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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 degradation,
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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Fig. 1. Challenges of soft electromagnetic devices for wearable applications. (a) Measured relative 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 MI 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.
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Fig. 4. Strategies for mitigating attenuation from surrounding lossy media. (a) Fabrication process of the 3D
dipole antenna via mechanical assembly. (b) Optical images of 3D dipole antennas. (c) On-body radiation
performance of the 2D and (d) 3D dipole antennas with a fingertip placed on top at different distances.
Adapted with permission from [38]. Copyright 2022, American Chemical Society. (e) Optical microscope
image demonstrating the stable 3D configuration achieved through prestrain release. (f) Simulated (left
inset) and experimental (right inset) reflection coefficient characteristics of the antenna at eight different
states and resonant frequencies of the buckling reconfigurable antenna in different states. Adapted with
permission from [39]. Copyright 2025, Springer Nature. Measured reflectance spectra of (g) 2D and (h)
3D resonators on different substrates, exhibiting different attenuation behaviors due to a lossy substrate.
(1) Simulated multi-sliced electric field distribution of 3D resonators with coplanar ground planes,
showing perfect decoupling from the base. (j) Measured reflectance spectrum of the 3D resonator on
lossy human skin. Adapted with permission from [42]. Copyright 2025, Wiley-VCH GmbH.

IS

2 FYSIe whE, R A el BA Fukrel  FAIF 4 Uk ol § Yobt 33 29 oS
Augiol2 HoliA 34 Aol & gHS Bt olgdlel 5 BH AW =US B9 349 B

(Fig. 4(). 919, 3D Xal%) 7Rsat OS] A0S Q7] siele] ehsh AR 14 TS decoupling)
PSR a2 A D B BUTA & GRS 40). o1 B, 718 ol ol
2D Ao vlol PPE 5 ASSIkFg ol BAGle] YRR B B4 RAT &
Ay, BAER Sat G2 715 AolA] 57 St 212 ot §4 f4o] 2 % oA QA
% weh 9 77k 2D FEAC] Hs) A ANPS 23 Fig. 4G)) W B4 542 B9

r° b

44



QUIOEHKISIER|, 202611 6%, H5H HIZ, pp. 35-50 /k-’/
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50 e //:'\

232. M &4 I

|
| 31 mmWave AZE ™XpP|ot AXE9 7|39 J|&

© M LbA
o] A 9 A TS F8% e 94 | e
t}. £3] mm Wave o] 1150} tfoj A= 7]1o] QA hFEe] ATE AzP7|ut A= 4 MHzO|
E &0l AT ), e H U 7 Al 4= GHz 9] H|wA W2 i tioflA A+
AE 8 5 W] thizoll, B2 8485 B2 & =37 Qlek BHE, mlEe] gojeiE A|AH], FHio|E
A4S SA0 7HA]= ERE o] S838A1aL 3l 25, X714 IEHolA W AAZE e R A4
TH43]. TSF 2 Hlolgs 2 -4 HA; AlAH EHES Hot =2 Holy ASH, AXA B4 2 1
A T A B3 F8% 84= YRR Q7] o W= A 87 Z0=E A=, olof wet
2oll, A &4 B4 9 2E2Q1 B E42 B4 mmWave 2] &-& 7Fs/do] S7Istal Stk
of W= & Q= 715 SHE] il At 2] mmWave 2 WS S fjIdES Al &
Y=L ITH44]. W71 wZol & Hlole A& AA|A JA4lof|
o] gt oA, Zhou et al-> WA wlo]aEA gfoir}. E3F Z2 wHE o8ttt IsidE ol
1] o(Expandable Microsphere, EM)Q} ZsHE-4 Yl (RADAR) Al 2 7k Q14 7152 Aled 4= 3lo]
A E(Boron Nitride Nano Sheet, BNNS)E PDMS U FE Fjiols 25 9 XA Fojais ZEiEoA
ol lsto] A, A 74, A &4, 1 B S 293 IS ST Ao=Z 7"t Eo] It
Al 7H= B9 7]i 25 ARbsIeltH45]. o] T ot 7ol AT A ARE eoA= te
AollA= YR A1 B A7) glol, % vt AXZRE % HolHE ZAAACE H2sof

olgzxofo] 3 I LAk U S 517] o]l mm Wave 7|5 74 4l 7e2] 224
o]-gsto] BNNS7} nfo|a2 Ao} FAHE w7 o] T IV Aoz dJHr;.

