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ABSTRACT: Magnetic field sensors are indispensable components in modern Performance

electronics owing to their reliable, contactless operation. Over the last decades, the

rapid advancement of emerging technologies (e.g., wearable devices, transparent

electronics, virtual and augmented reality, soft robotics, and the Internet of Things)

has not only fueled the expanding demand for magnetic field sensors but also imposed Magnetic

increasingly stringent requirements on their performance and functionality. However, P sensor 4
conventional fabrication processes, predominantly based on thin-film techniques, often "¢, 3
entail energy-intensive procedures and excessive material waste, generating signiﬁcant Of;‘é . \Q%_O
environmental impacts. Furthermore, the intrinsic rigidity and opacity of traditional ’%a/_ &
sensors hinder their seamless integration into next-generation platforms. In response, the % s
research community has undertaken extensive efforts to reconcile unconventional

functionality with environmental sustainability. This review highlights recent advances in this direction, focusing on strategies that
endow magnetic field sensors with mechanical flexibility and optical transparency while simultaneously addressing sustainability
challenges throughout their entire life cycle.
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B INTRODUCTION etching. While these approaches ensure high performance and
reproducibility, they are inherently associated with complex
processing, high energy consumption, and limited material
utilization. Furthermore, magnetic compositions commonly
employed such as Ni and Co are classified as hazardous under
the Globally Harmonized System of Classification and Labeling
of Chemicals (GHS). Improper handling or disposal may pose
significant toxicological threats to humans and ecosystems.
Likewise, silicon wafers used as the dominant substrates demand
energy-intensive manufacturing, rely on large volumes of
ultrapure water and corrosive chemicals, and generate hazardous
waste that is difficult to treat. Collectively, these factors raise
substantial concerns about the environmental sustainability of
conventional magnetic field sensors.

From an application standpoint, the rigidity and opacity of
silicon substrates impose additional constraints on integration
into emerging technologies. Their poor mechanical adaptability
hinders stable operation in flexible, skin-conformal, or wearable
devices, where repeated deformation such as bending and
stretching is unavoidable.” The light-blocking nature of both

Magnetic field sensors, renowned for their response to magnetic
fields and touchless operational modes, have been extensively
employed in monitoring diverse motion states including
orientation, rotation, and motion (Figure 1). Contemporary
magnetic field sensing technologies are primarily based on
diverse magnetoresistance (MR) and Hall-effect-based mecha-
nisms (for a detailed comparison of different sensing
mechanisms, please refer to several comprehensive review
papers).'~® Owing to their robustness and reliability, magnetic
field sensors have become indispensable components across
navigation, environmental monitoring, industrial automation,
consumer electronics, and medical devices. In recent years, the
rapid expansion of emerging technologies, such as wearable
electronics, smart health monitoring, virtual/augmented reality
systems, soft robotics, and Internet-of-Things (IoT) platforms,
has dramatically broadened the application landscape of
magnetic field sensors, driving fast market growth while
simultaneously raising stringent requirements for performance
and functionality.

This surge in demand is reflected in global production
statistics: in 2022, the global shipment of magnetic field sensors Received:  October 14, 2025
exceeded 10 billion units with forecasts predicting an increase to Revised:  January 1, 2026
more than one trillion units by 2030.”* Conventional fabrication Accepted: January 2, 2026
of magnetic field sensors typically relies on mature thin-film Published: January 6, 2026
technologies, typically involving high-vacuum deposition of
magnetic materials combined with lithographic patterning and
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Figure 1. Development roadmap of unconventional magnetic field sensors. The evolution from conventional rigid and opaque sensors toward
mechanically conformable (flexible and stretchable) and optically transparent designs is driven by two key technological pathways: thin-film
fabrication combined with transfer techniques (top panels) and additive printing methodologies (bottom panels). Reproduced with permission.'>
Copyright 2011, American Chemical Society. Reproduced with permission.'® Copyright 2025, Springer Nature Ltd. with a Creative Commons CC-BY
license. Reproduced with permission.”' Copyright 2025, John Wiley and Sons. Reproduced with permission.'* Copyright 2025, John Wiley and Sons
with a Creative Commons CC-BY license. Reproduced with permission.'® Copyright 2012, John Wiley and Sons. Reproduced with permission.'”
Copyright 2021, John Wiley and Sons with a Creative Commons CC-BY license. Reproduced with permission."” Copyright 2022, Springer Nature
with a Creative Commons CC-BY license. Reproduced with permission.”® Copyright 2024, Royal Society of Chemistry with a Creative Commons CC-
BY license. Reproduced with permission.'® Copyright 2025, American Chemical Society with a Creative Commons CC-BY license.

silicon and thin-film magnetic layers further limits their use in
systems where optical information transmission is crucial, such
as smart windows, transparent displays, and wearables.'® The
lack of such critical attributes presents a major barrier to the
deployment of traditional sensors in next-generation multifunc-
tional platforms. These limitations collectively underscore the
pressing need for device engineering strategies that not only
introduce unconventional functionalities but also address
sustainability concerns.

In this context, the scientific community has initiated a series
of explorations aimed at reconciling functionality with
sustainability. Figure 1 outlines the pioneering development of
various unconventional magnetic field sensors, highlighting the
key innovations that have driven this technological transition.
Early studies explored ultrasmooth polymeric substrates as
alternatives to silicon, offering reduced environmental impact
along with enhanced mechanical flexibility and optical trans-
parency.' "? To further extend device integration across
substrates of different materials and geometries, transfer-
printing techniques were subsequently developed.'*"> After-
ward, printing-based fabrication methods have attracted
particular attention, owing to their straightforward low-energy
and material-efficient nature.'®”"® More recently, research has
progressed toward magnetic field sensors with self-healing,
recyclability, and bioresorbable capabilities, thereby mitigating
the urgent issue of electronic waste (e-waste).' %! Together,
these efforts signify a paradigm shift toward greener and
adaptable sensor technologies with the potential to fundamen-
tally transform the magnetic field sensor industry.

680

Nevertheless, research in this direction is still in a relatively
early stage. Fully realizing the vision of magnetic field sensors
that combine high performance, environmental compatibility,
and unconventional properties will require interdisciplinary
collaboration across materials science, device physics, fabrica-
tion engineering, and end-of-life management. Previous reviews
have primarily focused on specific aspects of these emerging
devices, including novel fabrication strategies (e.g., solution-
processable printing technologies, thin-film based transfer
printing methods),””~>* novel physical attributes (e.g.,, mechan-
ical flexibility/stretchability, optical transparency, biocompati-
bility, biodegradability),”*>~>" and diverse application domains
(spanning biomedicine, healthcare, robotics, human—machine
interaction, and wearable electronics).3l_36 However, a
perspective on the sustainable development of these functionally
unconventional sensors remains lacking. The present review
aims to summarize recent advances in magnetic field sensor
technologies from a sustainability perspective. Particular
emphasis is placed on identifying critical opportunities and
persistent challenges that must be addressed to further mitigate
the environmental footprint of the magnetoelectronics industry
and to guide future research toward more eco-efficient
technological pathways. The discussion is organized following
the sensor lifecycle encompassing fabrication, utilization, and
disposal.

i. Ultrasmooth Polymeric Substrates as Replacements for
Silicon Wafers in Thin-Film Sensors

Compared with silicon wafers, polymer-based substrates can be
fabricated through more energy-efficient and resource-saving
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Nano Lett. 2026, 26, 679—-690


https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05155?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

2 pm

a

Figure 2. Magnetic field sensors on flexible substrates. a,b) Py-based AMR sensors fabricated on PET substrates: a) optical photography; b)
microscope image of sensing elements. Reproduced with permission.”> Copyright 2016, John Wiley and Sons. ¢) GMR Co/Cu multilayers on
polyester substrates. Reproduced with permission.*” Copyright 2008, John Wiley and Sons. d,e¢) Conformable GMR elements on ultrathin foils,
demonstrating adaptability to d) human skin and e) a doctor blade. Reproduced with permission.** Copyright 2018, The American Association for the
Advancement of Science with a Creative Commons CC-BY license. f,g) Bismuth film-based Hall sensors: f) device structure and g) conformal
attachment on a human finger. Reproduced with permission.** Copyright 2015, John Wiley and Sons with a Creative Commons CC-BY license. h,i)
Bent planar Hall sensor: h) overall morphology under bending radii of approximately 100—300 ym; i,j) zoomed-in views corresponding to curvature
radii of 290 and 110 ym, respectively. Reproduced with permission.*’ Copyright 2019, Springer Nature Ltd. with a Creative Commons CC-BY license.
k1) Stretchable GMR sensor: k) schematic illustration and 1) optical image with surface morphology characterization of the GMR layer on a wrinkled
elastomeric substrate. Reproduced with permission.>* Copyright 2025, American Chemical Society. m,n) Interactive textile-based magnetic sensing
system: m) knitted sleeve integrated with four overbraided GMR sensors and a magnetic glove; n) amplified image revealing the internal overbraided
sensor structure. Reproduced with permission.56 Copyright 2025, Springer Nature Ltd. with a Creative Commons CC-BY license. 0o—q) Transparent
and flexible GMR mesh applied as magnetoreceptor for virtual interaction: o) a user operating in a virtual reality (VR) environment; p) arm-mounted
GMR mesh allows q) accurate spatial control of virtual entities. Reproduced with permission.'> Copyright 2025, Springer Nature Ltd. with a Creative
Commons CC-BY license.

