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Figure 2. Types of magnetic materials. Magnetic materials can be classified based on their

principles into soft magnetic, hard magnetic, and superparamagnetic.
2.2 WEEAEL: WS SRR R HO R 37 R S BT

(1) FARJ5H

LM B AR ARAC 5 T R FUR R0 — JS8ml Ak it bt &
I8 BB WAEASERE (Ms) A IR S 2, ERE (M) R



71 (He) 1R/, BIMAESN Ik T LI /NIRRT R 28 . XM BHESMTRI K
LY, TR Re G PR BE AR A 77 ) ERTHES, BRI A R A A i R FEAR R . 3
SRR R R AR S S T R S A D) B R BRI M

(2) H WATEIE Y ) &R AE

WA B AR R L FE L & SRR KIS ikEN (Fe-Si &40
T WA AR, BN R T o S i 0, B 72 R AR R 2%
B MBI T, TISEa 4 (T9%WNi-Fe &4 BA M m LS R AL /1,
FE L WORIORS 2 R A IR O BB R} s HRANIEAT Fe-Co Ar4x. il T 3 IR R
A SRR A a5, B I RO VR KO SOTE BRSSO D
TR ) S R REET L, AT B R B o R SO R S A e
(Mn—Zn) FIEREE (Ni-Zn) BREEER, ‘BAT T2 H BESR B2 ke A0, HPH =R &
TRIRBREAR, EATESA NEH, RIF RIS SR b it H AR
Vo AR R 2 R R S R . — 5T, R BRI . AT
FAEE VAT DA B HAE SR M MORL BRI F AR R R, o skl &5 72 PT S 11y
NiFe &4, FeGa &4 MMESE, IXLLHHRLE CRRFECTLIE RE 1 R H % w2 il
REPE™ s ST, R EREORL BRANR ORI N S (At 08 AR, Qe Bk
BRAMORL 7 BT REAG S R P AT R R BRI 5 P T RSO I B 4 CRIIA
AR g T X T R AR SRR R R A O T RE . B,
FOAE TR ) S ME AR TR Fe—Ga WML, FREUS IRAT T RE 45 E5 W IRV ER A TR, A
K 7 AR s 3 TR R ELRI AR, REAE NI R b A K 1 v i
JRR T 22 2 M S 2 S U 75 38 P A I L, 1) Pl e I 8 P S e e e
Pk 2 A Ik

(3) FEIRe

EREAA BHE VRS v 32 70 2 v R U 3 SRR S A il 3 5] R T e A
T H G RAACRAYE SRR e 0 SR N0 8188 L A0 58 1 1 12 2 e 3l A ez
DRI T e P S PR A TR A BBURR TG o 9, Sk R B (GMR) R 38 i L (TMR)
e SRR T B A S R 2 RS A SR e I A2 0O 2 R A g i) A
NS, FECRBEAR A, AT S AR FEE AT o e R SRR S B BTE SR M
JEC b TT DA R B E B kS S Bt T A A R AR AR, FE TR R A



RS I AN AE WIREAS S A AR o BRREMRLE W] BT M e R AR R 2R e
LU an e Sk B R b AR BN — SR R A RS, RS T TR R B
FURKAEL RIS DRI R, AR S M O 2R 78 2R BB . S RFID RZR%E™ . 4k,
AR RSP 4R Pt mT DLTE M AR A b i AR o SRS B (i
Fe-Ga #4) TEZ PP BEAGHRIE 224, X — 0 RGBS O8N T 5 F e AR
ghty, MIRSBEEN AL RS, T IR S R A AT A R R R A R
PR F rh RTS8 — A 10 R, BOHUBRRE ) A A 2 I N RS R 25 ) e, AT 5%
M BRI RE . PRI, fERMES R, W R ELEN A B0 (R RRE BT
bk ) BURDRI SO (R A EEUR 4 R BUNE 8D RIRGS R TR, LARIE
W TCAE R YR HERERR €
2.3 TEREATRL: EFIE S VI RAEREAL Y 9 BRLTR

(1) FARJ5H

TR AL RL R R0 7 e« TR 5 ) Bk W SO R A L, 30 R Ay 7k AT
AP X AR T iy 1] 2 52 3058 110 77 1R (RRRAE . 75 SRR I IR ) il A e V8
BRILHEE (& He) , M BIMETE LA I AR RS B RGBS (| M) o Al
WEAE R R — B A 2 A, 3t B AE AR BN B] A SR AR B IR, S S oh 5t
TR LM BB AT SMINBAIC T s, AR B AR R AR, X
BWRE E S o HBR I — e g s B, el aE K R e i3 -

