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Abstract

In the rapid evolution of modern healthcare, the fusion of bioelectronics with
mechanical energy harvesting techniques marks a significant advancement.
Wearable biosensors and implantable devices, which are vital for enhancing
patient care, enable the continuous monitoring of physiological and biomechanical
activities, paving the way for reduced healthcare costs and improved patient quality
of life. At the forefront of this progress is soft magnetoelasticity, which offers a
revolutionary method for powering wearable and implantable healthcare devices.
This technology harnesses the giant magnetoelastic effect in soft magnetic
elastomers to transform biomechanical energy directly into electricity, overcoming
the limitations of traditional electromagnetic generators including inadequate
response to biomechanical stress and a mismatch in mechanical moduli with
human tissues. Soft magnetoelastic generators boast superior energy conversion
efficiency and better compatibility with human tissue mechanics, which show
remarkable potential in applications that span from real-time wearable health
monitoring to the operation of implantable devices, all without the need for battery
replacements. This review on soft magnetoelasticity, from its fundamental concepts
to its cutting-edge applications, aims to highlight its transformative impact on
bioelectronics and its crucial role in advancing wearable and implantable medical
technologies towards sustainable and autonomous healthcare solutions.
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1 INTRODUCTION

In the evolving landscape of modern healthcare,
bioelectronics have become crucial, transforming medical
applications through wearable biosensors and implantable
devices'" . These technologies are vital for enhancing
patient care by enabling continuous monitoring of
physiological and biomechanical activities, thereby
reducing healthcare costs and improving patients' quality
of life. The development of advanced mechanisms for
mechanical energy harvesting is imperative to ensure
these devices operate sustainably and efficiently,

minimizing the discomfort and risks associated with
battery replacements in implantable devices”'”. Given
that cardiovascular conditions stand as the primary
reason for death globally''", continuous monitoring
techniques for heart rhythm and stroke volume are
essential to prevent conditions like cardiac arrhythmias,
which could lead to sudden death. The challenge lies in
creating self-powered bioelectronic devices capable of
continuous operation without high power consumption.

Current biomechanical energy conversion methods
primarily use electromagnetic generators that generate
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energy from human motion through cutting magnetic
movement like gear-and-generator and inertial
induction systems'*"*, However, the use of traditional
magnetostrictive materials, like Ga,Fe,., (Galfenol) and
Tb,Dy,.Fe, (Terfenol-D) has been limited in bioelectronics
due to their insufficient response to biomechanical
stress levels, the complexity of external magnetic field
requirements, and a significant mismatch between
their mechanical moduli and human tissues'” ', Soft
magnetoelasticity offers a groundbreaking approach
by altering magnetic properties in soft materials like
elastomers under mechanical stress or strain, enabling
more efficient biomechanical energy harvesting into
electricity. This approach represents a shift from
traditional, rigid metal alloys to flexible materials that
can better interface with biological tissues. The giant
magnetoelastic effect, first discovered in 1865"7,
has typically been utilized in rigid metal alloys for
vibration control applications in civil engineering. Recent
advancements have demonstrated the potential of soft
magnetoelastic materials to revolutionize mechanical
energy harvesting, achieving magnetomechanical
coupling coefficient reaching up to 7.19x107® T-Pa™""",
far surpassing the performance of traditional metal
alloys. This enhanced coupling factor not only enables
the more efficient transformation of mechanical energy
into electricity but ensures compatibility with the
mechanical properties of human tissue, opening new
avenues for the creation of self-powered bioelectronic
devices. Soft magnetoelastic generators (MEGs) have
been developed to harness this giant magnetoelastic
effect in various applications, such as measuring
human pulse signals under sweating'“*®’ and enabling
implantable power generation without the requirement
for encapsulation’**"*"!, demonstrating their waterproof
nature and the minimal impact of magnetic field
attenuation through water'”#2*%%,

This significant leap in soft magnetoelastic technology
represents an essential milestone in mechanical
energy harvesting, offering a sustainable and efficient
power source for bioelectronic devices. By delving
into the intricacies of soft magnetoelasticity, including
its operational principles, and recent findings, this
perspective aims to present a comprehensive overview
of its potential to transform the field of bioelectronics.
The detailed examination of these developments not only
highlights the challenges overcome but also outlines the
promising future applications of soft magnetoelasticity in
powering the next evolution of medical bioelectronics.

2 MECHANICAL ENERGY HARVES-
TING

Soft magnetoelasticity is transforming the field of
mechanical energy harvesting, which utilizes Faraday's
principle of electromagnetic induction, adeptly converting
mechanical forces into electrical energy in a manner

that harmonizes with human biomechanics for wearable
technologies. This section contrasts different energy
conversion methods (Figure 1), highlighting MEG for its
efficiency, ability to generate high current, and suitability
for human motion.

2.1 Triboelectric Nanogenerator

Triboelectric nanogenerator (TENG) that utilizes the
triboelectric effect in combination with electrostatic induction
has the capability to transform mechanical energy into
electrical power (Figure 1A). This technology traces back to
the observations of Thales, an early Greek philosopher from
the pre-Socratic era, when rubbed with fur, could attract
small objects like straw or hair, showcasing the triboelectric
effect””**!, Although this phenomenon has a long history,
it was only in recent times that the detailed mechanisms
of triboelectrification were fully understood, that is, contact
between two different materials can lead to the formation
and separation of chemical bonds at their interface, enabling
the transfer of charge (electrons, ions, or molecules) to
balance the electrochemical potentials between them'*?".,
This results in one material carrying positive charge and the
other negative charge””. TENGs utilize materials that are
triboelectrically positive, such as polyamide (PA), metals,
zinc oxide (Zn0), and indium tin oxide (ITO), and those that
are triboelectrically negative, including polydimethylsiloxane
(PDMS), polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), polyethylene terephthalate (PET), and
fluorinated ethylene propylene (FEP)™" . These materials
are chosen for their efficient charge transfer and separation
capabilities under mechanical stress.

Characterized by four main operational modes-vertical
contact-detach, lateral sliding, free-standing triboelectric-
layer, and single-electrode mode-ENGs offer versatility,
high energy conversion efficiency and large output
power ”*7*_ This makes them ideal for integration into
everyday items, allowing them to capture energy from
human movements and various mechanical sources' """,
Despite their advantages, TENGs encounter challenges
including high impedance, pulse output, ignition
risks, and potential friction damage, due to charge
accumulation™” "), These issues underscore the need for
continued research and development in this promising
area of mechanical energy harvesting.

2.2 Piezoelectric Nanogenerator

Figure 1B showcases the piezoelectric nanogenerator
(PENG), a device designed to exploit the piezoelectric
effect, converting mechanical stress into electrical
charges. This effect was first discovered by Curie in 1880
and has gained recognition as a source of renewable
energy and a means to power active sensors”®, The
piezoelectric effect is triggered when piezoelectric material
experiences external mechanical stress or pressure,
causing it to deform'*”***?, This deformation leads to a
shift in the negative and positive charge centers, leading
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Figure 1. Schematic Illustrations of Various Mechanical Energy Harvesting Methods. A: Triboelectric nanogenerator
generating electricity through contact electrification and electrostatic induction. B: Piezoelectric nanogenerator converting
mechanical stress to electrical energy using piezoelectric materials. C: Electromagnetic generator inducing electric current
by moving a conductor through a magnetic field. D: Vibration work-function energy harvester. Reproduced from Ref.""**" with
permission from Springer Nature. E: Electrostatic (capacitive) harvester, reproduced from ref."”*’ Copyright 2012, under a
Creative Commons CC-BY-NC-SA license. F: Mechanically assisted thermoelectric generator. (G) Hydrodynamic harvester.
Reproduced from Ref.""**! with permission from Springer Nature, under a Creative Commons CC BY license. H: Electret
generator, reproduced from Ref.”” Copyright 2012, under a Creative Commons CC-BY-NC-SA license. I: Magnetoelastic
generators producing electricity from the deformation of magnetostrictive materials. Reproduced from Ref.""**' with permission
from Cell Press. J: Magnetoelastic generator sphere encompassing acrylic casing, a magnetoelastic composite wall as
magnetomechanical coupling (MC) layer, a coil as magnetic induction (MI) layer, and a mobile glass sphere. K: shift in
magnetic alignment and flux density under stress; L: application in converting vibrational energy into electricity. Reproduced

from Ref.””" with permission from American Chemical Society.

to polarization in the piezoelectric materials. When the
external stress is removed, the material returns to its
original, neutral state. Piezoelectric materials are divided
into two main categories: organic and inorganic. Inorganic
piezoelectric materials, including quartz®**, zZn0™***”,
barium titanate (BaTiO5)"’*, and lead zirconate titanate
(PZT)*7° are noted for their strong piezoelectric
responses. On the other hand, among organic ones, PVDF
is distinguished by its significant piezoelectric coefficient,
stability, and fabrication ease'’®®". The development
of piezoelectric composites by Newnham in 1978 was
a breakthrough, providing enhanced piezoelectric and
mechanical properties and more design flexibility than
single-material ceramics'®”’. These composites have
grown increasingly important across various sectors,
such as aerospace'®®", healthcare'®™®*, and advanced
electronics™®°”, highlighting the significance of PENG as
sophisticated smart materials. However, PENG encounter
several challenges that affect their efficiency and practical
application as energy sources. These issues include
pulse-like output, relatively high impedance and low
energy conversion efficiency””°?. By overcoming these
obstacles, the performance of PENG can be enhanced,
broadening its application in the development of
renewable energy technologies and self-powered sensing
systems.

2.3 Electromagnetic Generators

Electromagnetic generators (EMG) exemplify the use
of electromagnetic induction to transform mechanical
motion into electrical energy (Figure 1C). This process is
rooted in Michael Faraday's groundbreaking discovery of
electromagnetic induction in 1831°%, At the heart of its
operation is the interaction between coils and a magnet.
The magnetic field changes with the relative position
alternation of magnet and coils, altering the magnetic
flux through the coil, which induces an electromotive
force within coils, generating electricity.