processes. These characteristics render them not only easier to ~12%." These findings confirm that polymeric foils are capable
produce but also more compatible with the overarching of supporting complex multilayer spintronic architectures,
paradigm of green and environmentally responsible manufactur- thereby offering an effective route for the development of eco-
ing. A broad range of polymeric materials have been explored as friendly magnetoelectronic devices.
hosts for magnetic materials such as polyimide (PI),” The substitution of traditional silicon substrates with flexible
polyethylene terephthalate (PET),*® polyimide (PVDF),*” alternatives represents not only a step toward sustainable
polyether ether ketone (PEEK),* polyester,*' and polydime- fabrication technology but also a functional breakthrough in
thylsiloxane (PDMS)."* On these substrates, diverse types of magnetic field sensors. For instance, AMR sensors sputtered
thin-film magnetic field sensors have been successfully onto PET foils exhibit sufficient flexibility to conformally attach
fabricated. For example, Parkin and co-workers were the first to curved surfaces such as the human fingers or wrists (Figure
to demonstrate giant magnetoresistance (GMR) sensors by 2a,b).* Further reduction in substrate thickness enables stable
depositing Co/Cu multilayers onto Kapton substrates.'' device operation under extreme bending radii as small as 150
Subsequently, Wang et al. reported anisotropic magneto- um.* Similar trends were observed in flexible GMR sensors
resistance (AMR) sensors prepared by sputtering 30 nm (Figure 2c—e)*"**™* and Hall sensors (Figure 2f—j),’’™>
permalloy (Py) films onto PET foils, with a sensitivity as high highlighting the strong correlation between substrate conform-
as 42 T~1." Melzer et al. showed that bismuth-film Hall sensors ability and device resilience. Beyond bendability, functional
exhibit a sensitivity of approximately —2.3 V (AT)™', which diversification has been realized by employing stretchable
remains essentially independent of the choice of polymeric polymers. When substrates are prestrained prior to magnetic
substrates, whether PEEK or PL*’ Furthermore, Co/ALO,/ material deposition and subsequently released, spontaneous
NiFe magnetic tunnel junctions sputtered onto both Kapton and micro- or nanoscale surface patterning occurs, imparting
PI foils delivered tunneling magnetoresistance (TMR) ratios of stretchability to the devices and thus allowing for seamless
681 https://doi.org/10.1021/acs.nanolett.5c05155
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Figure 3. Magnetic field sensors transferred onto diverse substrates. a—c) Flexible TMR sensors transferred onto PET substrates. a) Magnetic tunnel
junction film deposited on a surface-oxidized Si substrate. b) Selective etching of Si to release the junction structure. c) Transfer of the released sensor
onto a PET substrate. Reproduced with permission.”® Copyright 2016, John Wiley and Sons. d—h) Water-enabled eco-friendly transfer of GMR
sensors onto a wide spectrum of substrates. d) Demonstration of the hydrophilic surface of a PVA-coated GMR film, beneficial for controlled transfer.
e) Interface evaluation of transferred GMR layers, revealing intimate adhesion to receiver substrates. f—h) Examples of GMR films transferred onto f) a
glass sphere, g) PVA-based adhesive tape, and h) a pine needle. Reproduced with permission."® Copyright 2025, John Wiley and Sons with a Creative

Commons CC-BY license.

integration with dynamic interfaces (Figure 2k]l).'>*»>375°

Building on these advances, Lugoda et al. integrated, for the first
time, flexible GMR sensors into the core of textile braids, thereby
creating magnetoreceptive smart textiles with remarkable
mechanical robustness and washability for everyday wear
(Figure 2m,n).*® When combined with transparent substrates
such as Mylar foils, mesh-like patterning imparts optical
transparency to magnetic field sensors, with transparency
exceeding 85% (Figure 20—q)."’ These studies confirm
polymeric substrates as promising enablers for magnetic field
sensors with unconventional properties, thereby enabling their
seamless integration into a wide range of application scenarios,
such as wearables,”*™>* smart health monitoring,49 transparent
electronic systems,'* and soft robotics.”>*”** Notably, achieving
ultrahigh transparency demands markedly low surface coverage
of magnetic materials in combination with highly precise
patterning, which in turn results in considerable material
wastage and a substantially more intricate fabrication process.
Similarly, attaining extreme mechanical compliance often
requires the incorporation of specialized polymers as substrates
or protective layers, the fabrication of which may rely on
substantial energy consumption, harsh processing conditions,
and the use of environmentally hazardous chemicals. These
factors highlight a trade-off between mechanical and optical
functionality and environmental sustainability, underscoring the
need for careful material selection, process optimization, and
lifecycle considerations in the design of flexible transparent
magnetoelectronic devices.

Despite the encouraging advances, the selection of suitable
substrates remains severely constrained by the interfacial
sensitivity of magnetic thin films. Multilayered GMR structures,
for example, are governed by delicate spin-dependent coupling
and scattering processes, which are highly susceptible to even
subtle interfacial imperfections. Unlike silicon wafers, which
exhibit atomically smooth surfaces (<0.5 nm roughness),
polymer substrates typically exhibit higher surface roughness
values (root-mean-square, 1—10 nm), resulting in elevated
magnetic noise and degraded sensing performance. This

682

limitation is more pronounced in TMR devices, where surface
irregularities amplify tunneling current nonuniformities and
even trigger electrical short circuits.'** One common strategy
to mitigate this issue is the introduction of buffer layers. For
instance, Chen et al. demonstrated that the introduction of a
photoresist layer can effectively reduce the surface roughness of
plastic substrates to below 1 nm, comparable to that of thermally
oxidized silicon. This surface improvement resulted in an
enhancement of GMR ratios by as much as 200%.*" Building
upon this approach, Wang et al. further developed anisotropic
magnetoresistance (AMR) sensors exhibiting a remarkably
enhanced sensitivity of 42 T}, which is comparable to that of
reference devices on silicon.** In addition to surface roughness,
other intrinsic challenges stem from the limited thermal
robustness of polymers. Compared to Si wafers, which can
withstand temperatures as high as 1000 °C, most polymeric
substrates tolerate substantially lower thermal loads (typically,
<400 °C). High-temperature annealing essential for optimizing
magnetic thin films often induce substrate deformation,
interfacial stress, or chemical reactions, which compromise
device integrity and long-term stability.”' "> Thus, while
polymer substrates hold considerable promise for multifunc-
tional magnetic field sensors, their integration remains hindered
by fundamental interfacial incompatibilities.

In summary, polymeric substrates present a dual-edged
opportunity: they provide sustainability benefits and unconven-
tional device functionalities, yet their surface and stability
limitations impose critical trade-offs. Addressing these chal-
lenges requires the development of substrate platforms that
combine ultralow surface roughness with enhanced thermal/
chemical resistance, while retaining environmental compati-
bility.

ii. Transfer Methods for Unlocking Substrate Limitations of
Thin-Film Sensors

To broaden the range of applicable substrates to include
materials with improved environmental benignity and recycla-
bility while maintaining high device performance, transfer
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Figure 4. Overview of printed magnetic field sensors fabricated with different functional materials and structural designs. a,b) GMR sensors printed
using Co/Cu multilayer flakes as fillers: a) SEM image of Co/Cu GMR flakes; b) printed device on postcard paper serving as part of a hybrid electronic
circuit. Reproduced with permission.'® Copyright 2012, John Wiley and Sons. ¢,d) GMR sensors incorporating Py/Cu multisegment nanowires: c)
SEM image of the nanowires; d) printed nanowire network on polymer substrates. Reproduced with permission.”® Copyright 2013, Elsevier. e,f) LMR
sensors printed with bismuth microparticles: e) optical and SEM images of bismuth fillers; f) printed sensor on paper. Reproduced with permission.*’
Copyright 2022, John Wiley and Sons with a Creative Commons CC-BY license. gh) Graphene-based printed Hall sensors: g) optical image of printed
sensor arrays; h) cross-sectional SEM image showing graphene on polyimide. Reproduced with permission.*" Copyright 2021, Springer Nature Ltd.
with a Creative Commons CC-BY license. i—1) Mechanically adaptive GMR sensors: i) SEM and j) optical images of bent sensors; k) optical images
under 0%, 50%, 100% strain conditions; 1) SEM image after strain release. Reproduced with permission.'” Copyright 2021, John Wiley and Sons with a
Creative Commons CC-BY license. m,n) Transparent magnetic field sensors printed with Py nanowires: m) optical image of arrayed sensors printed
on flexible substrates; n) directionally aligned Py nanowire network. Reproduced with permission.'® Copyright 2025, American Chemical Society, with
a Creative Commons CC-BY license.

techniques have been developed. The central concept of this Based on these strategies, thin-film magnetic field sensors
approach is to first fabricate high-performance sensing elements have been integrated onto different substrates. For example,
on donor substrates under well-controlled conditions and Loong et al. reported transferable TMR sensors, in which
subsequently relocate them onto target substrates while magnetic tunnel junctions were initially fabricated on silicon
retaining their structural and functional integrity. Rogers and substrates to allow high-temperature annealing for improved
his co-workers significantly advanced the development of crystalline and interfacial properties (Figure 3a). Following dry

etching of the sacrificial silicon layer (Figure 3b), the sensing
patterns composed of a wide range of functional materials p'atte'rns were relocated onto ﬂex'ible PET substljates7(6Figurfz 3¢),
) 466 yielding high-performance flexible TMR devices.”” Similarly,
Melzer and colleagues demonstrated the transfer of GMR
sensors onto PDMS substrates. The strain-released substrates
generated wrinkled surface patterns, imparting excellent
mechanical conformability to the sensors and ensuring
comfortable wearability.'* However, their approach relied on
harsh processes such as dry/wet etching, plasma treatment, or
mechanical bonding at elevated temperatures, which not only
caused partial performance degradation but also increased

transfer printing techniques for diverse micro- and nanoscale

(including metals, semiconductors, oxides, and organics
In general, three representative strategies have been established
for the transfer of thin-film elements. 1) Leveraging the weak van
der Waals interactions in two-dimensional (2D) layered
systems, magnetic films can be mechanically exfoliated from
donor substrates with minimal damage.®’ =% 2) The intrinsically
low adhesion strength between SiO, and certain metallic layers
(e.g, Au, Ni) can also be utilized to facilitate the controlled

detachment of magnetic films.””"" 3) Alternatively, sacrificial environmental impact. To address these limitations, we
layers can be deliberately introduced beneath magnetic films; proposed a water-assisted transfer method that exploits the
their selective dissolution in suitable solvents or etchants enables high surface tension of water to facilitate stress-free placement
efficient release of the active layers and subsequent integration (Figure 3f,g), thereby preserving the pristine magnetoresistance

72-7S5

with target substrates. characteristics without any measurable degradation.'” This
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technique enables reliable transfers onto a variety of curved
substrates with excellent structural integrity (Figure 3h)."
Importantly, the proposed approach circumvents the use of
harsh treatments and toxic chemicals, thereby avoiding potential
damage to receiver substrates, as evidenced by successful
application of a broad range of materials, e.g,, plastics, ceramics,
textiles, wood, and even biological surfaces (Figure 3ij). It can
be anticipated that transferred sensors exhibit weaker interfacial
adhesion between the sensing elements and the underlying
substrates compared with directly deposited counterparts. Such
reduced adhesion may compromise long-term operational
stability, particularly under continuous mechanical deformation
in flexible applications. To mitigate these limitations, strategies
such as thermal treatment, plasma/chemical surface activation,
or mechanical pressing can play critical roles in strengthening
interfacial bonding and enhancing device reliability.'*">"°