=S FolRltt ol F B3l 71E] 7 24t Y mm Wave 240JAME 71E A5} tio]
F2ot g7 A&5A 33 QA= EHZTT 34 A AdEeR FAZ 4= A et 2AIECl H
Hom, W2 = ARH9.82 vol%)lME 0.94 < Az YERdt 3, sgo] gobgel et -
WK 329 £ AEEE TS SAl 22 221 5l 7|A14 Mol digt Wit 543] 5
A UEE 0.5 gem” $E7HA] ARAIRCH, 7Ft dIE S0 & mm E0] F4 HoRte R
2.3 of59] Y2 FAVet ule- W2 RAE B4 e 9 S F2A9] F2 Fube, PAh " 9l
= ARSI ol2f3t At Ak, Id] 7 &4 dujd L E/go] A Wl 4= Qlot. wehA G
< %5 e ol & ¥ 4% VA e AEY FEE gol, 7IA1A HY sl = A4

45



QUoINHXISHEX], 2026 68, MbAE M1E, pp. 35-50
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50

i

98 Ao 9T 5 Y A Heol Ba
stk

Sa, QurE o Fuiet Z7184% ol o
A7) ThEol, mm Wave oA 4 pm 2
el 93 AE A e, Sla w0
2 717 s 5ol 2l 2 A1 4 9l
22 4 oo B9 dhEE, 4 Y <
(phased array antenna)ﬂ- Zro] Fust YAF Aoj7F &
P A2TIAE of2is 931 Aol A
9 9, ¥ 2% 94 9 B8 Aok ool 4

A, B B, s QA BP9 A1
mmWave o= BH A7 9
07 ATT ZHAZ QlF] &4 =277} vhayst 4= ok
webA, 71414 As4e 130 e FA0 v
g 5 Qe A2 A4 Alm gl aHH:

A, QA 243} AZtAEH 7|0 BE 2
A £ 7HAH, mmWave o A= OHJ &4
o] B A yepdtt. wEbA, A& 7|, HA
UAEE 7£, 371 T 38 &83 33 24
9 ek 718t 437 Alo] 1so] R Ao
= A=k

vpto R, AmE AA|n 2499} GHEE 1)
QUefsflolx Aol EA -2 mmWave 5241
7], $&7] 4 "ix(beam forming) JAJ| 2= 74
WEEA] RS ANSE PE(igid) S0l 78
1 9tk o0& TGl ATE ZPE A|AHIE L
e P, B QAsRe AT Qe
EE dehee] 3 oluels sk Bl
T e mmWave SIS T 72 W71 7
= W% AT L A e BHggol A2H
5o AAe FL v S5 71AE ¥
ofs} .St} 7F ) SIAI7F BisAL TE Tt
B3E A9 olmuA ufFo] Bilxlo] Alo] &4 =

o= 0 T»

1A B A AR S . T, T

O—r'

4;

2 AFSHATL,

ATE mmWave ALERE Tt 24F 5 AFE
dol, Y, 717, HH9= 5 7AE A
7HA] SAlel sk 55 A Aol BHd A

oz o

2. Aof2iE AZE MAP|O A% AARS st

23

HEO ML AXE FA|5 A ATES 7|A
BIY SAOIAE B4R, QHE, ks 2 g4l
F2A) AAH B4 G U TR AR
2 22E FEL ANSE 2ot 44 ot
B A2Y FES FAE AE AApIe 2799 4
% BRE dol, 1Y 2, W1, A7) A= L A
82 QP 22} Laske

4. Fofehe A LSl s folol=sis
-2 919 v YEZIAE thre]
14| Agte]] 24t vixE A o= A
ol4= wiEE] 7|8F - opdet 7
oflL{A] S| AE(energy harvesting) T+
35 sl Beiol Barolch, 53] Ax
E WAIn 2749 AN HBe B % 580
= GgHel JFS 012 5 W R, B4 B
FRE BAO] T ALY AL a7
A4 Hw greel A7ES 54 8 52
5 ol AL Sk glort, A gol