EMG are known for their high efficiency in energy
conversion, capable of producing large currents at
relatively low voltages while exhibiting resistive impe-
dance®” ¥, These features make EMG reliable and
robust power sources, maintaining performance despite
environmental changes such as temperature fluctuations,
humidity, and friction™*“”, Their durability and versatility
are valuable in renewable energy systems, including
wind and hydropower, where they convert natural kinetic
energy into electrical power'*"'*", Furthermore, EMG
play a crucial role in biomechanical energy harvesting
by utilizing the negative work produced during human
movement"'*’!, It occurs during deceleration phases of
motion, where kinetic energy is typically lost. Although
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EMG hold promise for energy-harvesting applications,
their practical use in personal energy systems is limited by
challenges related to their size, weight, and complexity''*”’.
Inertial induction-type EMG, which belong to a specific
category that cuts magnetic motion, harnesses the relative
inertial motion between permanent magnets and coils to
induce electromagnetic induction and generate current.
The effectiveness of this technique depends on the relative
linear velocity between coils and the magnet, with areas
of high linear velocity, such as the lower limbs or arms'*/,
being optimal for application.

2.4 Broad Spectrum of Mechanical
Energy Harvesters

The quest for sustainable energy solutions has led
to the development of various mechanical energy
harvesters, each employing different physical principles
to convert mechanical movements into electrical energy.
The vibration energy harvester leverages the work
function difference between two materials to generate
electricity (Figure 1D)"%), This approach, reminiscent of
an electrostatic harvester, eliminates the need for external
power sources or electrets, enhancing energy autonomy
and streamlining the energy conversion process. Figure 1E
presents the capacitive harvester, which uses a variable
capacitive structure to transform the relative motion
between plates into electrical charges*'°”. This method
is crucial for miniaturized systems and can be adapted
into a range of designs, such as in-plane gap closing
and overlap converters, underscoring its versatility and
importance in developing compact energy harvesting
solutions. Figure 1F illustrates a mechanically assisted
thermoelectric generator that utilizes the Seebeck effect
to convert thermal energy into electrical energy. This
effect is based on the principle that a voltage is generated
across a thermoelectric material-comprising p- and
n-type semiconductors connected in series-when there is
a temperature differential. The mechanical energy could
be converted to generate or sustain the temperature
difference. Such a generator allows for converting thermal
energy, which could originate from industrial waste heat
or biological sources, into valuable electrical power"***",
Distinct from piezoelectric or triboelectric generators,
which depend on mechanical deformation or contact-
induced charge generation, the thermoelectric generator
capitalizes on thermal gradients. This offers an alternative
energy conversion pathway in scenarios where heat is
abundantly available, presenting a versatile solution for
sustainable energy capture™*?!, Hydrodynamic harvester
harnesses kinetic energy from fluid flows (Figure 1G)™"*,
which is effective in converting mechanical energy
from environmental water flows into electrical energy,
providing a viable option for energizing devices in water-
rich environments. Figure 1H showcases Boland’s electret
generator prototype to directly convert mechanical energy
into electricity! ", This generator employs an electret,
a material known for its ability to maintain a quasi-

permanent electric charge. Specifically, Boland's prototype
capitalizes on the relative rotational motion between two
components: the upper plate and the stator, to generate
electrical power.

2.5 Advances with Soft MEGs

Transitioning to soft MEGs heralds a significant
advancement in the domain of mechanical energy
harvesting. These devices exploit the giant magnetoelastic
effect inherent in soft magnetic elastomers, converting
biomechanical energy directly into electricity. This
pioneering approach effectively surmounts the limitations
associated with traditional EMGs by delivering enhanced
energy conversion efficiency and ensuring a harmonious
integration with human biomechanical processes,
thereby addressing the issue of mechanical moduli
mismatch between the generators and human tissues.
Soft MEGs feature a dual-layer design comprising
magnetic induction and magnetomechanical coupling
layers™ "I, This configuration allows MEGs to efficiently
convert both mechanical and magnetic fluctuations into
electrical energy, ensuring compatibility with the delicate
mechanics of human tissue. Figure 11 and 1] illustrates
the operational principle of the MEG device, where
mechanical deformation alters the material's magnetic
properties’”’***>''%l The integrated layers synergistically
transform mechanical and magnetic variations into
electrical output, minimizing stress and rendering the MEG
suitable for soft interfacing applications with the human
body. Figure 1K and 1L showcases the dynamic behavior
of a magnetoelastic sphere generator under external
force applied during bicycle vibration energy harvesting.
This interaction showcases how contact with a glass ball
induces a change in the material's magnetic alignment and
flux density, attributed to the reorientation of magnetic
dipoles from the elastomer's resting to its compressed
state under stress'”*''”), This allows for the conversion
of mechanical pressure into electrical signals, enhancing
sensor technologies that demand precise force detection
and differentiation for improved control.

Soft MEGs distinguish themselves through their
unparalleled flexibility, high energy conversion efficacy,
and compatibility with human biomechanics, heralding
a paradigm shift in renewable energy systems, notably
in wearable and implantable healthcare devices. By
offering a viable and sustainable alternative for battery-
powered devices, soft MEGs exemplify the potential
for transformative impact on bioelectronics, enabling
continuous, battery-free operation of critical healthcare
devices, thereby reshaping patient care and quality of life.
By paving the way for the development of sustainable
and autonomous solutions in bioelectronics, soft MEGs
signify a stride in wearables and medical implants.

3 TRADITIONAL ELECTROMAGNETIC
DEVICES

Traditional electromagnetic devices encompass
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Figure 2. Comparative Overview of Traditional Electromagnetic Devices and Soft Systems On the left (highlighted
in yellow), the utilization of traditional rigid electromagnetic devices, including Terfenol-D and Galfenol in transportation
actuators. Reproduced from Ref.'"””) with permission from ASME; and single-cell capture. Reproduced from Ref."”"' with
permission from Wiley; metglas transformers in biomedical sensors. Reproduced from Ref."'””! with permission from MDPI,
under a Creative Commons CC BY license; and medical implants. Reproduced from Ref."?”" with permission from Springer
Nature, under a Creative Commons CC BY license; coils and inductors in transcranial magnetic stimulation (TMS) and wireless
power. Reproduced from Ref.""*”) with permission from MDPI, under a Creative Commons CC BY license. On the right (highlighted
in green), applications of soft magnetic elastomers, magnetorheological elastomers, and soft magnetic textiles. Reproduced
from Ref.">'*"*°" with permission from Springer Nature. Images of soft actuators, targeted therapy delivery, adaptive damping
vibration control in enhancing optical coherence tomography (OCT) imaging, wearable health monitoring, electricity supply.

Reproduced from Ref,!%"?"132 146147158 “ragpactively with permissiol

essential components like coils, inductors, and MEGs,
including materials such as metal, Terfenol-D, Galfenol,
and metglas (Figure 2). These devices are pivotal for
actuation, energy conversion, or efficient power transfer,
yet face challenges in flexibility and integration with
wearable and soft electronics due to their rigidity.

3.1 Metal-based Electromagnetic
Components: Coils and Inductors

Coils and inductors are pivotal components in many
electromagnetic applications, owing to their high magnetic
permeability and excellent corrosion resistance'"'?. These
characteristics make them indispensable for generating
precise and stable magnetic fields. Consequently,
they find widespread use in electronic circuits and
medical technologies, notably in transcranial magnetic
stimulation (TMS) systems that utilizes controlled
magnetic pulses for neural stimulation'''*"*", benefiting

n from Wiley, Elsevier, Optica, and Springer Nature.

from the stability and precision offered by Ni-based
components. Additionally, their durability and high
efficiency render them ideal for wireless power transfer
systems that depend on robust and stable magnetic
coupling to transmit energy effectively without the need
for physical connections''®'**), However, their relative
rigidity complicates integration into wearable devices,
which necessitate materials that can endure repeated
mechanical stress.

3.2 Rigid MEGs

Rigid MEGs generally utilize magnetostrictive materials
and amorphous metal alloys to convert magnetic
energy into mechanical energy and vice versa. These
devices leverage the unique properties of materials
such as Terfenol-D, Galfenol, and metglas, facilitating
actuation and efficient energy conversion across diverse
applications.
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3.2.1 Magnetostrictive Materials:
Terfenol-D and Galfenol

Terfenol-D and Galfenol stand as pivotal magne-
tostrictive materials, known for their ability to undergo
significant dimensional changes when subjected to magnetic
fields"****!, Their high magnetostrictive coefficients renders
them invaluable for applications that demand precise control
over movement, such as in vibration damping systems and
precision positioning devices utilized within the automotive
and aerospace sectors. In precision actuation, where exact
and controlled movements are crucial, the sensitivity of
Terfenol-D and Galfenol to magnetic fields facilitates micro-
scale manipulations. This is advantageous in medical
technologies, like actuators designed for the delicate task of
single cell capture without inflicting damage'**'.

Despite these advantages, their integration into
mechanical energy harvesting systems is hindered by
several factors. The intrinsic rigidity of these materials
leads to devices that lack the compliance necessary for
seamless integration with the low-modulus and dynamic
nature of soft- electronics and biological systems. The
high mechanical stress required to induce deformation
necessitates robust, often sizeable magnetic field
generation systems, contradicting the trend towards
miniaturization in contemporary electronics. Furthermore,
their dependence on rare earth elements detracts from
sustainability and cost-effectiveness. Therefore, while
Terfenol-D and Galfenol find potential applications
requiring precise actuation, such as in specialized
biomedical devices, their adoption in mechanical energy
harvesting, where flexibility and gentle interaction with
human tissues are critical, remains limited.