(2) 5 WA EIEAY 5 ] 25 R AE

BEREAT R R A5 68 & S MBS M LRSS . 5 LI & A BN
(RIS SR« AINiCo B4 (Ba-8-8i6 8D &, XM B
MR AR IR =, AT EAESF, 2 H TAGR. bld . SRR AR B 2 e
VRGBS, AH T DA B B T B O R 5 A ORGS0 R VR R, X PR 4
KR BB ARREVE RE IR A A BT A, (HETE R mT 3l TRBT & R BAR, &
£ R TS RO REAAR ™ o s L AR A R 2 i R e v (R R R R, (AR A
&4 (SmCo5, Sm2Col7) AR (Nd2Fe14B) 45 . 3 ZRRGARE & fatE A, XN /7
AUk, RN FZERZERY . A TR TH—EF1M, %4 NdFeB 5 SnCo &
G PR I UK R MR oK Gl oy s e vk s S5 A RIS 9K B kD, 7
TR I A SAG G 1) B R o Kl 45 NdFeB i T LATE & 4% P AR B S 1 45 40 R 42 it A



SR, R TR MR R I T S U0 IR AESRIE A W SR A 3D 4T B R
WS TG, BEAT O @ SRRk, A T v f T I Rl

(3) FEIhE

TEREE AR EVE ST T AR O 35 R RN 4R 44 B KRGS S RIS . —
JITH, MK REAR WA 9 T0 75 A B E WA, T T 2 SR AL Rk SRR At AR
B, T HRVERAL AR SN ARSI R 703, S Bl e A B 25 10,
M B ARSE B HAERE I FR AL P o FERERI T R, BRI AR AR B 51 RN
S R TR IR B WA SRR AR L S RT3 B30 B P — A A T LA A S R
BB RN o 5T, RERESURL AT R ARG, EANINREIS e A R
TG 776 s 4% 1) S M R AL 2 AL L 1) AT T AR REAL, WTHE SR T TR A )
FIRAR IR AT, SRR E SRR R AR E TR, R LA N S BB 2% (1
FHSEIE" . T e, TR RHE T T St/ B8 2, 0 G m] 7R MR AL 2 A
Hii N NdFeB BEVRIE I R SN AR I8 30 ™ DL A3 4 25 B Hp R F 38K
REBR LIRS IR K TR P RS v S AORE R N A B TR THE
RS FRIE . SICRIR, RSV RR IR YE R S S R R AU . B
G I TG PTSRAT & ) e P SR M R AR AR BE AR S R 3, (R R e i R o Y
SRMA 5 IRE) IR, MRS ke e, RIkH RN (B
WP SRR, WEA G el ) Bl At RAHEERT A PR H NdFeB %
TEEREATRL T 2 B, & THEE L 525 AR R PR S VAT 2 TR FH 1 2 )
2.4 BNTHEATEE: QIR R BRI N5 AR WY RE RN

(1) FEAJH B

T ORI T A ) e 8 AE A e RSV TR A 3 T EH R R A AT D I — SR A L
FEWEE, EATAMES A R S A (e — Mo is s B LA =g |
U IE G E LB W R F N, i P e % . [ —Fhkp e,
DRIURE P e 2 8 ARk TR D, T /N 31— s ST it o AR DB il CJC e )
DR S MU A — P AR R AR, T RSH 28080 (R RR R 3 g 23

(2) 5 WA R EY 5 ] 25 RFAE

SEIER NGRE A 1) S BEAE TR0k RS sl AN R T ol v o MRE T, Bk An Al
By BN WA IR BHERE . B, Fe304 1y —Fe203 4N F7E % i



TG FEALTY 20 nm oA, ART RS IS R I H R BBk Bl DRI
B SEIEE R, ISR SN, — AR 2 % N RS BB RS AR AL . i
T YRR 5 A1 58 T UK SRS DT 5 26 REAT g, 1) 46 B o 8 e VR A
TP AR — SR e I ORE . LY ) 46 7 IR A L TRV L KRG
B O A LR IRAR S, AT RS )4 AP E AN K b o D T 7 LR
FAVE R 2R, SE T REAT RS W A Lo 80T e 4 I E R 2 T
TR R, RAtE BT AL AR 7y, R e e . XRE TR
A, 1 RN R 20 KL B A o A7 AE TR R T BB CREIRAAD |, BB 2 3
B ma T R GR E A

(3) FEIhhe

FRNGUR M A B R B 5 A By 7 vh AR 34 ok B HOOB IR . o
IR SRR BT A R AN IR B WA, B 4 K RRL 2 [8] JL-F- I A RF St
W51 71, A Gy A SRR, DRI & &K & T A 55 23 0 U B NS B
X — SUTE AR A S T Ry S, 51 R S8 A R R R v P - 413 e e
[ 1% B MRI X U358, WU JE A5 (AR T v SR &, e atEsm™ v,
[FIy, FEASAR W E T, B R ROk T d ik Wl e RO R A 7 AR AN, T 3.
M AR s 0 S AT B i R 2 s R Y . TR A R, R R LAAR
TR TR AE B AS T IR AR SERA BUR FR I ARIRAS , IR 22 AF - ThRg sk
“EERISCREIRAE, W SRR R AN CRnBE R 61 5T T AR R, UL 6 5T R
MR 5D, BUHT MER SR A ER .
3 AARMEMEEEERE: ZHBENHNS S REAHA