A S48 3 o] i g

}01'

r>~
_La
N0 >4 st ri r_‘,
ot 2
oﬁ F>“

111

gl

ofl
o

T S Ik 3, AL S L 9N 0 24
3 g 9744 99l o AL Azt 7)we] gsks
27 5 ok e v vz 54, 9 QP



QUoINHXISHEX], 2026 68, MbAE M1E, pp. 35-50
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50

N

2 FhAIck et Sy Eo] BAE MRt B4
S(specific absorption rate, SAR), 115I= St o]
e AR A B, MRl AT Fof whE QH
84 A5 50l TF AolE A} 24 AlA"
= 9Isf HI=A] 89 Ao = odEH:

33. 28

>~

2 SRl glolei2 U AE ZHE W
A5 ATE AR A1) FT ATt B3
gElstoict. 3] 71414 W3] wE Am 544 F3,
33 54 ¥l 193 -l ¥ 9 & ZAE 5
Ao o2 sjdsly] g3t 24, AuA, AA]H
%‘jl‘%ﬂ =2 Teldth. FF ATE HA|5 24
St 714 9 Bge dol, ol A vE

912, QFrleolS 458, 499 vl
AN 74 B4 BREL] WA V)& 2
2 7|0jget. ol A mmWave telolHo] A
714 S Shasly] 93t e A7 sty
¥ AR 0 ko] 7] A, A A, 5
g A 9 A FgF BAE 1T AlLE 9
A7t P ojof & Zlolet. of23t AF-S0] X
Aoz HHASHIH ATE Az|u} AZF= o]
ATE A7} ALFY FHolE EHES
SRt Y 7Rt 7le2 Auidd Aor ZdiEnh

-

ACKNOWLEDGEMENTS

Author Contributions

H.Y.J. conceived the topic and structure of the
review, conducted the literature survey, analyzed the
relevant studies, prepared the figures, and wrote,

reviewed, and edited the manuscript.

Funding
Not applicable.

" ‘ 2024~20264: THOIED HAE

Declarations of Competing Interests

The authors declare that they have no competing

interests.
AUTHOR
d&g
2012~2016: UNIST MZZ&tnt StA
4 2016~20223: UNIST XM= 250} BiAF
. 2022~20243: KIST ATESSIAIHAH
- - ME{(Post-Doc)
wa

=)

2026 A~SAXl: BEAHSI T MHEeIsHE

_[ol

ESES
[l 201 FSTA, MA7|O AKX}, HEREE
REFERENCES

[1] Choi, J. C; Jeong, H. Y.; Sun, J. H.; Byun, J.; Oh, J;
Hwang, S. J. et al. Bidirectional Zero Poisson's Ratio
Elastomers with Self-Deformable Soft Mechanical
Metamaterials for Stretchable Displays. Adv. Funct.
Mater. 2024, 34 (52), 2406725.

[2] Park, D. H.; Lee, D. W.; Jeong, H. Y.; Choi, J. C.;
Chung, S. Crosslinking Site Sharing-Driven Interface
Engineering to Enhance Adhesion Between PDMS
Substrates and Ag-PDMS Conductors. J. Mater. Chem.
C 2025, 13 (41), 21137-21144.

[3] Choi, J. C.; Lee, D. W.; Jeong, H. Y.; Yang, J.; Jeong,
S; Kim, W. et al. Depth-Modulus Engineered
Meta-Elastomers for Multiaxial Strain Programming
in Stretchable Displays. Small Struct. 2025, 6 (6),
2400513.

[4] Yoo, C. J.; Yoon, J.; Kang, M.; Hong, Y. A Fully
Embedded Stretchable Three-Dimensional Circuit via
Highly Viscous Polydimethylsiloxane Bath. Trans.
Electr. Electron. Mater. 2026. 27, 542-548.