3.2.2 Amorphous Metal Alloys for
Energy Efficiency: Metglas Transformer

Metglas, an amorphous metal alloy, is distinguished by
its non-crystalline structure, endowing it with exceptional
magnetic properties such as low hysteresis loss™**. This
property is crucial in transformer cores to ensure energy-
efficient magnetic field induction and reversal, minimizing
power loss. Additionally, the high electrical resistance
of metglas reduces eddy current losses, enhancing its
effectiveness in transformers and other power conversion
devices. Its high magnetic permeability and low coercivity
make it suitable for precise current and magnetic fields
sensors in biomedical applications'™**!. These current
sensors are integral to medical devices, where accurate
detection of bioactivity is essential for administering
precise, life-saving treatments and stimulations'****”!
,while the magnetic field sensors are utilized for
applications requiring accurate motion detection****”,
such as in advanced prosthetics and robotic surgical
instruments. Its high energy efficiency is also evident
in inductive charging systems for biomedical implants,
where its low energy dissipation during charging cycles
ensures safe and effective power transfer from the

primary to the secondary coil with minimal loss for high-
frequency electronics. This minimizes the risk of excessive
heat generation, crucial for the longevity of the implant
and the safety of surrounding tissues'*”). Meanwhile,
its low coercivity is advantageous in electromagnetic
shielding, protecting sensitive electronic components
from interference, thereby preserving signal integrity and
device reliability.

However, despite these advantages, metglas faces
limitations in flexible and wearable integration due
to its brittleness and the complex manufacturing
process it requires. Additionally, the amorphous
structure, beneficial for static applications, presents
limitations in direct conversion of mechanical motion
into electrical energy needed in harvesting ambient or
human movement. The lack of a crystalline structure
and the random arrangement results in an absence of
predictable deformation and stress distribution patterns
that are critical for efficient energy conversion through
piezoelectric effects or magnetostriction, diminishing
their capability to convert mechanical energy from
ambient movements or human activity into electrical
output. Therefore, while metglas stands as a cornerstone
in enhancing efficiency in energy conversion and
transfer applications, its limitations in mechanical
energy harvesting highlight the necessity for alternative
materials better suited to dynamic energy conversion and
the demands of wearable technology.

4 SOFT MAGNETIC SYSTEMS

Soft magnetic systems combine the flexibility of
elastomeric matrices with the dynamic response of
magnetic particles to excel in converting mechanical
energy into electrical energy (Figure 2)"*'%"% These
systems, in the fusion of soft materials with magnetic
functionalities, are designed to adapt to mechanical
stimuli, making them ideal for various sustainable energy
harvesting applications, from health monitoring to
energy-efficient damping, and for pioneering wearable
technologies that offer enhanced comfort and functionality.

4.1 Magnetorheological Elastomers

Magnetorheological elastomers (MREs) consist
of non-ferrous magnetic particles, such as carbonyl
iron, dispersed in a polymer matrix like silicone or
polyurethane rubber'*"***!, This combination allows the
material to form chain-like structures when exposed to
magnetic fields, altering the elastomer's properties. This
adaptability provides a range of stiffness and damping
capabilities that can be precisely adjusted with magnetic
stimuli. MREs combine the reactive nature of magnetic
particles with the flexibility of elastomeric compounds to
undergo dramatic changes in mechanical properties like
stiffness, damping, and viscoelasticity under magnetic
influence'’"’. These changes are immediate, making
MREs adaptable for diverse applications from adaptive
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134,135]

systems to soft robotics' . Unlike soft magnetic
elastomers that are designed for fast magnetic response,
MREs are optimized for significant and adjustable changes
in mechanical properties. This distinction underpins their
utility in various domains, including vibration damping
in optical coherence tomography (OCT) for clearer
imaging'””!, adaptive damping in vehicles for improved
comfort, and customizable support in prosthetics and
orthotics for enhanced patient care. Additionally, MREs
offer nuanced haptic feedback in virtual reality’***** and
robotic surgery™***’!, improving user experience and
precision. The manufacturing process of MREs, which can
produce both isotropic and anisotropic configurations,
benefits from soft materials engineering like 3D
printing"**"**, which allows for the creation of MREs with
complex shapes and tailored properties, meeting specific
needs across various fields.

4.2 Polymer-based Soft MEGs

Soft MEG signify a notable advancement in energy
harvesting technologies, leveraging the unique
combination of soft magnetic particles embedded within
a flexible elastomer matrix'**'““"**!, The integration not
only imbues these materials with mechanical compliance
but also magnetic activity, enabling rapid magnetization
changes. This dynamic responsiveness is pivotal for
applications requiring immediate adaptation to magnetic
stimuli, allowing for converting mechanical vibrations,
movements, or pressures into electrical energy, making
them suited for diverse applications. From powering small
electronic devices and sensors™”**“**’l to contributing
to the energy efficiency of large systems, such as wind
energy'”” and wave vibration energy harvesting”*, soft
MEG hold the promise of harnessing energy from the
environment, reducing reliance on traditional power
sources. Meanwhile, their vibration damping capabilities
are essential in environments and medical devices where
operational noise should be minimized to avoid disruptions
or adverse effects on patient care and sensitive
experiments'**?, By converting vibrational energy into
electrical energy, soft MEG not only reduce noise but also
contribute to energy efficiency. The sensitivity of soft
MEG to magnetic fields makes them ideal for creating
sensors that can convert mechanical stress into electrical
signals for health monitoring"'>**"**"* " structural
integrity assessments'**'*"'*?/ "and environmental
sensing'*''®!, This capability enables the development
of non-invasive, continuous monitoring systems that
offer precise insights into various parameters, from
physiological health metrics to structural conditions, with
remarkable accuracy. Moreover, the application of soft
MEG in targeted therapy delivery”* """’ showcases
their potential in medical advancements. By utilizing their
magnetic field responsiveness, these generators can
be directed to specific areas within the body, allowing
for the localized generation of electrical energy. This
approach can be harnessed to stimulate tissues'** or

power implantable medical devices >, providing a new
avenue for treatment modalities. Transitioning to soft
MEG represents a significant leap forward from traditional
rigid MEG energy harvesting. Compared with rigid MEG,
their capability to transform mechanical energy into
electricity in sensitive and demanding applications opens
up new possibilities for sustainable mechanical energy
harvesting for improved healthcare outcomes through
advanced medical devices and treatments.

4.3 Textiles-based MEGs

Soft magnetic textiles represent a significant advance-
ment in fabric technology, transitioning from conventional
clothing to multifunctional self-powered bioelectronics
that integrate with energy harvesting, health monitoring,
and various technological applications''®'*'**!, Merging
the comfort and utility of traditional textiles with the
advanced functionality of magnetic responsiveness, soft
magnetic textiles are generally created through two
primary methods: weaving magnetoelastic fibers into
fabrics and yarns''®'*° ,or affixing thin, soft magnetic
patches onto fibers''®'”!. This integration maintains
textiles' inherent lightness, softness, and breathability
while introducing the capability to generate electricity'"”,
signifying a significant leap towards self-sustaining
electronic systems centered on human activity and well-
being. Constructed from one-dimensional soft fibers that
exhibit a notable magnetoelastic effect'’, these textiles
engage magnetic dipoles under mechanical stress,
offering a magnetomechanical coupling that surpasses
that of traditional metal alloys. By combining soft
magnetic particles, such as carbonyl iron, with polymers
like silicone or polyurethane rubber, these textiles achieve
a mechanical compatibility with human skin.

Soft magnetic textiles are distinguished by their humidity
resistance’””***, an essential feature for wearable devices
in active or aquatic environments, ensuring durability
and comfort without compromising performance. They
operate through a dual-phase mechanism that converts
mechanical stress into magnetic changes and then
transforms these magnetic alterations into electrical
energy'’****%1 This process, independent of external
magnetic fields, can generate a short-circuit current density
of ~0.6mA-cm™2!"?!, establishing a strong foundation
for energy harvesting. In wearable health monitoring,
these textiles are revolutionizing the way devices track
cardiovascular metrics by converting arterial pulse waves
to electrical signals, a function invaluable during intense
physical activity"'***"****!) Further integration with mobile
applications facilitates seamless health data collection and
analysis, heralding a future where wearable technology
is a cornerstone of preventive medicine and daily health
management.

Beyond health monitoring, soft magnetic textiles
act as a portable and renewable electricity source. By
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harvesting energy from human movement, they can
power small electronic devices''“"""**'*’!, promoting
sustainability and independence from traditional power
sources. This soft magnetic electronic textile is vital for
the evolution of self-sufficient wearable technologies.
Additionally, the generated magnetic fields have
therapeutic benefits, offering non-invasive methods for
pain relief and tissue healing'*******°! potentially leading
to medical garments that not only monitor health but
also actively enhance physical well-being. Moreover,
in a time when electronic interference is a concern,
these textiles provide electromagnetic shielding'>""*”,
protecting both the wearer and sensitive electronic
devices, an increasingly relevant feature in both
personal and professional realms. Soft magnetic textiles
are redefining wearable technology by combining
traditional fabric comfort with the pioneering capabilities
of material science. Through their roles in wearable
health monitoring, electricity generation, therapeutic
magnetic field generation, and electromagnetic
shielding, these textiles pave the way towards a future
where our clothing keeps us connected, powered, and
healthy.

5 PRINCIPLES OF SOFT MAGNE-
TOELASTICITY

Soft magnetoelasticity merges magnetism's
physical laws with the mechanical properties of soft
materials, enabling energy harvesting. Compared to
traditional materials like Terfenol-D and Galfenol, soft
magnetoelastic systems offer several advantages:
improved magnetomechanical coupling for efficient energy
conversion, lower Young's modulus for flexibility, operation
without external magnetic fields, and durable magnetic
properties under mechanical stress (Table 1)!">'%"*) By
optimizing particle size, porosity, and matrix flexibility,
these systems efficiently convert mechanical motion into
energy, paving the way for advancements in wearable
technology and soft robotics. A comparative summary of
magnetic properties of soft magnetoelastic elastomers
versus traditional rigid magnetoelastic systems is provided
in Table 2.

