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Jinxia Chen, Yiwei Liu,* and Run-Wei Li*

Emerging fields, such as wearable electronics, digital healthcare, the Internet
of Things, and humanoid robots, highlight the need for flexible devices
capable of recording signals on curved surfaces and soft objects. In particular,
flexible magnetosensitive devices garner significant attention owing to their
ability to combine the advantages of flexible electronics and
magnetoelectronic devices, such as reshaping capability, conformability,
contactless sensing, and navigation capability. Several key challenges must be
addressed to develop well-functional flexible magnetic devices. These include
determining how to make magnetic materials flexible and even elastic,
understanding how the physical properties of magnetic films change under
external strain and stress, and designing and constructing flexible
magnetosensitive devices. In recent years, significant progress is made in
addressing these challenges. This study aims to provide a timely and
comprehensive overview of the most recent developments in flexible
magnetosensitive devices. This includes discussions on the fabrications and
mechanical regulations of flexible magnetic materials, the principles and
performances of flexible magnetic sensors, and their applications for wearable
electronics. In addition, future development trends and challenges in this field
are discussed.

1. Introduction
in healthcare.

Flexible electronic devices are a cutting-edge class of elec-
tronic devices known for their soft, bendable, stretchable, and
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foldable characteristics.'* This flexibility
enables them to conform to various curved
surfaces and complex shapes, resulting
in a wide range of applications, such as
in wearable technology,**! healthcare,!>©]
smart electronic skin,’™) the Internet of
Things (IoT),'%"  military security,!1
and entertainment (human—computer
interaction).['*!4] Flexible electronics have
a wide range of applications in wear-
able electronics, offering key features
and innovations in wearable devices.
For example, flexible sensors can mon-
itor physiological data, such as heart
rate,l”1>1% body temperature,l'’18] blood
oxygen saturation,l®1°] and movement
status.[222] This monitoring is essential
for health tracking, disease management,
and medical diagnosis. When integrated
into textiles to create smart textiles, they
can monitor information, such as body
temperature, sweat composition, and
movement status, transmitting this data
to the cloud for analysis.[?*?’] These inno-
vations have far-reaching implications for

enhancing user experience, quality of life, and driving progress

Further, flexible magnetosensitive devices represent a unique
category of electronic devices that combine the properties of flexi-
ble electronics and magnetic materials. As electronic skins, mag-
netic sensing elements are particularly well-suited for contactless
human-computer interaction.[?28] These devices typically con-
sist of magnetic elements and flexible substrates, allowing them
to exhibit unique properties and application potential in various
fields (Figure 1), such as:

(a) Localization and navigation;[?>3% flexible magnetoresistive
sensors can be integrated into wearable devices, such as
smartwatches and fitness trackers to provide localization and
navigation capabilities. They enable compass applications
and pedometers by detecting changes in the Earth’s mag-

Health monitoring and biometrics;*!) magnetic skin patches
can be used to monitor muscle activity and provide valuable
data for physiotherapy, sports training, and healthcare. In ad-
dition, flexible magnetoelectronic devices can monitor vari-
ous health parameters, such as heart rate, breathing patterns,
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Figure 1. Flexible magnetosensitive materials, devices, and applications. By combining the fields of flexible electronics and magneto-electronics, flexible
magnetic devices offer a range of advantages, such as re-shapability, conformability, contactless sensing, and navigation capability. These unique prop-
erties make these devices ideal for various applications, such as location and navigation.[?”] Copyright 2021, Wiley-VCH with a Creative Commons CC-BY
license. Reproduced with permission.[?] Copyright 2018, Springer Nature, healthcare and medical diagnostics. Reproduced with permission.!'8¢] Copy-
right 2020, Wiley-VCH. Reproduced with permission.!'®3] Copyright 2011, American Chemical Society, tactile sensing. Reproduced with permission.[187]
Copyright 2018, AAAS. Reproduced with permission.l'88] Copyright 2021, AAAS, AR, and VR. Reproduced with permission.[?’] Copyright 2018, Springer

Nature.

and muscle activity, making them invaluable in medical di-
agnosis and patient monitoring.

(c) Gesture control;*’l magnetosensitive wearable gloves detect
hand movements and gestures. This allows users to con-
trol various devices through hand movements, making them
ideal for virtual reality (VR) and augmented reality (AR) ap-
plications.

(d) Haptic feedback;!?*] wearable magnetic Haptic feedback
devices allow users to feel vibrations, touch, or pressure
through a wearable device. This feature is valuable in gam-
ing, immersive experiences, and accessible technologies.

Flexible magnetosensitive materials and devices offer numer-
ous opportunities for enhancing the functionality of wearable
electronic devices. These advancements enable new functional-
ities, enhance the user experience, and contribute to the grow-
ing field of wearable technology. Constantly evolving applications
make wearable electronics more versatile and capable of satisfy-
ing various needs in areas, such as healthcare, entertainment,
and sports. This study provides a review of the recent progress in
the field of flexible magnetosensitive materials and devices, fo-
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cusing on the most recent research results over the past 10 years
since our previous research.**! Building upon previous studies
on flexible magnetosensitive devices, 3= this review provides
a thorough overview of the development and research status of
flexible magnetosensitive materials, devices, and applications.
The remainder of this paper is organized as follows: Section 2
summarizes the fabrication and stress regulation of flexible mag-
netic materials. Section 3 reviews the principles and key perfor-
mance characteristics of various flexible magnetic sensors. Sec-
tion 4 discusses the applications of wearable flexible magnetic
sensors. Finally, a summary and future outlook are provided in
Section 5.

2. Flexible Magnetosensitive Materials

Numerous materials can respond to the application of mag-
netic fields. For example, magnetoresistive materials demon-
strate changes in resistance when subjected to an external mag-
netic field, whereas magnetorestrictive materials exhibit changes
in length. In addition, properties such as impedance, optical re-
sponse, and electric polarization can be influenced by an ex-
ternal magnetic field. Among the numerous magnetosensitive
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Table 1. Parameters of some magnetic materials and flexible substrates.

Materials a [ppm K1) E [GPa] T, [K] T [K]
Fe 1.7 200 - 1813
Co 13.8 21 - 1768
Ni 13.4 210 - 1726
Pl 30-60 2.9-20 523 723
PET 20-80 6-14 351 533
PMMA 70-77 2.4-3.4 373 358
PVDF 80-140 2 231 414
PDMS 310 1-3 MPa 123 233
Mica 9 61 - 1503

materials, magnetic materials have garnered significant atten-
tion owing to their high magnetic sensitivity. However, most bulk
magnetic materials are rigid; to fulfill the increasing demand for
flexible and compact magnetic devices in wearable applications,
magnetic thin films with considerable mechanical flexibility are
attractive.

2.1. Preparation of Flexible Magnetic Thin Films
2.1.1. Direct Deposition on Flexible Substrates

To retain flexibility, magnetic thin films are typically obtained by
sputtering these materials onto flexible substrates, such as poly-
imide (PI), polyethylene terephthalate (PET), polyvinylidene flu-
oride (PVDF), and polydimethylsiloxane (PDMS).*3*1] During
the sputtering process, heat is transferred from the plasma to the
substrates, resulting in thermal expansion of the substrates. Af-
ter growth, the films and substrates cool down to room temper-
ature. Owing to the differences in thermal expansion coefficient
(a) between the substrates and magnetic films, internal stress ap-
pears at their interface. The internal stress may be retained or
released depending on the magnitude of the thermal expansion
and Young’s modulus (E) of these materials (Table 1). Based on
experimental studies, flat magnetic films can be obtained by di-
rect sputtering onto PET and PI substrates.[*?) However, for mag-
netic films deposited directly onto PDMS, irregular wrinkles are
formed owing to the significant differences in the thermal ex-
pansion coefficient and Young’s modulus between PDMS and
the magnetic materials. These wrinkles serve to release internal
stress (Figure 2a). To achieve a regular pattern, the PDMS sub-
strate can be pre-strained before film deposition. For example,
Melzer et al.[**] deposited giant magnetoresistance (GMR) mul-
tilayer on a PDMS substrate with thermally induced shrinkage,
resulting in a wrinkled topography upon peeling off the PDMS
substrate from the Si holder (Figure 2b). Zhang et al.[**] deposited
FeGa films on a uniaxially pre-strained PDMS substrate, produc-
ing flexible FeGa films with periodic wrinkles. Li et al.[**] demon-
strated the excellent stretchability of these devices by preparing
spin-valve structures on pre-strained PDMS.

While the aforementioned direct deposition method has been
widely adopted by researchers, it has its limitations. First, flexi-
ble polymer tapes exhibit higher roughness compared with con-
ventional rigid substrates. Flexible polymeric substrates, such as
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PET and PI, exhibit typical root-mean-square roughness of 1-
2 nm,**1 much larger than the ~0.3 nm roughness of ther-
mally oxidized Si substrates. This increased roughness is partic-
ularly crucial when growing multilayered heterostructures as the
properties significantly depend on the interface quality. There-
fore, special treatments are necessary to fabricate high-quality
multilayered heterostructures. Second, interfacial intermixing is
a concern. The loose atomic structures of flexible substrates en-
able magnetic atoms to easily penetrate the polymer substrate,
leading to intermixing. Consequently, growing ultra-thin mag-
netic films down to a few atomic layers is not suitable in this
scenario. Third, the inability to withstand high temperatures is
a common issue with flexible substrates, such as PET, PVDF,
PI, and PDMS (Table 1). However, in the fabrication of high-
performance spintronic devices, post-thermal annealing is often
required. In addition, a high growth temperature is critical for
preparing magnetic films with superior crystal quality (such as
single-crystalline films), which are essential for achieving out-
standing performance in spintronic devices, such as antiferro-
magnetic magnetic tunneling junctions. These requirements are
difficult to achieve through deposition on flexible polymers.

2.1.2. Deposit and Transfer to Flexible Substrates

To address the limitations of direct deposition methods, the trans-
fer method is developed. In the transfer method, magnetic films
are initially deposited on rigid substrates capable of withstanding
high temperatures. Subsequently, the films are detached from the
substrates and transferred onto the surfaces of flexible substrates.
To facilitate this transfer process, magnetic films should be de-
posited on substrates with weak interactions with the film and
substrates buffered with a sacrificial layer.

Experimental findings revealed that epitaxial growth is achiev-
able for some 2D substrates with van der Waals interlayer inter-
actions, despite the different lattice constants and symmetries
of the films. In addition, the weak van der Waals forces bond-
ing the films and 2D substrates enable the transfer of films onto
various support substrates. For example, mica, a commercially
available 2D material with an exceptionally high melting point
(Figure 2c and Table 1) serves as an ideal host substrate for the
fabrication of various magnetic films and devices.[*’*8] Further,
the weak interaction between mica and film allows for the elimi-
nation of lattice mismatch and substrate clamping effects, result-
ing in the production of high-quality free-standing films. To date,
high-quality oxide magnetic films, such as Fe;0,,/*"] CoFe,0,,>"]
SrRuO;,?! Pr,.Ca,sMnO;,52 and VO, have been success-
fully prepared using mica as the substrate (Figure 2d). These
films are ideal for use in flexible magnetoelectronic devices.
In addition to oxides, mica substrates have been employed to
fabricate flexible magnetic alloys that require high-temperature
growth. For example, to retain the desired antiferromagnetic
(AFM)-ferromagnetic (FM) phase transition near room temper-
ature, FeRh films must be grown at high temperatures to main-
tain atomic order.>*l Recently, Huang et al.>®! fabricated FeRh
films with high crystal quality on mica substrates and success-
fully transferred them onto PDMS substrates by peeling off the
Mica with PI tape. In addition to mica, graphene serves as an-
other commonly used van der Waals heteroepitaxial substrate.
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Figure 2. a) Topography of magnetic films deposited directly on elastic substrates, such as PDMS.[*! Copyright 2012, Wiley-VCH with a Creative Com-
mons CC-BY license. b) Surface image of magnetic films deposited on pre-strained PDMS. Reproduced with permission.[*3] Copyright 2011, American
Chemical Society. c) Layered crystal structure of mica. d) Summary of typical flexible oxide films grown on mica substrates.[*3] Copyright 2017, Springer
Nature with a Creative Commons CC-BY license. e) Fabrication process of the freestanding single crystalline films by dissolving the sacrificial layer.[6]

Copyright 2022, Springer Nature with a Creative Commons CC-BY license.

