 00-50, modulus: ~83 kPa), and a commercial Hall
sensor [left frame of Figure 3B]. The soft magnetic composite deforms under external force and causes a
change in magnetic flux density, which can be detected by the Hall sensor embedded in the silicone
elastomer [right frame of Figure 3B]. Here, the sinusoidal pattern (obtained by wrapping the soft magnetic
composite on a cylinder during magnetization) is crucial for decoupling and super-resolution. On the one
hand, the magnetic field distribution caused by the sinusoidal pattern is decoupled into two mutually
orthogonal planes: the magnetic strength B and the magnetic ratio R;. The B plane determines the normal
force related to the magnetic field rotation angle (or displacement along the z-axis), while the R, plane
measures the shear force related to the translational movement of the magnetic field (displacement d along
the x-axis). The capability to decouple various mechanical stimuli overcomes the inherent problem of the
strong cross-coupling effects in conventional magnetic tactile sensors"*"*?. On the other hand, extending
the sinusoidal patterns to the form of sensor arrays allows for tactile sensing with super-resolution and
across large areas. Combined with deep learning algorithm, the sensors can achieve a 60-fold improvement
in localization (from 6 to 0.1 mm).
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American Association for the Advancement of Science; (C) Nanocomposite cilia tactile sensor, which mimics the neuron in natural cilia.
Top frames: schematic illustration of the sensor. Bottom frames: fabrication process of the tactile sensor. <i><iji> Deposition and
pattern of permalloy/Cu/permalloy by e-beam evaporation and photolithography; <iii>-<v> Fabrication of the cilia using a PMMA
mold. <vi> Optical images of the cilia. Reproduced with permission from Ref.!?®".Copyright® 2015. John Wiley and Sons; (D) A
magnetically levitated flexible vibration sensor with surface micropyramid arrays. Top frames: layer-by-layer structure and images of
the assembled sensor. Bottom frames: <i> Schematics of the magnetic field distribution for membranes with and without
microstructures. <ii> Image of the micropyramid arrays on a magnetic membrane. <iii> Illustration of the magnetization mechanism.
<iv> Images of two types of coils surrounding the pyramid (red dashed rectangle) and between the pyramid (blue dashed rectangle).
Reproduced with permission from Ref."?*. Copyright® 2022. American Chemical Society. GMI: Giant magneto-impedance; NdFeB:
neodymium iron boron; PDMS: polydimethylsiloxane.

The above examples show the advantages of high elasticity and adjustable magnetization in using magnetic
composites as planar, thin-film sensors. A remarkable feature of composites is that they can form various
microstructures (e.g., cilia, pyramid) in pre-cured conditions by injection molding or other means"**'".
Figure 3C illustrates a magnetic tactile sensor based on highly elastic and permanent magnetic
nanocomposite, constructed in the format of artificial cilia. The unique structure allows for measurements
of a variety of mechanical stimuli, including normal pressure, shear force, surface texture, and flow. Similar
to the mechanism in the neuron of natural cilia, the artificial magnetic cilia in the tactile sensor bend in the
presence of external forces, causing changes in the magnetic field, which can be detected by a magnetic field
sensor underneath the tactile sensor [upper frame of Figure 3C]"**. To form such devices, the
nanocomposite is applied to the surface of a multilayer giant magneto-impedance (GMI) sensor (a 200 nm
thick Cu layer sandwiched by two 100 nm thick Ni, Fe, layers) with high sensitivity and solidified into cilia
structures using a mold [lower frame of Figure 3C]. The nanocomposite mixes iron NWs (length: 6 pm,
diameter: 35 nm) and PDMS to enable desired magnetic properties for sensing. The high elasticity and
formability of the nanocomposite facilitate the adjustment of the dimensions of cilia, thereby offering means
to achieve tunable resolution and sensitivity for various applications.