5.1 Wavy Chain Model

Central to understanding the enhanced performance
of soft magnetoelastic materials is the wavy chain model,
which elucidates how mechanical stress influences
their magnetic properties, thereby optimizing energy
conversion' %! In this model, the alignment and
distribution of magnetic particles within a soft matrix
are conceptualized as a series of wavy chains. When
mechanical stress is applied, these chains undergo
deformation, leading to a significant alteration in the
material's magnetic flux density. Figure 3A shows the
giant magnetoelastic effect, where mechanical stress
on magnetostrictive materials leads to a significant
realignment of magnetic domains'**’. The wavy-chain

model adeptly describes these orientation adjustments
of magnetic dipoles in response to mechanical forces,
distinguishing it from traditional magnetoelastic effects
observed in alloys such as Terfenol-D and Galfenol"’.
In magnetoelasticity, the magnetomechanical coupling
factor (ds;) indicates the conversion efficiency between
magnetic and mechanical energy. A simplified equation
relates the change in elastic energy density (AE) to
magnetization (M) and magnetic field strength (H) as"**':

1

where AE represents the change in elastic energy density
due to a magnetic field that is applied, with d;; measuring
the strain change induced by a magnetic field or the
alteration in magnetization resulting from applied stress.
Permeability (p), linking magnetic field (H) to magnetic
susceptibility (x) and magnetic flux density (B), indicating
magnetization response to an applied magnetic field,
further elucidate the material's behavior under stress™*’;

B = uH (2)
M= XH + d330‘ (3)

The equations illustrate the intricate relationship
between magnetic and mechanical properties,
highlighting the linear initial response in soft elastomers.
However, the real complexity emerges when considering
non-linear effects and the interaction among various
parameters''®®), Further optimization of the model
views nanomagnets as magnetic dipoles aligned in a
wavy chain structure after magnetization, characterized
by vertical (h) and horizontal (I) distances between
particles'®’. When compressive stress is applied, this
wavy chain structure transforms, altering dipole-dipole
interactions and the demagnetizing field, resulting in
a reduction of magnetic flux density. This change is
supposed to be reversible; removing the stress restores
the original magnetic flux density and the wavy chain
structure. The model quantitatively relates magnetic field
variations to mechanical stress using the equation"™:

+ -zt w9390~ ()
Hy, X 2a/11-5+1+3/13h3<0'3006 f halS

Ho, 3 l
° %— zf?f o+ #(0.3006 - f(ﬁ>>

where H,;; and Hy; depict the vertical magnetic fields
in the presence and absence of mechanical pressure,
respectively. The equation incorporates variables such as
r for nanomagnet radius, x for remnant magnetization,
a for the wavy chain’s aspect ratio, | and h for horizontal
and vertical distances between dipoles, and k for
the effect of nonideal factors like neighboring chain
interactions, with A indicating the principal stretch
linking mechanical deformation to magnetic response.
This equation correlates the magnetic field variation to
applied stress, showcasing how mechanical compression
alters the magnetic flux density-a cornerstone for
understanding the principles behind energy conversion in

C)
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Table 1. Performance Characteristics of Various Magnetoelastic Generators

Energy Harvesting Mechanical o Sensing Magnetomechanical
System L - Stretchability ) a1

Efficiency (W m™) Modulus (kPa) Range” Coupling Factor (T-Pa™)
Fe;0, soft MEG ~0.38 303.06 107.27% High (III) 1.35x10°
SrFe;,0,, soft MEG ~2.97 834.48 36.53% High (II) 1.06x10®
NdFeB soft MEG 20.17 692.23 189.22% High (I) 7.19x10°
Terfenol-D ~3.82 1.2°108 No Low (IV) 1.36x10®
Galfenol ~10.80 7.6107 No Low (V) 3.85x10°

Notes: “The order (I-V) is from the highest to the lowest sensing range.

these systems. Empirical evidence supports the model,
particularly with parameters like r=2.5um, |=14.85um,
h=13.5um, a=105, x=14.99, and d;;=3.8, aligning
closely with experimental data for compressive stress up
to 450kPa""?’, This agreement demonstrates the model's
precision and the significant magnetic field change
(~18mT) induced by mechanical stress in soft magnetic
fibers (Equation 4).

This conceptual framework, often referred to as the
wavy chain model, provides an insightful perspective
on how mechanical stress impacts magnetic properties
in soft elastomers. The alteration in magnetic flux
density induced by mechanical stress, as described
by this model, enables the generation of a substantial
electromotive force, even under low levels of stress.
This property is advantageous for applications in energy-
harvesting wearables and implantable medical devices,
where efficient energy conversion is paramount for
device functionality and longevity.

The biocompatible and mechanically compliant nature
of soft magnetoelastic materials plays a crucial role in
their interaction with human tissues. Unlike their rigid
counterparts, these materials can mimic the flexibility
and elasticity of biological tissues, ensuring seamless
integration and minimizing the risk of irritation or
adverse reactions. This compatibility not only enhances
the comfort and wearability of bioelectronic devices
but also maximizes the efficiency of energy harvesting
from biomechanical movements, addressing two critical
aspects of bioelectronics design: energy conversion
efficiency and tissue compatibility. It underscores
the potential of utilizing mechanical-magnetic energy
conversion with high efficiency in soft MEGs for
applications in thermal management, optical modulation,
and energy generation.

5.2 Magnetostriction (A) for Energy
Harvesting in Soft Magnetoelasticity

Magnetostriction in ferromagnetic materials, pivotal
for mechanical energy harvesting in soft magnetoelastic
systems, emerges from the principle that a change in
magnetization induces dimensional changes to optimize
the system's energy'®’). This phenomenon, central
to transforming mechanical energy into magnetic

and electrical forms, progresses through several key
mechanisms: internal domain rotation and magnetic
domain wall movement under external fields, modify
material dimensions and enable the conversion of
mechanical stress into magnetic energy''****”,

Stemming from demagnetization energy considerations,
materials elongate along their magnetization direction
to reduce energy losses, influencing the efficiency of
energy conversion based on the material’'s geometrical
configuration. Meanwhile, itinerant electron model
reveals the behavior of magnetic 3d electrons, whose
energy states are shaped by the crystal's symmetry"’”,
shedding light on how spontaneous magnetization aligns
with crystal axes, a factor critical for optimizing energy
harvesting. Furthermore, for rare earth metals-based
soft magnetoelastic materials, the unique anisotropy of
4f electron orbitals lead to substantial lattice distortions
and enhanced magnetoelastic effects, boosting energy
harvesting capabilities''®”’. These theoretical perspectives
provide a comprehensive view of the mechanisms driving
magnetostriction, crucial for the development of soft
magnetoelastic materials aimed at mechanical energy
harvesting. By detailing the interplay between mechanical
deformation and magnetic field variations, these insights
inform the design and optimization of devices that convert
mechanical movements into usable electrical energy,
highlighting the potential of soft magnetoelasticity in
sustainable energy solutions.

5.3 Pressure-Induced Reduction of
Magnetic Flux Density (B)

Soft magnetoelastic systems, due to their inherent
flexibility, undergo more substantial mechanical
deformation under stress compared to stiffer materials.
This leads to a more significant realignment of magnetic
domains and a pronounced decrease in magnetic flux
density (B)"*"**"!, making these materials effective at
converting mechanical energy into magnetic or electrical
energy. This attribute renders them highly suitable
for sensors and energy harvesting devices. Figure 3B
showcases simulations that model the magnetoelastic
response of an elastomer to varying pressures with
COMSOL Multiphysics', These simulations show the
decrease in magnetic flux density with applied mechanical
pressure, highlighting the material's ability to convert
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Table 2. Comparative Analysis of Soft Magnetoelastic Systems Versus Traditional Electromagnetic Devices

Parameter Description Application Analysis Comparison

Wavy chain Adjustments of Used to understand Magnetomechanical coupling factor More adaptable to
magnetic dipoles in energy conversion in (d3;) revealing efficiency: higher mechanical stimuli than
response to forces, magnetoelastic systems values mean better conversion of traditional rigid materials like
explaining soft mechanical to magnetic energy Terfenol-D or Galfenol
magnetoelasticity

Magnetostriction Magnetization change  Central to converting Large A values indicating a strong More pronounced effect

A) inducing dimensional mechanical to magnetic/ magnetoelastic response, crucial for  at lower stress levels
changes electrical forms in soft effective energy harvesting. compared to traditional

magnetoelastic systems materials, which require
higher stresses

Magnetic flux B decrease owing to Efficient at converting A higher d3; resulting in a greater Higher sensitivity to stress-

density (B) deformation under mechanical to magnetic/ decrease in B, signaling higher induced magnetic property
stress electrical energy energy conversion efficiency changes than traditional

systems

Coercivity (H,) Response of B to Useful in actuators Lower H, allows for more significant ~ Lower H. in soft MEG
applied uniaxial stress  requiring precise magnetoelastic effects under less systems
varies deformation control stress

Output power Optimal load resistance Key in applications Peak output power occurs at Traditional materials may

(Pow) for maximum voltage ~ where mechanical- resonance frequency; lower internal  not optimize resonance
output and efficient to-electrical energy resistance improves efficiency and internal resistance as
energy conversion conversion is essential effectively due to rigidity

Size and Size and porosity Material design Generally, smaller size enhances Traditional devices may not

porosity (6) influencing optimization in magnetic sensitivity. However, exhibit such sensitivity to
magnetoelastic magnetoelastic systems  this trend reverses below a size and porosity due to less
response and energy certain size threshold due to flexible structures
conversion efficiency superparamagnetism. Lower porosity

often results in stronger magnetic
responses by increasing the density
of magnets. An optimal porosity

is necessary to balance magnetic
performance with mechanical
properties like flexibility