In 2020, Kum et al.*®! prepared a heterogeneous structure com-
posed of functional layer/graphene/STO. With the presence of
the graphene interlayer, freestanding membranes with high crys-
tal quality, including SrTiO,, BaTiO,, CoFe,O,, and YIG, could
be obtained using mechanical lift-off techniques. In 2021, Du
et al.l’’! successfully prepared a free-stranding Heusler alloy,
GdPtSDh, using this method and introduced strain gradients into
GdPtSb to induce ferromagnetism. This method enables the pro-
duction of high-quality flexible films with controllable structures
and orientations, making it a promising technique for the prepa-
ration of industrial materials and the development of novel func-
tional devices. This method is exclusively performed in deion-
ized water, which is more suitable for practical applications owing
to its low cost and minimal chemical damage to the oxide film.
In addition to the aforementioned 2D substrates, the concept of
low adhesion of metal layers (e.g., Cu, Ni, and Au) on SiO, has
been proposed as an efficient method for transferring thin films
and heterostructures onto flexible substrates through mechani-
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cal peel-off.5*%%l For example, the utilization of a low-adhesion
Au underlayer has been proven effective in fabricating spin-valve
stacks on large-area flexible substrates.>8¢!]

Materials, such as MgO,l®?l La,,Sry;;Mn0;,[%]  and
S1;AL O4%*%5] can be dissolved in acid, alkaline solvents, or
water, serving as sacrificial layers to facilitate the transfer of
films onto flexible substrates. While lattice mismatch must be
carefully considered for growing high-quality sacrificial layer
and magnetic films, the preparation of flexible oxide films
featuring different crystallographic directions and structural sys-
tems has been achieved. Examples include La,,Sr, ;;MnO,[%¢!
and SrRu0,[®] films with various crystallographic directions,
Sr,IrO, film with a Ruddlesden-Popper structure,l*’] super-
elastic Fe;O, with a spinel structure,®® and super-stretchable
La,,Ca,;MnO; film with a chalcopyrite structure,*®! showcasing
excellent versatility. For example, Lu et al.[>%] deposited single-
crystal La, ; Sty ;MnO; and SrRuO; films onto Sr;Al, O, buffered
SrTiO, substrates with different crystallographic orientations
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([001], [110], and [111]). Following the growth, the bilayers were
immersed in pure water to etch the sacrificial Sr;Al, O, layers.
During the etching process, flexible PDMS was utilized as a
support layer to mechanically stabilize the films (Figure 2e).
The flexible SrRuO3 membranes exhibited highly adjustable
magnetic anisotropy (MA) owing to the cooperative effect of
crystal structure and orientation. This resulted in a remarkable
perpendicular magnetic energy of ~10’erg-cm~3, allowing
for a wide range of tunability from in-plane to out-of-plane
orientations.

To prepare sensitive tunneling magnetoresistance (TMR) de-
vices, a high-quality barrier layer, such as AlO, and MgO must
be grown at high growth temperatures, presenting a challenge in
the preparation of flexible TMR devices. Loong et al.l”%! success-
fully transferred magnetic tunnel junction (MT]J) stacks onto a
series of plastic substrates by removing the Si substrate through
dry etching, followed by the transfer of the suspended stacks onto
plastic substrates. The reported TMR was 300% after being trans-
ferred onto PET substrates, a significant improvement compared
with TMR directly deposited onto PI substrates.”!] In addition
to the aforementioned sacrificial layers, flexible magnetic films
could be obtained by growing them on water-soluble salt sub-
strates, such as NaCll7?l and KBr.[!]

Despite the significant progress made through transfer ap-
proaches, some limitations are worth addressing.[®!l First, the
multi-step fabrication processes involved are unsuitable for mass
production. Second, this process often results in reduced sur-
face area coverage. For example, freshly cleaved mica foils consist
of extended, micrometer-sized atomic flat terraces that are dif-
ficult to control, leading to inconsistent electrical behavior. For
the water-soluble KBr substrate, the cleavage steps induce in-
homogeneity and layer intermixing in the deposited thin film,
which can lead to open-circuit electric behavior at micrometric
distances.

2.1.3. 3D Self-Assembled Magnetic Field Sensors

New materials and technologies are required to enhance the per-
formance of integrated devices and achieve smaller and lighter
designs. These materials and technologies should offer more
3D structural freedom compared with conventional microelec-
tronics as well as simpler parallel manufacturing routes; while,
maintaining compatibility with existing methods. Various 3D
self-assembly methods for transforming planar membranes into
complex 3D structures have been investigated!”*! (Figure 3a,b).
One such method is the rolling-up technology, which utilizes
thin-film deposition techniques, such as sputtering, to create
magnetic tubes with high structural quality and low surface
roughness. Based on previous studies, the magnetic domain pat-
terns of tubular structures are not influenced by the structural in-
homogeneities due to the granular nature of the magnetic films.
By using different materials and tuning the dimensions of the
rolled-up nanomembranes, domain patterns consisting of spiral-
like and azimuthally magnetized domains are observed. In partic-
ular, azimuthally magnetized rolled nanofilms are highly promis-
ing for magnetoimpedance-based field sensors owing to their
enhanced isotropic sensitivity compared with planar structures
(Figure 3c)74.
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2.1.4. Printed Flexible Magnetic Field Sensors

Printed electronic devices have enabled the fabrication of large-
scale, low-cost electronic devices on various substrates, playing a
crucial role in the advancement of flexible electronics and stretch-
able electronics.””] Printable magnetic sensing devices are the
building blocks for realizing entirely printable electronics.

Karnaushenko et al.[”®! developed a multicomponent magnetic
ink containing GMR flakes and fabricated the first printable
magnetic sensor. The fabricated sensor had a room-temperature
GMR of up to 8% and adhered to arbitrarily shaped surfaces for
contactless switching in electronic circuits. The essential mag-
netic ink necessary for the development of printable magnetic
sensors was prepared by blending the GMR powder with a binder
solution. This solution was composed of an acrylic rubber based
on poly(methyl methacrylate) (PMMA) dissolved in a methyl
isobutyl ketone carrier.”®””] Further, by optimizing the polymeric
binder solution and components of the magnetosensitive powder
(Figure 4a), high-performance printable GMR sensorics with a
GMR ratio of #37% at —600 mT were fabricated. The maximum
sensitivity of the sensors was 0.93 T~! at 130 mT, comparable to
state-of-the-art high-performance GMR sensors.l”®] Ha et al.l””]
prepared magnetic paste by blending GMR microflakes with a
binding elastomer of poly(styrene-butadiene-styrene) (SBS) and
printed GMR sensors on ultrathin 3 um thick polymeric foils.
The unique mechanical compliance of these printed GMR sen-
sors allowed them to withstand extreme mechanical deformation
of up to 16 um of bending radii. This makes them ideal for use
in wearable interactive electronics as they can follow the radial
buckling pattern on the stretchable substrates, enabling a sta-
ble magnetic field sensing capability under 100% of the biaxial
strain (Figure 4b). The application of printed magnetoelectron-
ics has been hindered by the lack of large-area exchange-coupled
metallic multilayers required to produce printable magnetosen-
sory inks. To address this challenge, Gupta et al.®% developed
a large-scale roll-to-roll process for fabricating large-area GMR
thin-film stacks (Figure 4c). The roll-to-roll sputtered multilayer
on a hundred-meter-long PET web showed a GMR ratio of ~#40%
and was successfully converted to magnetosensitive ink for print-
ing high-performance magnetic sensors, facilitating integration
with printed electronics.

The development of printable and compliant high-
performance magnetic field sensors utilizing various magne-
toresistive effects, in addition to GMR sensors, holds significant
potential for expanding their applications. For example, Oliveros
Mata et al.B!l introduced a novel magnetoresistive paste based
on the anisotropic magnetoresistance (AMR) effect by incor-
porating Py powders into the SBS elastomer matrix. Sensors
printed with this paste demonstrated a stable AMR value of
0.34% at 400 mT even under mechanical bending, making them
ideal for use on curved surfaces for on-skin applications and
interactive printed electronics (Figure 5a). Further, Xu et al.l®]
extended the performance of printable AMR sensors by adopting
alternating magnetic fields (AMFs) to actively manipulate the
magnetoresistive fillers (Figure 5b). The resulting sensors exhib-
ited superior magnetoresistive performance, with a sensitivity
of 35.7 T7! at 0.086 mT, low noise of 19 pQ per\/Hz, and high
resolution of 36 nT. The utilization of AMF also facilitated
the self-healing capability of the magnetic paste, enabled by
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Figure 3. Fabrication of rolled-up single-layer ferromagnetic nanomembranes. a) Schematic of the fabrication process. b) Dependence of the rolled-up
nanomembrane diameter on film thickness. c) SEM images of the rolled-up tubes.[”*] Copyright 2014, Wiley-VCH with a Creative Commons CC-BY

license.

the viscoelastic supramolecular polyborosiloxane. Six charac-
teristics were revealed in AMF-mediated self-healing: 100%
performance recovery, repeatable healing over multiple cycles,
room-temperature operation, healing in seconds, no manual
reassembly required, and humidity insensitivity. These charac-
teristics paved the way for printable magnetoresistive sensors
in various applications, such as bio-monitoring, smart textiles
for safety applications, medical therapy, and human-machine
interfaces for AR. Mata et al.®¥] reported dispenser printing of
a bismuth-based paste at a commodity scale, processed through
laser sintering to obtain printed magnetoresistive sensors. In
contrast to previously printed magnetic sensors, bismuth sen-
sors exhibited up to a 146% resistance change at 5 T at room
temperature. This resulted from the unique large quantum
orbital magnetoresistive effect, enabling their operation in high
magnetic fields, such as during magnetic resonance imaging
and nuclear magnetic resonance.
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Various flexible magnetic films and devices prepared using the
aforementioned methods, along with their bending or stretching
capabilities are listed in Table 2. Advances in film preparation
technology have increased the tensile limit of flexible metallic
magnetic films and enhanced their multidirectional stretching
capabilities. These properties provide a better material basis for
the application of flexible magnetic films in stretchable electronic
devices.

2.2. Effect of Stress/Strain on the Magnetic Properties of Flexible
Magnetic Films

Unlike rigid substrates, flexible magnetic films are subjected
to mechanical stress upon deformation, which influences their
magnetic properties. In particular, some magnetic proper-
ties, such as the magnetic transition temperature, confine the
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Table 2. Preparation of flexible magnetic films and devices along with their
stretching capabilities.

Material and preparation method Strain limitation Ref.
Single axis Dual axis
Metal and alloy CoFeB directly 1.6% - [5]
deposited on
Pl
Co directly 2% 2% [7]
deposited on
PET
Spin valve with 29% - m
periodic cracks
Spin valve with 50% - 2]
periodic
wrinkles
GMR transferred 270% - [10]
onto VHB
Oxides BaM grown on 1.3% - [96]
mica
Lag;Cag;MnO;, 8% 5% [194]
transferred
onto polyimide
BIMnO, 5.1% - [195]
transferred
onto PDMS

working temperature; magnetic anisotropy (MA) influences the
sensitivity, operating frequency, and even power consumption,
whereas the Dzyaloshinskii-Moriya interaction (DMI) deter-
mines the chirality and topological features of the magnetic struc-
ture. The aforementioned properties determine the performance
of magnetic devices. In addition, the spin—orbit coupling strength
and electronic structure of nonmagnetic materials are extremely
crucial in constructing spin-orbit torque devices. Therefore, un-
derstanding the mechanical regulation of these properties in flex-
ible magnetic films is essential.