47



SUQALHRISEEX|, 2026 68, HM5H HM1S, pp. 35-50
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50

[5] Park, D. H; Lee, D. W.; Jeong, H. Y.; Choi, J.C;
Chung, S. Auxetic Mechanical Metamaterials: Efficient
Strain Engineering for Highly Reliable Free-Form
Displays. J. Inf. Disp. 2025, 26 (4), 447-460.

[6] Ghemari, Z.; Bendaikha, A.; Belkhiri, S.; Saad, S.
Fabrication of Flexible Resistive Pressure Sensors
Using Graphene/Polydimethylsiloxane Composites.
Trans. Electr. Electron. Mater. 2025, 26, 323-344.

[7] Anwar, S. Design of Ultra-Sensitive Metamaterial
Sensor Device for Environmental Sensing. Trans.
Electr. Electron. Mater. 2024, 25, 722-731.

[8] Kim, J.; Oh, S.; Avila, R.; Shin, H. S.; Banet, M,;
Wicks, J. et al. A Compact, Wireless System for
Continuous Monitoring of Breast Milk Expressed
During Breastfeeding. Nat. Biomed. Eng. 2025, 9,
1645-1655.

[9] Li, C;; Wang, H.; Song, Z.; Zhang, W.; Pan, Y.; Zhao,
Z. et al. Wireless, Wearable Elastography via Mechano-
Acoustic Wave Sensing for Ambulatory Monitoring of
Tissue Stiffness. Sci. Adv. 2025, 11, eady0534.

[10] Wang, C. M.; Xu, W.; Pang, C.; Wu, H. J.; Li, L;
Liu, H. W. Wearable Full-Textile Spoof Surface
Plasmon Polariton Transmission Line for Secured

Communication in Wireless Body Area Network.
Plasmonics 2024, 19, 2705-2713.

[11] Li, Z.; Liu, Z.; Wang, Z.; Deng, Y.; Yang, S.; Chen,
J. et al. Body Sensor Networks Based on Flexible
Topological Clothing. Nat. Electron. 2026, 9, 59-68.

[12] Zeng, Q.; Tian, X.; Nguyen, D. T.; Li, C.; Chia, P.;
Tee, B. C. K. et al. A Digitally Embroidered Meta-
material Biosensor for Kinetic Environments. Nat.
Electron. 2024, 7, 1025-1034.

[13] Lee, J.; Lee, M.; Kim, J.; Kim, H.; Yu, J.; Kim, N.
et al. All-Textile, Chip-Less, Battery-Free Body

Sensor Networks Enabled by a Concentric Multi-
Node Hub Antenna Architecture. npj Flex. Electron.
2025, 9,

[14] Albeltagi, A.; Tyystéld, T.; Nelo, M.; Jantunen, H.;
Juuti, J.; Tolvanen, J. et al. Liquid Metal Elastomer
Based Coplanar Waveguide Transmission Line for
Stretchable and Self-Healing RF Electronics. Adv.
Electron. Mater. 2026, 12, e00746.

[15] Wang, Z.; Wang, H.; Liu, F.; Kang, Y.; Chen, Y.;
Feng, X. 3D Kirigami Antennas with Robust
Frequency for Stretchable Wireless Communication.
Extreme Mech. Lett. 2022, 56, 101841.

[16] Shi, J.; Li, W.; Tang, H.; Wang, S.; Liang, H.; Li,
L.; et al. A 3D-Printed Flexible Radio Frequency
Strain Sensor Based on Complementary Split Ring
Resonator. IEEE Sens. J. 2023, 23(5), 4405-4412.

[17] Mahmoud, H. A.; Nesser, H.; Mostafa, T. M,;
Ahmed, S.; Lubineau, G. A Fully Printable Strain
Sensor Enabling Highly-Sensitive Wireless Near-Field
Interrogation. Adv. Sci. 2025, 12, 2411346.

[18] Weng, S.; Peng, T.; Gao, K.; Zhu, H.; Yan, Y.; Yu,
H. et al. Bidirectional Large Strain Monitoring
Using a Novel Graphene Film-Based Patch Antenna
Sensor. Smart Mater. Struct. 2024, 33, 075015.

[19] Lin, R.; Jiang, C.; Achavananthadith, S.; Yang, X.;
Ali, H. P. A.; Ping, J. et al. Soft Electronics Based
on Particle Engulfment Printing. Nat. Electron.
2025, 8, 127-134.