Output voltage  Voltage output Vital for devices The output voltage is primarily driven  Traditional rigid magnets
) in response to experiencing quick and by mechanical strain, which induces  might produce more abrupt
deformation diverse movements. changes in magnetic flux through voltage changes with higher
the realignment of magnetic dipoles. initial current but less
Operating near the generator's sustainability

resonance frequency maximizes
voltage by enhancing energy transfer
efficiency. The coil geometric design
and the alignment of magnetic
particles optimize magnetic
responsiveness for high voltage

outputs.
Frequency (f) Frequency-dependent  Effective conversion Devices more effectively convert Traditional systems may not
response at certain frequencies, mechanical energy into electrical have such a pronounced
likely at resonance energy at specific frequencies frequency-dependent

response due to less
dynamic material properties

Notes: “Micromagnets might generally offer advantages over nanomagnets due to reduced thermal fluctuation effects and potentially more
stable magnetic properties.
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Figure 3. Overview of Soft Magnetoelasticity Featured Properties and Energy Conversion Mechanism. A:
Wavy-chain model for stress-induced effects: A wavy-chain arrangement with varying horizontal and vertical spacings
in relaxed and compressed states. B: Magnetoelastic response to stress: Simulations of magnetic flux density across
an elastomer under 0 and 300kPa pressures. C: Material-specific magnetic behavior: Variations in magnetic flux densi-
ty in response to uniaxial stress in different magnetic materials, NdFeB, SrFe;,0,,, and Fe;0,. D: Magnetoelastic behav-
ior: Comparison of magnetoelastic behaviors across systems under compressive stress, showing relative flux density
alterations (AB/By). E: Magnetoelastic effect: Comparative experiments highlighting the substantial magnetoelastic ef-
fect in soft magnetoelastic generators. F: Magnetic flux and magnetization: M, magnetization versus applied magnetic
field curves for hard and soft magnetic materials.G: Energy harvesting efficiency: Dependency of output current and
voltage on the load resistance for dual-layer soft magnetoelastic generators. H: Magnetic particle size effect: Variations
in relative magnetic flux density in soft magnetoelastic generators containing nano- and micro-magnets. I: Porosity
effect: Absolute flux density changes in soft systems with varying porosity levels. J: Stress-porosity effects: Magnetic
flux density under stress, comparing layers with porosities of 0.477 and 0, at 0, 139, and 278kPa. K: Voltage response
to bending: Typical open-circuit voltage response curve upon bending deformation. L: Frequency dependent outputs.
A, C-E, G-K, Reproduced from Ref.""”) with permission from Nature. B, Reproduced from Ref."'” with permission from
American Chemical Society. L, Reproduced from Ref.""** with permission from Elsevier Inc.

mechanical disturbances into magnetic variations. This
core phenomenon of the magnetoelastic effect facilitates a
coupling between magnetic and elastic properties, where
mechanical stress prompts a realignment of magnetic
domains, reducing net magnetization and magnetic flux
density. The efficiency of this interaction is quantified by
the magnetomechanical coupling factor (d;;), measuring
the strength of interaction between mechanical and

magnetic states. To quantitatively describe this behavior,
an empirical model considers the initial magnetic induction
without stress (B,), the impact of stress (o), and the
material's porosity (8). The proposed equation to capture
this relationship is:

B(0,60) = By(1 — af)e~kotha®)o  (5)
where B(o, 08) represents the magnetic induction at
a specific stress level (g) and porosity (8); B, is the
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baseline magnetic induction without stress, in a non-
porous material; a indicates the reduction in B, due to
porosity. k, is the stress decay constant for a non-porous
material. k; represents the change in the stress decay
rate per unit porosity. This model suggests that as stress
(o) increases, magnetic induction (B) decreases. The
empirical constants a, k,, and k; would be determined
through model fitting to experimental data, allowing
a comprehensive understanding of how mechanical
stress and porosity affect the magnetic properties of
magnetoelastic materials.

5.4 Contrasting Coercivity (H,.) in
Magnetoelastic Materials Under Stress

Figure 3C illustrates the magnetic flux density in
relation to applied uniaxial stress across different
magnetic materials, including NdFeB, SrFe;,0,4, and
Fe;0,, showcasing the diversity in magnetoelastic
responses'”'. NdFeB, a typical hard magnetic material
with high coercivity and remanence, exhibits a
significant decrease in magnetic flux density with
increasing stress'">''>'’*), Mechanical stress leads to
a considerable realignment of magnetic domains,
impacting its overall magnetization. With lower coercivity
than NdFeB, SrFe;,0,,'s magnetoelastic effect is less
pronounced, reflected by a more gradual decrease in
magnetic flux density under stress. The magnetic flux
density of Fe;0, is stable under mechanical forces.
NdFeB’s characteristics enable it to maintain strong
magnetization up to a specific stress threshold, making
it suitable for soft actuators where precise deformation
control is essential’”*""*), NdFeB-based magnetoelastic
elastomers allows for creating components with varied
magnetic domain alignments. Magnetic fields-assisted
4D printing anisotropic magnetoelastic elastomers with
predetermined magnetic domains, enabling them to
undergo specific deformations, such as rolling, twisting,
and folding, under a magnetic field, highlighting the
potential for complex movements and functionalities in
soft magnetic systems' .

A comparative analysis of magnetoelastic responses,
measured by the change in magnetic flux density (AB/
B,), across different materials under varying stress levels
was shown in Figure 3D"*.. For traditional materials
such as Galfenol and Terfenol-D, located in the high-
stress region of the graph, there's a noted substantial
magnetoelastic effect. However, this effect is observed
at stress levels beyond what is typical for human
biomechanical movements. These materials, while
exhibiting significant changes in magnetic flux density,
necessitate large amounts of stress to manifest notable
magnetoelastic behavior. Conversely, the soft MEG system
within the low-stress region, demonstrates a significant
magnetoelastic effect at much lower stress levels,
aligning with the range of human motion. Soft MEG, with
their pronounced magnetoelastic effects at lower stress

levels, are efficient at converting biomechanical energy
into magnetic energy. The ability of soft MEG to operate
effectively under the stress levels associated with human
movement highlights their potential for being integrated
into devices designed to capture energy from everyday
activities for power generation.

Figure 3E contrasts the electrical current output
over time between a traditional rigid magnet and a soft
MEG'"!, Soft MEG displays a smoother current curve
with a more gradual peak, suggesting a sustained
current generation over a longer period despite a lower
initial current, which is advantageous for prolonged
energy harvesting applications, like wearable devices
that require continuous adaptation to human motion.
In soft magnetoelastic systems, the selection between
soft and hard magnetic particles is essential. Hard
magnetic materials exhibit a wide hysteresis loop,
signaling high coercivity and remanence (Figure 3F).
Magnetic elastomers, comprised of metal alloys or
ceramic materials such as NdFeB, SmCo, and alnico,
showcase significant magnetic hardness. This attribute
enables them to sustain large magnetic field even
after the removal of the external magnetizing force,
attributed to their large remanence (B,) and coercivity
(H.). Soft magnetic materials, on the other hand, show
a narrow hysteresis loop, reflecting their low coercivity
and remanence. This property allows them to easily
magnetize and demagnetize with minor external
magnetic field changes, fitting for energy harvesting
requiring frequent magnetic field alterations.

5.5. Output Power

Figure 3G highlights the electrical performance
of a dual-layer soft MEG in relation to varying load
resistances'"’!. The voltage profile shows an initial
increase against resistance, peaking at an intermediate
value before declining at higher resistances, indicative
of optimal load resistance for maximum voltage output.
Output power, derived from the product of current and
voltage, can be calculated to find the optimal power
transfer at the point where the resistance of the load
matches the internal resistance of the generator. The
equation for output power in an MEG is"””":

w

mfsryg(“’_")g ©

- ()T + (2

where Y, : vibration amplitude;

m, the mass of the vibrating system or seismic mass;

&, the structural damping factor of the transducer;

w: the angular frequency of the vibration;

w,: the natural or resonance angular frequency of the
system.

Py =

The equation implies that maximum power output
occurs when the system is operating at or near the
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resonance frequency (w is close to w,), but actual
output will also be influenced by the damping factor.
Analyzing voltage and current trends against load
resistance demonstrates the MEG's internal magnetic
properties, such as resistance and inductance, which are
vital for transforming mechanical energy into electricity
efficiently. The point of maximum power transfer, where
the voltage peaks, is where the MEG's internal magnetic
characteristics best match the external load. This analysis
underscores the potential of MEG in energy conversion
applications, where efficient mechanical energy
harvesting is essential.

5.6 Size and Porosity Effects

Exploration of nanoparticle size on magnetomechanical
coupling is important to underscore the size effect in
magnetoelastic efficiency under stress''”.. Figure 3H
shows the efficiency of magnetomechanical coupling
in systems utilizing micromagnets and nanomagnets
under different levels of uniaxial stress. It reveals that
nanomagnets exhibit a more significant decrease in
normalized magnetic field strength with increasing stress,
indicating their heightened sensitivity to stress-induced
magnetic property changes. This sensitivity is pivotal
for developing efficient magnetoelastic systems. This
observed behavior aligns with basic magnetic principles
in materials, where transition metals and certain
lanthanides display significant magnetic moments due to
unpaired electrons in their d or f orbitals, aligning to form
magnetic domains. Nanoscale magnetic particles can
manifest single-domain behavior, yielding a net magnetic
moment. Nonetheless, excessively small particles
may experience superparamagnetism, with thermal
fluctuations randomizing magnetic dipole alignment.
Surface treatment of magnetic particles is crucial to
prevent agglomeration and enhance magnetization
efficiency. Approaches such as silane coupling agents
or core-shell structuring can improve particle dispersion
and functionality'”>"’%), For example, NdFeB particles
coated with Au or Ag achieve both robust ferromagnetic
properties and high electrical conductivity!"’’"’?, suitable
for specific magnetoelastic applications.

Figure 3I and 3J further show the effects of porosity
(8) on the magnetic flux density (B) of magnetoelastic
materials under uniaxial stress'”'. Materials with varying
porosity levels (0, 0.187, and 0.477) respond differently
to stress, with lower porosity resulting in higher flux
density (Equation 5). This suggests that materials with
minimal porosity exhibit stronger magnetic responses
when stressed, highlighting the critical role of material
design and porosity control in enhancing magnetoelastic
system performance. Understanding the interplay
between magnetomechanical coupling efficiency and
particle size, along with the impact of porosity on
magnetic response, is fundamental for advancing soft
magnetoelastic generators. These insights facilitate the

development of applications ranging from soft robotics
to energy harvesting, where precise material property
control is essential.