2.2.1. Stress/Strain Modulation of the MA in Flexible FM Films

In 2012, Dai et al. deposited FeGa films on flexible PET sub-
strates and investigated the effect of mechanical bending on the
MA.*I As shown in the inset of Figure 6a, various strains were
exerted on the FeGa films by bending the PET on molds with
different radii of curvature. They observed that the unstrained
Fey,Ga,y films displayed unique uniaxial MA attributed to the
residual stress in the PET substrates. By applying tensile (com-
pressive) strains along the easy axis, the magnetic easy (hard) axis
could be adjusted to the hard (easy) axis. By calculating the MA
constant of flexible FeGa films under various stress conditions,
Cao et al. estimated the magnetostriction coefficient to be ~80
ppm.® For flexible single-layer magnetic films, the mechani-
cal regulation of MA correlated with the magnetostriction coeffi-
cients. For example, flexible magnetic films with positive magne-
tostriction coefficients, such as CoFeB,®! Fe,[¥%] and Col*’! exhib-
ited similar mechanical stress regulation on their MA to FeGa.
Conversely, flexible magnetic films with negative magnetostric-
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tion coefficients, such as Ni,!881 showed a tendency for the easy
axis to rotate perpendicular to applied tensile stress. In partic-
ular, the MA of NiFe films with a nearly zero magnetostriction
coefficient remained unaffected by external stress.[*®) Compared
to that of flexible magnetic metals and alloys, the stress regula-
tion of the MA of flexible magnetic oxides was more versatile ow-
ing to the intimate coupling among the lattice, spin, orbit, and
charge.’1%%]

In addition to the aforementioned flexible magnetic films that
exhibit dominant in-plane MA, flexible magnetic films with per-
pendicular magnetic anisotropy (PMA) are gaining attention for
their potential in developing spintronic devices with high den-
sity and stability. Several studies on stress regulation by PMA in
flexible magnetic films have been conducted. For example, Ota
et al.3! conducted experiments in which TbFeCo (6 nm) and
Pt/Co (0.4-0.9 nm)/Pt films with PMA were deposited on flex-
ible polyethylene naphthalate (PEN) substrates. They observed
a significant change in the magnetic easy axis orientation from
out-of-plane to in-plane in TbFeCo when a 2% in-plane uniax-
ial strain was applied, whereas the PMA of the Pt/Co/Pt films
was maintained. Matsumoto et al.®*] observed that for Pd/Co
(1.5 nm)/Pd deposited on flexible PEN substrates, the pristine
in-plane MA was tuned to PMA under the application of 1.5% bi-
axial tensile strain and that biaxial strain was more effective than
uniaxial strain in tuning the MA of flexible magnetic films.[4l
More recently, Li et al.*’l conducted a systematic study of the
stress regulation of MA in Co/Pt multilayers. By depositing Ta
(2 nm)/Pt (20 nm)/[Co (#)/Pt (0.5 nm)],/Pt (1.5 nm) multilay-
ers on flexible PVDF substrates, they achieved modulation of
the MA from in-plane to out-of-plane by varying the Co thick-
ness (t) from 0.6 to 3.0 nm. From both magnetic hysteresis and
magnetic domain measurements, they observed that while a ro-
bust PMA was maintained against external stress, the MA be-
came more susceptible to external stress as the Co thickness
increased.

The effect of mechanical stress on the modulation of the
MA can be quantitatively assessed by calculating the slope of
the MA constant (K,) with respect to stress. The K, value of
flexible magnetic films can be estimated using either mag-
netic hysteresis measurements along different directions®®! or
anisotropic magnetoresistance measurements.*’) In the former
method, the strength of a uniaxial anisotropy can be quanti-
tatively evaluated by calculating the difference between works
done in magnetization along the easy axis and hard axis:
Ky=p,( fOMS H,.,dM- /OMS H,,,dM), where y, represents the
permeability of free space, M, represents the saturation magne-
tization moment, and M denotes the virgin magnetization mo-
ment that can be obtained approximately by averaging the upper
and lower branches of the hysteresis loops. In the latter method,
the strength of MA is correlated to the magnetic torque of the film
as follows:L(8y)=p,MsHsin (8, — 6,,) = Kysin (20,,), where the
relationship between the applied magnetic field direction (6y)
and film magnetic moment direction (0,,) can be established
through AMR measurements.

A summary of the strain-dependent anisotropy constant K, for
certain flexible magnetic films is shown in Figure 6b.1387:8%.93-9]
First, strain-induced MA is significant for most reported flex-
ible magnetic films. Second, for different materials, the slope
of the MA constant with respect to stress (that is, the stress
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Figure 4. a) Printable GMR sensors and devices. Schematics of the fabrication process of the GMR paste.[”®] Copyright 2015, Wiley-VCH with a Creative
Commons CC-BY license. b) Printed GMR sensors that conform to the finger and their performance.l”?! Copyright 2021, Wiley-VCH with a Creative
Commons CC-BY license. c) Schematics of the cassette-based roll-to-roll modular sputter system and of the deposited GMR multilayer on a 0.2 x 100 m?
PET web.[8%] Copyright 2022, Wiley-VCH with a Creative Commons CC-BY license.

coefficient of magnetoelastic anisotropy) differs. Third, the strain
stability of the MA can be significantly enhanced by the struc-
tural design. For example, the variation in the MA of a CoFeB
film is as high as 2 X 10° erg cm~ under 0.5% strain, and the
film can only withstand less than 2% strain.[¥”) However, if CoFeB
films are designed with a wrinkled structure, they can withstand
more than 50% strain, and the change in MA is less than 10* erg
cm3.1%! Therefore, the structural design is crucial in improving
film stretchability. The stress coefficients of typical ferromagnetic
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thin films (Fe, Co, Ni, and CoFeB) are shown in Figure 6¢c. Among
the materials investigated, Fe has the lowest stress coefficient of
~6.3 X 10° erg cm™ GPa~!, whereas Ni has the highest stress
coefficient of up to 2.5 X 10° erg cm™3 GPa™l.

Changes in MA are also accompanied by variations in mag-
netic resonance behavior.[>?7-] This finding provides a basis for
developing flexible devices with tunable resonance frequencies;
thus, opening up potential applications in microwave generators,
microwave detectors, resonators, and other related devices.
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Figure 5. Printable and self-healable AMR sensors. a) Fabrication process of the printed AMR sensor as well as its response to an in-plane magnetic field
and the bending state.[®1] Copyright 2021, Springer Nature with a Creative Commons CC-BY license. b) Fabrication and self-healing of magnetoresistive
sensors aided by alternating magnetic fields.[®2] Copyright 2022, Springer Nature with a Creative Commons CC-BY license.

2.2.2. Stress/Strain Modulation of the MA in Flexible AFM Films

Compared with ferromagnetism, antiferromagnetism offers ad-
vantages, such as magnetic field insensitivity, zero stray fields,
and ultrafast dynamics and is considered a vital material for real-
izing high-density storage and terahertz devices. However, effec-
tively manipulating and observing AFM moments is challenging
owing to the zero net magnetic moment of antiferromagnetism
and its insensitivity to external magnetic fields. The exchange

bias effect is generated between the AFM and FM interfaces, re-
sulting in unidirectional MA of FM films, which is widely utilized
in giant magnetoresistive devices.['%1%1 Further, the exchange
spring structure in antiferromagnetism will be formed owing to
the exchange bias effect, which facilitates the observation and ma-
nipulation of AFM moments.!1%?]

Zhang et al.l'%) observed an increasing remanence ratio and
a decreasing exchange bias field along the pinning direction
when the compressive strain was applied perpendicular to the

.= FeGa s 300 Ni
W—&— Fe o 2.5x10%
0.75 \—A—Co O 250}
/ v Ni T 00 CoFeB
» | —— CoFeB S r 1.7x10°%
= 0.50 / i ——TbFeCo > -
= : (0] [
= 0 e S
0.25 o {—»—Pd/Co/Pd - 100 o
» . : \é\lar;:llkled-CoFeB \c; 50 _6 3|:e1 i 2.7x104
P ‘ X 35X
0.001 1 70 0 .
Type of Materials

Strain (%)
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Figure 6. Effect of mechanical strain on the MA of flexible magnetic films. a) Evolution of the remnant magnetization ratio under different strains. The
insets represent the schematic model showcasing the distribution of magnetization moments at different strains. b) Regulation of the MA by external
strain in different flexible magnetic films. The vertical dashed line represents the maximum tensile strain without a crack in bulk metals. Reproduced
with permission.[8°] Copyright 2021, Acta Physica Sinica. c) Comparison of the stress coefficient of different materials.

Adv. Mater. 2024, 36, 2311996

2311996 (9 of 33)

© 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde auyy Ag peuienob a1e ssoiie VO ‘85N JO S9N 10} AIg)T8UIIUO AB|IA UO (SUOTIPUOD-PUR-SLLIBI WD A8 1M Ale.q 1 |Bul Uo//Sdny) SUORIPUOD pUe Swie | 8U) 89S *[6Z02/20/6T] U0 A%iqi7auliuo A8|IM ‘YoIeessy SN JO 8Iniisu| AQ 966TTEZ0Z eWPR/Z00T OT/I0p/W00" A3 1M Ae1q 1 Ul |UO"psoURADe//SANY Wo) pepeo|umod ‘L€ 7202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a  NeéelVector b
— £
2
FeMn (4nm =
P~}
_— X
H, 2
Qs 40 “s 50 )
Néel Vector >
o 4
( E
L Ta 9
— 4 s
H, * W
Qs 40 ) 50 55

Photon energy (oV)

iy

www.advmat.de

Strain
treatment

_
—

Exchange | /
Spring /

FeMn
fz

_'F-I

N

Figure 7. a) Strain-related antiferromagnetic moment tunability. Schematic of the Néel vector in FeMn and corresponding Mn L-edge XMLD spectra
with the application of strain. b) Schematic model of the strain control of the antiferromagnetic moment and exchange spring in FeMn. Reproduced

with permission.[1%] Copyright 2020, Wiley-VCH.

pinning direction. The simulation results based on the Stoner—
Wohlfarth model indicate that the different responses of FM and
AFM moments to external strain weakened the pinning effect,
thereby reducing the exchange bias field. Sheng et al.l'% de-
posited exchange biased CoFeB/IrMn heterostructures on PVDF
substrates and measured the magnetic hysteresis loop of the
pinned CoFeB layer to determine the magnetic moment arrange-
ment of the IrMn layer. Owing to the anisotropic thermal expan-
sion of the PVDF substrate, uniaxial compressive stress was ex-
erted by varying the temperature of the sample. Through mag-
netic field orientation dependence of hysteresis loop measure-
ments, a rotation of 10° was observed in IrMn moments under
2.26 GPa compressive stress. In a related study, Zhang et al.l'%*]
observed a 12° rotation in the IrMn moments under ~0.6%
compressive strain through ferromagnetic resonance measure-
ments. In a study by Feng et al.,[1%] the X-ray linear magnetic
dichroism (XMLD) technique was utilized to evaluate the ef-
fective tunability of the AFM moment of FeMn by controlling
the exchange spring in NiFe/FeMn with a large strain exerted
by a shape-memory alloy substrate (Figure 7a). The strain tog-
gled a noticeable magnetic moment rotation of NiFe by nearly
90° in the film plane, resulting in a consequent twirling of the
Néel vector of FeMn owing to the interfacial exchange interaction
(Figure 7b).

2.2.3. Stress/Strain Modulation of the DM

The DMI prefers the canting of the spins of adjacent magnetic
atoms and is recognized as a key ingredient in forming local-
ized noncollinear magnetic structures, such as chiral domain
walls and magnetic skyrmions, which holds significant promise
for various applications, such as memory and logic. Physically,
DMI originates from spin—orbit coupling and relies on broken
inversion symmetry. Based on previous studies, the application
of strain can influence the DMI both in bulk crystals and heavy
metal-FM multilayer structures.

Gusev et al.l'%] performed Brillouin light scattering and
magneto—optical Kerr effect studies on mechanically bent
Pt/Co/Pt films and observed that the uniaxial strain modified
the average DMI constant and introduced anisotropy to the DMI
(Figure 8a). They interpreted the microscopic nature of the strain-
modulated DMI using the Fert-Levy model. Based on this model,
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the DMI is mediated by the hopping of electrons between mag-
netic ions and heavy-metal ions, which relies on the distances
between the magnetic ions and those between the magnetic and
heavy-metal ions. These distances can be changed by applying
an in-plane strain, thereby modifying the DMI, as shown in
Figure 8b. Sapozhnikov et al.1%] further investigated the influ-
ence of strain-induced anisotropic interfacial DMI on the mag-
netic domain structures in Co/Pt multilayers by utilizing mag-
netic force microscopy (MFM) and observed the transformation
of an isotropic labyrinth domain structure to oriented stripe do-
mains and zigzag domain structures under strain application.
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Figure 8. a) DMI constant measured along the x- and y-axes as a function
of applied strain (¢,,). Notably, the DMI constant exhibits an anisotropic
response to compressive strain. b) Displacement of Co and Pt ions ow-
ing to the tensile strain ¢, with the ion triangle oriented along (left) and
perpendicular (right) to the x-axis. a and b denote the distance between
Co ions and that between Pt and Co ions, respectively. Reproduced with
permission.l1%7] Copyright 2020, American Physical Society.
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Figure 9. a) Magnetic domain structure of the FeGa film with different stress states (from left to right): attached on a convex mold, removed from the
convex mold and flattened, attached on a concave mold, and removed from the concave mold and flattened. Reproduced with permission.!'%%! Copyright
2019, IOP Publishing. b) Modulation of the magnetic domain structure of Ni films with micro-patterned stress through E-beam lithography. The sample
fabrication process, film, stress distribution, and magnetic domain structures are indicated from left to right. Reproduced with permission.['13] Copyright

2021, American Chemical Society.

