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ABSTRACT

Soft electronic platforms have emerged as promising technologies for wearable, implantable, and human-
robot interface applications. However, compared with DC-based soft electronics, soft radiofrequency
(RF) devices remain less explored because electromagnetic characteristics are highly sensitive to
mechanical deformation, material degradation, and surrounding dielectric environments. These
challenges become more crucial at high frequency and mmWave(millimeter wave) regimes due to shorter
wavelengths and increased dielectric losses. To address these issues, this review summarizes recent
advances in stretchable RF devices, including transmission lines, antennas, metasurfaces, and resonators.
Strategies for mitigating material degradations, suppressing resonance shifting, and reducing dielectric
loss are discussed. Finally, future perspectives for mmWave wearable systems and adaptive soft
electromagnetic platforms are discussed
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39 MMZS0| BAE[O HiC| HEYJIE HE5HA
1. A Z2 40 EICt [10]. O|2et MASES DAZZE o)

41 TRO| 20| XA HEUSHA A& E|0{0f
7|Z=o| HHoh HALA SEUZTOIM HOILE 4y &n 2t MAMEL Q7|Moz AA|ZF HO|H
SZESH ZAUZOMQ HALAIL 2D 43 EA U QE EAMS E| MA|ZH HO|H
ATE| D RACH1-4). Ol= UO{2{E(wearable), 44 K 2|7} 7HS3{OF SHCE 0|2 ABBl7| 98},
L& @i (implantable) 2AF S2f EHE 45 LYX™ AMZME 74X MAZ|TF AXSOf
AQIstn on xZ LHANME 46 CH3H ARIF TE|OjX|D oLy, n3mt
E O E(foldable) =& E2{&(rollable) 47 CHSCHZ} ot Xt7|&H HZEZS 0|83} Lt
ClAZ2 0|2t 22 FHE (form factor) HLUE 48 F2 XMHZat CHACHO MO PRI} EHets)
O|R= MEBSS SAISHL ALt [5]. 7MH2 49 Fg|D QICH [11-13].
Oj2foll= I[X|Z Al(physical A2t FSE|0f 50 0|23 PSS DZO} oA B}
IMtes, 8 = SO MBSl SHAC 51 QML Thad] EA X2 nejdte X2
F20M 22 & = Ue M2 IEY 52 MXAXIQI= CHEX|, =I7tM o2 na{s|orst
HIMZXO| Aeh®tt otL|ef, AZEo 53 Q0150 EXsict AM2E 7|AY By
SUE0| F= 7t SEUS S, A 54 SlOIMO =IISL= xHE | MTHO|A 7| OISt
2, EMH Wz 52 AL8RS| YMHR 55 MA7|Ib AXto| EM K{SO|CH ESH
e 22 = e AU 56 MARZ|OH AXto] EM2 FH AT IS
FHLO|E(humanoid) 20| dolE AOICE 57wty 2o, MAF7|TH AXE LASHs 7|
Ol &elot7| #loll, Chast flo2lE, MUl 53 2ol omg w3z} OI% Atgto|Ao Ct2
HeY &% SO0 FTFEASH A% 2US 59 mozo| 4= WAQl ToL ZI (Poisson’s
REsts 2ZE HMSO| Z-SHA ATt 6o effect) 52 D2{8HOF ST Albeltagi 52
Az QAT [6,7]. A2fL}, Q1Zkat 61 UIXHE AME=ME JIX|0, X}7t4E0| 7Hsst
FHOlES HAIZE S A 4=2HES ?tte; & 2 ™M T IO coplanar waveguide, CPW)=
WFY Ee ™AZ|T AKXl e AT E g3 RHSIQUCE (14]. D2LE OIF Mo miEf
AFY TXpAXto| Ao HlsH 20| BEX]| 64 MEAN ROl =71t XNetat sHH|,
2 2ot dxle F 74 SUE 2o 65 XII=0| JH5SH 7| = (EC7-CNT)O| A
LA AL UO SFF2 S d8%%s 66 QEALO| B3O} (Fig. 1a) REEAO B2
dE= T2 AMSHEACE (891 A2ILE, OI2HO] 67 (rig. 1b) Qs cPw 2] T4 EM0| QI Mz of
FHIO|E2te] HA[ZH BE|EE(multi-modal) g [tal x{&}=0| &I UL (Fig. 1c).
dd 8™ X SUAME O2fst MFL g9 Em 202, 27X BIE 0|88t MAL7|I}
TS0l ohA[o =S| =0, 70 AXIo| EMLe HWAY XFEoZ IEEL|0f
mmWave(millimeter wave) LHE = AFI 79 97| 20 7|AXN =Y S0 M= MXb7| ot
Y AFES Soll A9 E, MA|H, 2l 5, Axtol 2 Fot4 EXMo| Zabzlct o/