Changing the geometries of the molds provides a straightforward way to adjust the shapes of the
microstructures. It has been proved that micropyramid structures can locally enhance the magnetism
because they offer a magnetically permeable path to yield a more concentrated magnetic flux at the tip of
each pyramid [Figure 3D <i>], with an increment of more than 35%. Magnetic membranes with such
pyramid structures can be obtained by molding composites of microparticles (i.e., Nd,Fe ,B) and PDMS,
followed by magnetization along the thickness direction [Figure 3D <iii>]. The structured membrane
contains an array of 24x24 micropyramids (interval distance: 440 um), each with a length of 360 pm and a
height of 254 um [Figure 3D <ii>]. The upper frame of Figure 3D shows a levitated flexible vibration sensor
based on two structured magnetic membranes, one of which is levitated by magnetic force. The levitated
membrane vibrates under external disturbances, such as human motions and speaking. The vibration of the
magnetic membrane changes the magnetic flux in the flexible electromagnetic coil arrays [Figure 3D <iv>],

129]

thereby inducing electromotive force voltage based on Lenz’s law!*.

In summary, magnetic composites have found wide applications in soft electronics due to their high
elasticity and tunable structural geometry. The comparable elastic modulus of these sensors to that of
human skin and tissues enables them to conformally adhere to irregular surfaces. Additionally, the tunable
structural geometry of these sensors can improve their sensing performances and broaden their sensing
modalities. Other examples in this area include highly efficient flexible and shapeable spin caloritronic
devices", thermo-responsive self-healing colloidal gels with potentially unusual magnetic and rheological
responses™", and techniques for magnetic orientation control"*”).
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SOFT ROBOTICS BASED ON MAGNETIC NANOMEMBRANES/NANOSTRUCTURES

Another significant application of magnetic nanomaterials is in the field of robotics. Magnetic actuation
offers advantages over other actuation strategies such as light, thermal, and electric, including remote and
wireless operation, which eliminates the need for optical fibers and electrical wires. Additionally, static and
low-frequency magnetic fields do not attenuate through natural tissue and organs, making them suitable for
use in biomedicine.

Magnetic nanomembranes in soft magnetic materials, such as iron, can be deposited and patterned using
conventional microelectronic processes. Robots based on these materials, therefore, can have overall
dimensions down to microscale, with promising applications in minimally invasive surgery and
micromanipulation. Figure 4A shows an untethered magnetic gripper for single-cell manipulation"*”. The
gripper involves a bilayer of silicon monoxide and silicon dioxide (thickness: 30 nm in total) with internal
stress mismatch to bend planar pattern into 3D geometries, a thin iron layer (thickness: 100 nm) for remote
control under a magnetic field, and a thermally responsive layer made of wax for on-demand activation
[middle frame of Figure 4A]. The gripper can be controlled remotely to navigate through narrow conduits
and to fix tissue sections ex vivo. Compared with previously demonstrated grippers*****, the gripper
demonstrated in this example has a tip-to-tip size of 70 pm when open and 15 pm after folding. The
dimension is comparable to the size of human arterioles (diameter: 50-300 pm), making the gripper suitable
for future in vivo applications of cell capture or excision at the single-cell level.

Magnetostrictive materials can deform under the action of external magnetic fields and, therefore, represent
promising candidates for constructing magnetic-controlled robots"*”"**. Typical magnetostrictive materials
involve Fe-Co-Ni-rich alloys, Terfenol-D, and Galfenol"*'*. These materials are also compatible with
conventional microelectronic processes and can be deposited through magnetron sputtering coating. The
example shown in Figure 4B proposes a method of directly depositing a magnetostrictive nanomembrane
(Fe,,Co,, alloy; thickness: 100 nm) on a flexible microfiber of spider silk thread (diameter: 9 + 5 um) in a
scalable fashion. The resulting magnetostrictive fiber retains excellent properties in mechanical robustness,
electrical conductivity, as well as magneto-mechanical coupling"*!. For example, the fiber can maintain the
original mechanical characteristics of spider silk to prevent irreversible plasticization, and exhibits
capabilities in lifting loads up to 0.12 mN (maximal stress: ~10 MPa) under a magnetic field of ~0.1 T.
These features allow the magnetic silk threads to serve as a basic component in soft robotics.