[20] Hajiaghajani, A.; Rwei, P.; Zargari, A. H. A,
Escobar, A. R.; Kurdahi, F.; Khine, M. et al.
Amphibious Epidermal Area Networks for
Uninterrupted Wireless Data and Power Transfer.
Nat. Commun. 2023, 14, 7522.

[21] Chen, Z. H.; Chen, H.; Yu, B. Y.; Ju, L.; Zhan, J.

48



SUQALHRISEEX|, 2026 68, HM5H HM1S, pp. 35-50
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50

L.; Liu, Z. G. et al. Flexible and Stretchable
Microwave Filter Based on Substrate Integrated
Plasmonic Waveguide. IEEE Trans. Microw.
Theory Tech. 2024, 72 (10), 5970-5983.

[22] Li, W.; Li, F.; Tang, W.; Pan, T.; Zhu, J.; Wei, J.
et al. Stretchable Antenna Arrays-Enabled Multi-
Target Balloon Wireless Communication System.
Adv. Funct. Mater. 2026, 36, ¢10521.

[23] Lee, J.; Kim, S. H.; Zhang, H.; Min, S.; Choe, G.;
Ma, Z. et al. Design and Fabrication of Stretchable
Microwave Transmission Lines Based on a Quasi-
Microstrip Structure. ACS Appl. Mater. Interfaces
2024, 16, 4896-4903.

[24] Nikbakhtnasrabadi, F.; El Matbouly, H.; Ntagios,
M.; Dahiya, R. Textile-Based Stretchable Micro-
strip Antenna with Intrinsic Strain Sensing. ACS
Appl. Electron. Mater. 2021, 3, 2233-2246.

[25] Yu, B. Y.; Yue, D. W.; Hou, K. X.; Ju, L.; Chen,
H.; Ding, C et al. Stretchable and Self-Healable
Spoof Plasmonic Meta-Waveguide for Wearable
Wireless Communication System. Light Sci. Appl.
2022, 11, 307.

[26] Zheng, Y.; Chen, K.; Yang, W.; Wu, L.; Qu, K;;
Zhao, J. et al. Kirigami Reconfigurable Gradient
Metasurface. Adv. Funct. Mater. 2022, 32,
2107699.

[27] Jeong, H. Y.; Lim, Y.; An, S. C.; Nguyen, T. H. Y;
Byun, G.; Jun, Y. C. Tunable Resonance and Phase
Vortices in Kirigami Fano-Resonant Metamaterials.
Adv. Mater. Technol. 2020, 5, 2000234,

[28] Watson, A. M.; Ford, M. J.; Markvicka, E. J.; Fong,
W. W. L; Venkatesh, S.; Sengupta, K. et al
Stretchable Microwave Transmission Lines Using
Liquid-Metal Embedded Elastomers. Adv. Eng.

Mater. 2022, 24, 2200345.

[29] Mitra, A.; Xu, K.; Babu, S.; Choi, J. H.; Lee, J. B.
Liquid-Metal-Enabled Flexible Metasurface with
Self-Healing Characteristics. Adv. Mater. Interfaces
2022, 9, 2102141.

[30] Kim, J.; Kim, M.; Jung, H.; Park, J.; Jun, B. O,;
Kang, B.; et al. High-Quality Microprintable and
Stretchable Conductors for High-Performance 5G
Wireless Communication. ACS Appl. Mater. Interfaces
2022, 14, 53250-53260.

[31] Guo, X.; Liu, Y.; Zhou, Z.; Peng, H.; Gao, Y.;
Shao, M. et al. Direct-Ink-Writing Printed
Stretchable Eutectic Gallium-Indium Antenna for
Robust Wireless Communication. Adv. Sci. 2025,
12, 2414285.

[32] Zhou, P.; Wang, L.; Zhang, G.; Jiang, J.; Chen, H.;
Zhou, Y. et al. A Stretchable Metamaterial Absorber
with  Deformation Compensation Design at
Microwave Frequencies. IEEE Trans. Antennas
Propag. 2019, 67, 291-297.