Yang et al.1%! fabricated Ta/CoFeB/TaO, /MgO/Ta films on bend-
able mica substrates and observed that the density of the stripe
domains increased and the magnetic bubble domains decreased
upon convex bending of the substrate as the tensile strain in
the state decreased the PMA and DMI strengths. These findings
provide insight into novel storage devices with high density and
power conservation.

2.2.4. Stress/Strain Modulation of the Magnetic Domains

Magnetic domains are formed as the basic elements of the mag-
netic microstructure of a magnetically ordered material to mini-
mize the total energy. Understanding the evolution of magnetic
domains under mechanical stress is crucial for comprehend-
ing the intrinsic magnetic interactions of magnetic materials
and enhancing the performance of flexible spintronic devices.
Peng et al.l''% and Dai et al.l''!l investigated the magnetic do-
main evolution by performing MFM measurements under vary-
ing strain states. Their research revealed that the magnetic do-
mains of FeCoSiB and FeGa films align parallel to the direc-
tion of stress. As tensile stress increases, the contrast of the do-
main pattern weakens, and eventually, disappears at a large ten-
sile stress, as shown in Figure 9a. Karboul-Trojet et al.('!?] fabri-
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cated NiFe thin films on flexible PI substrates that naturally dis-
played a stripe domain structure. They observed that while ap-
plying a saturating magnetic field eliminated the stripe domains,
additional uniaxial tensile stress regenerated them. By leverag-
ing the strain modulation of magnetic domain structures, Zhang
et al.['®] achieved programmable magnetic domains through pe-
riodic nano-trenches patterned on PMMA using electron beam
lithography (Figure 9b). This method of modulating the distribu-
tion of magnetic domains through microscopic stress patterning
offers valuable insights for the design of nanoscale spintronic de-
vices.

2.2.5. Strategies for Enhancing the Stress/Strain Stability of
Magnetization Direction

From the previous sections, the magnetic properties of flexi-
ble magnetic films are sensitive to mechanical stress, which
may deteriorate the performance of flexible magnetoelectronic
devices. Therefore, exploring methods for stabilizing the mag-
netic properties of flexible magnetic films for the preparation of
high-performance flexible devices is imperative. Previous stud-
ies identified several strategies that could mitigate the adverse ef-
fects of mechanical stress on MA, such as depositing films with

© 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde auyy Ag peuienob a1e ssoiie VO ‘85N JO S9N 10} AIg)T8UIIUO AB|IA UO (SUOTIPUOD-PUR-SLLIBI WD A8 1M Ale.q 1 |Bul Uo//Sdny) SUORIPUOD pUe Swie | 8U) 89S *[6Z02/20/6T] U0 A%iqi7auliuo A8|IM ‘YoIeessy SN JO 8Iniisu| AQ 966TTEZ0Z eWPR/Z00T OT/I0p/W00" A3 1M Ae1q 1 Ul |UO"psoURADe//SANY Wo) pepeo|umod ‘L€ 7202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
PMA In-plane MA
a . b/\ 4 i » é p
Magnet — r CoFeB film "’E o
‘ ﬁ;' éLui*'; % 3F
; 5 Enhanced
Substrate e 2t stress stability
e
Preparation Flatten state \% 18 2y
=
1.00 F X ol
1 10
0.75 | teo (NM)
2., ' {Tensile strain Compressive strain 0.6 R —
= 00— i e s A Y . -a. g
-~ -9~ Without pre-induced E‘" 0.3 In-plane MA
anisotropy = N N
— Simulation s
0.25 . . s 08
-+~ With pre-induced . 4 "
anisotropy 0.4 PMA e.a. maintain
Simulation 00
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 0.0 03 s(t)'e‘ 9’)9 12 15
Strain/% rain (%)
C 1 -
pm ) [
13 :\: ok |
0 -
< -
f’o/ &QQ —-1F b
v, o 1 1 1 1 1 1 1 L 1 1 | " 1 1 1 1
% > —300 —150 0 150 300 —300 —150 0 150 300 :

H/Oe H/Oe :
Figure 10. Strategies for enhancing the strain stability of magnetic orientation in flexible magnetic films. a) Film growth under pre-strain and magnetic
fields. The easy axis of the films obtained is stable at a tensile strain of 0.4%, whereas that of normally grown films turns into the hard axis at a strain
of 0.2%. Reproduced with permission.[''] Copyright 2017, AIP Publishing. b) Ultra-thin film growth with enhanced perpendicular MA. In the case of
films with in-plane MA, the easy axis changes when a strain of ~#0.3% is applied, whereas for films with strong PMA, the easy axis maintains a strain of
over 1.5%. Reproduced with permission.[*?] Copyright 2023, American Chemical Society. c) Evolution of the magnetic properties of Fe,oCogq films with

periodically wrinkled structures upon tensile strain. Reproduced with permission.[''°l Copyright 2020, IOP Publishing.

enhanced initial MA and releasing the strain through structural
design.

Dai et al.['™] proposed a pre-strained deposition method to in-
duce uniaxial anisotropy in flexible FeGa films. In this method,
films were deposited on substrates attached to molds with curved
surfaces. As the films flattened after growth, strain was gener-
ated, which induced an easy axis that could be maintained upon
mechanical deformation. Qiao et al.l'*®! deposited CoFeB mag-
netic films on a bent substrate using a magnetic field perpen-
dicular to the pre-strain. The coupling between the stress and
magnetic fields enhanced the strength and stability of MA under
stress (Figure 10a). The remanence ratio of the films with pre-
induced anisotropy decreased from 0.92 to 0.43 within 1% ten-
sile strain, whereas films lacking pre-induced anisotropy exhib-
ited a reduction from 0.77 to 0.14 in the remanence ratio under
1% tensile strain. This observation underscores the stress stabil-
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ity of MA in films deposited under both pre-strain and magnetic
field conditions. Li et al.l*%! proposed that strong PMA can en-
hance the stability of MA under in-plane stress. They conducted
an experiment where Ta/Pt/[Co/Pt], multilayers were deposited
on PVDF and uniaxial compressive stress was applied by cool-
ing the sample owing to the anisotropic thermal expansion of
PVDEF. As shown in Figure 10D, for [Co(1 nm)/Pt], multilayers
with strong PMA, the squareness ratio remained constant under
compressive stress as high as 3.1 GPa, indicating excellent stress
stability. However, for [Co(2 nm)/Pt], multilayers with in-plane
MA, the remanence ratio along the easy axis decreased from 0.64
to 0.22 under compressive stress.

Magnetic thin films with PMA hold significant potential in
the development of magnetic sensors, memories, and logic de-
vices with low energy consumption and high thermal stability.
Recently, flexible PMA spin valves have garnered considerable
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attention in various applications. For example, Hassan et al.['1¢]
fabricated high-quality Co/Ni-based PMA spin valves with a siz-
able GMR ratio (up to 4.4%) on flexible polymer tapes. The prop-
erties of these samples remained robust even when subjected to
bending at a curvature of 0.4 mm™', allowing for potential appli-
cations in wearable electronics, soft robotics, and biomedicine.
Further, they highlighted the role of the buffer and capping layers
in terms of different interdiffusion mechanisms at the interface
between metallic layers, ultimately achieving a maximized GMR
ratio by employing platinum group metals as the buffer layer and
Cu as the capping layer. Matsumoto et al.''’] fabricated a flexible
Pd/Co-based spin valve structure with in-plane free and out-of-
plane fixed layers. They discovered that by applying a %-order
biaxial tensile strain to the substrate, the magnetization in the
free layer shifted from in-plane to out-of-plane orientation. This
resulted in a significant and reversible change in the shape of the
magnetoresistance curve, suggesting potential applications as a
strain sensor or pressure detector. Makushko et al.l'*®! proposed
the utilization of flexible PMA Co/Pd-based spin valves as mag-
netoreceptors for momentary and permanent (latching) switches.
These switches maintained their performance even when bent
to a radius of less than 3.5 mm and after repetitive bending for
hundreds of cycles. They integrated these flexible switches in on-
skin interactive electronics and demonstrated their effectiveness
as touchless human—machine interfaces that are energy-efficient
and insensitive to external magnetic disturbances.

Further, proper structural design is crucial in enhancing the
stretching capability of flexible magnetic films. The release of
stress in these films under deformation is essential for their
performance. Among various structural patterns, the “wrinkled
structure” is widely utilized in releasing the strain (thus stress)
of magnetic films. The typical process of depositing magnetic
films with wrinkles on flexible substrates is as follows: an amount
of uniaxial stretching deformation (pre-stretch) is applied to the
elastic substrates (for example, PDMS), the magnetic films are
deposited on the pre-stretched elastic substrates, and finally, the
wrinkle structure in the films is generated after releasing the pre-
strain. This wrinkle structure results from the significant differ-
ence in Young’s modulus between the elastic substrate and mag-
netic film. Zhang et al.l**l proposed a method for enhancing the
MA of flexible magnetic films. The process involved depositing
a buffer layer onto pre-stretched elastic substrates, releasing the
pre-strain to form a wrinkled structure, and then, depositing the
magnetic films on the wrinkled structure. This innovative tech-
nique significantly enhanced the MA energy of FeGa films, in-
creasing it by ~50 times, which was beneficial for their stress
stability. Zhao et al.1®) deposited Fe,,Co,, films onto wrinkled
PDMS. They observed that the remanence ratio and coercivity
along the easy axis remained constant even under a 5% tensile
bending strain (Figure 10c). Moreover, they observed that oblique
deposition could further enhance the MA of wrinkled magnetic
films.[120]

3. Flexible Magnetosensitive Sensors

This section explores some widely used flexible magnetosensitive
sensors, such as Hall, magnetoresistive (MR), and magnetoelec-
tric sensors. We will delve into the working principles, prepara-
tion methods, and performance of the sensors.
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Figure 11. Schematic of a Hall sensor.

3.1. Flexible Hall Sensors

Hall sensors utilize the Hall Effect, named after Edwin Hall, who
discovered it in 1879. This effect occurs when a current-carrying
conductor or semiconductor is placed in a magnetic field, as
shown in Figure 11. The interaction between the current and
magnetic field generates a voltage (Hall voltage) perpendicular to
both the current and magnetic field as follows: V,; = == | where
Irepresents the current, B represents the magnetic field, n repre-
sents the carrier concentration, and ¢ represents the thickness of
the sensor. The generated Hall voltage is measured to determine
the strength of the magnetic field. The sensitivity of a Hall sen-
sor, which refers to the Hall voltage per unit magnetic field, is
a crucial parameter for applications requiring precise magnetic
field measurements.

Flexible Hall sensors, made from materials, such as graphene,
bismuth, and permalloys, have emerged as essential compo-
nents in various domains owing to their high sensitivity, flexibil-
ity, and cost-effectiveness. The structures and performances of
widely utilized Hall sensors are listed in Table 3. The high car-
rier mobility, low sheet carrier density, low-temperature depen-
dence, atomic thinness, and mechanical flexibility of graphene
make it an excellent material for flexible substrates. This enables

Table 3. Structure and performance of widely used hall sensors.

Material Substrate Sensitivity Bending Ref.
VAT radius [mm]
Graphene Kapton 1.12 5 [121]
Graphene Polyimide 800 6.4 [122]
Graphene Kapton 79 5 [196]
Bismuth Polyimide/polyether 23 6 [124]
ether ketone
Bismuth Polyether ether 23 5 [125]
ketone

© 2024 Wiley-VCH GmbH
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the realization of highly sensitive flexible Hall sensors!'21122]  Melzer et al.['?*] fabricated highly flexible bismuth Hall sensors
(Figure 12a—f). Kaidarova et al.l"?!l utilized laser scribed graphene  on polymeric foils with a sensitivity of —2.3 V A=.T~!. These
to develop a flexible Hall sensor that provided a linear responseto  sensors could be bent around the wrist or placed on a finger
a magnetic field with a normalized sensitivity of #1.12VA™1-T~!,  to enable interactive pointing devices that visualized the rela-
as shown in Figure 12b. The sensors also exhibited a low constant  tive position of the finger with respect to a magnetic field, offer-
noise voltage floor of 50 nV per \/ Hz for a bias currentof 100pA  ing unique feedback element applications for wearable electron-
at room temperature. The sensors offer a unique combination  ics (Figure 12g—j). Ménch et al.'*! designed a flexible bismuth-
of high bending flexibility, durability, and an operating temper- ~ based Hall sensor that was only 80 um thick, with a sensi-
ature of up to 400 °C. Graphene-based Hall sensors exhibit ex-  tivity of =230 mV A~".T~'. The sensor could be mounted on
ceptional performance in sensitivity, linearity, resolution, and  curved surfaces with a radius as small as 5 mm without com-
signal-to-noise ratio.!'”’! However, the high cost and complex promising its performance. These sensors exhibited voltage- and
synthesis of graphene have hindered its widespread commer-  current-normalized sensitivities that could be compared with
cial adoption. A promising alternative is bismuth thin-film-based ~ those of rigid silicon-based Hall sensors, demonstrating the fea-
Hall sensors fabricated on PI substrates(?#'%] (Figure 12g-n).  sibility of flexible substrates without compromising the sensor
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Figure 12. Common flexible Hall sensor structures and their performances. a) Optical photo of a graphene flexible Hall sensor based on Kapton.!'?1]
b,c) Sensor response to magnetic fields and sensitivity under different bending conditions.l"2'l Copyright 2021, Springer Nature with a Creative Commons
CC-BY license. d) Optical photo of a graphene flexible Hall sensor based on polyimide.['22] e ,f) Sensitivity of the sensor under different bending conditions
and sensor noise.['?2] Copyright 2019, Springer Nature with a Creative Commons CC-BY license. g—i) Schematic of a flexible bismuth-based Hall sensor
on polyimide with excellent flexibility.['24] j) Flexible Hall sensor response to magnetic field.['?*] Copyright 2015, Wiley-VCH with a Creative Commons
CC-BY license.