A noteworthy point of nanoscale magnetic materials is that their coercivities and remanences show
dependence on their sizes"*>'*l. As shown in the coercivity curve in Figure 4C, the particles in cobalt have
almost no remanence and coercivity at sizes smaller than 100 nm (regarded as superparamagnetic). When
the size of cobalt is larger than the critical size (100 nm) but remains within hundreds of nanometers, the
particles show single-domain characteristics, including high remanence and the positive correlation
between coercivity and size. At scales larger than 500 nm, magnetic particles in cobalt exhibit multidomain
features, where the coercivity reduces with the magnet size. Based on the effect that the coercivities of
nanomagnets change with their sizes, researchers have developed a magnetic programming strategy that can
encode multiple deformation instructions into magnetic robots™”. The four-panel robot in the left frame of
Figure 4C is programmed by arranging panels with nanomagnets in different sizes (panel I: 520 nm x 60
nm, illustrated with red color; panel II: 398 nm x 80 nm, illustrated with blue color). Due to the positive
correlation between coercivity and size, the robot can be coded through a series of magnetized fields in
different intensities. For example, a magnetic field larger than 140 mT in one direction magnetizes both
panel I and panel II. A subsequent magnetic field between 90 and 140 mT in the opposite direction reverses
the magnetization of panel II. The intensity of the subsequent magnetic field (< 140 mT) is not sufficient to
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Figure 4. Soft robotics based on magnetic nanomembranes/nanostructures. (A) Untethered single cell grippers. Left and middle
frames: schematics of the fabrication process for single cell grippers. (i) Deposition and pattern of the silicon monoxide (SiO) and
silicon dioxide (SiO2) as the stress layer. (ii) Deposition and pattern of silicon dioxide and iron as the rigid segments for magnetic
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Ref.[®¥ Copyright® 2020. American Chemical Society; (B) Fabrication process and envisioned application of a magnetostrictive spider
silk thread. Reproduced with permission from Ref.“‘m.Copyright© 2022. John Wiley and Sons; (C) A four-panel microrobot
programmed by arranging panels with nanomagnets of different sizes. Left frames: schematic illustration and SEM images of the
nanomagnet arrays. Top right frame: size dependence of the coercivity of the magnets. Bottom right frames: schematics and images of
a microscale ‘bird’ operated in two flying modes. Reproduced with permission from Ref.”*’. Copyright® 2019. Springer Nature. SEM:
Scanning electron microscopy.
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reverse panel I due to the higher coercivity associated with the larger size. Such programming processes
allow the robot to possess distinct magnetization directions at different positions, thus generating complex
deformations under the trigger of the magnetic field. Additional design strategies to achieve more
complicated deformations include constructing nanomagnet arrays with more than two aspect ratios and
directions on multiple panels and conceiving sophisticated planar layouts that resemble recognizable
objects. As an example, the bottom right frame of Figure 4C shows an origami microscale ‘bird’ consisting
of nanomagnet arrays with eight different configurations. The ‘bird’ can exhibit morphological changes that
resemble flapping under a magnetic field with a fixed direction and varied intensity (from 1 to 10 mT), and
hovering under a rotating magnetic field with a fixed intensity of 1.5 mT.

In conclusion, magnetic nanomembranes afford remote controllability for many soft structures, thereby
supporting applications in biopsy sampling, targeted drug delivery, artificial muscles, and others. Magnetic
materials with other nanoscale structures, such as nanorods in cobalt, exhibit size-dependent coercivity that
can be used for programmable magnetization. These advantages suggest promise for the development of
soft robots with multifunctionality and multimodality.

SOFT ROBOTICS BASED ON MAGNETIC COMPOSITES

Compared with magnetic nanomembranes, magnetic composites—mixtures of magnetic particles/NWs and
polymer matrices—exhibit lower modulus and, sometimes, intrinsic stretchability to enable more complex
motion modalities. Unlike magnetic nanomembranes that exploit conventional lithography and deposition
processes, manufacturing of magnetic composites usually adopts 3D printing, soft lithography, and laser/

[132,145-149

mechanical cutting . The overall dimensions of soft robots based on magnetic composites are usually

in millimeter or centimeter scale, larger than those constructed with lithographic techniques.