In principle, transfer methodologies provide a versatile route
to seamlessly integrate magnetic field sensors onto substrates
with arbitrary compositions and geometries, thereby expanding
their applicability beyond silicon wafers and ultrasmooth
polymers toward more sustainable platforms. Such advances
hold great promise for wide deployment of magnetic sensing
technologies, contributing to the vision of ubiquitous con-
nectivity in a greener future society. Nevertheless, compared
with conventional thin-film electronics, transferrable electronics
generally exhibit lower production efficiency, limited by their
multistep fabrication and transfer processes including device
fabrication on a temporary substrate, precise alignment, and
transfer printing. Additionally, it should be emphasized that the
core fabrication still heavily relies on vacuum-based deposition
of magnetic layers and precise micro/nanoscale patterning.
These process requirements continue to pose significant barriers
to fully aligning transfer-based approaches with the principles of
sustainable manufacturing. To be fair, neither direct deposition
on polymeric substrates nor transfer-based fabrication routes
alone can comprehensively address the full range of sustain-
ability challenges associated with magnetic field sensors.
However, each of these approaches mitigates specific limitations
inherent to conventional silicon-based technologies, thereby
representing meaningful advances toward more sustainable
device platforms.

iii. Additive Printing Techniques for Energy- and
Material-Efficient Sensor Fabrication

In contrast to conventional thin-film fabrication routes, additive
printing techniques offer a particularly sustainable pathway for
magnetic fleld sensor manufacturing. Their inherently straight-
forward, layer-by-layer workflow minimizes material wastage,
reduces energy consumption, and avoids reliance on expensive
vacuum systems or sophisticated lithographic facilities. Beyond
process sustainability, printing also relaxes substrate require-
ments, enabling sensor integration on low-cost supports such as
paper, ceramics, textiles, polymers, etc.'®'””” This combination
of ecological advantages and design freedom has stimulated
broad interest in printed magnetic field sensors.

The versatility of this approach is reflected in the wide range of
printable devices reported to date. For instance, Karnaushenko
et al. pioneered the development of printable magnetic field
sensors using inks composed of multistacked Py/Cu GMR flakes
dispersed within poly(methyl methacrylate) (PMMA) matrices
(Figure 4a,b).'® Subsequent refinements by the same group
demonstrated that a rational tailorin% of polymeric binders could
markedly boost device performance. 7 Notably, the introduction
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of polyepichlorohydrin (PECH) binders elevated MR response
from an initial 7% to an impressive 37%. In parallel, inks
formulated with Co/Cu multisegmented nanowires as func-
tional fillers enabled GMR sensors with MR ratios up to 14%
(Figure 4c¢,d).”® The scope of printable magnetic devices
extends beyond GMR. AMR sensors have been realized using
inks incorporating Py flakes”” and microparticles.'” Leveraging
Bi microparticles as the active medium, our group has
demonstrated nonsaturating large magnetoresistance (LMR)
sensors with record-high MR ratios approaching 146% at room
temperature (Figure 4e,f).*" Furthermore, researchers success-
fully fabricated Hall sensors employin§ hierarchical nickel
nanowires or graphene (Figure 4gh).*"** Collectively, these
studies underscore the exceptional material and structural
adaptability of printing technologies, capable of accommodating
fillers ranging from Ni, Co, and Py to Bi, and morphologies
spanning microparticles, nanowires, and flakes, thus establishing
a versatile platform for next-generation magnetic field sensors.

The high design freedom of printing techniques leads to
magnetic field sensors with unique functional attributes. By
optimizing binders and substrates, Karnaushenko et al.
demonstrated GMR sensors with remarkable mechanical
flexibility, bearing bending to radii as small as 12 mm without
discernible performance degradation.”” Further advances in
conformability were reported by Ha et al., who utilized strain-
release Mylar foils to realize ultradeformable GMR devices with
bending radii down to 16 ym and stretchability up to 100%
(Figure 4i—1)."” Remarkably, this level of mechanical deform-
ability rivals that of state-of-the-art thin-film and transferred
devices, which typically exhibit bending radii on the order of tens
of micrometer scales while offering stretchability elevated by
tens to hundreds of percents.'”'** Likewise, optical trans-
parency has been pursued through the use of nanowire-shaped
fillers: Cox et al. achieved semitransparent GMR sensors by
employing Py/Cu multisegmented nanowires, where the high
aspect ratio facilitated mesh-like architectures with reduced
optical scattering.”® More recently, directional alignment of
nanowires under tilted magnetic fields during printing was
proposed, yielding sensors with optical transparency up to
~85% (Figure 4m,n)."® In contrast, achieving comparable
optical transparency typically requires limiting the surface
coverage of thin-film magnetic field sensors to approximately
10%,"” a requirement that not only results in significant material
wastage but also imposes stringent demands on high-precision
patterning techniques. Therefore, additive printing technologies
provide a more sustainable and versatile route for imparting
transparency and compliance to magnetic field sensors to enable
new functionalities.

Despite these advances, printed magnetic field sensors
continue to face significant performance limitations compared
with their thin-film counterparts. For example, the maximum
MR ratios of printed AMR sensors sharply reduced from 1.9% to
0.34%.”° A similar trend was observed in printed GMR sensors,
where the MR ratio dropped from ~20% to 6%'® and from
~40% to <30%." Such performance degradation may arise from
multiple factors. First, the percolative nature of filler networks
introduces unavoidable contact resistances, diminishing elec-
trical conductivity. Second, the random orientation of fillers
disrupts the alignment of magnetic domains and spin-dependent
conduction pathways, leading to lower sensitivity and device
reproducibility. Third, due to the limited thermal stability of
binder polymers (typically <400 °C), thermal annealing and
related post-treatments at high temperatures, which are essential
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Figure 5. Self-healable, recyclable, and bioresorable magnetic field sensors. a—d) Real-time interaction of Py microparticles within printed inks under
alternating magnetic fields, illustrating distinct filler behaviors: a) dispersion, b) attraction, c) oscillation, and d) connection. The values shown in the
top-right corners represent the elapsed time after the application of magnetic fields. e—g) Self-healing process of the sensor assisted by alternating
magnetic fields: e) pristine state, f) damaged with a scratch, and g) fully healed. Reproduced with permission.'” Copyright 2022, Springer Nature with a
Creative Commons CC-BY license. h,i) Recyclable printed magnetic field sensors: h) schematic illustration of fabrication and recycling process,
leveraging redissolvable polyepichlorohydrin (PECH) as binders, and (i) two recyclable approaches. The left cycle depicts the refabrication route,
where discarded sensors are dissolved in solvent to disintegrate polymer binders and magnetic fillers, and the recovered ink is reused for printing new
devices. The right cycle presents the material separation route in Wthh the extracted polymers and magnetic particles are repurposed to construct a
magnetic butterfly-shaped soft robot. Reproduced with permission.”® Copyright 2024, Royal Society of Chemistry with a Creative Commons CC-BY
license. j—m) Time-lapse optical images capturing the stepwise degradation of MT] constituent materials in phosphate-buffered saline (PBS) solutions
at 37 °C, as indicated by Hall-bar patterns of j) 10 nm W film, k) 5 nm CoFeB, 1) S nm MgO, and m) 50 nm Cu, revealing progressive dissolution of
each layer over time. Reproduced with permission.”' Copyright 2025, John Wiley and Sons.

for improving filler crystallinity and interfacial properties, are environmental impact of printed magnetic field sensors is
often impractical. As a result, printed sensors are less strongly governed by the chemical nature of the solvents,
competitive for applications requiring ultrahigh precision. surfactants, magnetic particles, and polymeric binders employed
Instead, their intrinsic advantages (e.g, low cost, scalable during ink formulation and device fabrication. For example,
fabrication, mechanical adaptability, and environmental com- organic solvents may give rise to concerns associated with
patibility) render them more appealing to applications where volatile organic compound emissions, flammability, and
moderate performance is sufficient, such as smart home systems, ecological toxicity, thereby compromising the overall sustain-
environmental monitoring, and Internet-of-Things (IoT) ability of printed magnetic field sensor technologies. Surfactants
devices. Another important limitation lies in the resolution commonly used to stabilize filler dispersions typically exhibit
constraints of current printing techniques. Unlike lithography, limited biocompatibility and biodegradability and may accumu-
which readily achieves nanoscale feature definition, most late in ecosystems, imposing additional environmental burdens.
printing methods are restricted to microscale patterning, Magnetic particles introduce further considerations. For
impeding the realization of ultracompact or multifunctional instance, the extensive use of Co- and Ni-based materials
integrated systems. Overcoming this bottleneck by improving poses potential health risks to humans as well as substantial
printing resolution, while simultaneously closing the perform- ecological impact. Their nanoscale dimensions may complicate
ance gap with thin-film devices, thus constitutes a key research end-of-life recovery and recyclability. Likewise, many commonly
priority for the future development of printed MR sensors. used polymeric binders exhibit poor biodegradability and often
In fact, the realization of fully sustainable magnetic field require energy-intensive processing or harsh chemical treat-
sensors still remains a considerable challenge. In general, the ments for recycling, limiting opportunities for circular reuse.
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Consequently, the adoption of greener solvent systems (e.g,,
water or bioderived solvents), biodegradable polymer binders
(e.g, starch, cellulose, chitosan), and low-toxicity magnetic
nanomaterials (such as Fe- or iron-oxide-based formulations)
will be critical for further advancing the sustainability of printed
magnetic field sensor technologies.

iv. In-Service Self-Healing and Responsible End-of-Life
Management

The escalating challenge of electronic waste (e-waste) has
emerged as a pressing global issue. As indispensable components
integrated into a vast array of electronic platforms, magnetic field
sensors are expected to experience continuous growth, which, in
turn, amplifies their contribution to the e-waste stream.
Although the unique material compositions and structural
designs of the above magnetic field sensors enable new
functionalities, they also introduce potential reliability chal-
lenges, especially when introduced into IoT nodes, wearables, or
soft robotics. For example, when integrated into IoT nodes,
harsh outdoor environments exacerbate aging mechanisms. In
wearables, continuous body contact, sweat, and biofluids
introduce additional chemical and mechanical stresses that
challenge the longevity. In soft robotics, persistent dynamic
deformation can accelerate mechanical fatigue and interface
failure. In this context, self-healing and responsible end-of-life
management have been proposed to extend device lifetimes and
reduce e-waste generation, thereby alleviating the environmental
footprint of magnetic field sensors.