5.7 Output Voltage

Figure 3K shows the voltage output from a soft MEG
subjected to bending deformation, highlighting the open-
circuit voltage response over time without any load." The
voltage curve features spikes corresponding to moments
of rapid bending-induced changes in magnetic flux
linkage through the MEG's coils, with peaks aligning with
maximal deformation, altering the coil's magnetic field.
In accordance with Faraday's law of induction, the output
voltage (E) is directly proportional to the magnetic flux
rate change through the coil, described by the equation:

A

EW) ==NZ ()

where N is the coil's turn count, A® denotes the magnetic
flux change in webers, and A®/At is the flux change
duration in seconds. The voltage fluctuations observed
in Figure 3K indicate the MEG's responsiveness to
deformation, vital for devices experiencing quick and
diverse movements, whose efficiency in converting
mechanical deformation to electrical energy underscores
soft magnetoelastic systems' potential for powering self-
sufficient sensors and energy harvesting devices.

5.8 Frequency Dependence

Figure 3L depicts the output voltage of a soft MEG
over time, showcasing how the device responds to
different frequencies of applied mechanical stress'" >,
The amplitude of voltage oscillations varies with the
frequency, displaying a frequency-dependent response
characteristic. This behavior underscores the MEG
capability to convert mechanical energy more effectively
into electrical energy at certain frequencies, likely aligning
with resonant frequency. At resonance, the mechanical
input harmonizes with the magnetoelastic material's
natural oscillating frequency, enhancing energy transfer
and, consequently, the voltage output. The output
voltage's frequency-dependent nature for MEG can be
encapsulated by the equation:

V(t) =Vysin(2rft + ¢) X ! (€))

-0y ety

where V(t) is the instantaneous voltage at time t, V,
is the maximum voltage amplitude, f is the applied
mechanical stress frequency, t is time, and ¢ is the
phase difference, f, is the system's natural or resonance
frequency, and C is the damping ratio. The denominator
signifies the damped harmonic oscillator's transfer
function, illustrating how the voltage response amplitude
varies with the applied stress frequency relative to the
system's natural frequency and damping. This equation
emphasizes the MEG's nuanced frequency response,
pivotal for optimizing energy conversion in applications
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requiring precise control over material properties and
system dynamics.

6 WEARABLE AND IMPLANTABLE
SOFT MAGNETOELASTIC BIO-
ELECTRONICS

The integration of soft magnetoelastic materials
into the realm of bioelectronics heralds a new era
of healthcare, where the seamless convergence of
technology and biology can enhance patient care and
outcomes. The unique properties of these materials
including their high energy conversion efficiency and
exceptional compatibility with human tissues, are being
leveraged in various healthcare applications, notably
in wearable health monitoring devices and implantable
medical technologies.

6.1 Wearable Soft Magnetoelastic
Textiles

Wearable soft magnetoelastic textiles represent a
groundbreaking integration of magnetoelastic materials
with textile engineering, transforming the landscape
of health monitoring and personal bioelectronics.
These textiles, through their dynamic response to
mechanical forces, facilitate electrical signal generation
via electromagnetic induction. Notably, the design
involves embedding micromagnets within a porous
polymer matrix (Figure 4A), optimizing the conversion
of mechanical energy into electrical energy efficiently"®.
Figure 4B showcases the aesthetic and functional
variety of soft magnetoelastic textiles' woven patterns,
emphasizing how textile design influences both the
visual appeal and electrical performance of wearables™®.,
The checkerboard pattern presented may symbolize
an array of magnetoelastic elements within the fabric.
Each element is poised to enhance the power generation
of the textile upon experiencing mechanical forces like
stretching, bending, or pressure. The structure of soft
magnetoelastic textiles encompasses a conductive
yarn layer for electrical signal transmission and energy
harvesting, a soft MEG layer made from magnetostrictive
material for converting mechanical deformation
into magnetic flux changes, and a textile substrate
providing structural support and wearability (Figure
4C). An equation based on the Neo-Hookean model for
hyperelastic materials, models mechanical stress as a
function of deformation,

1
s=G (/1 - ?) ()
where s, compressive stress; A, deformation; G, the
shear modulus of the material.

The magnetoelastic layer's mechanical property
changes under various strain levels and their impact on
the generated magnetic field could be predicted by this
equation'® (Equation 9). In magnetoelastic applications,
this equation could be used to calculate the stress in a

magnetic material that exhibits elastic properties. When
these materials are deformed by external forces, their
magnetic properties may change-a phenomenon that is
exploited in the design of smart materials and systems.
Experimental findings and theoretical confirmation show
that compressive stress around 100kPa is sufficient to
induce a considerable variation in magnetic field, reaching
up to ~18mT in the one-dimensional soft MEG textiles''*'.
This integration considers the mechanical stress (s)
from the Neo-Hookean model, area change (A) due to
deformation, and magnetic flux density change (B) as a
result of the magnetoelasticity, leading to a specialized
equation:

d
£=— NE(BO(l —us)-A(D)) (10)

where N is the coil's turn count; A is the coil area; B,
represents the initial magnetic flux density; p is the
magnetoelastic coupling coefficient; and A(A) denotes
the coil deformed area as a function of stretch ratio
A. This comprehensive design approach allows for the
optimization of soft magnetoelastic textiles for various
applications, including energy harvesting from body
movements and sensing mechanical forces for health
monitoring. By considering mechanical-to-electrical
energy conversion, soft MEG textiles can be designed to
not only offer comfort and conform to the body but also
actively engage in energy conversion and data collection,
marking a step towards the realization of smart textiles
that blend functionality with fashion.

6.2 Wearable Soft Magnetoelastic
Elastomers

Wearable soft magnetoelastic elastomers stand at
the forefront of health monitoring, offering a versatile
technology for precise tracking of physiological signals
across diverse biomechanical activities''” %!, These
flexible sensors are adept at detecting varying pressure
levels generated by a wide range of movements, owing
to their pronounced magnetoelastic effect. Engineered
for resilience, they accommodate bending, stretching,
and twisting'>'*""*'®) ensuring comfort and continuous,
reliable health data collection when worn on different
body parts. The design of these advanced sensors
capitalizes on the magnetoelastic materials' sensitivity,
transforming mechanical deformations from daily
activities into electrical signals that reflect various bodily
movements. This capability enables the sensors to span
a broad sensing range, essential for comprehensive body
monitoring and capturing subtle physiological changes.

At the core of wearable soft magnetoelastic elastomers
is the fusion of magnetoelastic material sensitivity with
the durability needed for everyday wear. Aimed at
creating a user-friendly interface, these sensors integrate
with the wearer, acting as an extension that translates
the body's movements into electrical data™*****", This
integration marks a significant step towards personalized
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Figure 4. Wearable and Implantable Soft Magnetoelastic Bioelectronics. A: Energy conversion mechanism: Diagram
of the soft magnetoelastic generator containing micromagnets and a polymer matrix. Reproduced from Ref."®’ with permission
from American Chemical Society. B: Mechanical flexibility and energy harvesting capability: Weaving patterns for the wearable
soft magnetoelastic textile. Reproduced from Ref."'” with permission from Springer Nature. C: Textile MEG design: Structure of
the textile MEG featuring a magnetoelastic film, an embedded coil, and a fabric base. D: Self-powering capabilities: Scheme of
soft magnetoelastic generator as a sustainable energy source for wearable electronics. Reproduced from Ref.""” with permission
from Springer Nature. E: Motion outputs: Current outputs from bodily movements like pulse, finger and knee bending, running
and jumping. Reproduced from Ref."""”) with permission from American Chemical Society. F: Wearable health monitoring: Image
of the wearable soft magnetoelastic generator to power a standard thermometer. Reproduced from Ref.!**' with permission from
Springer Nature. G: Mechanical sensitivity and dynamic response: Sensing signals as a function of varied pressure and frequen-
cies. H: Weight-sensitivity and adaptability for force monitoring: Weight-dependent electrical responses. G and H reproduced
from Ref.""’”! with permission from Cell Press. I: Implantable energy harvesting: Illustration of the implanted soft magnetoelastic
generator for ultrasound energy capture. Reproduced from Ref."**! with permission from Springer Nature.

healthcare, enabling ongoing monitoring outside clinical
settings and providing individuals with immediate
insights into their health. The integration of a soft MEG
into wearable electronics exemplifies its dual functionality
as both a sustainable energy source and a sensor for
various health metrics (Figure 4D)"*. This dual role is
essential for the advancement of self-sustained wearable
healthcare devices, capable of powering devices such

as electrocardiograms (ECG) and thermometers, while
also detecting physiological signals like sweat and
pulse. Figure 4E showcases the MEG's sensitivity to
physiological movements and signals'”, illustrating its
electrical output in response to different bodily activities,
including wrist pulses, knee movements, finger bending,
and dynamic actions such as running and jumping. This
demonstrates the MEG's ability to capture a wide range
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of mechanical energies, converting them into electrical
signals for health monitoring and energy harvesting
from human movements. A practical application of the
MEG is highlighted, where it is affixed to a person's arm
to power a thermometer, showcasing its applicability in
non-invasive health monitoring (Figure 4F)""*.. Figure 4G
shows the operational sensitivity of the MEG, showing its
current output as a function of applied pressure at various
frequencies, indicating its effectiveness in transducing
mechanical stimuli into electrical signals across a
spectrum of pressures and deformation rates, valuable
for continuous health monitoring'”". Figure 4H illustrates
the MEG's response to varying weights''”!, demonstrating
its fine-tuned sensitivity to pressure changes, which could
be useful for detecting subtle physiological changes or for
applications requiring precise pressure sensing.