One advantage of magnetic composites is that their mechanical and magnetic properties can be tailored for
different applications. The polymer matrix determines the mechanical properties, while the magnetic
particles/NWs play a major role in magnetic properties and motion modalities. Typically, magnetic particles
can be classified into three categories: hard-magnetic (large hysteresis, high coercivity and remanence), soft-
magnetic (small hysteresis, low coercivity and remanence) and superparamagnetic (no hysteresis, zero
remanence)"”, depending on the magnetic hysteresis loop.

Hard-magnetic particles retain constant magnetism once magnetized, because of their large magnetic
hysteresis characterized by high coercivity and high remanence. The magnetic moments in both isotropic
(e.g., NdFeB particles) and anisotropic (e.g., platelet-shaped barium hexaferrite particles) hard-magnetic
particles can act as distributed and stable actuation sources to induce bending and rotation of the robots"*.
Furthermore, the remanent magnetization within the composite matrix can be programmed in a
nonuniform format through template-assisted magnetization, maskless lithography, modular assembly, and

other approaches to enable complex deformations!""*"'"*

.. Figure 5A demonstrates a magneto-elastic
multimodal millimeter-scale robot composed of a silicone elastomer (i.e., Ecoflex 00-10) doped with hard-
magnetic NdFeB particles (average diameter: 5 um)"*’, with a single-wavelength harmonic magnetization
profile along its body. The magnetization process starts with wrapping a rectangular composite on a
cylinder. Applying a strong magnetic field of 1.65 T along the radial direction of the cylinder magnetizes the
ring-shaped composite. Unwrapping the composite yields a flat membrane (length: 3.7 mm, width: 1.5 mm,
thickness: 0.185 mm) with harmonic magnetization. Such a configuration enables different modes of
locomotion when combined with spatiotemporal control of the actuating magnetic fields. For example, a
periodic magnetic field is able to sequentially adapt the robot’s tilting angle and curvature, making it walk in
a desired direction; while a rotating magnetic field can produce a longitudinal traveling wave to propel the

robot along the direction of the wave, allowing it to crawl across obstacles.
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Figure 5. Soft robotics based on magnetic composites. (A) A rectangular-sheet-shaped magnetic soft robot. m: magnetization; L:
length; h: thickness; w: width; Bg: phase shift in m. Top frame: magnetization profile. Bottom frame: photo of the robot moving a tubular
tunnel (diameter 1.62 mm). Reproduced with permission from Ref."**!. Copyright® 2018. Springer Nature; (B) The schematic diagram of
integrating magnetized NdFeB patterns and functional modules for programmable and multifunctional magnetic soft robots.
Reproduced with permission from Ref.m“.Copyright@ 2022. The American Association for the Advancement of Science; (C) A 3D
printed magnetic soft robot. Left frame: schematics of the printing process and the material composition. Right frame: a reconfigurable
soft electronic device based on the annular ring structure showing different electronic functions depending on the direction of an
applied magnetic field of 30 mT (top); and a hexapedal structure stopping and holding a fast-moving object upon application of a
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magnetic field generated by a permanent magnet (bottom). Reproduced with permission from Ref."*".Copyright® 2018. Springer
Nature; (D) An origami crawler with a four-unit Kresling origami structure and four magnetic plates. Reproduced with permission from
Ref."®". Copyright® 2022. The American Association for the Advancement of Science; (E) A reprogrammable magnetic soft robot. Left
frame: schematic illustration of the heat-assisted 3D magnetic programming method. R.T., room temperature. Right frames:
illustrations and images of various 3D shapes. Reproduced with permission from Ref."**. Copyright® 2020. The American Association
for the Advancement of Science; (F) A biodegradable robot based on soft-magnetic composites. Left frame: Schematic illustration of
the multi-legged array and nanofiber-constructed body. Right frame: mechanical analysis of a single leg. Reproduced with permission
from Ref.""”. Copyright® 2022. Elsevier. EL: Eudragit L; ES: Eudragit S; NdFeB: neodymium iron boron.