Embedding self-healing capability provides a practical strategy
to prolong service life, reduce replacement frequency, and slow
the accumulation of e-waste. Typically, this is achieved by
formulating printed composites with polymeric binders that
exhibit intrinsic self-healing properties.”* Upon mechanical
damage, dynamic covalent bonds, supramolecular interactions,
or reversible physical cross-linking within the polymer matrix
facilitate autonomous repair, restoring structural continuity.
Simultaneously, viscoelastic recovery drives the redistribution of
functional fillers toward damaged sites, enabling the partial
reconstruction of percolation pathways. However, residual
polymer layers between adjacent fillers can persist, impeding
charge transport and compromising electrical performance and,
thus, the reliability of the healing process. However, many of the
conventional strategies to boost the self-healing functionality are
difficult to translate into MR composites. For instance,
increasing temperatures can promote binder mobility and thus
provide stronger driving forces for filler migration; however, it
also accelerates the surface oxidation of magnetic fillers, severely
compromising their electrical and magnetic properties. To
circumvent these limitations, we introduced an alternating
magnetic field (AMF)-assisted self-healing strategy.'® By
actively manipulating the orientation and mobility of magnetic
fillers during the healing process, AMF treatment promotes
dipole—dipole interactions and oscillatory motion, driving the
formation of elongated filler chains and enhanced interfiller
contacts (Figure Sa—d). This mechanism accelerates the re-
establishment of conductive percolation networks, enabling
efficient functional recovery (Figure Se—g). Notably, the AMF-
driven self-healing exhibits six key advantages: 1) complete
recovery of device performance; 2) reliable repeatability across
multiple cycles; 3) rapid restoration minimizing functional
downtime; 4) operation at ambient temperatures, protecting
temperature-sensitive components; S) robustness against
environmental variations such as humidity; and 6) autonomous
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recovery without the need for manual intervention. Collectively,
these attributes underscore AMF-assisted healing as a viable
approach to enhance the resilience and reliability of MR sensors
in service.

While self-healing extends operational lifetimes, recycling and
biodegradation are equally critical for sustainable e-waste
management. Improper disposal, particularly through land-
filling, risks the release of toxic elements such as Ni and Co,
leading to environmental contamination and adverse health
outcomes. To address this issue, we employed PECH as the
binder in printed MR sensors (Figure 5h).”” Upon immersion of
discarded sensors in acetone, PECH readily dissolves, enabling
the facile separation of the polymer matrix from the magnetic
fillers (Figure Si). Leveraging the intrinsic magnetic responsive-
ness of the fillers, they can be efliciently recollected using a
simple external magnetic field, thereby minimizing the material
loss (Figure S5i). This process establishes a controlled
disassembly route in which both the polymer and magnetic
components can be recycled as secondary raw materials for
subsequent device fabrication. Such a closed-loop approach not
only reduces the risk of environmental contamination but also
promotes circular resource utilization. Recently, Kim et al.
exploited the ultrathin nature of magnetic tunnel junction
(MT]J) structures, successfully realizing the complete dissolution
of TMR sensing components in phosghate-buffered saline
(PBS) solutions at 37 °C (Figure Sj—m). ' This bioresorbable
behavior under physiological conditions not only highlights the
potential of TMR sensors for transient operation and secure data
eradication in biomedical applications but also inspires future
efforts toward magnetoelectronic systems that can autono-
mously degrade in natural environments.

In summary, the integration of in-service self-healing with
end-of-life recycling delineates a promising technological
framework for responsible sensor development. Together,
these strategies extend device longevity, minimize replacement
frequency, and provide sustainable end-of-life pathways, thereby
mitigating the environmental burdens associated with the rapid
expansion of sensor technologies.

B PERSPECTIVE

Despite the remarkable progress, the pursuit of eco-sustainable
magnetic field sensors with unconventional properties remains a
highly intricate and multifaceted endeavor. A truly sustainable
roadmap must adopt a holistic view that spans the entire sensor
lifecycle, from material selection and fabrication to deployment
and eventual disposal. Within this broader context, several key
directions can be envisioned to guide future research and
innovation.

1. Enhancing device performance. For sustainable sensors to
gain competitiveness in practical applications, continued
performance improvement remains paramount. In the
case of printable devices, multiple strategies hold promise.
Incorporating nanostructured fillers (such as nanowires or
nanoflakes) can significantly expand interparticle contact
areas, thereby facilitating the construction of more robust
and conductive percolation networks. Complementarily,
controlled mild post-treatments, for instance localized
laser heating, may improve interfacial bonding without
compromising the integrity of polymer binders. The
application of external fields during printing represents
another avenue, as electric, magnetic, or acoustic guidance
can promote filler alignment, ensuring pathway continuity
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and improved carrier transport. Equally important are
advances in ink formulation and process optimization,
which can enhance the homogeneity of printed
architectures, collectively leading to substantial gains in
sensitivity and reliability. In addition, the inclusion of two-
dimensional materials into magnetic sensing architectures
potentially expands the design space for next-generation
sensors. Their exceptional physical and electronic proper-
ties (such as atomic-level uniformity, tunable electrical
property, and strong spin—orbit coupling) enable the
realization of unconventional sensing mechanisms and
device configurations.® ™"’

2. Artificial intelligence (AI) driven sensor intelligence.
From a system-level perspective, Al-supported condition-
ing could empower magnetic field sensors to transcend
traditional threshold-based operating paradigms and
dynamically interpret complex magnetic interactions. By
leveraging machine learning algorithms for adaptive signal
processing and feature extraction, such systems can
uncover latent spatiotemporal correlations embedded in
fluctuating magnetic fields, enabling the discrimination of
subtle variations in movement, rotation, or orientation
patterns that would otherwise remain undetectable
through conventional methods. This data-driven ap-
proach not only enhances the perceptual acuity of
magnetic sensing platforms but also facilitates context-
aware decision-making, allowing the system to infer user
intent or environmental states with higher fidelity.
Ultimately, the convergence of Al and magnetic sensing
paves the way toward intelligent, self-optimizing, and
responsive wearable or implantable systems capable of
continuous adaptation to real-world dynamics.

. Biocompatibility and material choices. Alongside techni-
cal performance, the ecological and biological compati-
bility of magnetic field sensors is a critical factor for their
sustainable deployment. Fe, one of the most abundant
and physiologically essential elements, offers a compelling
basis for environmentally benign sensors. Yet, Fe-based
devices often fall short in terms of sensitivity and
magnetoelectric response, highlighting the need to
balance biocompatibility with functional performance.
Beyond magnetic materials, other device constituents,
including substrates and polymeric binders, must also be
carefully considered. Natural polymers such as cellulose,
chitosan, gelatin, and silk fibroin provide attractive
candidates, offering renewable origins, broad availability,
and inherent flexibility, while simultaneously minimizing
environmental and health risks.

. Green recycling technologies. Conventional recycling
approaches, dominated by high-temperature treatments
and aggressive chemical processes, remain effective yet
problematic, often generating secondary pollution. Future
strategies should integrate sustainability considerations at
the design stage, where careful material selection can
simplify disassembly and resource recovery. The adoption
of water-soluble binders or easily separable substrates, for
example, may enable recycling through mild physical or
chemical treatments, achieving a balance among
efficiency, feasibility, and ecological responsibility.

. Biodegradable pathways. Beyond technical recycling
strategies, the systemic challenge of device collection
continues to impede the development of circular
electronics. Divergent regulatory frameworks, inconsis-

tent infrastructure, and heterogeneous consumer practi-
ces hinder the effective channeling of discarded devices
into formal recycling streams. In this regard, biodegrad-
able magnetic field sensors present a particularly
compelling vision. By decomposing into benign by-
products after use, such devices could seamlessly
reintegrate into natural ecological cycles, circumventing
the need for specialized retrieval or treatment and
fundamentally reducing the burden of e-waste manage-
ment.

. Balance between sustainability and functionality. When
assessed from a life-cycle perspective, the aforementioned
magnetic field sensors exhibit notable environmental and
sustainability advantages compared with conventional
thin-film counterparts, albeit accompanied by trade-offs in
performance and durability. For instance, printed sensors
minimize material consumption and energy expenditure,
whereas sensors directly sputtered onto polymeric
substrates offer enhanced device performance. Trans-
ferred sensors expand the range of compatible unconven-
tional substrates but require multistep fabrication
processes that elevate energy and material demands.
Bioresorbable sensors and recyclable sensors, respec-
tively, mitigate electronic waste or enable material
recovery at the end of life, but introduce constraints
related to material stability, processing compatibility, and
long-term device reliability. Collectively, these consid-
erations underscore an inherent trade-off between
environmental impact and device functionality, which
must be carefully balanced in the future.

. Emerging application scenarios. The unique combination
of eco-friendliness and unique characteristics positions
unconventional magnetic field sensors to unlock novel
application domains. Intelligent packaging systems could
leverage these sensors to dynamically monitor food
quality and logistics conditions. Magnetoreceptive smart
textiles not only provide a multifunctional interface
enabling dynamic interaction with external magnetic
environments but also function as an active safety alert
system for users with magnetically sensitive implantable
electronic devices. The proximity and orientation
sensitivity of magnetic field sensors can equip soft
robotics with advanced spatial awareness, enabling them
to perceive and interact with their surroundings in a more
autonomous and adaptive manner. In biomedicine,
biocompatible and even implantable sensors may offer
real-time physiological monitoring while ensuring safety
and eventual biodegradation. Within environmental
monitoring, large-scale deployment of transient sensors
in natural ecosystems could provide distributed data
acquisition, with the added advantage of natural
decomposition into harmless residues. Collectively, such
developments not only advance the vision of a “smart
society” but also pave the way for a truly “green society”,
where technology and sustainability are synergistically
intertwined.