BT AA R A A DA [ ST 3 v B e 82> R < T AT LA 14> Py S B 2
K, BRGSO F AR ARE S E 17 AT F B OS2 . B S mivEdt el
ARGV AU SKBE RS TR 5 NAERE . RGBT oy, as
G TS MAM BT, K- -2 VBT s S, FNERR%
A S T TN B i 3 T 54 S i 49,
3.1 BEHMEMEEER S TRENLH

FANEMENE BT A% OAE T B A HEEATRL, B B It D ge AR FAth T g el 2
JEABHE HUSE U U 2 AR AR 2R o XA RMA 2 B R D 36 23140 G L g g A



ZUReRetE: BRI S L G 0. B EMEAFRDIRRA S E S, 1T
SEPLEL— M RLTAS B A& I RIS, « A EVEA RIE SN AR T R R DL R &
(OB N, B LA S B R (K N B BB R . E A TEYEM R AR 2,
R e mm it tt, WSRTIREMEEYE, T LAy L NI e85,

BER S A RRE: X P RPREREMEAR 5 A f/ R F AR S A, R FE AR 8] 1 82
O S OURE- R A Ih B . SRR R R ARSI SR MR 5 2k i/ P R IR) 22 37 137
JIAE I s A AL RS BT 4 RE T AR T R A T FAE P A T CELRR R AR
Ri) ez AN el s e R AR P R A R B (AR« RS
MORER] SRS A B35 (5 5 X e 4, 76 B BERE AR AERHISCER S 77 TH LA Ak
A (B 3AD B, ST SRASHCHR ARG B RS & R, MRS TT T3 4 4 S
(R 2R A R & (L 3B) W71, FE o b ide 5 R 8 W) R B 5 ¥k 2 7 T 1L
AN B RS DA % T2 S R S, LASEBLREAR 5 HUAH )
FIER (& 3C) 18,

K3, R E MR (A) EH/AMEMRALHE RE R RESRATEY; (B) MEIREREHE S HIRENL
HUR FBBLEY (C) N LREH 57 BT 45 141481,

Figure 3. Magneto-electric composite materials. (A) Piezoelectric/elastic phase magneto-electric

energy harvesting device*]; (B) Magneto-electric generator powered by environmental magnetic

energy®; (C) Artificial magneto-electric heterostructurel*8,
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Figure 4: Magnetic-optical composite materials and magnetic-machine composite materials. (A)
Magnetic-targeted luminescent magnetic nanoparticles for deep tumor imaging>%); (B) Photo-
controllable photovoltaic/magnetic thin-film heterojunction?; (C) Soft magnetic-electric
materials with extremely strong self-polarized magnetoelectric effect®’); (D) Permanent fluid

material based on non-Brownian magnetic particles(®".
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Figure 5. Magnetic thermal and magnetic biological composite materials (A) Induced heating
based on magnetic nanoparticles for the application of tumor hyperthermia in provincial
hospitals!®¥); (B) Implantable strain monitoring application based on ultra-flexible bio-
composite magnetic hydrogel®®; (C) Force-stimulating cell scaffold based on natural

biological materials combined with magnetic hydrogel(¢”’.
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Figure 6. Flexible magnetic devices fabricated through atomic layer deposition and film
construction. (A) Omnidirectional stretchable spin valve flexible sensorl’l; (B) Scheme for
preparing nano-magnetic films on natural biomaterial substrates!’”); (C) Force-stimulated cell
scaffold based on natural biomaterial composite magnetic hydrogel®”); (D) Co/Cu multilayer

GMR device achieved through a mechanically adjustable buffer flexible substratel’8.
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Figure 7. are used to fabricate magnetic-sensitive electronic skin. (A) 3D-printed attachable
magnetic-sensitive electronic skinl® 26l; (B) Single-chip acrylic wafer electronic skin constructed
through micro-nano manufacturing for position sensing®*; (C) Self-powered electronic skin that
realizes motion sensing through human-computer interaction!'?l; (D) Magnetic-sensitive electronic