Adv. Mater. 2024, 36, 2311996 2311996 (14 of 33) © 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde auyy Ag peuienob a1e ssoiie VO ‘85N JO S9N 10} AIg)T8UIIUO AB|IA UO (SUOTIPUOD-PUR-SLLIBI WD A8 1M Ale.q 1 |Bul Uo//Sdny) SUORIPUOD pUe Swie | 8U) 89S *[6Z02/20/6T] U0 A%iqi7auliuo A8|IM ‘YoIeessy SN JO 8Iniisu| AQ 966TTEZ0Z eWPR/Z00T OT/I0p/W00" A3 1M Ae1q 1 Ul |UO"psoURADe//SANY Wo) pepeo|umod ‘L€ 7202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Current (/) «

Ferromagnetic material

Figure 13. Schematic of an AMR sensor.

performance. These advancements expanded the applicability of
Hall sensors in the field of flexible and wearable electronics.

3.2. Flexible Anisotropic Magnetoresistance Sensors

AMR, initially discovered in 1857 by William Thomas,!'?%! is a
phenomenon that is based on the scattering behavior of elec-
trons. This behavior varies significantly depending on the rela-
tive direction between the magnetization within the FM material
and current, as shown in Figure 13. When the electrical current is
aligned parallel to the magnetization of the FM material, the scat-
tering cross-section is notably enhanced, resulting in maximum
resistance. Conversely, the minimum resistance is observed in
the case of the perpendicular alignment of the electrical current
and magnetization. The AMR can be expressed as follows:

p (6)= p(90°) +[p(0°) = p (90°)] cos? (6) M

where p represents the longitudinal resistivity of the material and
0 represents the angle between the magnetization and current.
The planar Hall effect (PHE) characterizes the response of lat-
eral voltage to a magnetic field and longitudinal current within
the same plane.l?”128] Similar to the longitudinal voltage of the
AMR, PHE exhibits high sensitivity in weak magnetic fields.
The primary materials utilized in AMR sensors are FM met-
als, such as Fe, Co, Ni, and their alloys, with the most common
being the permalloy Nig; Fe,,. Various studies on flexible AMR
sensors are summarized in Table 4. To enhance the sensitivity,
flexibility, and robustness of flexible AMR sensors, widely used
methods involve spin-coating photosensitive anti-etching buffer
layers onto flexible substrates.[1?>-131 These layers can reduce the
surface roughness and promote the relaxation of surface strain

Table 4. Structure and performance of widely used AMR sensors.

Material Substrate (thickness) Sensitivity Bending Ref.
radius

Py PET (100 um) 5VTT 5 mm [132]

Py Mylar (2.5 pm) 190% per T 20 pm [871]

Py PET (6 um) 0.86 VT 1mm [130]

NiFe/IrMn Kapton/PDMS 0.74 vV Oe™! - [133]

NiFe/IrMn PDMS 1.7V Oe™! 6.62 mm [131]
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caused by film growth. Granell et al.[*% developed a highly com-
patible novel flexible sensor on a flexible PET substrate by spin-
coating an SU-8 layer. This sensor could detect weak magnetic
fields ranging from 20 to 200 nT. Even when bent to a 1 mm
radius, the sensor element maintained a sensitivity of 0.86 V
T-! with no signs of degradation during cyclic bending experi-
ments (Figure 14a,b). Kim et al.['*!] developed PHE sensors by
depositing Ta/NiFe/IrMn/Ta thin films on flexible PDMS sub-
strates with a parylene C polymeric buffer layer. The sensors ex-
hibited reversible strain effects within a bending radius of 0.151
mm~! (Figure 14c-f). Wang et al.['3? fabricated flexible AMR sen-
sors on PET substrates with a layer of photoresist, achieving a
sensitivity similar to that of rigid substrates and excellent defor-
mation stability. The electrical output remained consistent, even
when the bending radius was reduced to 5 mm.

Advancements in flexible technology have eliminated the need
for a buffer layer. A novel method involves printing AMR paste
onto flexible substrates.!l The printable paste is a composite
material that comprises Py/Ta thin films embedded in an elas-
tomeric matrix. The paste can be printed in ultrathin polymer
foils (2.5 um). The AMR sensor can detect magnetic fields be-
low 1 mT and exhibits stable magnetoresistive characteristics
even when mechanically bent with a bending radius of 20 um
(Figure 14g—i). Ozer et al.l'*}] prepared a NiFe/IrMn bilayer struc-
ture on a double-layer Kapton/PDMS substrate, demonstrating
a stable response under repeated on/off experiments. Based on
bending test results, the AMR sensor exhibited high sensitivity
with 0.74 uV Oe 'mA~1.

3.3. Flexible Giant Magnetoresistance Sensors

In 1988, Griinberg and Fert discovered the GMR effect; while,
working independently. In the multilayer film structure com-
prising FM layer-nonmagnetic (NM)layers—FM layers, the elec-
trical resistance is closely related to the magnetization direc-
tion of the thin FM film layers,['3*13¢] as shown in Figure 15.
When the magnetization directions of the two magnetic layers
are aligned in opposite directions, the resistance is significantly
higher compared with when they are parallel. GMR can be de-
fined as follows: GMR = (R;—R,)/R, X 100%, where R, repre-
sents the resistance of the sample at zero magnetic field and Ry
represents the resistance of the sample at saturation magnetic
field. The most flexible GMR magnetic sensors are based on two
structures: multilayers!**78137-141] and spin valve.[*145:142143] The

© 2024 Wiley-VCH GmbH
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Figure 14. a,b) Schematics of the fabrication process of a flexible PHE sensor and magnetoelectrical characterization of flexible PHE sensors in the flat
state and when bent to 1 mm.[3%] Copyright 2019, Springer Nature with a Creative Commons CC-BY license. c—f) Fabrication process and proprieties
of the e-skin compass. Reproduced with permission.[??] Copyright 2018, Springer Nature. g—i) Printed AMR sensor and AMR response of the deposited
Py/Ta film measured on the wafer.[®"] Copyright 2021, Springer Nature with a Creative Commons CC-BY license.

representative studies on flexible GMR sensors are summarized
in Figure 16 and Table 5.

The GMR multilayer structure typically comprises alternat-
ing layers of magnetic and nonmagnetic materials. The GMR
effect arises from the interlayer AFM coupling between two
FM material layers separated by NM layers. To mitigate the im-
pact of substrate roughness on performance, Chen et al.'*! em-
ployed buffer layers deposited on a substrate, resulting in a 115-
200% enhancement in GMR values compared with those with-
out buffer layers. The prepared thin films could withstand a ten-
sile strain of 2.7%; while, maintaining resistance and magnetore-
sistive performance after 1000 bending cycles with a radius of
~22 mm (Figure 16a). Oliver et al.l}] fabricated GMR multilay-
ers with a (Co/Cu)s, structure on an elastic PDMS membrane,
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achieving GMR values exceeding 50%. By inducing wrinkling in
the composite film through thermal strain on the elastic PDMS
membrane, they provided a tensile strain of 4.5% (Figure 16b).
In addition to enhancing the tensile performance through ther-
mal pre-strain, they enhanced the tensile performance of GMR
multilayer magnetic sensors from 4% to 30% by utilizing me-
chanical strain-induced pre-strain!!*’! (Figure 16¢). Further, they
printed GMR sensors on an FPC board, resulting in optimized
magnetic sensors that exhibited up to a 37% change in electrical
resistance in the presence of a magnetic field with a maximum
sensitivity of 0.93 T~! at 130 mT (Figure 16d)!7®]. To achieve better
tensile properties, they replaced PDMS with highly elastic PET
films as substrates, achieving a tensile strain of up to 270% and
withstanding 1000 cycles of tensile deformation!'*!] (Figure 16e).

© 2024 Wiley-VCH GmbH
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Figure 16. a) Schematic and photographic image of (Co/Cu)y MLs deposited on Si and flexible substrates.['**] Copyright 2008, Wiley-VCH with a
Creative Commons CC-BY license. b) Optics and morphology of the stretchable magnetic sensor. Reproduced with permission.[*3] Copyright 2011,
American Chemical Society. c) Transferred microsensor array conforming to the soft and curved surface of a fingertip.['4%] Copyright 2008, Wiley-VCH
with a Creative Commons CC-BY license. d) Application of the GMR paste through regular brush painting to a flexible printed circuit board to realize an
array of printed GMR sensors for flexible electronics. Reproduced with permission.[78] Copyright 2015, Wiley-VCH. ) Stretchable magnetoelectronics. A
multilayer GMR element on ultrathin PET is laminated face down onto pre-results of elastomer relaxation in out-of-plane wrinkling of the sensor foil and
re-stretching (bottom).l"24] Copyright 2015, Wiley-VCH with a Creative Commons CC-BY license. f) Fabrication process of stretchable magnetic sensors
with random wrinkling and periodic fracture of the spin valve stack.[*'] Copyright 2015, Wiley-VCH with a Creative Commons CC-BY license. g) Layer
structure of the dual spin valve and applied tensile strain dependence of the GMR ratio (AR/Ry) max (Squares), magnetic field sensitivity S (circles), and
zero-field resistance R, (triangles) for SVR-30% (solid symbols) and SVR-50% (open symbols). The uniaxial tensile strain from 0 to 35% was applied
along the ribbons. Reproduced with permission.[**] Copyright 2016, American Chemical Society.
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Table 5. Structure and performance of widely used GMR sensors.
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Type Material Substrate (thickness) GMR ratio Sensitivity Bending radius/tensile strain Ref.
GMR multilayers Co/Cu multilayers Photoresist + polyester ~48% - 22 mm/2.7% [139]
Co/Cu multilayers PDMS (40 um) 50% - —/4.5% [43]
Py/Cu multilayers PDMS (60 um) 57% 220%/T -/30% [140]
Co/Cu multilayers PET 57.8% 220%/T 0.003 mm/270% [147]

(1.4 um)
Co/Cu multilayers FPC board 37% 93%/T 12 mm [78]
GMR spin valve Pl 8.6% S=(AR/R)/Ae =22 r2.5% [142]

PtMn/Co,s Fe,s5 /Ru/Co,sFe,s /Cu/CosyFesq

Ta/FeGa/FeCo/Cu/FeCo/IrMn/Ta PET 5.9% S=(AR/R)/Ae =72 1.8% [143]
Ta/IrMn/Py/CoFe/Cu/CoFe/Py PDMS ~9% 0.2% per Oe 29% [41]
Ta/lrMn/CoFe/Cu/CoFe/Py PDMS 9.9% 0.69% per Oe >50% [45]

/CoFe/Cu/CoFe /IrMn/Pt/Ta

The GMR spin valve structure primarily comprises magnetic
free layers, NM spacer layers, FM pinning layers, and AFM pin-
ning layers. The GMR effect is influenced by the relative orien-
tations of the free and pinned layers. In an attempt to prevent a
sharp decrease in the GMR ratio, Liu et al.!1*}] deposited a spin
valve structure on a PET substrate with composite-free layers of
FeGa/FeCo. The FeGa alloy exhibited magnetostrictive properties
that enhanced the strain sensitivity of the film. Melzer et al.l*!] in-
troduced a method for fabricating highly elastic GMR spin valve
sensors on PDMS substrates by employing a predetermined pe-
riodic fracturing mechanism and random wrinkling. The device
maintained a GMR of 7% under 29% tensile strain (Figure 16f).
Li et al.**] deposited thin films with a double-spin valve struc-
ture on a flexible PDMS substrate using DC sputtering. The fabri-
cated device featured a strain-relief structure that combined peri-
odic wrinkles and parallel ribbons, accommodating biaxial strain
during stretching operations, thereby mitigating the impact of
the residual strain on the GMR performance. Under a 30% pre-
strain condition, they achieved a GMR ratio of 9.9% and a mag-
netic field sensitivity of up to 0.69% per Oe. The resistance and
magnetic field sensitivity of the device were maintained after 500
cycles of stretching, making it suitable for applications in smart
electronic skin or wearable electronic devices that adhere to the
body (Figure 16g).