B AUTHOR INFORMATION
Corresponding Authors
Rui Xu — Institute of Ion Beam Physics and Materials Research,

Helmholtz-Zentrum Dresden-Rossendorf e.V., Dresden 01328,
Germany; Email: rxu@hzdr.de

https://doi.org/10.1021/acs.nanolett.5c05155
Nano Lett. 2026, 26, 679—690


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:r.xu@hzdr.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denys+Makarov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Denys Makarov — Institute of Ion Beam Physics and Materials
Research, Helmholtz-Zentrum Dresden-Rossendorf e.V.,
Dresden 01328, Germany; © orcid.org/0000-0002-7177-
4308; Email: d.makarov@hzdr.de

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.5c05155

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors appreciate insightful discussions with Prof. Oliver
G. Schmidt and Dr. Daniil Karnaushenko (both TU Chemnitz),
Prof. Kornelius Nielsch (Leibniz IFW Dresden), Prof.
Gianaurelio Cuniberti (TU Dresden), Prof. Christoph Leyens
(Fraunhofer IWS Dresden), Dr. Mykola Vinnichenko
(Fraunhofer IKTS Dresden), Prof. Jin Ge (Sun Yat-sun
University), Prof. Minjeong Ha (Gwangju Institute of Science
Technology), Prof. Martin Kaltenbrunner and Prof. Siegfried
Bauer (both JKU Linz), Prof. Michael Dickey and Prof. Joseph
Tracy (both NC State University), Prof. Nian X. Sun
(Northeastern University), Prof. Yongfeng Mei (Fudan
University), Prof. Niko Miinzenrieder and Prof. Luisa Petti
(both University Bolzano), Prof. Leonid Ionov (University
Bayreuth), Prof. Manish K. Tiwari (University College
London), Prof. Sarthak Misra (University Twente), Prof.
Salvador Pane i Vidal and Prof. Bradley Nelson (both ETH
Zurich), Prof. Giuseppe Cantarella (University of Modena and
Reggio Emilia), Prof. Giovanni Finocchio (University of
Messina), and many others. The contribution of the team
members to recent developments of the topic of sustainable
magnetoelectronics including Mr. Lin Guo, Mr. Xiaotao Wang,
Mrs. Olha Bezsmertna, Mr. Pavlo Makushko, Dr. Thor
Veremchuk, Dr. Eduardo Sergio Oliveros-Mata, Dr. Rico Illing,
and Dr. Yevhen Zabila (all HZDR) is greatly appreciated. These
activities benefited from numerous third party funded projects.
The most recent are funded via the German Research
Foundation (DFG; 5144/13-1, MA 5144/28-1), European
Commission (project REGO; ID: 101070066), Federal
Ministry of Education and Research (BMBF; VIP+ program;
project MAG4INK; FKZ: 03VP09091), Helmholtz Association
of German Research Centers in the frame of the Helmholtz
Innovation Lab “FlexiSens”, and ERC grant 3DmultiFerro
(Project number: 101141331).

B REFERENCES

(1) Zheng, C.; Zhu, K.; De Freitas, S. C.; Chang, J. Y.; Davies, J. E.;
Eames, P.; Freitas, P. P.; Kazakova, O.; Kim, C. G.; Leung, C. W.; Liou,
S. H.; Ognev, A.; Piramanayagam, S. N.; Ripka, P.; Samardak, A.; Shin,
K.H,; Tong, S.Y.; Tung, M. ].; Wang, S. X,; Xue, S.; Yin, X.; Pong, P. W.
T. Magnetoresistive Sensor Development Roadmap (Non-Recording
Applications). IEEE Trans. Magn. 2019, SS (4), No. 0800130.

(2) Crescentini, M.; Syeda, S. F.; Gibiino, G. P. Hall-Effect Current
Sensors: Principles of Operation and Implementation Techniques.
IEEE Sens. J. 2022, 22 (11), 10137—10151.

(3) Khan, M. A; Sun, J; Li, B,; Przybysz, A,; Kosel, J. Magnetic
Sensors-A Review and Recent Technologies. Eng. Res. Express 2021, 3
(2), No. 022005.

688

4) Yang, S.; Zhang, J. Current Progress of Magnetoresistance
Sensors. Chemosensors 2021, 9, 211.

(5) Zhy, J.-G. J.; Park, C. Magnetic Tunnel Junctions. Mater. Today
2006, 9 (11), 36—4S.

(6) Elzwawy, A.; Piskin, H.; Akdogan, N.; Volmer, M.,; Reiss, G;
Marnitz, L.; Moskaltsova, A.; Gurel, O.; Jan-Michael, S. Current Trends
in Planar Hall Effect Sensors: Evolution, Optimization, and
Applications. J. Phys. D. Appl. Phys. 2021, 54, No. 353002.

(7) Liu, X; Lam, K. H;; Zhu, K; Zheng, C.; Li, X;; Du, Y,; Liu, C;
Pong, P. W. T. Overview of Spintronic Sensors with Internet of Things
for Smart Living. IEEE Trans. Magn. 2019, 55 (11), No. 0800222.

(8) European Electronic Markets Forecast; 2022. https://www.rer.co.
uk/sites/rer/files/2023-02/EEMF November 2022.

(9) Luo, Y.; Abidian, M. R.; Ahn, J.; Akinwande, D.; Andrews, A. M.;
Antonietti, M.; Bao, Z.; Berggren, M.; Berkey, C. A.; Bettinger, C. J;
Chen, J; Chen, P,; Cheng, W,; Cheng, X,; Choi, S.; Chortos, A,;
Dagdeviren, C.; Dauskardt, R. H.; Di, C.; Dickey, M. D.; Duan, X,;
Facchetti, A.; Fan, Z.; Fang, Y.; Feng, J.; Feng, X.; Gao, H.,; Gao, W,;
Gong, X; Guo, C. F,; Guo, X;; Hartel, M. C;; He, Z.; Ho, J. S,; Hu, Y;
Huang, Q.; Huang, Y.; Huo, F.; Hussain, M. M.; Javey, A.; Jeong, U.;
Jiang, C.; Jiang, X.; Kang, J.; Karnaushenko, D.; Khademhosseini, A.;
Kim, D.; Kim, L; Kireev, D.; Kong, L.; Lee, C.; Lee, N.; Lee, P. S.; Lee,
T,; Li, F; Li, J.; Liang, C.; Lim, C. T.; Lin, Y.; Lipomi, D. J.; Liu, J.; Liu,
K,; Liu, N; Liu, R.; Liu, Y.; Liu, Y.; Liu, Z.; Liu, Z.; Loh, X. J.; Lu, N.; Ly,
Z.; Magdassi, S.; Malliaras, G. G.; Matsuhisa, N.; Nathan, A.; Niu, S,;
Pan, ].; Pang, C,; Pei, Q.; Peng, H.; Qj, D.; Ren, H.; Rogers, ]. A.; Rowe,
A.; Schmidt, O. G; Sekitani, T.; Seo, D.; Shen, G.; Sheng, X.; Shi, Q,;
Someya, T.; Song, Y.; Stavrinidou, E.; Su, M.; Sun, X.; Takei, K,; Tao,
X.; Tee, B. C.K;; Thean, A. V.; Trung, T. Q,; Wan, C.; Wang, H.; Wang,
J; Wang, M.; Wang, S.; Wang, T.; Wang, Z. L.; et al. Technology
Roadmap for Flexible Sensors. ACS Nano 2023, 17 (6), 5211—5295.

(10) Won, D.; Bang, J.; Choi, S. H.; Pyun, K. R.; Jeong, S.; Lee, Y.; Ko,
S. H. Transparent Electronics for Wearable Electronics Application.
Chem. Rev. 2023, 123 (16), 9982—10078.

(11) Parkin, S. S. P.; Roche, K. P.; Suzuki, T. Giant Magnetoresistance
in Antiferromagnetic Co/Cu Multilayers Grown on Kapton. Jpn. J.
Appl. Phys. 1992, 31 (9), L1246—L1249.

(12) Melzer, M.; Makarov, D.; Calvimontes, A.; Karnaushenko, D.;
Baunack, S.; Kaltofen, R.; Mei, Y.; Schmidt, O. G. Stretchable
Magnetoelectronics. Nano Lett. 2011, 11 (6), 2522—2526.

(13) Makushko, P.; Ge, J.; Canon Bermudez, G. S.; Volkov, O.; Zabila,
Y.; Avdoshenko, S.; Illing, R.; Ionov, L.; Kaltenbrunner, M,
Fassbender, J.; Xu, R,; Makarov, D. Scalable Magnetoreceptive E-
Skin for Energy-Efficient High-Resolution Interaction towards
Undisturbed Extended Reality. Nat. Commun. 2025, 16, 1647.

(14) Melzer, M.; Karnaushenko, D.; Lin, G.; Baunack, S.; Makarov,
D.; Schmidt, O. G. Direct Transfer of Magnetic Sensor Devices to
Elastomeric Supports for Stretchable Electronics. Adv. Mater. 2015, 27
(8), 1333—1338.

(15) Bezsmertna, O.; Xu, R; Oliveros Mata, E. S.; Avdoshenko, S.;
Voigt, C.; Mosch, S.; Vinnichenko, M.; Makarov, D. Versatile Green
Transfer of Magnetoelectronics with Loss-Free Performance and High
Adhesion for Interactive Electronics. Adv. Funct. Mater. 2025, 35 (36),
No. 2502947.

(16) Karnaushenko, D.; Makarov, D.; Yan, C.; Streubel, R.; Schmidt,
O. G. Printable Giant Magnetoresistive Devices. Adv. Mater. 2012, 24
(33), 4518—4522.

(17) Ha, M.; Cafién Bermidez, G. S.; Kosub, T.; Ménch, L; Zabila, Y.;
Oliveros Mata, E. S.; Illing, R.; Wang, Y.; Fassbender, J.; Makarov, D.
Printable and Stretchable Giant Magnetoresistive Sensors for Highly
Compliant and Skin-Conformal Electronics. Adv. Mater. 2021, 33 (12),
No. 2005521.