skin that locates and navigates by sensing the Earth's magnetic field*".
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Figure 8. Flexible magnetic sensors for human health monitoring. (A) Silk-based magnetic
sensitive composite film enables flexible attachment and collection of human motion signals!®®;
(B) Flexible magnetic sensor based on silk and NiCo realizes joint motion monitoring(®4]; (C)
Implantable flexible magnetic sensor is used for spinal motion monitoring!®?); (D) Wearable
flexible magnetic sensor monitors physical and biochemical quantities such as liquid viscosity and

environmental pressurel®!.
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Figure 9. Flexible magnetic sensors for tactile sensing. (A) Soft magnetic skin is used for ultra-
resolution tactile sensing and to achieve force self-coupling functionality™!); (B) Soft magnetic
electronic skin realizes real-time tactile perception and contactless interaction®®; (C) Wireless
flexible magnetic tactile sensor with large-area ultra-resolution®®; (D) Magnetic resistance textiles

are used for tactile sensing and motion monitoring!!'7].
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Figure 10. Flexible magnetic sensors are used in the manufacturing of intelligent robots. (A)
Flexible magnetic robots are used for on-demand directional adhesion for treating gastrointestinal

diseases?®l; (B) Flexible magnetic sensors are used to fabricate multifunctional robotic arms!?%;

b

(C) Flexible magnetic robots are used for multimodal movement!!%],
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Abstract

Flexible electronics are transforming sensing, actuation, and human - machine
interaction from rigid, planar platforms into compliant systems that can conform to skin,
soft tissues, and complex curvilinear surfaces. Within this rapidly evolving field,
magnetic-material-based flexible devices have attracted increasing attention because
they offer several capabilities that are difficult to achieve simultaneously with
conventional resistive, capacitive, piezoelectric, or optical approaches, including
remote readout, tolerance to encapsulation and intervening media, programmable field
distributions, and robust operation in sealed, wet, contaminated, or sterile environments.
These unique features make magnetic flexible systems particularly attractive for
wearable monitoring, electronic skin, tactile interfaces, biomedical devices, and soft
robotics. However, their development is fundamentally constrained by the intrinsic
tension between magnetic performance and mechanical compliance: materials with
strong and stable magnetic responses are often rigid or brittle, whereas highly

deformable matrices tend to dilute, destabilize, or complicate magnetic functionality.

This review provides a systematic overview of recent progress in magnetic-material-
enabled flexible devices through an integrated framework spanning material systems,

manufacturing strategies, and application scenarios. First, we summarize the magnetic



material platforms used in flexible systems, including soft magnetic materials for flux
guidance, field concentration, and low-coercivity sensing; hard magnetic composites
for remanent field generation, information encoding, and magnetic torque output; and
superparamagnetic nanoparticles for nanoscale magnetic manipulation, magnetic
heating, and biomedical compatibility. Their distinct magnetic response mechanisms
are discussed in relation to deformation tolerance, signal stability, and device function.
Second, we compare the major manufacturing routes for flexible magnetic devices,
including particle mixing and casting for bulk composites, thin-film deposition and
transfer integration for high-performance magnetic layers, as well as
micro/nanostructuring and additive manufacturing for programmable architectures.
Particular attention is paid to critical engineering issues such as particle dispersion,
interfacial adhesion, stress transfer, magnetic anisotropy evolution, encapsulation, and
the long-term reliability of devices under repeated bending, stretching, and cyclic

loading.

We further analyze representative applications in four major categories: magnetic
electronic skin for sealed touch and touchless interaction, health monitoring systems
for wireless or low-power biomechanical signal acquisition, tactile interfaces capable
of multidimensional force reconstruction, and magnetically actuated soft robotic
systems for remote and spatially selective control. Beyond these major directions,
emerging applications in electromagnetic functional materials, industrial inspection,
and biointegrated systems are also highlighted. Across these examples, a common
theme emerges: magnetic flexible devices are most powerful when their material
response, structural design, and readout strategy are co-optimized rather than developed
independently. In particular, programmable magnetization, distributed magnetic
architectures, and data-assisted signal decoding are becoming increasingly important
for improving sensitivity, decoupling capability, environmental robustness, and

scalability.

Overall, this review shows that magnetic flexible devices represent not merely a



magnetic extension of conventional flexible electronics, but a distinct technological
route with unique physical advantages and system-level possibilities. At the same time,
several bottlenecks remain before broad practical deployment can be achieved,
including the difficulty of simultaneously maximizing magnetic functionality and
softness, drift caused by stress-induced anisotropy changes and interfacial degradation,
insufficient understanding of deformation-dependent magnetic behavior, and
challenges in scalable manufacturing and low-power integrated readout. Future
progress will require coordinated advances in material design, multiscale structural
engineering, stable magnetization strategies, compensation and inversion models, and
standardized reliability evaluation. Addressing these issues will be essential for
translating magnetic flexible devices from proof-of-concept demonstrations to
deployable platforms in healthcare, human - machine interaction, and intelligent soft

systems.
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