To further improve the sensor performance, particularly in
terms of immunity to electromagnetic interference, flexible sens-
ing elements should be incorporated into in-field signal condi-
tioning electronics.[1*#1%3] Previously, it was assumed that the so-
lution to this problem was to combine high-performance GMR
sensorics with flexible, thin Si membranes capable of accom-
modating integrated CMOS circuitry.*¢] However, research has
shown that flexible GMR sensors can also be conditioned us-
ing flexible inorganic and organic electronics. For example,
Miinzenrieder et all'¥’! demonstrated a fully integrated mag-
netosensory system on a 50 um thick polyimide foil. This sys-
tem comprised a differential GMR sensing element arranged
in a Wheatstone bridge configuration, an operational amplifier
based on 16 indium—gallium—zinc-oxide thin-film transistors
(TFTs), and a high-current output amplifier TFT operated as a
class. A power amplifier with an open drain output provided the
maximum adaptability to different loads (Figure 17a). The in-
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tegrated flexible amplifiers exhibited outstanding performance,
such as a remarkable amplification of 48.6 dB, unity gain fre-
quency of up to 200 kHz, gain-bandwidth product of 54 MHz,
and minimum bending radius of 5 mm. With this remark-
able performance, the researchers demonstrated various appli-
cations of the integrated magnetosensory system, such as mag-
netically activated energy-efficient sensors and switches. Kondo
et al.'*® demonstrated an imperceptible magnetic sensor ma-
trix system comprising an array of magnetoresistance sensors,
a bootstrap organic shift register as the active matrix driver,
and organic signal amplifiers (Figure 17b). The utilization of or-
ganic amplifiers in the system resulted in high magnetic sensi-
tivity, whereas the shift register allowed for real-time mapping of
2D magnetic field distribution. This technology can be utilized
in applications, such as e-skins, soft robotics, and biomedical
science.

3.4. Flexible Tunneling Magnetoresistance Sensors

Initially discovered by Jullierel'*] in the MT] sandwiching an ex-
tremely thin insulator layer (typically on the order of nanome-
ters) between two FM layers, TMR demonstrates a significant
change in the tunneling current when the relative orientations of
the magnetizations in the two FM layers change. The schematic
of the TMR sensor is shown in Figure 18. An ideal flexi-
ble TMR device should possess characteristics, such as being
lightweight, having good mechanical stretchability, compatibil-
ity, and portability. However, the development of TMR devices on
flexible organic substrates is challenging. Overcoming the brit-
tleness of inorganic metals is a primary obstacle. Another sig-
nificant challenge involves addressing the reduced magnetoelec-
tric performance of TMR thin films owing to the utilization of
rougher flexible substrates and the fabrication processes involv-
ing heating, micromachining, and chemical etching. Some rep-
resentative studies on flexible TMR sensors are summarized in
Figure 19 and Table 6. The first flexible TMR sensor!’!) was fab-
ricated by spin-coating two layers of organic buffer materials
to flatten the surface of the flexible substrate and grow large-
area Co/Al,0,/Co MT]Js on it. Compared with rigid Si/SiO, sub-
strates, the spin-dependent tunneling properties of this flexible
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Figure 17. a) Integrated magnetosensory system on a polyimide foil, comprising a differential GMR sensing element arranged in a Wheatstone bridge
configuration, operational amplifier, and output power amplifier. Output of the flexible integrated magnetosensory system as a magnetic switch.[147]
Copyright 2016, Wiley-VCH with a Creative Commons CC-BY license. b) Construction of the imperceptible magnetosensory system with an area of
50 x 50 mm? along with the five main building blocks designed and implemented in imperceptible form and principal characteristics.®] Copyright

2020, AAAS with a Creative Commons CC-BY license.

TMR sensor remained unchanged. When the bending strain ex-
ceeded 1%, corresponding to a bending radius of 15 mm, no
cracks or electrical hot spots were generated owing to mechani-
cal stress. Bedoya-Pinto et al.['*] demonstrated that Kapton is a
promising low-cost platform for flexible spintronic applications.
The TMR thin films grown on Kapton exhibited magnetic trans-
port properties of up to 12%, and these properties remained un-
affected even when the substrate was bent (Figure 19a). Gaspar
et al.! have shown that TMR multilayer films grown on poly-
imide display a magnetoresistive response exceeding 150%, with
a sensitivity of up to 250 uV Oe~'. Notably, even when the bend-
ing radius was reduced to 5 mm, the performance was minimally
impacted (Figure 19b). Ota et al.['2] observed an enhancement in
the crystallization of CoFeB and MgO layers at higher tempera-
tures. TMR could reach 200% at 450 °C, demonstrating its stress
tolerance. Amara et al.l'*? fabricated a flexible TMR sensor on
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a thinned silicon wafer, demonstrating high reliability and me-
chanical stress resistance. This sensor could withstand a bend-
ing radius as low as 500 um and over 1000 cycles without fatigue
(Figure 19c).

3.5. Flexible Non-Saturating Large Magnetoresistance Sensors

Some materials exhibit non-saturating large magnetoresistance
(LMR).!13+-156] These materials can significantly expand the detec-
tion range of the external magnetic field. LMR effects are typically
observed in semimetals, where linear band crossings occur at the
Fermi energy, resulting in extremely high mobilities and low ef-
fective mass.["*”! In semi-classical magnetotransport theory, the
LMR phenomenon can be explained through the electron-hole
resonance compensation mechanism. Based on the two-band

© 2024 Wiley-VCH GmbH
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Figure 18. Schematic of a TMR sensor.

model, the conductivity tensor ¢ can be expressed in the com-
plex representation as follows:

!

6=e nu + PH
(1+iuB) (1 —iu’'B)

2)

where e > 0 represents the charge, whereas p and u' represent the
electron and hole mobilities, respectively. The complex resistivity
p represents the reciprocal of o:

. l4+uu'B+i(u—u') B
e [nu+pu +i(p—n)uu'B]

G)

If p = n, a non-saturating parabolic magnetoresistance can
be observed. When charge neutrality is disrupted in semimet-
als (that is n # p as in most cases), the magnetoresistance will
saturate at a specific magnetic field depending on the value of
|n — p|. Bismuth is a well-known example of a material that falls
into this category. Recently, Oliveros-Mata et al.33] fabricated flex-
ible bismuth-based sensors that exhibited the LMR effect at room
temperature. They innovatively adopted printing technology to
fabricate bismuth-based LMR sensors on various substrates, in-
cluding ceramics, paper, and polymer foils. The sensors exhib-
ited up to 146% resistance change at 5 T at room temperature,
with a maximum resolution of 2.8 uT. In addition, they displayed
resilience to bending deformation for over 2000 bending cycles,
making them suitable for potential applications in touchless in-
teractive platforms.

3.6. Flexible Giant Magneto-Impedance Sensors

The giant magnetoimpedance (GMI) effect refers to the phe-
nomenon in which soft magnetic materials exhibit significant
sensitivity to changes in an externally applied magnetic field (H,,)
when subjected to an alternating current (I,.) (Figure 20). This
effect was first observed in 1992 in amorphous CoFeSiB wires,
known for their low magnetic hysteresis, high sensitivity, and ex-
ceptional performance. The rate of change of the GMI effect un-
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der the influence of an external magnetic field can be calculated
as follows:

AZ _ Zz (Hex) -Z (Hmax)
A 100% x Z(H

)

)

where H,  represents the external magnetic field at saturation
impedance.

The GMI effect is primarily attributed to the skin effect in soft
magnetic materials at high frequencies.!'**-162] The variation in
current density from the surface to the interior is represented by
the skin depth, calculated as follows:

8 =\2p/ou ()

where u represents magnetic permeability, p denotes resistivity,
and w represents the cyclic frequency of the current. The corre-
lation between the magnetic permeability of the soft magnetic
material and external magnetic field is the key factor driving the
GMI effect.

The GMI effect is evident in FM materials, particularly in ultra-
soft magnetic wires and strips of amorphous or nanocrystalline
structures, such as permalloys and Co/Fe-based amorphous al-
loys (CoSiB, CoFeSiB, and CoFeMoSiB).['®] Representative stud-
ies on flexible GMR sensors are summarized in Figure 21 and
Table 7.

For example, Fernandez et al.'* demonstrated that nanos-
tructured multilayers deposited onto a flexible polymeric sub-
strate can yield an excellent GMI response. Their empirical anal-
ysis validated that multilayer magneto-impedance (MI) sensors,
operating at 150 MHz, achieved an MI ratio of 110% along with
a magnetic sensitivity of 22% per Oe.l'*!] Building upon this re-
search, Agra et al.l'% scrutinized non-magnetostrictive multi-
layer films on Kapton substrates, revealing an MI ratio of 60% ata
higher frequency of 0.45 GHz. Karnaushenko et al."% proposed
a novel method based on strain engineering to realize arrays
of on-chip-integrated GMI sensors equipped with pickup coils.
They introduced a new photopatternable, thermally, and chem-
ically stable polymer platform that enabled the self-assembly
of planar NiFe/Cu/NiFe-based heterostructures into 3D tubular
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Figure 19. a) Schematic of the shadow mask-patterned MT) and a picture illustrating device bending. Reproduced with permission.[’3% Copyright 2014,
AIP Publishing. b) Schematic of the fabrication process of flexible MgO-barrier MT|s and TMR rate in the flat configuration after several bending cycles.
Reproduced with permission.[’®l Copyright 2017, Springer Nature with a Creative Commons CC-BY license. c) Fabrication process flow of MT) devices
and coercive field, saturation, and remanent magnetizations of the MT] stack on a flexible Si substrate measured using a vibrating sample magnetometer
versus the bending diameter. Reproduced with permission.['*3] Copyright 2018, Wiley-VCH.

architectures with GMI functionality. This self-assembly method
enabled high-performance GMI arrays capable of measuring
magnetic fields from 2 to 100 pT, with an ~100% GMI change
rate (Figure 21a—c). In addition, the sensing element could be
positioned within a distance of less than 10 mm from the
current element that generated the magnetic field. These ad-
vancements laid a solid foundation for the further development
of CMOS-compatible GMI sensorics for magnetoencephalog-
raphy applications. Subsequently, Li et al.'®’l performed de-
flection measurements on a flexible MI sensor composed of a

Adv. Mater. 2024, 36, 2311996

2311996 (21 of 33)

Nig, Fe,,/Cu/Nig,Fe,, trilayer on Kapton substrates. Deflection
measurements were conducted on the MI sensor through a flexi-
ble microstrip transmission line over a wide range of frequencies
(0.1-3 GHz). Notably, these sensors retained a significant MI ra-
tio of up to 90% and exhibited magnetic sensitivities of up t0 9.2%
per Oe. This feature makes the device suitable for wireless appli-
cations, particularly in scenarios with small antenna sizes and
compliance with GHz frequency regulations (Figure 21d-f).
Recently, CoFe-based amorphous wires have garnered signif-
icant attention owing to their excellent mechanical, magnetic,
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Table 6. Structure and performance of widely used TMR sensors.
Material Substrate TMr Sensitivity Bending Ref.
(thickness) ratio radius/strain
Co/Al,05-based Co/Al,03/Co Gel-film 12.5% - 15 mm/1% [71]
(300 pm)
Co/Al,O; /NiFe Kapton 12% - 5mm [150]
[Ta/CuN]g/Ta/Ru/IrMn/Co;qFe;o/Ru/CoyoFesByg/MgO/CoygFeyyB,g/Ta/NiFe/Ru/lrMn/Ru/Ta/Ru PI 171% 250 uV per Oe 5mm [157]
Ta/CuN/Ta/CuN/Ta/Pt;sMng, /CosoFezq/Ru/CoyqFe,nB,g/MgO/CoygFeyoB,y0/Ta/CuN/RuTa Silicon (3-5 pm) - 4.93% per Oe 0.5 mm [153]
Ta/Ru/Ta/Nig Feg/Ir;;Mnyg [CoggFeqq/Ru/Co,gFeqB,y0/MgO/CoFeB/Ta/Ru Silicon (14 pm) 190% - 2 mm [197]
Kapton
Ta/Ru/Ta/Co,,Fe60B,,/MgO/Coy,FeqyByo/Ta/Ru UPILEXVR S50 200% - 1.6% [152]
CoFeB/MgO/CoFeB PET 300% - 1% [70]
(188 um)

microwave, and GMI properties. Nabias et al. proved that amor-
phous wires still exhibited excellent GMI effects under bend-
ing, allowing for accurate magnetic field measurements under
such conditions!'®®! (Figure 21g,h). For example, Jiang et al.1%]
systematically investigated the effect of Cu substitution and fab-
rication characteristics on the variations of surface microstruc-
tures. Their findings correlated with the mechanical and GMI
properties of the melt-extracted CoFe-based wires. Further, they
achieved a GMI ratio of up to 700 + 5% with the amorphous wire
operating at ~.7% strain.