(18) Xu, R; Oliveros Mata, E. S,; Cheng, F.; Pylypovskyi, O. V.;
Zhang, Q; Das, P. T.; Zabila, Y.; Bezsmertna, O.; Yang, J.; Wang, X.;
Lehmann, S.; Guo, L.; Hiibner, R.; Ganss, F.; He, R.; Illing, R.; Nielsch,
K.; Makarov, D. Printed Conformal and Transparent Magnetoresistive
Sensors for Seamless Integration and Environment-Resilient Touchless
Interaction. ACS Nano 2025, 19, 21891—-21903.

https://doi.org/10.1021/acs.nanolett.5c05155
Nano Lett. 2026, 26, 679—690


https://orcid.org/0000-0002-7177-4308
https://orcid.org/0000-0002-7177-4308
mailto:d.makarov@hzdr.de
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05155?ref=pdf
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/JSEN.2021.3119766
https://doi.org/10.1109/JSEN.2021.3119766
https://doi.org/10.1088/2631-8695/ac0838
https://doi.org/10.1088/2631-8695/ac0838
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.1016/S1369-7021(06)71693-5
https://doi.org/10.1088/1361-6463/abfbfb
https://doi.org/10.1088/1361-6463/abfbfb
https://doi.org/10.1088/1361-6463/abfbfb
https://doi.org/10.1109/TMAG.2019.2927457
https://doi.org/10.1109/TMAG.2019.2927457
https://www.rer.co.uk/sites/rer/files/2023-02/EEMF
https://www.rer.co.uk/sites/rer/files/2023-02/EEMF
https://doi.org/10.1021/acsnano.2c12606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c12606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1143/JJAP.31.L1246
https://doi.org/10.1143/JJAP.31.L1246
https://doi.org/10.1021/nl201108b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl201108b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-025-56805-x
https://doi.org/10.1038/s41467-025-56805-x
https://doi.org/10.1038/s41467-025-56805-x
https://doi.org/10.1002/adma.201403998
https://doi.org/10.1002/adma.201403998
https://doi.org/10.1002/adfm.202502947
https://doi.org/10.1002/adfm.202502947
https://doi.org/10.1002/adfm.202502947
https://doi.org/10.1002/adma.201201190
https://doi.org/10.1002/adma.202005521
https://doi.org/10.1002/adma.202005521
https://doi.org/10.1021/acsnano.5c07664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c07664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c07664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(19) Xu, R;; Cafién Bermiidez, G. S.; Pylypovskyi, O. V.; Volkov, O.
M.; Oliveros Mata, E. S.; Zabila, Y; Illing, R.; Makushko, P.; Milkin, P.;
Ionov, L.; Fassbender, J.; Makarov, D. Self-Healable Printed Magnetic
Field Sensors Using Alternating Magnetic Fields. Nat. Commun. 2022,
13 (1), 6587.

(20) Wang, X.; Guo, L.; Makarov, D.; et al. Printed Magnetoresistive
Sensors for Recyclable Magnetoelectronics. J. Mater. Chem. A 2024, 12,
24906—24915.

(21) Kim, D. J.; Kim, B. J.; Shin, H.; Kim, J.; Pu, Y.; Yang, S.; Chen, X;
Park, B. G.; Ahn, J. H.; Yang, H. Bio-Resorbable Magnetic Tunnel
Junctions. Adv. Mater. 2025, 37, No. e07912.

(22) Makarov, D.; Karnaushenko, D.; Schmidt, O. G. Printable
Magnetoelectronics. ChemPhysChem 2013, 14 (9), 1771—1776.

(23) Guo, L; Xu, R; Makarov, D. Printable Magnetoresistive
Sensors : A Crucial Step toward Unconventional Magnetoelectronics.
Chin. J. Struct. Chem. 2025, 44 (2), No. 100428.

(24) Rezaei, B.; Moni, H. E.J.; Karampelas, I. H.; Sharma, A.; Mostufa,
S.; Azizi, E; Liu, X,; Zeng, M.; Gémez-Pastora, J.; He, R,; Wu, K.
Additive Manufacturing of Magnetic Materials for Energy, Environ-
ment, Healthcare, and Industry Applications. Adv. Funct. Mater. 2025,
35 (10), No. 2416823.

(25) Makarov, D.; Melzer, M.; Karnaushenko, D.; Schmidt, O. G.
Shapeable Magnetoelectronics. Appl. Phys. Rev. 2016, 3 (1),
No. 011101.

(26) Melzer, M.; Makarov, D.; Schmidt, O. G. A Review on
Stretchable Magnetic Field Sensorics. J. Phys. D. Appl. Phys. 2020, 53
(8), No. 083002.

(27) Canén Bermidez, G. S.; Makarov, D. Magnetosensitive E-Skins
for Interactive Devices. Adv. Funct. Mater. 2021, 31 (39), No. 2007788.

(28) Hu, L; Zheng, G.; Yao, J,; Liu, N.,; Weil, B.; Eskilsson, M.;
Karabulut, E.; Ruan, Z,; Fan, S.; Bloking, J. T.; McGehee, M. D.;
Wagberg, L; Cui, Y. Transparent and Conductive Paper from
Nanocellulose Fibers. Energy Environ. Sci. 2013, 6 (2), 513—518.

(29) Yang, H,; Li, S.; Wy, Y.; Bao, X.; Xiang, Z.; Xie, Y.; Pan, L.; Chen,
J.; Liu, Y; Li, R. W. Advances in Flexible Magnetosensitive Materials
and Devices for Wearable Electronics. Adv. Mater. 2024, 36,
No. 2311996.

(30) Pan, L; Xie, Y.; Yang, H.; Li, M; Bao, X; Shang, J.; Li, R. W.
Flexible Magnetic Sensors. Sensors 2023, 23 (8), 4083.

(31) Lin, G.; Makarov, D.; Schmidt, O. G. Magnetic Sensing Platform
Technologies for Biomedical Applications. Lab Chip 2017, 17 (11),
1884—1912.

(32) Oliveros-Mata, E. S.; Xu, R.; Guo, L.; Makarov, D. Magnetically
Aware Actuating Composites: Sensing Features as Inspiration for the
next Step in Advanced Magnetic Soft Robotics. Phys. Rev. Appl. 2023,
20 (6), No. 060501.

(33) Janicijevi¢, Z.; Huang, T.; Bojérquez, D. L. S.; Tonmoy, T. H,;
Pané, S.; Makarov, D.; Baraban, L. Design and Development of
Transient Sensing Devices for Healthcare Applications. Adv. Sci. 2024,
11 (20), No. 2307232.

(34) Mostufa, S.; Yari, P.; Rezaei, B.; Xu, K.; Wu, K. Flexible Magnetic
Field Nanosensors for Wearable Electronics: A Review. ACS Appl.
Nano Mater. 2023, 6 (15), 13732—1376S.

(35) Mostufa, S.; Rezaei, B.; Yari, P.; Xu, K.; Gémez-Pastora, J.; Sun,
J; Shi, Z.; Wu, K. Giant Magnetoresistance Based Biosensors for
Cancer Screening and Detection. ACS Appl. Bio Mater. 2023, 6 (10),
4042—4059.

(36) Zhang, J.; Chen, G.;Jin, Z.; Chen, J. A Review on Magnetic Smart
Skin as Human—Machine Interfaces. Adv. Electron. Mater. 2024, 10 (5),
No. 2300677.

(37) Miinzenrieder, N.; Karnaushenko, D.; Petti, L.; Cantarella, G.;
Vogt, C.; Biithe, L.; Karnaushenko, D. D.; Schmidt, O. G.; Makarov, D.;
Troster, G. Entirely Flexible On-Site Conditioned Magnetic Sensorics.
Adv. Electron. Mater. 2016, 2 (8), No. 1600188.

(38) Dai, G.; Zhan, Q;; Liu, Y.; Yang, H.; Zhang, X.; Chen, B.; Li, R. W.
Mechanically Tunable Magnetic Properties of Fe 81Ga 19 Films Grown
on Flexible Substrates. Appl. Phys. Lett. 2012, 100 (12), No. 122407.

(39) Li, M; Yang, H,; Xie, Y.; Huang, K; Pan, L.; Tang, W.; Bao, X;
Yang, Y.; Sun, J.; Wang, X,; Che, S.; Li, R. W. Enhanced Stress Stability

689

in Flexible Co/Pt Multilayers with Strong Perpendicular Magnetic
Anisotropy. Nano Lett. 2023, 23 (17), 8073—8080.

(40) Melzer, M.; Ménch, J. I; Makarov, D.; Zabila, Y.; Bermtdez, G. S.
C.; Karnaushenko, D.; Baunack, S.; Bahr, F.; Yan, C.; Kaltenbrunner,
M.,; Schmidt, O. G. Wearable Magnetic Field Sensors for Flexible
Electronics. Adv. Mater. 2015, 27 (7), 1274—1280.

(41) Chen, Y. F.; Mei, Y.; Kaltofen, R.; Monch, J. I; Schumann, J.;
Freudenberger, J; Klau, H. J.; Schmidt, O. G. Towards Flexible
Magnetoelectronics: Buffer-Enhanced and Mechanically Tunable
GMR of Co/Cu Multilayers on Plastic Substrates. Adv. Mater. 2008,
20 (17), 3224—3228.

(42) Melzer, M,; Lin, G.; Makarov, D.; Schmidt, O. G. Stretchable
Spin Valves on Elastomer Membranes by Predetermined Periodic
Fracture and Random Wrinkling. Adv. Mater. 2012, 24 (48), 6468—
6472.

(43) Wang, Z.; Wang, X.; Li, M; Gao, Y.; Hu, Z; Nan, T.; Liang, X;
Chen, H.; Yang, J; Cash, S; Sun, N. X. Highly Sensitive Flexible
Magnetic Sensor Based on Anisotropic Magnetoresistance Effect. Adv.
Mater. 2016, 28 (42), 9370—9377.

(44) Bedoya-Pinto, A,; Donolato, M.; Gobbi, M;; Hueso, L. E;
Vavassori, P. Flexible Spintronic Devices on Kapton. Appl. Phys. Lett.
2014, 104 (6), No. 062412.

(45) Cafién Bermidez, G. S.; Fuchs, H.; Bischoff, L.; Fassbender, J.;
Makarov, D. Electronic-Skin Compasses for Geomagnetic Field-Driven
Artificial Magnetoreception and Interactive Electronics. Nat. Electron.
2018, 1 (11), 589—595.

(46) Ge, J.; Wang, X; Drack, M; Volkov, O.; Liang, M.; Cafién
Bermudez, G. S; Illing, R; Wang, C; Zhou, S.; Fassbender, J;
Kaltenbrunner, M.; Makarov, D. A Bimodal Soft Electronic Skin for
Tactile and Touchless Interaction in Real Time. Nat. Commun. 2019,
10, 4408S.