Another effective means to broaden the motion modalities of soft robots based on hard-magnetic
composites is to prepare multiple hard-magnetic composites with uniform/nonuniform magnetizations and
assemble them with controlled position and direction. Figure 5B shows a method of manufacturing
untethered magnetic soft robots using modular magnetization units embedded into a network of adhesive
sticker layers"*”. Each unit contains NdFeB particles (average diameter of 38.0, 75.0, or 150.0 um),
magnetized into either uniform or nonuniform magnetization profiles by the template-assisted method.
Selectively sticking the units onto a double-sided adhesive (i.e., polyetherimide (PEI) tape) forms the soft
robot with complex patterns, with a planar resolution of 40 um. After cutting out from the tape, the
magnetic torque induced by the actuating magnetic field will deform the robots into various 3D geometries.
In areas without magnetic particles, their shapes remain flat under a magnetic field, thereby providing the
desired spaces for further integration of other functional modules, such as temperature/UV sensors and
radio frequency identifiers.

The above examples mainly exploit 2D patterns with programmed magnetizations to yield multimodal
locomotion. Constructing soft robots in sophisticated 3D geometries can further broaden the motion
modalities"* ", Soft robots based on magnetic composites are compatible with 3D printing techniques, as
the composites usually undergo a precured condition that can be printed through a nozzle. Figure 5C
illustrates an advanced 3D printing process that allows magnetization of the composite during the
construction of the 3D structure!*. Here, the ink used for printing is a mixture of NdFeB particles, silica
nanoparticles and an uncured elastomer matrix. Controlling the weight ratio of silica nanoparticles enables
adjustment of mechanical properties (e.g., shear thinning, shear yielding) of the ink to meet the
requirements for printing. Applying a magnetic field generated by a permanent magnet or an electromagnet
placed around the dispensing nozzle can reorient the NdFeB particles during the printing process.
Therefore, this strategy can control the position and direction of magnetization during the construction of
various 3D structures. The resulting 3D soft robots exhibit many advanced geometries and motion
modalities, ranging from a thin-walled structure that can elongate in its diagonal direction to a set of auxetic
structures that can shrink in different directions, and to a hexapedal structure that can warp, roll, and hold
objects.

Although soft robots with programmed magnetization exhibit a diverse set of motion modalities, the
relatively low modulus (typically ranging from tens of kPa to dozens of MPa) of the composite materials
limits the ability of the robots to overcome the large environmental resistance introduced by confined
spaces. Designing origami structures to cooperate with distributed magnetic programming represents an
effective approach to tackling this issue. Figure 5D"* shows a crawler that exploits a four-unit Kresling
origami structure to generate axial contraction under either torque or compressive force*'*”. Rational
design allows the structure to cancel out internal twists for efficient straight motion. Specifically, the
structure incorporates four magnetic plates made of a mixture of silicone elastomer and hard-magnetic
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particles (i.e., NdFeB), each of which locates between the two units. Adjusting the volume fraction of the
magnetic particles can tune the magnetization density, thereby affecting the direction and magnitude of the
torque. Such design strategies enable the programming of the torque distribution on the Kresling crawler
under magnetic fields. As a result, the magnetic field can regulate the stiffness of the crawler along its axis
due to the programmable torque on each Kresling unit. In the case that all the units contract
simultaneously, the actuation force during crawling is sufficient to overcome the large environmental
resistance. Using magnetic actuation, the crawler has the capability to steer its trajectory through rotation,
suggesting promises for many medical applications such as navigation in narrow spaces inside the human

body.