3.7. Flexible Magnetoelectric Sensors

Magnetoelectric (ME) sensors leverage the interaction between
magnetic and electric properties inherent in specific materials,
known as the ME effect. This effect manifests as a coupling mech-
anism where a magnetic field can induce electric polarization
within the material and vice versa. Typically, these sensors are
designed in a layered configuration, combining magnetostric-
tive and piezoelectric materials (Figure 22). The magnetostric-
tive layer experiences mechanical strain under a magnetic field,
which is then converted into an electric signal by the adjacent
piezoelectric layer. The output voltage of the sensor can be deter-
mined as follows:

V=ayuH (6)

H,.

external

V.=(RtjoL)l,

Figure 20. Schematic of a GMI sensor.
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where a,,; represents the ME coupling coefficient, determined
by the material properties and structural parameters of the sen-
sor, and H represents the magnetic field strength. Therefore,
the voltage output of a sensor is solely dependent on the mag-
nitude of the external magnetic field. Magnetic field measure-
ments are achieved by monitoring the voltage output of the
Sensor.

Extensive studies on piezoelectric materials have been con-
ducted to advance the field of flexible ME sensors. Among
these materials, PVDFI'7% and its copolymers have emerged
as standout candidates owing to their exceptional piezoelectric
attributes. In addition, magnetostrictive materials play a cru-
cial role in ME sensors by converting changes in the magnetic
field into deformation, thereby inducing corresponding strains
in the piezoelectric material (Figure 23a,b). One notable mag-
netostrictive material, Metglas, has been integrated with piezo-
electric constituents, such as PVDF; although, its limited flexi-
bility makes it suitable for specific applications. Chlaihawiet et
al.'”1 employed silk-screen printing of piezoelectric PVDF ink
on a flexible magnetic Metglas substrate, achieving an impres-
sive ME voltage coefficient of 84.5 mV cm™~'-Oe™! (Figure 23c,d).
The response of the sensor to magnetic fields was linear, with
a sensitivity of 503.3 V T~! and a correlation coefficient of
0.9994. Yang et al.l'”?] combined piezoelectric Pb(Zr s, Ti; 45)O;
thick films with Metglas foils to fabricate a flexible ME sensor.
This sensor exhibited an ME coefficient of 19.3 V cm™-Oe!
at low frequencies and showed no fatigue-induced perfor-
mance degradation after 5000 bending cycles (radii of ~1 cm)
(Figure 23e,{).

A novel flexible ME sensor, based on electromagnetic induc-
tion, has garnered widespread attention. This sensor is com-
posed of a pliable coil and magnet. When the sensor is deformed,
the magnetic flux within the coil changes, leading to the gen-
eration of a corresponding voltage through electromagnetic in-
duction. Zhang et al.l'”?! developed a unique flexible ME de-
vice using advanced methodologies, such as 3D-printed molds,
Ecoflex substrates, gallium-based liquid metal, and strategically
integrated magnetic plates. The detailed fabrication process of
the device is shown in Figure 23gh. Notably, the incorpora-
tion of a liquid metal provides unparalleled levels of flexibility
and extensibility, pushing the boundaries of conventional sensor
capabilities.
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Figure 21. Flexible GMI sensor structure and its application. a) Array of self-assembled GMI sensors with pick-up coils.l'%®] b) Magnetic field dependence
of the GMI response measured at 7 and 75 MHz using the planar and self-assembled structure.l'®®]. ¢) 3D map of the GMI response versus frequency
and magnetic field of the self-assembled device.['%®] Copyright 2015, Wiley-VCH with a Creative Commons CC-BY license. d) Layer stack of a sensor on a
Kapton substrate. Reproduced with permission.['87] Copyright 2015, IEEE. e) Optical image of the sensor. Reprioduced with permission.['®”] Copyright
2015, IEEE. f) MI ratio of the sample under different deflection levels at 0.5 and 1.1 GHz. Reproduced with permission.['®’] Copyright 2015, IEEE.
g) Principle diagram of GMI effect measurements under amorphous wire bending. Reproduced with permission.l'%8] h) Variations of | Z(H)| and AZ/Z
with bending stress. Reproduced with permission.['®8] Copyright 2017, MDPI with a Creative Commons CC-BY license.

4. Applications of Flexible Magnetosensitive
Devices in Wearable Electronics

ing for seamless integration into wearable devices and touch-
less detection. These sensors hold immense promise in the field

of wearable electronics, such as health monitoring and human-

Flexible magnetosensitive sensors have attracted significant at-
tention in the field of wearable electronics owing to their abil-
ity to conformally adhere to irregularly shaped surfaces, allow-
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computer interactions. This section examines emerging applica-
tions of tactile sensing, biomagnetic detection, and geomagnetic
navigation.

© 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde auyy Ag peuienob a1e ssoiie VO ‘85N JO S9N 10} AIg)T8UIIUO AB|IA UO (SUOTIPUOD-PUR-SLLIBI WD A8 1M Ale.q 1 |Bul Uo//Sdny) SUORIPUOD pUe Swie | 8U) 89S *[6Z02/20/6T] U0 A%iqi7auliuo A8|IM ‘YoIeessy SN JO 8Iniisu| AQ 966TTEZ0Z eWPR/Z00T OT/I0p/W00" A3 1M Ae1q 1 Ul |UO"psoURADe//SANY Wo) pepeo|umod ‘L€ 7202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Table 7. Structure and performance of widely used GMI sensors.

www.advmat.de

Material Substrate GMI ratio Sensitivity, frequency Ref.
[FeNi/Ti]3/Cu/[Ti/FeNi]3 Cyclo-olefin 110% 23.7% per Oe, 180 [164]
copolymer MHz
NiFe/Cu/NiFe Kapton 90% 9.2% per Oe, 1.1GHz [165]
[FeNi/Ti]3/Cu/[FeNi/Ti]3 Copolymer 350% 45% per Oe, 60 MHz [197]
NiFe/Cu/NiFe Kapton 90% 9.2% per Oe, 1.1 GHz [167]
NiFe/Cu/NiFe PI 90% 50% per Oe, 75 MHz [166]
NiFe/Cu/NiFe Kapton - 1.2 Q 0e™', 500 MHz [198]
Cogg 15Fe435Si17.25B15.25_ xCuy (X NA (wire diameter 702% - [169]
=0, 1,2, and 3 in atom%) 45 + 2 pm)
amorphous wire
(CoFeSiB/Ti)2 multilayer PET 7.5% - [199]

4.1. Tactile Sensing

Tactile sensing technology is crucial in human-robot interac-
tions and object manipulation and has seen significant advance-
ments with the development of flexible magnetosensitive de-
vices. These devices are instrumental in various fields, showcas-
ing exceptional performance in object manipulation and enhanc-
ing human-robot interactions.'’*] The incorporation of flexible
magnetic sensors in the development of tactile sensing devices
involves a structural configuration that combines magnetic parti-
cles or films with magnetic sensors. The integration leverages the
inherent qualities of increased sensitivity and capacity for non-
contact operation, thereby facilitating the achievement of both
enhanced sensitivity and multi-modal tactile detection.

Recently, Wu et al.['7>! developed a bionic tactile perception
sensor that utilized the GMI effect of CoFe-based wires. The
sensor comprised a magnetic film and highly sensitive amor-
phous silk-based GMI sensor (Figure 24a—c). The impedance of
the GMI sensor changed when pressure deformed the magnetic

Magnetostrictive Layer

Piezoelectric Layer

Electrode

Applied field

Figure 22. Schematic of an ME sensor.
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film. Through the design of a back-end LC oscillation circuit, the
sensor generated neural-like signals as output. The sensor could
detect a force of 5 uN (or 0.3 Pa), which was significantly lower
than the sensing threshold of human skin. Alfadhel et al.['7°]
developed a tactile sensing system by integrating highly elastic
and permanent magnetic nanocomposite artificial cilia with GMI
sensors. The nanocomposite was composed of iron nanowires
(NWs) incorporated into PDMS. The cilia leveraged the perma-
nent magnetic properties of the NWs, enabling remote operation
with no additional magnetic field to magnetize the NWs. This not
only reduced power consumption but also simplified system inte-
gration. Ge et al.'”’] utilized a (Py/Cu) multilayer film structure
as a magnetic sensing unit to create a bimodal electronic skin
capable of contact and noncontact sensing. By combining a flexi-
ble magnetic film (Figure 24d,e), they demonstrated the usability
of the bimodal electronic skin in AR settings. The dual sensing
modes allowed for the complex selection and manipulation of vir-
tual objects, laying a solid foundation for widespread applications
in interactive electronics, human-computer interfaces, and med-
ical science. Becker et al.*®! introduced a high-density integrated
active-matrix magnetic sensor with the ability to sense 3D mag-
netic fields. This sensor delved into the complex vector nature
of 3D magnetic fields and tracked magnetic objects in 3D space.
Manufactured using micro-folding techniques, this sensor inte-
grated AMR sensors into self-folding polymer stacks as sensing
elements and embedded magnetic hairs. Real-time touch sens-
ing was possible as the magnetic hairs detected contact, causing
the magnetic particles within them to move, altering the 3D mag-
netic field of the entire device (Figure 24f,g).

Tactile signals obtained from flexible magnetoresistive sen-
sors could be integrated with soft actuators to enable the ac-
tivity of soft robots equipped with onboard sensing systems.
This integration could facilitate the control of processes, such
as assembly.301781791 Ha et al.l'”°] employed magnetic field sen-
sors as intelligent skin for magnetic soft robots. By leveraging the
GMR effect to detect in-plane magnetic fields’ strength and ori-
entation, as well as anomalous Hall effect and GMR sensors to
measure out-of-plane magnetic fields, the electronic skin demon-
strated the ability to monitor its environment and adjust its be-
havior accordingly. This electronic skin could sense its orienta-
tion and displacement, detect its magnetization state, and pre-
pare for folding (Figure 24h).

© 2024 Wiley-VCH GmbH

85UB017 SUOWILIOD BA11E81D) 3ot dde au) Aq peusenob ale se[ole YO ‘SN Jo Se|ni o} Akeidi8UlIUQ A3]1M UO (SUONIPUOD-pUe-SWBIW00" A3 1M AleIq 1 Ul |UD//SdNy) SUORIPUOD pue swie | 841 88S *[5202/20/6T] Uo Ariq auluo A8 |IM ‘Uotessey SR JO aImisu| Ag 966TTEZ0Z BWIPe/Z00T 0T/I0p/LI00" 8| imARe.q Ul [UO"peoueApe//Sdny Woly pepeojumod ‘L€ ‘v20Z 'S60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

b 4.0 Magneto-electric Response of ME Sensor
351 (© ——e ~ LEOI
e 3
230 —— 400 z
g 6 ¥ e
g2 —— 80° 3 yesoa e seos o
20 2 150 R0 g
218 H "
%10 C 1E6 /,‘
.s ¥ .
0.5 3 1LE0S
0.0 o 3 = LEOS  LEOT  LE06  1E05  LE-
0 50 450 600 750 00
AC Magnetic Field (H
Magnetic Field (Oe) o )
4.0 |
= With magnet
Stretching ——— Without magnet
2.0
'
-
=
=
©
S0 0.0
-]
I
-
-2.0 4
Recovery
4.0 T T T T T
[ 5 10 15 20 25
Time (s
" ®
1(cMz)

Figure 23. Flexible ME sensors and their proprieties. a) Actual image of a flexible ME sensor. Reproduced with permission.['2] Copyright 2023, AIP
Publishing. b) Relationship between the flexible ME sensor and magnetic field under different bending conditions. Reproduced with permission.[1%2]
Copyright 2023, AIP Publishing. c) Schematic of an ME sensor and the fabricated ME sensor. Reproduced with permission.['7] Copyright 2020, 10P
Publishing. d) Flexible ME sensor output voltage as a function of AC magnetic field. Reproduced with permission.['”'l Copyright 2020, IOP Publishing.
e) Photograph of flexible Metglas foils and the layer-structured mica substrate. Reproduced with permission.['72] Copyright 2021, AIP Publishing with
a Creative Commons CC-BY license. f) ME voltage coefficient aE of the ME laminate in different bending conditions as a function of Hy. at a low
frequency, and frequency at optimal Hy. = 4.5 Oe. Reproduced with permission.['2] Copyright 2021, AIP Publishing with a Creative Commons CC-BY
license. g) Schematic of the preparation of liquid metal-based stretchable ME devices and corresponding interaction mechanisms. Reproduced with

permission.l'73] Copyright 2020, Wiley-VCH. h) Sensor voltage output under strain. Reproduced with permission.l'73] Copyright 2020, Wiley-VCH.