6.3 Implantable Soft Magnetoelastic
Elastomers

Figure 41 depicts an implantable soft MEG designed
to convert ultrasound energy into electricity, utilizing the
magnetoelastic effect within a biocompatible package
suitable for subdermal placement'”!. This approach
enables the powering of biomedical devices such as
pacemakers or biosensors from ultrasound, bypassing
the need for battery replacements or external power
sources''*'®!, The operation of this MEG is based on
ultrasound emitted from an external source that induce
mechanical vibrations in the magnetoelastic material
upon penetration through the skin. These vibrations
result in changes in magnetic flux density, which, in turn,
generate an electromotive force across the device's coils
by Faraday's induction law (Equation 7). The deformation
of the magnetoelastic layer under ultrasound influence
modifies the magnetic field experienced by the coils,
facilitating electrical energy generation.

Key considerations for this system include ensuring
biocompatibility to avoid immune responses, achieving
efficient conversion of ultrasound mechanical energy to
electrical energy, ensuring durability against constant
ultrasound exposure, and integrating effective energy
storage solutions'**'**!, RelevanT-Parameters for this
technology's success include the ultrasound intensity
(I), which impacts the energy available for conversion,
and the magnetoelastic material's mechanical properties
like shear modulus (G) and Young's modulus (E),
affecting deformation response. The magnetoelastic
layer's dimensions also play a crucial role, determining
the material volume available for energy conversion. A
promising avenue for providing a continuous power source
for internal medical devices, exploiting the widespread use
of ultrasound in medical environments and the energy-
harvesting potential of magnetoelastic materials.

7 DIVERSE APPLICATIONS

This section underscores the substantial promise of

MEG across a spectrum of applications. From internal
medical devices to wearable energy harvesters and
sensors, MEG are portrayed as pivotal components in
the future of integrated electronics for everyday life and
healthcare management (Figure 5).

7.1 Sweat-Resistant Sensor

MEG is a robust, efficient sensor for wearable health
monitoring technologies in sweat-prone conditions,
whose integration potential into wearable textiles or
direct skin application, offering a dependable energy
and data source for health monitoring without the
hassle of frequent maintenance or moisture-induced
damage concerns'> "%, Figure 5A showcases a MEG
engineered for optimal performance in various moisture
levels”””, demonstrating its durability through electrical
output comparisons in both dry and wet conditions.
This validation underscores MEG's resilience, a crucial
feature for wearable health devices exposed to sweat
from physical activities. The MEG remains consistent
electrical current output when shifting from dry to
wet environments, highlighting its unaffected power
conversion capabilities by moisture. This resilience is vital
for uninterrupted physiological signal monitoring during
activities that induce sweating. Unlike traditional devices
that may need protective encapsulation against sweat-
potentially compromising sensitivity and functionality-the
MEG maintains its performance, making it an ideal self-
powered, sweat-resistant biosensor.

7.2 Tactile Feedback

Soft MEG array can also be utilized as a tactile feedback
system for sensory applications like artificial skin****"%,
This system demonstrates the ability to detect mechanical
stress and convert it into electrical signals, showcasing
the potential for intricate tactile feedback applications.
Figure 5B depicts a 16-pixel MEG array mimicking
artificial skin, capable of reconstructing signals from
mechanical interactions''”". Each pixel generates a voltage
response under pressure, enabling high-precision tactile
sensing crucial for developing responsive prosthetics and
improving human-machine interactions by accurately
replicating touch sensations. Figure 5C extends this
functionality, illustrating the MEG's capacity to create
detailed tactile maps'"'”. This is demonstrated through
unique voltage patterns generated by 'writing' letters on
the artificial skin, a feature vital for nuanced input user
interfaces, such as touchscreens capable of recognizing
handwriting or textures. The visualization of magnetic
flux density changes in response to force on a single
pixel helps elucidate how mechanical stress at varying
intensities and locations influences the magnetic field
and the MEG's electrical output (Figure 5D)"*"\. This dual-
channel sensory activation showcases the MEG's ability to
distinguish subtle stress differences. Figure 5E presents
the relationship between shear stress and magnetic flux
density, highlighting the system's differentiated response
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Figure 5. Soft Magnetoelastic Generators for Diverse Applications. A: Moisture-resilient performance: Magnetoelastic
generators in a moist environment. Reproduced from Ref.””’ with permission from Elsevier. B: Tactile sensing: Electrical signal
reconstruction from a 16-pixel artificial skin array. C: Tactile signal mapping: Voltage profiles corresponding to tactile inputs
from orthogonal channels. D: Magnetic flux density mapping: Visualization of magnetic flux density under a 5-newton force,
with stress on a single pixel and dual-channel sensory activation. E: Stress-sensitivity and spatial differentiation: Magnetic flux
density changes against shear stress at the center and adjacent areas of a pixel. B-E, reproduced from Ref.""'”! with permis-
sion from Science. (F,G) Cardiac monitoring: A magnetoelastic sensor on heart, and generated current with heartbeats. Repro-
duced from Ref.""”' with permission from Springer Nature. Partially created from Biorender.com. H: Muscle activity monitoring:
Electrical output from a magnetoelastic patch on the biceps during muscle contraction and relaxation. Reproduced from Ref.">*
with permission from Cell Press. I, the contraction phase of the bicep during tension; II, the relaxation phase during extension. I:
Wearable energy harvesting: Diagram of potential biomechanical energy sources on the human body. J: Mechanical stimula-
tion responses: Measurements of three mechanical stimulation types on soft magnetoelastic textile. K: Respiratory monitor-
ing: Integration of textile MEG into medical scrubs for respiratory tracking, capturing distinct respiratory patterns including
normal and rapid breathing, and coughing. I-K. Reproduced from Ref.""”" with permission from Cell Press.

to central versus edge-applied forces on a pixel.!""”! This
includes mean values and deviations, showcasing the
MEG's sensitivity to spatial stress gradients, essential
for detailed pressure profiling in touch-sensitive devices
or robotics. This tactile feedback is underpinned by the
magnetoelastic effect, wherein mechanical deformation
alters a material's magnetic properties. Within the MEG
array, the magnetoelastic film in each pixel undergoes

the MEG to capture not only force magnitude but also
its direction and distribution, making it suitable for tactile
feedback applications requiring comprehensive sensory
information.

7.3 In Vivo Cardiac Monitoring

A magnetoelastic sensor was developed for cardiac

stress-induced magnetic flux density changes. These
changes are converted into electrical signals, enabling

function monitoring (Figure 5F), suggesting its implantation
near the heart to directly measure mechanical movements
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associated with cardiac phases of expansion and
relaxation''"”’. The sensor generates an electrical current
that rhythmically varies, mirroring the heart's contractions
and relaxations (Figure 5G)"**, This pattern demonstrates
the sensor's capability to transduce the heart's mechanical
motions into an electrical signal for medical diagnostics.
This process involves correlating the cardiac tissue's
mechanical stress with changes in magnetic flux density, a
typically nonlinear relationship necessitating calibration for
precise electrical signal translation. The ability of soft MEG
to distinguish between systolic and diastolic heart phases,
offering diagnostic potential for heart conditions and post-
surgery cardiac tissue health monitoring (Figure 5G).
Designing this sensor entails addressing biocompatibility,
tissue irritation minimization, and signal stability over time.
It must balance sensitivity for detecting heart movements
with the durability needed for continuous operation within
the body’s dynamic environment. Overcoming these
challenges could position the magnetoelastic sensor as
a vital tool for in vivo heart health monitoring, providing
healthcare providers with real-time data and potentially
alerting patients to abnormal cardiac events.

7.4 Wearable Muscle Energy Harvesting

Soft MEG can also be utilized as versatile tools for
biomechanical energy harvesting and muscle activity
sensing' "%l Figure 5H showcases the application
of MEG in monitoring bicep muscle dynamics during
flexion and extension'*. The electrical output variations
align with the muscle's contraction cycles, highlighting its
potential in sports Science for performance optimization
and medical rehabilitation for tracking recovery. Figure 51
outlines the potential biomechanical energy sources across
the human body""”, highlighting the potential of harvesting
energy from natural bodily motions, and the integration of
wearable MEG to power devices through daily activities.
The relationship between applied mechanical energy (e.g.,
muscle contractions) and the MEG's electrical output,
potentially described by the equation:

Pout=f-A-(‘;—f)-V (a1

where P, is the power output, § represents a conversion
efficiency factor, A is the MEG's area, and V is the volume
of the MEG undergoing deformation. This equation reveals
that the MEG's power output is directly proportional to the
magnetic field's rate of change, which is influenced by the
applied mechanical energy, such as muscle movements.
Considering the cost of harvest and total cost of harvesting
provides insights into the energy efficiency of these
devices in practical applications. These metrics, comparing
metabolic cost to electrical power output, offer a way to
assess the feasibility of incorporating MEG into wearable
technology from an energy economy perspective.

7.5 Smart MEG Textile for Non-Invasive
Respiratory Monitoring

Integrating MEG into smart textiles facilitates seamless

physiological parameter monitoring without interfering
with daily routines, offering a non-intrusive medical
tool"/*%**%%1 Figure 5] depicts the adaptability of textile
MEG to various mechanical stresses-compression,
bending, and twisting"”’. The voltage and current outputs
for each type of mechanical stimulation underscore the
MEG's capability to convert diverse mechanical energies
into electrical signals, pivotal for developing smart
textiles that respond to the wearer's movements and
environment. Furthermore, a MEG textile integrated into
medical scrubs was developed to monitor respiratory
patterns effectively (Figure 5K)""”". It captures changes
in the magnetic field resulting from chest expansion and
contraction during various respiratory activities, including
coughing, rapid breathing, and normal breathing. The
MEG gathers data on respiratory patterns, which can
be transmitted to a dedicated application for instant
feedback and visualization, proving beneficial for
patients with respiratory conditions by enabling real-time
monitoring and early detection of potential problems.
The MEG operates by transforming the mechanical
energy from body movements into electrical signals. The
electrical current generated during different respiratory
activities reveals distincT-Patterns corresponding to
each breathing type, showcasing the MEG's sensitivity
to varying mechanical stresses caused by respiratory
movements.