(47) Makushko, P.; Oliveros Mata, E. S.; Cafién Bermidez, G. S.;
Hassan, M.; Laureti, S.; Rinaldi, C.; Fagiani, F.; Barucca, G.; Schmidt,
N,; Zabila, Y,; Kosub, T.; Illing, R.; Volkov, O.; Vladymyrskyi, L;
Fassbender, J.; Albrecht, M.; Varvaro, G.; Makarov, D. Flexible
Magnetoreceptor with Tunable Intrinsic Logic for On-Skin Touchless
Human-Machine Interfaces. Adv. Funct. Mater. 2021, 31 (25),
No. 2101089.

(48) Candn Bermidez, G. S.; Karnaushenko, D. D.; Karnaushenko,
D.; Lebanov, A,; Bischoff, L.; Kaltenbrunner, M.; Fassbender, J.;
Schmidt, O. G.; Makarov, D. Magnetosensitive E-Skins with Direc-
tional Perception for Augmented Reality. Sci. Adv. 2018, 4,
No. eaa02623.

(49) Lin, G.; Makarov, D.; Melzer, M.; Si, W.; Yan, C.; Schmidt, O. G.
A Highly Flexible and Compact Magnetoresistive Analytic Device. Lab
Chip 2014, 14 (20), 4050—4058.

(50) Granell, P. N.; Wang, G.; Cafion Bermudez, G. S.; Kosub, T.;
Golmar, F.; Steren, L.; Fassbender, J.; Makarov, D. Highly Compliant
Planar Hall Effect Sensor with Sub 200 NT Sensitivity. npj Flex.
Electron. 2019, 3 (1), 3.

(51) Wang, Z.; Shaygan, M.; Otto, M; Schall, D.; Neumaier, D.
Flexible Hall Sensors Based on Graphene. Nanoscale 2016, 8 (14),
7683—7687.

(52) Satake, Y.; Fujiwara, K.; Shiogai, J.; Seki, T.; Tsukazaki, A. Fe-Sn
Nanocrystalline Films for Flexible Magnetic Sensors with High
Thermal Stability. Sci. Rep. 2019, 9 (1), 3282.

(53) Melzer, M.; Kaltenbrunner, M.; Makarov, D.; Karnaushenko, D.;
Karnaushenko, D.; Sekitani, T.; Someya, T.; Schmidt, O. G.
Imperceptible Magnetoelectronics. Nat. Commun. 2015, 6, 6080.

(54) Li, H; Zhan, Q; Liu, Y;; Liu, L.; Yang, H.; Zuo, Z.; Shang, T ;
Wang, B.; Li, R. W. Stretchable Spin Valve with Stable Magnetic Field
Sensitivity by Ribbon-Patterned Periodic Wrinkles. ACS Nano 2016, 10
(4), 4403—4409.

(55) Pan, L.; Xie, Y.; Yang, H.; Bao, X; Chen, J.; Zou, M.; Li, R. W.
Omnidirectionally Stretchable Spin-Valve Sensor Array with Stable
Giant Magnetoresistance Performance. ACS Nano 2025, 19, 5699—
5708.

(56) Lugoda, P.; Oliveros-Mata, E. S.; Marasinghe, K.; Bhaumik, R.;
Pretto, N.; Oliveira, C; Dias, T.; Hughes-Riley, T.; Haller, M,;

https://doi.org/10.1021/acs.nanolett.5c05155
Nano Lett. 2026, 26, 679—690


https://doi.org/10.1038/s41467-022-34235-3
https://doi.org/10.1038/s41467-022-34235-3
https://doi.org/10.1039/D4TA02765E
https://doi.org/10.1039/D4TA02765E
https://doi.org/10.1002/adma.202507912
https://doi.org/10.1002/adma.202507912
https://doi.org/10.1002/cphc.201300162
https://doi.org/10.1002/cphc.201300162
https://doi.org/10.1016/j.cjsc.2024.100428
https://doi.org/10.1016/j.cjsc.2024.100428
https://doi.org/10.1002/adfm.202416823
https://doi.org/10.1002/adfm.202416823
https://doi.org/10.1063/1.4938497
https://doi.org/10.1088/1361-6463/ab52cf
https://doi.org/10.1088/1361-6463/ab52cf
https://doi.org/10.1002/adfm.202007788
https://doi.org/10.1002/adfm.202007788
https://doi.org/10.1039/C2EE23635D
https://doi.org/10.1039/C2EE23635D
https://doi.org/10.1002/adma.202311996
https://doi.org/10.1002/adma.202311996
https://doi.org/10.3390/s23084083
https://doi.org/10.1039/C7LC00026J
https://doi.org/10.1039/C7LC00026J
https://doi.org/10.1103/PhysRevApplied.20.060501
https://doi.org/10.1103/PhysRevApplied.20.060501
https://doi.org/10.1103/PhysRevApplied.20.060501
https://doi.org/10.1002/advs.202307232
https://doi.org/10.1002/advs.202307232
https://doi.org/10.1021/acsanm.3c01936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.3c01936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.3c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.3c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aelm.202470018
https://doi.org/10.1002/aelm.202470018
https://doi.org/10.1002/aelm.201600188
https://doi.org/10.1063/1.3696887
https://doi.org/10.1063/1.3696887
https://doi.org/10.1021/acs.nanolett.3c02047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c02047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c02047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201405027
https://doi.org/10.1002/adma.201405027
https://doi.org/10.1002/adma.200800230
https://doi.org/10.1002/adma.200800230
https://doi.org/10.1002/adma.200800230
https://doi.org/10.1002/adma.201201898
https://doi.org/10.1002/adma.201201898
https://doi.org/10.1002/adma.201201898
https://doi.org/10.1002/adma.201602910
https://doi.org/10.1002/adma.201602910
https://doi.org/10.1063/1.4865201
https://doi.org/10.1038/s41928-018-0161-6
https://doi.org/10.1038/s41928-018-0161-6
https://doi.org/10.1038/s41467-019-12303-5
https://doi.org/10.1038/s41467-019-12303-5
https://doi.org/10.1002/adfm.202170184
https://doi.org/10.1002/adfm.202170184
https://doi.org/10.1002/adfm.202170184
https://doi.org/10.1126/sciadv.aao2623
https://doi.org/10.1126/sciadv.aao2623
https://doi.org/10.1039/C4LC00751D
https://doi.org/10.1038/s41528-018-0046-9
https://doi.org/10.1038/s41528-018-0046-9
https://doi.org/10.1039/C5NR08729E
https://doi.org/10.1038/s41598-019-39817-8
https://doi.org/10.1038/s41598-019-39817-8
https://doi.org/10.1038/s41598-019-39817-8
https://doi.org/10.1038/ncomms7080
https://doi.org/10.1021/acsnano.6b00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c15964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c15964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Miinzenrieder, N.; Makarov, D. Submersible Touchless Interactivity in
Conformable Textiles Enabled by Highly Selective Overbraided
Magnetoresistive Sensors. Commun. Eng. 2025, 4 (1), 33.

(57) Zhang, W.; Guo, Q.; Duan, Y.; Xing, C.; Peng, Z. A Textile
Proximity/Pressure Dual-Mode Sensor Based on Magneto-Straining
and Piezoresistive Effects. IEEE Sens. J. 2022, 22 (11), 10420—10427.

(58) Becker, C.; Bao, B.; Karnaushenko, D. D.; Bandari, V. K.; Rivkin,
B.,; Li, Z.; Faghih, M.; Karnaushenko, D.; Schmidt, O. G. A New
Dimension for Magnetosensitive E-Skins: Active Matrix Integrated
Micro-Origami Sensor Arrays. Nat. Commun. 2022, 13 (1), 2121.

(59) Ha, M.; Canén Bermtdez, G. S.; Liy, J. A. C.; Oliveros Mata, E.
S.; Evans, E. E,; Tracy, J. B,; Makarov, D. Reconfigurable Magnetic
Origami Actuators with On-Board Sensing for Guided Assembly. Adv.
Mater. 2021, 33 (25), No. 2008751.

(60) Xu, H.;; Wu, S.; Liu, Y,; Wang, X,; Efremov, A. K; Wang, L.;
McCaskill, J. S.; Medina-Sdnchez, M.; Schmidt, O. G. 3D Nano-
fabricated Soft Microrobots with Super-Compliant Picoforce Springs as
Onboard Sensors and Actuators. Nat. Nanotechnol. 2024, 19 (4), 494—
503.

(61) Ota, S.; Ando, A.; Sekitani, T.; Koyama, T.; Chiba, D. Flexible
CoFeB/MgO-Based Magnetic Tunnel Junctions Annealed at High
Temperature (>350 °c). Appl. Phys. Lett. 2019, 115 (20), No. 202401.

(62) Chen, J. Y.; Lay, Y. C; Coey, J. M. D.; Li, M.; Wang, J. P. High
Performance MgO-Barrier Magnetic Tunnel Junctions for Flexible and
Wearable Spintronic Applications. Sci. Rep. 2017, 7, 42001.

(63) Amara, S.; Sevilla, G. A. T.; Hawsawi, M.; Mashraei, Y.;
Mohammed, H.; Cruz, M. E; Ivanov, Y. P.; Jaiswal, S.; Jakob, G.; Kldui,
M.; Hussain, M.; Kosel, J. High-Performance Flexible Magnetic Tunnel
Junctions for Smart Miniaturized Instruments. Adv. Eng. Mater. 2018,
20 (10), No. 1800471.

(64) Carlson, A.; Bowen, A. M.; Huang, Y.; Nuzzo, R. G.; Rogers, J. A.
Transfer Printing Techniques for Materials Assembly and Micro/
Nanodevice Fabrication. Adv. Mater. 2012, 24 (39), 5284—5318.

(65) Kim, D. H; Lu, N.; Ghaffari, R;; Rogers, J. A. Inorganic
Semiconductor Nanomaterials for Flexible and Stretchable Bio-
Integrated Electronics. NPG Asia Mater. 2012, 4 (4), No. elS.

(66) Yoon, J.; Lee, S. M.; Kang, D.; Meitl, M. A.; Bower, C. A.; Rogers,
J. A. Heterogeneously Integrated Optoelectronic Devices Enabled by
Micro-Transfer Printing. Adv. Opt. Mater. 2015, 3 (10), 1313—1335.

(67) Huang, K;; Xie, Y.; Yang, H.; Li, M.; Pan, L.; Bao, X.; He, Z.; Li,
W.; Li, R. W. Preparation and Physical Properties of Stretchable FeRh
Films with Periodic Wrinkle Structure. Adv. Mater. Interfaces 2023, 10
(12), No. 2202487.