Many soft robots based on hard-magnetic composites leverage programmable magnetization position,
direction and intensity to achieve various locomotion, but their magnetization profiles remain constant and
cannot be reprogrammed to adapt to different applications. At elevated temperatures (i.e., above Curie
temperature), magnetic particles can demagnetize. Therefore, simultaneously controlling the distributions
of temperature and magnetic field over the hard-magnetic composites can enable reprogrammable shape
transformation of magnetic soft robots""*. Figure 5E shows a soft robot based on a mixture of chromium
dioxide (CrO,) microparticles (average diameter: 10 um) and a PDMS elastomer. A laser can heat a specific
region of the composite to 118 C (above Curie temperature) to demagnetize the magnetic particles.
Applying an external magnetic field during cooling can reprogram the magnetic domains. As shown in the
right frames of Figure sE, multiple steps of laser heating and magnetization yield discrete magnetization in
various 3D directions across the bodies and extremities of the robots. Such magnetization profiles allow the
robot to exhibit sophisticated 3D deformations under a constant vertical magnetic field (intensity: 60 mT).
The thermal-assisted strategy enables magnetic reprogramming at the microscale, with spatial resolutions
up to ~38 um, showing great potential in microrobots for minimally invasive medical applications. Besides
laser heating, magnetothermal effect also enables reprogrammable shape conversion of soft robots"*".

Compared with hard-magnetic particles, the coercivity and the remanence of soft-magnetic materials, such
as iron and nickel- or silicon-based alloys of iron, are relatively low, leading to small magnetic hysteresis
and instability under interference. However, the high magnetic susceptibility and saturation magnetization
of soft-magnetic materials make them highly sensitive to magnetic fields and easy to be magnetized, thereby
creating many opportunities for robotic applications"*'®.. Figure 5F shows a biodegradable soft magnetic
millirobot (Fibot) where the body exploits a core-shell structure in drug-coated nanofiber (core: Eudragit L
(EL) 100 and drug2; shell: Eudragit S [ES] 100) and the legs are based on magnet-drug composites EL 100-
55 containing iron particles and drug1)"”. The soft-magnetic property of iron particles renders a positive
correlation between the magnetization of the legs and the strength of the external magnetic field, and
enables stable and controllable actuation of Fibot. The right frame of Figure 5F illustrates the mechanical
analysis of a single leg. The angle difference 6 between the easy magnetization axis of the leg i and the
direction of the applied magnetic field causes a magnetic torque T,,; which keeps acting on the leg until the
difference disappears. Placing a permanent magnet nearby and moving it in a predesigned trajectory allows
the Fibot to achieve various locomotion"”", such as flap-wave or inverted-pendulum motion, realizing
better movement in the complex environment inside the human body. Due to the high magnetic
susceptibility of soft-magnetic materials, Fibot enables the embedded iron particles to be well-arranged in
an orderly manner along the leg during the fabrication. The resulting benefits include improved efficiency
and quality in device manufacturing, and rapid and precise response in vivo, even under a small magnetic
field.
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Table 2. Advantages of magnetic nanomaterials in soft electronics and robotics

Advanced or unique Representative

. Functions Improved performances
properties examples
Magnetoresistance effect GMR Perceive the presence of static or dynamic Expanding the sensing capability of
magnetic field the human skins
AMR Distinguish the direction of magnetic field Providing a better navigation ability
TMR High MR ratios Enabling higher sensitivity
Size-dependent coercivity Nanomagnets Programmable shapes using different dimensions ~ Offering means to achieve tunable
with various coercivity shapes and sensitivities
Iron nanowires Afford high remanence and coercivity to some soft
magnetic materials
Structure-dependent Porous matrix Provide giant magnetoelastic effect Enabling the devices to sense
magnetic field mechanical deformations
Cilia Measure a variety of mechanical stimuli Improving perception in different
directions
Pyramids Offer a magnetically permeable path to yield a Locally enhancing the
more concentrated magnetic flux at the tip magnetization
Programmable Template assisted Allow for sophisticated deformations and Enhancing capabilities in
magnetizationl magnetization locomotion manipulation and deformation

Thermally assisted
magnetization

3D printing assisted
magnetization

AMR: Anisotropic magnetoresistance; GMR: giant magnetoresistance; MR: magnetoresistance; TMR: tunneling magnetoresistance.