A hypothetical equation that might describe the
relationship between respiratory movements' mechanical
stress (o), the change in magnetic flux density (AB), and
the induced current (1) is:

d(4B)
I=C- —ar (12)

where I represents the induced current, C is a proportio-
nality constant related to the MEG's design and materials,
and d(AB)/dt denotes the change rate in magnetic flux
density due to mechanical deformation from breathing.
The constant C, determined through experimentation,
would indicate the MEG's efficiency in converting
biomechanical stress into electrical signals. Challenges
for this application include maintaining consistent skin
contact, minimizing signal interference from external
magnetic fields, and ensuring the MEG's durability through
regular use and laundering of the medical scrubs. This
approach to respiratory monitoring via smart MEG textiles
promises for real-time health monitoring, offering potential
improvements in patient care and health management.

8 CONCLUSION AND OUTLOOKS

Soft magnetoelastic materials are pioneering advancements
in personal healthcare by enabling continuous, non-invasive
monitoring and management of health conditions. These
materials convert mechanical energy from individual activities
into a sustainable power source for both implantable and
wearable medical bioelectronics, heralding a new era of
proactive and personalized healthcare (Figure 6). Advances
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Figure 6. Perspectives and Challenges in Soft Magnetoelasticity for Mechanical Energy Conversion. The
potential advancements and current obstacles for, A and B: wearable magnetoelastic generators and C and D: implantable

magnetoelastic generators. Images created from Biorender.com.

in soft MEG, including giant magnetoelastic layers and liquid-
metal patterns, promise to amplify soft MEG electrical output.
These developments could power wearable bioelectronics via
body movements and generate implantable power sources
without encapsulation, expanding bioelectronics applications.
The future of MEG technology is geared towards creating
devices that are not just effective but also safe, comfortable,
and convenient for all users.

8.1 Soft Magnetoelastic Wearables for
Continuous and Adaptive Health Monitoring

Incorporating soft magnetoelastic materials into
wearable technologies marks the beginning of a new era in
persistent health surveillance (Figure 6A). These materials
enable devices to continuously monitor health metrics,
facilitating a proactive healthcare model that dynamically
adjusts therapeutic protocols based on real-time health
data. This ensures treatments are timely and personalized,
catering to individual's evolving health needs. Wearable
devices utilizing soft magnetoelasticity provide real-time
health data, empowering users with the ability to modulate
therapy on demand. These devices can instantly initiate
therapeutic actions, optimizing treatment outcomes.
Rehabilitation wristbands offering tactile feedback to
guide exercises and smart textiles that correct posture
throughout the day exemplify the potential for enhancing
recovery and promoting musculoskeletal health.

Soft magnetoelastic wearables transcend traditional
monitoring methods by providing non-invasive detection

and acting as guardians of well-being, continuously
conveying vital health information, and alerting users
to potential health issues. Their application in pain
management through smarT-Patches underscores the
depth of personalized care achievable with magnetoelastic
technology. Wearable MEG shows great promise in
integrating advanced health management into everyday
life. By merging continuous monitoring with intelligent
analytics, these devices become proactive health
management tools, potentially reducing dependency on
traditional healthcare services. As wearables increasingly
connect with telehealth systems, they promise to redefine
healthcare delivery, making comprehensive health
management an integral part of daily living.

8.2 Potential Challenges in Wearable
MEG

As MEG integrate more into our daily routines, the
design of MEG places a premium on ergonomics and
comfort?'*°!, Devices are being tailored to the human
body, using flexible, breathable materials and slim profiles
to improve the user experience and support regular use
by being minimally invasive in everyday activities (Figure
6B). Efforts are underway to identify bio-compatible,
non-irritating materials to ensure they can be worn
continuously without causing any skin allergic reactions
or irritation, even for the most sensitive skin types.
Meanwhile, compliance and safety of the developed
non-toxic soft MEG material are at the forefront of
development, with devices undergoing rigorous testing
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and certification processes to meet regulatory standards
and assure users of their dependability and safety. This
push towards developing new sustainable composites
aims at making MEG wearable and promoting inclusivity.

Enhancing signal clarity is also a focal point. Advances
in noise cancellation technology are being made to
eliminate environmental interference, ensuring the
integrity of data through sophisticated algorithms and
materials that mitigate electromagnetic disruptions,
which is essential for the accuracy of health monitoring
and diagnostics. Ensuring reliability across various
environmental conditions is another critical goal. Research
aims to make MEG water-resistant, temperature stable,
and durable against physical stresses”’”, guaranteeing
their functionality in diverse settings, from the gym
to rainy conditions. Durability considerations are
paramount, with MEG being constructed from wear-
resistant materials and incorporating self-healing or
easily repairable components to withstand regular use.
This approach not only enhances device longevity but
also contributes to sustainability by reducing electronic
waste. Furthermore, improving power management is
a key strategy to prolong MEG operation. Innovations in
energy-efficient components and the enhancement of
energy harvesting techniques are crucial for extending
device usability, ensuring MEG can provide continuous
service without frequent recharging. User interfaces
for MEG are evolving towards greater intuitiveness and
personalization, adapting to user interactions to be
accessible to a wide audience, including those less tech-
savvy“?"I, The development focuses on age-agnostic,
user-friendly interfaces that employ visual, tactile, and
auditory feedback, making the devices approachable
for a broad demographic. Addressing these key areas,
MEG are poised to become an integral part of daily
life, transforming personal health monitoring with their
capabilities.

8.3 Wireless Implantable energy Harvesting

Implanted MEG are set to transform medical devices
by leveraging energy from bodily movements to wirelessly
power internal devices"**°*?°’, This advancement
eliminates the need for battery replacements through
surgical procedures, minimizing invasive procedure risks.
Developments in magnetoelastic materials and designs
enhance energy conversion efficiency, leading to smaller,
more potent, and reliable devices. The use of these
materials for targeted drug delivery and neural stimulation
demonstrates their impact on treatment methods to
achieve precise control for dosing and responsiveness to
immediate body needs, reducing side effects and enhancing
therapeutic efficacy (Figure 6C)*"***?%*1 The advent of
magnetically controlled wearable robots introduces a novel
dimension to therapeutic devices**""*'*"!, Leveraging
magnetic fields' ability to penetrate various media, these
robots navigate the body with remarkable precision to

deliver targeted therapies in deep tissue. Additionally,
magnetically actuated neural interfaces in implanted
MEG present new treatments for neurological conditions,
offering pain relief, rehabilitation, and treatment without
drugs by stimulating nerves or brain regions with magnetic
fields'"**°**'°! Orthopedic implants benefit from self-
repairing magnetoelastic materials that adapt and heal
over time in response to body movement, diminishing
the need for revision surgeries and improving implant
longevity. Magnetic control is pivotal in surgical robotics,
facilitating less invasive procedures with improved safety
and efficiency. In the vascular domain, MEG contribute
to creating smart stents that dynamically support blood
vessels, adapting to the vascular system's changing
needs to potentially reduce additional surgeries and
enhance long-term intervention success™'"!. Integrated
with sensors, implanted MEG offer continuous monitoring
of vital signs and internal functions, facilitating proactive
healthcare through timely interventions. The application
of 3D printing technology in fabricating magnetoelastic
elements introduces solutions to soft robotics. Molding
these elements into deformable shapes enables unique
actuation and deformation mechanisms activated under
magnetic fields, edging close to fully flexible and soft
systems suitable for various applications.

8.4 Potential Challenges in Implantable
MEG

For in-vivo implants, ensuring long-term biocompatibility
is crucial to prevent adverse reactions from the body's
immune response. Researchers are focused on developing
materials that remain stable and functional over time,
resistant to breakdown or corrosion within the body, to
avoid inflammation or reduced effectiveness. Optimizing
energy harvesting and power delivery is fundamental
for the autonomous functionality of implanted MEG.
Meanwhile, miniaturization is key for implanted MEG
to comfortably fit within the body without sacrificing
functionality. Advances in miniaturization technology are
enabling the creation of compact devices that maintain
optimal performance, packing more functionality into smaller
devices while ensuring energy efficiency (Figure 6D).
Furthermore, customizability of treatments and the
Exploration of biodegradable materials for temporary
interventions highlight the personalization potential of
implanted MEG. These materials would naturally decompose
after fulfilling their therapeutic role, eliminating the need for
surgical extraction.

Integrating MEG with bodily functions presents a
significant challenge, necessitating devices to be not only
unobtrusive but also in sync with the body's systems.
This requires a collaborative effort across biology, material
Science, and engineering to devise mechanisms that
either mimic or support physiological processes. Ensuring
that MEG stay fixed in their intended bodily location is
vital for consistent performance. This includes devising
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effective fixation methods to prevent device migration or
dislodgement, which could impair function or necessitate
further surgical procedures. With implanted MEG collecting
and transmitting sensitive health data, securing this
information against unauthorized access is imperative.
Efforts are underway to implement robust encryption and
privacy-preserving measures to safeguard patient data,
addressing cybersecurity risks associated with wireless
communication. The reliability of wireless therapy provided
by in-body MEG is critical for patient confidence and the
broader acceptance of these devices. This encompasses
ensuring consistent energy harvesting and delivery,
precise therapeutic control, and incorporating fail-safe
mechanisms to avert malfunctions that could endanger
patients.

In summary, the advent of wearable and implantable
MEG marks a significant advancement in healthcare.
These devices combine magnetoelasticity with magnetic
control to usher in a new era of health monitoring systems
that are both personalized and attuned to individual health
dynamics. Wearable MEG represent large potential in
health management, enabling continuous monitoring and
on-demand therapeutic interventions as integral parts
of daily life. This integration into daily routines promises
to improve patient outcomes by facilitating timely
medical responses and reducing the reliance on invasive
procedures. The development of implanted MEG faces
several challenges, including ensuring biocompatibility,
achieving seamless integration within the human body,
and maintaining functionality without compromising
miniaturization. Overcoming these hurdles and evolution
towards advanced medical treatments that are both
responsive and inherently part of our daily existence
highlights the potential of MEG to redefine the future of
medical technology.
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