deide ddE dog A2z oo E Lt 73 MI™MOZ 0|8310] 7|AX Y ZX|st=
ol foj2E oM e, Chaet AlAM 74 MM Eoz =28l= ARJ} 0|20 ML}
2=50| dHel cret 220 FHEA 2 75 [15.19] 2Lt QYA KXol EAlS
Z0|Ct. o= HYo| 2 LA 2L0= 76 I8l 7IAH BHoE 3T Fh4+E X
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Fig. 1. Challenges of soft electromagnetic devices for wearable applications. (a) Measured relatlve
permittivity of EC7-CNT under uniaxial tensile strain at frequencies of 1-6 GHz. (b) Measured loss
tangent of EC7-CNT as a function of uniaxial tensile strain at frequencies of 1-6 GHz. (c) Measured
transmission coefficient of the stretchable coplanar waveguide under varying tensile strain, showing
degradation in transmission characteristics. Adapted with permission from [14]. Copyright 2026,
Wiley-VCH GmbH. (d) Schematic of magneto-inductive (MI) wave propagation across magnetically
coupled epidermal skin patches exposed to lossy unpredictable environments. (e) Schematic of
multi-environment area networks, spanning consumer wireless communication and powering from
lossless dry to lossy underwater environments. (f) Resonance properties of the silver ink-based coil
under normal strain. (g) Transmission profile of the Ml array measured under various encapsulation
thicknesses and background medium losses. (h) Dispersion diagrams of near-field MI and far-field
propagation. Both exhibit attenuation due to lossy background media. Adapted with permission from
[20]. Copyright 2023, Springer Nature.
+ e CHL &2 F7Ho= ngfsforg 12 IbEO| H|dh oj2{st @AF9| FHI &
2450| HOIRUC} Hajiaghajani 52 AH7|H 13 87| 20| H/WH OFEl(margin)O|
dgt2 &8t £ Holy &L M3 ME0| 14 HOfUALLt, nFEn (e s A& ™AH7|of
b5t HL| HERZE HMAISHALE (Fig. 15 XS HgHoz AF5H7| Rl FH &4
1d,1e) [20]. 2{Lt, QIE &FOIM T M&ES 16 eHS e{sh A7 Y+HO|Ch Fig. 1g =
et 3719 0| HatE|0] ST FOb4017 13.5 MHz O|Af I8 (A A Sdt=
BSHE B NBLQICH (Fig1f). 18 @gazq Halg 9 &40 e
Orx|et Mol aFn ez ZA4+E 19 &3} (encapsulation) SO [HE MESEHS
O 2 HOMX|A =0, o o4 &40 =2 20 LtEFLHCH S Fo=+0f A mbEO| 22 m Of
OINL HEtAED V|H, Ee FH HFRE 21 ZHO0 = =511, R =2 /R &2
FAZ = A Eoh MEFD YoM = 22 Qloh Mz Zaf7h Feeto| XtHotH, Hast
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Ho| S| Lo SIISLE A UM} 39
UoiHS HOEC) Fig. 1h = X7|& 2HEH 40
AEYn BA2 HEYo| SEaM M2 4
ZMHEE HOECH 9 £M0| BIIE4E 42
U= HXIH, 2.4 GHz TN LESH= 43
HAHZ|EH2 135MHz & AtESIE 2H2|E 44
Cf 3 B @SHO] TFEHO| ZHOLK Z#BHO| 45
SELMO| M2 Z47F YN 2 o= 46
HISIGCt O|22H,24GHz CLHEE O 47
mmWave 22 TZEI} [AO|AE O]2fst 8 48
S0 oSt UME B2 HE ZHOZ oA 49
= UL 50
2 2R0ME YN MBS AZE MX7|D 51
AXto| M7HX| EHZ SiHse WOSES 52
ZESIT, 0|2 HIEOoR &S gojzis U 53
OIZLBMLO|E ASEES Q8 IFM 54
(joio| ATE FMAFI|T AKX AT 2 9 ss
HYS =o|sirt 56
57
58
2. 2T E MX7|nf AKX} s
HHZ fIet 7|= *0
61
21. 2 SN ¥ 243} 7|2 62
IAH HE AN SRS AZE 63
MAFZ|DF AXFE HHEHOl IR, 23 U 2;‘
flEd AgoM ME M=o 7Y, ML .
HEYIo| tHE, d2|n ME S7t2 ol
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MI71H Ed0| 23 3% Me2k MFHES
Hle #+Z2E H3g = A9 FFO|
ACH21-24]. Yu &2 0|22 +XE &30