The examples shown in this section prove that soft robots based on magnetic composites can adopt a
diverse set of materials, including micro/nanoparticles in NdFeB, Fe, FePt, CrO, and other magnetic
materials as the filler”>”), and silicone elastomers, hydrogels, and polymers as the matrix""""7*"”), to
achieve programmable deformation and multifunctional integration. Other examples in this area include
programmable and reprocessable elastomer sheets for manufacturing multifunctional soft origami
robots"*), biotic-abiotic hybrid systems for in vivo targeted therapy"*’, and facile fabrication methods to
create microrobots with functional heterogeneous materials, complex 3D geometries, as well as 3D
programmable magnetization profiles"*.

CONCLUSION AND PROSPECT

This review provides an overview of recent progress in soft electronics and robotics based on magnetic
nanomaterials by classifying the materials into magnetic nanomembranes/nanostructures and magnetic
composites. Table 2 summarizes the advantages of using magnetic nanomaterials in soft electronics and
robotics. Soft electronics based on these magnetic nanomaterials have shown significant potential in
applications of non-contact electronic skin, wearable compass, highly sensitive tactile or strain sensors, and
integrated medical tools with the capability of wireless in vivo navigation. Meanwhile, soft robots built with
magnetic nanomaterials provide vast application foreground for targeted drug delivery, precise cell
manipulation, and programmable, multimodal locomotion, due to the advantages of magnetic actuation
such as remote controllability, programmability, transparency to biological tissues, and compatibility with
many advanced manufacturing approaches.

One of the future opportunities in this area lies in the development of advanced materials. For soft
electronics, a promising yet challenging goal is to develop materials with properties (e.g., resistance) highly
sensitive to the intensity and/or direction of a magnetic field. The target is to achieve sensitivities beyond
existing TMR materials and replace SQUID and OPM techniques that are tethered to wires or optical fibers.
An envisioned application is the acquisition of magnetocardiography (MCG), magnetoencephalography
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(MEG) and other electrophysiological signals of the human body outside of hospital/laboratory settings in a
wireless, continuous manner, simply by measuring the resistance change of the material. For soft robotics,
the synthesis and fabrication of high-performance and biocompatible magnetic materials can open avenues
for many biomedical applications. Most magnetic materials are either biologically toxic (e.g., NdFeB, Ni and
Co)'"* ™ or vulnerable to biofluids (e.g., Fe and Fe,O,)"""*!. Although some magnetic materials, such as
FePt, show good biocompatibility and stability"*, their remanence and coercivity demand further
improvement to compete with state-of-the-art hard-magnetic materials.

The other opportunity is to invent new manufacturing schemes for magnetic nanomaterials. On the one
hand, applications in soft electronics, in many cases, rely on heterogeneous integrations of multiple
functional components. The requirements on high temperature and/or large magnetic field for GMR/AMR/
TMR materials, and the incompatibility with lithographic techniques for some silicone elastomers impede
the integration of these materials with other functional components. Developing transfer printing schemes
or other similar processes to assemble magnetic soft electronics and other sensors, stimulators, radios,
circuits, etc. into the same system in a parallel and large-scale fashion represents a means to mitigate this
issue. On the other hand, micro/nano manipulation and minimally invasive surgery represent promising
applications of soft robotics, in which case the dimensions of the robots need to be in submillimeter or
micro scale. Manufacturing approaches that can build microscale 3D robots with multi-material integration
are, therefore, essential for practical applications. Some recently developed procedures, such as compressive
buckling and stress-induced bending"**'*>"*"!, can play important roles in this area after proper adaptations.

In summary, soft electronics and robotics based on magnetic nanomaterials are of interest for applications
such as human-machine interface, multimodal sensing, and biomedicine. These emerging soft magnetic
systems add to a growing body of capabilities in sensing and actuation. Further developments in materials
and manufacturing approaches create more opportunities in areas ranging from environmental sensing and
minimally invasive surgeries to continuous, wireless monitoring and mapping of health status. These
magnetic soft electronics and robotics have the potential to integrate with existing systems to broaden their
functions and promote practical applications. These collective advances hold promise to revolutionize a
wide range of fields, including biomedicine, electronics, and fundamental research in physics and materials
science.
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