Multi-modal perception can acquire various types of signals si-
multaneously, thereby enhancing the functionality of tactile sens-
ing. This approach is crucial for the advancement of magnetic-
based tactile sensors. Ge et al.'”’l developed a dual-function
electronic skin equipped with a compatible magnetic micro-
electromechanical system (MEMS) capable of converting tactile
(through mechanical pressure) and noncontact (through mag-
netic fields) stimuli. By separating the electrical signals of tactile
and non-contact interactions into distinct areas, the electronic
skin can differentiate between these modes in real time. In ad-
dition, their inherent magnetic specificity overcomes the inter-
ference of irrelevant objects and facilitates signal-programmable
interactions. This study allows a magnetic MEMS to enrich the
complex interactions between virtual content data and physical
objects in fields, such as AR, robotics, and healthcare.

4.2. Geomagnetic Navigation

The advancement of flexible magnetosensitive skins, made pos-
sible by shapeable magnetoelectronics, presents the potential for
artificial magnetoreception on seamless and comfortable on-skin
platforms.[?] Moreover, integrated flexible magnetosensitive de-
vices are expected to be instrumental in body-worn navigation
systems, among other applications, providing motion tracking

Adv. Mater. 2024, 36, 2311996

2311996 (25 of 33)

and necessary feedback, which are crucial for wearable electron-
ics and interactive devices.[?’]

As shown in Figure 25a,b, Bermudez et al.®! investigated a
flexible AMR compass that conformed closely to human skin
and not only detected the Earth’s magnetic field but also main-
tained its functionality even when bent up to 150 um. This fea-
ture allows for accurate directional information in outdoor envi-
ronments based on Earth’s magnetic field with no external mag-
netic source. This compass can be utilized for the noncontact
control of virtual units in gaming engines and as an interactive
device for creating VR and AR applications. Xu et al.??] fabri-
cated a printable magnetoresistive sensor using an alternating
magnetic field to actively drive the magnetic filler and guide the
formation and self-healing of a percolation network (Figure 25c).
These sensors boast low noise, high resolution, and ease of
processing through various printing techniques, making them
adaptable to different substrates. They hold promise for human—
machine interfaces in safety applications, medical treatments,
and AR.

In addition, conventional magnetic sensors can only per-
ceive 1D or 2D field components and cannot fully ex-
plore the vector properties of the magnetic field. By de-
positing a (Py/CoFe)/Cu/(CoFe/Py)/IrMn spin-valve structure
film onto a polyimide (PI) substrate to create 2D mag-
netic field sensors for detecting magnetic field components,

© 2024 Wiley-VCH GmbH

85UB017 SUOWILIOD BA11E81D) 3ot dde au) Aq peusenob ale se[ole YO ‘SN Jo Se|ni o} Akeidi8UlIUQ A3]1M UO (SUONIPUOD-pUe-SWBIW00" A3 1M AleIq 1 Ul |UD//SdNy) SUORIPUOD pue swie | 841 88S *[5202/20/6T] Uo Ariq auluo A8 |IM ‘Uotessey SR JO aImisu| Ag 966TTEZ0Z BWIPe/Z00T 0T/I0p/LI00" 8| imARe.q Ul [UO"peoueApe//Sdny Woly pepeojumod ‘L€ ‘v20Z 'S60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
a i
Cross-sectional view = A /— GMR 3 =
Force = - 2 Mo & §§
S ——— magnet az
PDMS film —f — 18Fa @fw / g°
4 field I— \ Am—— _I

<
v 1. Approach | 2. Press T
\ didhi (Touchless | (Tactile =
Inductor (L) . oleinteraction) | interaction)

Capacitor (C)
1L

'] £ RS

Magnetic fim with -
pyramid-shaped surface

L, Turning point
(contact 0 Pa)

i il
LG Oscillation Circuit D% GMRsensor

i1 Poyimidefim ——

Magnetic object d,

¥ f Artificial hairs

38.56

D882
He]

g o=t " 4

:ON 3848 W) s

2 o ]

: 1 \"

H 38.44 2 N 38.48

£ i, ™

0 500 1000 1500 2000 2500
Counts

N, 500 ; :

ALy oL , | _magnetic field (Oe) E :

o on " O [ H

ot | | ] | I

ol . TR

el 1 Wheatstone bridge

B D sensing [ i output (mV) 3X i
X iii E N, ' ) i 1 magnified :
ey 270 | : :

; <> 180 | ! - :

i H

Control gg by ; :

Figure 24. Application of flexible magnetic sensors in tactile perception. a) Highly sensitive bionic tactile sensor based on amorphous wire. Reproduced
with permission.['7] Copyright 2018, AAAS. b,c) Demonstration of the sensor’s response to ant movement. Reproduced with permission.['®7] Copyright
2018, AAAS. d) Proximity pressure dual-mode sensor structure based on the GMR sensor. Reproduced with permission.['”] Copyright 2019, Springer
Nature with a Creative Commons CC-BY license. e) Sensor response to proximity and pressure. Reproduced with permission.l'7’l Copyright 2019,
Springer Nature with a Creative Commons CC-BY license. f) Vision of the devices for e-skin application. The stray field strength and direction of the hair-
attached small magnets changed owing to bending of the hair, detectable by the sensor. Reproduced with permission.[3%l Copyright 2022, Springer Nature
with a Creative Commons CC-BY license. g) Sensor response to magnetic fields in different directions. Reproduced with permission.[3% Copyright 2022,
Springer Nature with a Creative Commons CC-BY license. h) Sensors integrated with soft actuators for signal feedback. Reproduced with permission.!1%3]
Copyright 2021, Wiley-VCH with a Creative Commons CC-BY license.

Bermudez et al.l¥®] achieved highly compliant magnetosensi-  4.3. Biomagnetic Detection

tive skins with directional awareness. These magneto-sensitive

skins offered magnetic perception, body position tracking, and ~ Magnetic sensors, with their capability for noncontact mea-
non-contact object manipulation (Figure 25d,e). This technology ~ surement, allow for the noninvasive monitoring of various
could be applied in the field of navigation, motion tracking in  physiological parameters within the human body. These sen-
robotics, regenerative medicine, sports, gaming, and interactive  sors can precisely locate magnetic markers within pharmaceu-
applications in supplemented reality. ticals circulating in the bloodstream and internal body cavities,
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Figure 25. Application of flexible magnetic sensors in geomagnetic navigation and in human—computer interaction. a) AMR-based flexible magnetic
sensor structure and physical illustration. Reproduced with permission.[?°] Copyright 2018, Springer Nature. b) Detection of the direction of the earth’s
magnetic field by the sensor to achieve geomagnetic navigation. Reproduced with permission.[?° Copyright 2018, Springer Nature. c) Flexible magnetic
sensor utilized for detecting finger status. Reproduced with permission.[32] Copyright 2022, Springer Nature with a Creative Commons CC-BY license.
d) Flexible AMR sensor attached to the hand, showcasing its high flexibility.['8] Copyright 2018, AAAS with a Creative Commons CC-BY license. e) Sensor
detecting the direction of palm movement.l'3% Copyright 2018, AAAS with a Creative Commons CC-BY license.

enabling the noninvasive detection of a wide range of biomag-
netic signals.[13181182] Thig technology holds great promise in
the medical domain.

Melzer et al.[*®¥ introduced a novel concept for the in-flow de-
tection of magnetic particles in millifluidics using elastic mag-
netic sensors that rely on the GMR effect. These sensors, ow-
ing to their stretchability, can be tightly wrapped around a flu-
idic channel. Subsequently, Lin et al.l'®] developed a flexible mi-
crofluidic analytic device with an integrated high-performance
GMR, allowing for precise probing of various dimensions of
magnetic emulsion droplets with a limit of detection of 0.5
pL. This technology has broad applicability in high-throughput
droplet screening, flow cytometry, and drug development
(Figure 26a). Mdnch et al.'%] developed a rolled-up magnetic sen-
sor that relies on the GMR effect of magnetic [Py/Cu];, multi-
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layers. They measured the response of the rolled-up GMR sen-
sor to stray fields of magnetic particles passing through a mi-
crofluidic channel. This innovative approach has significant im-
plications for the efficient biodetection of protein structures, dis-
ease diagnostics, and sorting of living cells (Figure 26b). Wu
et al.l®® designed a rapid system for the sensitive noncon-
tact detection of proteins using actuated magnetic particle tags.
They utilized a magnetoelectric torque (MET) sensor to mea-
sure the tagged proteins. The system comprised a MET sen-
sor with a magnet cantilever, and magnetic bead “test strips”
were fabricated for testing. The performance of the MET sen-
sor was evaluated using magnetic beads with a detection limit
of 0.05 mg mL~!. In addition, the system successfully cap-
tured the alpha—fetoprotein biomarker using anti-AFP antibodies
immobilized on the surface of the “test paper.” The biomarker

© 2024 Wiley-VCH GmbH
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Figure 26. Application of flexible magnetic sensors in biomagnetic detection. a) GMR-based droplet analyzer for multiparametric analysis and
sorting 11831841 Reproduced with permission.['83134] Copyright 2012, RSC Publishing. Copyright 2018, RSC Publishing with a Creative Commons CC-
BY license. b) Rolled-up magnetic sensor for in-flow detection of magnetic objects. Reproduced with permission.['8] Copyright 2011, ACS Publications.
c) Magnetoelectric torque sensor utilized for detecting magnetic marker drugs. Reproduced with permission.['®1] Copyright 2018, Elsevier B.V.

was then detected using anti-AFP antibody-labeled magnetic
beads, with a detection limit of 100 ng mL~! (Figure 26c).

5. Summary and Outlook

This study provided an overview of recent advancements in the
field of flexible magnetosensitive materials and devices for wear-
able electronics. First, methods for fabricating flexible magne-
tosensitive materials, including metal and oxide magnetic mate-
rials, were introduced. In addition, the effect of stress/strain on
the magnetic properties of flexible FM and AFM materials was
explored, with a focus on aspects, such as MA and magnetic do-
main structures. Further, strategies for enhancing the stability
of flexible magnetosensitive materials were outlined. Further, we
provided a comprehensive overview of the types, structures, and
functional principles of flexible magnetosensitive devices as well
as their applications in the field of wearable electronics. Owing
to their inherent advantages, such as flexibility, high sensitivity,
and non-contact detection, flexible magnetosensitive devices ex-
hibited promising potential in diverse areas, such as geomagnetic
navigation, human—computer interaction, and human-like tactile
sensing.

Despite the significant advancements, the large-scale produc-
tion and application of flexible magnetosensitive materials and
devices still encounter numerous challenges. Some key chal-
lenges include:

(@) Magnetic materials, typically composed of metals, alloys, and
oxides, have a limited stretchability of #2%. Ensuring perfor-
mance compatibility in parameters, such as sensitivity, lin-
earity, and range, is challenging as well.

(b) Wearable devices are subjected to various environmental
conditions, such as moisture, high temperatures, multidi-
mensional deformation, and humidity. Ensuring the stability
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and ruggedness of flexible magnetosensitive materials and
devices remains a major challenge.

(¢) Increasing the density of sensor arrays can result in in-
creased crosstalk. However, flexible high-density magnetic
sensor arrays present certain challenges.

(d) While flexible magnetic sensors are primarily utilized for
detecting magnetic fields and pressure, achieving further
multifunctional integration poses a challenge. Novel flexible
magnetosensitive materials, sensing technologies, and sys-
tem integration strategies should be explored in the future
to develop multifunctional integrated flexible magnetic sen-
sors. This will expand their applications in wearable electron-
ics.
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