[33] Li, F.; Pan, T.; Zuo, L.; Hu, T.; Xiao, Y.; Wang, L.
et al. Stretchable Microwave Metasurface with
Inherently Deformation-Unperturbed Performance.
Laser Photonics Rev. 2026, €02669.

[34] Li, F.; Pan, T.; Li, W.; Peng, Z.; Guo, D.; Jia, X.
et al. Flexible Intelligent Microwave Metasurface
with Shape-Guided Adaptive Programming. Nat.
Commun. 2025, 16, 3161.

[35] Kim, S. H.; Basir, A.; Avila, R.; Lim, J.; Hong, S.
W.; Choe, G. et al. Strain-Invariant Stretchable
Radio-Frequency Electronics. Nature 2024, 629,
1047-1054.

[36] Kim, D.; Hwang, S. J.; Ryu, J.; Choi, J. C.; Kim,
W.; Jeong, H. Y. et al

Strain-Invariant

49



SUQALHRISEEX|, 2026 68, HM5H HM1S, pp. 35-50
Journal of Flexible & Printed Electronics, June 2026, Vol. 5, Issue 1, pp. 35-50

Frequency-Selective Metasurface for Electromag-
netic Interference Shielding in Wearable Electronics.
npj Flex. Electron. 2025, 9, 122.

[37] Chen, Z. H.; Chen, H.; Qu, H. T.; Yu, B. Y.; Sun,
T. S.; Sun, L. Y. et al. A Strain-Insensitive Stret-
chable and Flexible Wideband Vivaldi Endfire Fil-
tenna. IEEE Trans. Microw. Theory Tech. 2025,
73(9), 5941-5952.

[38] Zhu, J.; Hu, Z.; Zhang, S.; Zhang, X.; Zhou, H.;
Xing, C. et al. Stretchable 3D Wideband Dipole
Antennas from Mechanical Assembly for On-Body
Communication. ACS Appl. Mater. Interfaces 2022,
14, 12855-12862.

[39] Wang, Q.; Wang, Z.; Yang, Y.; Zhang, C.; Han, M,;
Wang, W. et al. A Stretchable Frequency
Reconfigurable Antenna Controlled by Compressive
Buckling for W-Band Applications. Microsyst.
Nanoeng. 2025, 11, 86.

[40] Fan, X.; Pan, Z.; Chen, S.; Li, Y.; Zhao, Z.; Pan,
T. 3D Flexible Frequency Selective Surface with
Stable Electromagnetic Transmission Properties.
Adv. Mater. Technol. 2022, 7, 2101316.

[41] Ling, S.; Tian, X.; Zeng, Q.; Qin, Z.; Kurt, S. A.;

Tan, Y. J. et al. Tension-Driven Three-Dimensional
Printing of Free-Standing Field’s Metal Structures.
Nat. Electron. 2024, 7, 671-683.

[42] Jeong, H. Y.; Jeong, J.; Choi, J. C.; Kim, H.; Han,
J. H,; Chung, S. Directly Printed 3D Soft Micro-
wave Plasmonic Enhanced-Q Resonators by Decou-
pling from Lossy Media. Adv. Mater. 2025, 37,
2418182.

[43] Piro, Y.; Areias, C.; Luce, A.; Michael, M.; Biswas,
P.; Ranasingha, O. et al. Low-Loss Dielectric Ink for
Printed Radio Frequency and Microwave Devices.
ACS Appl. Mater. Interfaces 2023, 15, 35449-35458.

[44] Lu, Y.; Chi, J.; Chen, W.; Xu, X.; Luo, W.; Zhang,
B. et al. Robust Flexible Microwave Dielectric Film
with High Thermal Conductivity and Ultralow Loss.
Adv. Funct. Mater. 2026, 36, ¢23628.

[45] Zhou, S.; Xu, Y.; Tang, J.; Qian, K.; Zhao, J;
Wang, J. et al. Expansion Force Induced in Situ
Formation of a 3D Boron Nitride Network for
Light-Weight, Low-k, Low-Loss, and Thermally
Conductive Composites. J. Mater. Chem. A 2022,
10, 14336-14345.

50