ADE Zetx2 Y GEfFZRA 7|8
ISMEE FLHSIULE [25]. Fig.2a = Sl
& MEo| C|XQl 7§ R0|M Fig2b = AX|
NS LIEHHCEH 23, FIEE, M=
ME (Fig.2c) 2HEE QI 2-5GHz CHYO|A -5
|[&o| & Ed& BEOF/A2LL (Fig.2d,
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engineering) Ol EFE M(metasurface)tl S2& =+
UL Jeong 52 2 YA JIAE 4IA
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Fig. 2. Strategies for mitigating material degradation. (a) Serpentine-type plasmonic metamaterial unit. (b)
Experimental photograph of the meta-waveguide in the flat state. (c) Experimental photograph of the
meta-waveguide in a different deformed state. (d) Measured transmission coefficients and (e) power
comparison of the deformed waveguides. Adapted with permission from [25]. Copyright 2022,
Springer Nature. (f) Images of the printed structure and the kirigami structure of the wavefront
engineering metasurface. (g) Measured transmission spectra for the kirigami metasurface under
varying mechanical strain. Adapted with permission from [27]. Copyright 2020, Wiley-VCH GmbH.
(h) Schematic diagrams and SEM images of the sonicated composite under 60% strain. (i) Relative
resistance-strain curves of the printed EGaln-TPU composite and Pouillet’s law. (j) Schematic
picture and photograph of the printed antenna. (k) Measured S11 of the antenna after different
stretching cycles under 60% strain. Adapted with permission from [31]. Copyright 2025, Wiley-

VCH GmbH.
22. BT 84 W 2 J|E 15 MAIED QUCh 2 BoME BX 54 wsE
MAP|T AXfo] BE SMS TEMO| WA, 16 Y| Y PRI Hy M7, 55
I 7vzd d2|3 MXp7|™ HE2|of ol 17 Z 22 E(programmable) HEtEH,
AW B2, 7N W T2 ®A 18 dalD HH Hof | M7 MSS
Hete B FOb4 0|5, YUHA 2H, 19 FHOR AU ATSS WL
YA HE T So| BXE [uE & ok 20
olzst BH = T AE 4 Hetg go 21 221 WY 2a IS
MXI7|TH AXfo| 2AIMOl &t EMS 22 TR7|mb AXte| 3 E42 ddH §40
HBHAI7) 7| DR0f, YRl 2N a4y 23 Sloh 2801 =28, W 2304 EJ0|
W HOIS 9ief WAl ef@slojof oy 24 HSEE ST Fbgsh Ho == 20|
0|2 9lof Aol Wyl G2 I Sy 25 FUHOICL MEpM, HIE 2d2AS
HSI2 A|ABISH 2 Q= HAF MAH 7|1} 26 2=0l= 4% 7|AH ¢ E 37
7, 71N @Y XA Hojsto M|y 27 TuTel HelS Heid Gt zhou 52
SHAl DxO| WA HBIE oFste yjaso| 28 1T A FES] 3T FH D(unitcellS
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HZoME QHERoE i A|IOE MAE 39
LSO AZE FMA7|ob X A|AEQl A 40
38 7tsd& HMAISHRALL. 41

42
2.2.2. HY HO 7= 43
JIAH Hdg S8 HXINH EY HIE 44
BA5tE Y oidl, Z[AX Hd HOE &9l 45
MAZ|mp aXte|l E4 HoE AXSt= Al=E 46
S MAIZ QUACEH kKim S Fhbs MEH 47
HEtEHS QY Al EtEH R Mo 48
M2 WA= E/o|2H HYZEZO|E 49

(Polyethylene Terephthalate, PET) & X0 52 50
E QS 30% QT AlO|E 2.4 GHz 2 51

MAt7|mte| MEAX™ ENHE O|ZOjLjof O|E 52
SAMXE @[3 Yojg{s MAto AtmH AXf 53
ZHZ S FHISI QL. (Fig. 3h) [36]. HIEFEEHO| 54
42, 7R Aol "ol TA OEtEH 55
S48 FE AF5I, F7|H HiE 7142 56
SR Aol AEY =HEES ZHSHA =t 57
matd, M Mol 52 FR 2ol #HIdS 58
AXStL, Q7LE 7| AN HEFo| IHHIES 59
Soff, HHc 2 HEfRTHS| E40| E 60
FeS O|X|= HIE 2tA4o| HIS HSAA 61
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Fig. 3. Strategies for suppressing resonance variation. (a) Exploded view of the reconfigurable metasurface
and the structure of the meta-atom. (b) Measured reflection magnitude of meta-atoms with varying varactor
capacitance and angle of incidence. (c) Measured phase of meta-atoms with varying varactor capacitance
and angle of incidence. (d) Arrangement of strain sensors on the bottom surface of the reconfigurable
metasurface. (e) Near-field distribution of the magnetic field in the flat illusion. (f) Corresponding polar
plots of the far-field patterns of the plane illusion and (g) the oblique illusion at 3.1 GHz under normal
incidence. Adapted with permission from [34]. Copyright 2025, Springer Nature. (h) Exploded view of the
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Adapted with permission from [36]. Copyright 2025, Springer Nature.
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