(68) Du, D.; Manzo, S.; Zhang, C.; Saraswat, V.; Genser, K. T.; Rabe,
K. M,; Voyles, P. M.; Arnold, M. S.; Kawasaki, J. K. Epitaxy, Exfoliation,
and Strain-Induced Magnetism in Rippled Heusler Membranes. Nat.
Commun. 2021, 12 (1), 2494.

(69) Kum, H. S; Lee, H.; Kim, S.; Lindemann, S ; Kong, W.; Qiao, K;;
Chen, P; Irwin, J.; Lee, J. H.; Xie, S.; Subramanian, S.; Shim, J.; Bae, S.
H.; Choi, C.; Ranno, L.; Seo, S.; Lee, S.; Bauer, J; Li, H.; Lee, K;
Robinson, J. A;; Ross, C. A.; Schlom, D. G.; Rzchowski, M. S.; Eom, C.
B.; Kim, J. Heterogeneous Integration of Single-Crystalline Complex-
Oxide Membranes. Nature 2020, 578 (7793), 75—81.

(70) Donolato, M.; Tollan, C.; Porro, J. M.; Berger, A.; Vavassori, P.
Flexible and Stretchable Polymers with Embedded Magnetic
Nanostructures. Adv. Mater. 2013, 25 (4), 623—629.

(71) Lee, C. H.; Kim, J. H.; Zou, C.; Cho, L. S.; Weisse, J. M.; Nemeth,
W.; Wang, Q.; Van Duin, A. C. T,; Kim, T. S.; Zheng, X. Peel-And-
Stick: Mechanism Study for Efficient Fabrication of Flexible/
Transparent Thin-Film Electronics. Sci. Rep. 2013, 3, 2917.

(72) Zhang, Y.; Shen, L.; Liu, M.; Li, X.; Ly, X.; Lu, L.; Ma, C.; You, C.;
Chen, A.; Huang, C.; Chen, L.; Alexe, M.; Jia, C. L. Flexible Quasi-Two-
Dimensional CoFe204 Epitaxial Thin Films for Continuous Strain
Tuning of Magnetic Properties. ACS Nano 2017, 11 (8), 8002—8009.

(73) Shen, L.; Wy, L.; Sheng, Q.; Ma, C.; Zhang, Y.; Lu, L.; Ma, ].; Ma,
J.; Bian, J,; Yang, Y,; Chen, A,; Lu, X,; Liu, M.; Wang, H.; Jia, C. L.
Epitaxial Lift-Off of Centimeter-Scaled Spinel Ferrite Oxide Thin Films
for Flexible Electronics. Adv. Mater. 2017, 29 (33), No. 1702411.

690

(74) Ly, Z.; Liy, J.; Feng, J.; Zheng, X,; Yang, L. H; Ge, C,; Jin, K. J;
Wang, Z.; Li, R. W. Synthesis of Single-Crystal La0.675r0.33MnO3-
freestanding Films with Different Crystal-Orientation. APL Mater.
2020, 8 (5), 6—12.

(75) An, F,; Qu, K; Zhong, G.; Dong, Y.,; Ming, W.; Zi, M.; Liu, Z.;
Wang, Y,; Qi, B.; Ding, Z.; Xu, J.; Luo, Z.; Gao, X,; Xie, S.; Gao, P.; Li, J.
Highly Flexible and Twistable Freestanding Single Crystalline Magnet-
ite Film with Robust Magnetism. Adv. Funct. Mater. 2020, 30 (31),
No. 2003495.

(76) Loong, L. M.; Lee, W.; Qiu, X.; Yang, P.; Kawai, H.; Saeys, M.;
Ahn, J. H,; Yang, H. Flexible MgO Barrier Magnetic Tunnel Junctions.
Adv. Mater. 2016, 28 (25), 4983—4990.

(77) Karnaushenko, D.; Makarov, D.; Stéber, M.; Karnaushenko, D.
D.; Baunack, S.; Schmidt, O. G. High-Performance Magnetic Sensorics
for Printable and Flexible Electronics. Adv. Mater. 2015, 27 (5), 880—
885.

(78) Cox, B.; Davis, D.; Crews, N. Creating Magnetic Field Sensors
from GMR Nanowire Networks. Sensors Actuators, A Phys. 2013, 203,
335-340.

(79) Oliveros Mata, E. S.; Canén Bermitdez, G. S.; Ha, M.; Kosub, T.;
Zabila, Y.; Fassbender, J.; Makarov, D. Printable Anisotropic Magneto-
resistance Sensors for Highly Compliant Electronics. Appl. Phys. A
Mater. Sci. Process. 2021, 127 (4), 280.

(80) Oliveros-Mata, E. S.; Voigt, C.; Cafién Bermidez, G. S.; Zabila,
Y.; Valdez-Gardufio, N. M.; Fritsch, M.; Mosch, S.; Kusnezoff, M.;
Fassbender, J.; Vinnichenko, M.; Makarov, D. Dispenser Printed
Bismuth-Based Magnetic Field Sensors with Non-Saturating Large
Magnetoresistance for Touchless Interactive Surfaces. Adv. Mater.
Technol. 2022, 7 (10), No. 2200227.

(81) Kaidarova, B. A.; Liu, W.; Swanepoel, L.; Almansouri, A.; Geraldi,
N. R;; Duarte, C. M,; Kosel, J. Flexible Hall Sensor Made of Laser-
Scribed Graphene. npj Flex. Electron. 2021, S (1), 2.

(82) Remadevi, A.; Kesavapillai Sreedeviamma, D.; Surendran, K. P.
Printable Hierarchical Nickel Nanowires for Soft Magnetic Applica-
tions. ACS Omega 2018, 3 (10), 14245—14257.

(83) Gupta, P.; Karnaushenko, D. D.; Becker, C.; Okur, 1. E.; Melzer,
M.; Ozer, B.; Schmidt, O. G.; Karnaushenko, D. Large Scale Exchange
Coupled Metallic Multilayers by Roll-to-Roll (R2R) Process for
Advanced Printed Magnetoelectronics. Adv. Mater. Technol. 2022, 7
(11), No. 2200190.

(84) Kang, J.; Tok, J. B. H.; Bao, Z. Self-Healing Soft Electronics. Nat.
Electron. 2019, 2 (4), 144—150.

(85) Gong, C,; Li, L,; Li, Z,; Ji, H.; Stern, A,; Xia, Y.; Cao, T.; Bao, W.;
Wang, C.; Wang, Y.; Qiu, Z. Q; Cava, R. J,; Louie, S. G.; Xia, J.; Zhang,
X. Discovery of Intrinsic Ferromagnetism in Two-Dimensional van Der
Waals Crystals. Nature 2017, 546 (7657), 265—269.

(86) Jia, Z.; Zhao, M.; Chen, Q; Tian, Y.; Liu, L.; Zhang, F.; Zhang,
D,; Ji, Y,; Camargo, B.; Ye, K; Sun, R.; Wang, Z.; Jiang, Y. Spintronic
Devices upon 2D Magnetic Materials and Heterojunctions. ACS Nano
2025, 19 (10), 9452—9483.

(87) Jiang, X.; Liu, Q; Xing, J.; Liu, N.; Guo, Y.; Liu, Z.; Zhao, J.
Recent Progress on 2D Magnets: Fundamental Mechanism, Structural
Design and Modification. Appl. Phys. Rev. 2021, 8 (3), No. 03130S.

https://doi.org/10.1021/acs.nanolett.5c05155
Nano Lett. 2026, 26, 679—690


https://doi.org/10.1038/s44172-025-00373-x
https://doi.org/10.1038/s44172-025-00373-x
https://doi.org/10.1038/s44172-025-00373-x
https://doi.org/10.1109/JSEN.2022.3168068
https://doi.org/10.1109/JSEN.2022.3168068
https://doi.org/10.1109/JSEN.2022.3168068
https://doi.org/10.1038/s41467-022-29802-7
https://doi.org/10.1038/s41467-022-29802-7
https://doi.org/10.1038/s41467-022-29802-7
https://doi.org/10.1002/adma.202008751
https://doi.org/10.1002/adma.202008751
https://doi.org/10.1038/s41565-023-01567-0
https://doi.org/10.1038/s41565-023-01567-0
https://doi.org/10.1038/s41565-023-01567-0
https://doi.org/10.1063/1.5128952
https://doi.org/10.1063/1.5128952
https://doi.org/10.1063/1.5128952
https://doi.org/10.1038/srep42001
https://doi.org/10.1038/srep42001
https://doi.org/10.1038/srep42001
https://doi.org/10.1002/adem.201800471
https://doi.org/10.1002/adem.201800471
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1038/am.2012.27
https://doi.org/10.1038/am.2012.27
https://doi.org/10.1038/am.2012.27
https://doi.org/10.1002/adom.201500365
https://doi.org/10.1002/adom.201500365
https://doi.org/10.1002/admi.202202487
https://doi.org/10.1002/admi.202202487
https://doi.org/10.1038/s41467-021-22784-y
https://doi.org/10.1038/s41467-021-22784-y
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1002/adma.201203072
https://doi.org/10.1002/adma.201203072
https://doi.org/10.1038/srep02917
https://doi.org/10.1038/srep02917
https://doi.org/10.1038/srep02917
https://doi.org/10.1021/acsnano.7b02637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201702411
https://doi.org/10.1002/adma.201702411
https://doi.org/10.1063/1.5145029
https://doi.org/10.1063/1.5145029
https://doi.org/10.1002/adfm.202003495
https://doi.org/10.1002/adfm.202003495
https://doi.org/10.1002/adma.201600062
https://doi.org/10.1002/adma.201403907
https://doi.org/10.1002/adma.201403907
https://doi.org/10.1016/j.sna.2013.08.035
https://doi.org/10.1016/j.sna.2013.08.035
https://doi.org/10.1007/s00339-021-04411-1
https://doi.org/10.1007/s00339-021-04411-1
https://doi.org/10.1002/admt.202270067
https://doi.org/10.1002/admt.202270067
https://doi.org/10.1002/admt.202270067
https://doi.org/10.1038/s41528-021-00100-4
https://doi.org/10.1038/s41528-021-00100-4
https://doi.org/10.1021/acsomega.8b01422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b01422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admt.202200190
https://doi.org/10.1002/admt.202200190
https://doi.org/10.1002/admt.202200190
https://doi.org/10.1038/s41928-019-0235-0
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1021/acsnano.4c14168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c14168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0039979
https://doi.org/10.1063/5.0039979
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

