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Stretchable soft antennas represent a transformative class of devices that seamlessly integrate wireless
communication into deformable and dynamic platforms. Enabled by advances in functional materials and
structural engineering, these antennas can withstand large mechanical deformations while maintaining
stable electromagnetic performance - unlocking new possibilities in wearable electronics, soft robotics,
and implantable biomedical systems. This review systematically surveys recent progress in conductive
material choices — from traditional metals and liquid metal to nanocomposites and hybrid architectures —
and examines how structural strategies such as serpentine layouts, kirigami patterns, and out-of-plane
designs redistribute strain to preserve antenna performance under repeated deformation. We also discuss
Received 31st May 2025, emerging fabrication techniques and applications in wireless health monitoring, soft robotic systems, and
Accepted 4th August 2025 energy harvesting. Finally, we highlight key challenges, including improving environmental stability,
DOI: 10.1039/d5nh00383k achieving seamless multi-module integration, and unraveling the coupling mechanisms between
mechanical deformation and electromagnetic behavior. This review offers a materials and structure driven
rsc.li/nanoscale-horizons framework for the rational design of stretchable soft antennas with robust wireless functionality.
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Over time, antenna technologies advanced with a focus on
miniaturization, integration, and adaptation to diverse modern
applications in mobile networks, satellite communication, and
the internet of things (IoT).>* Despite their continued domi-
nance in wireless communication, traditional rigid antennas
remain fundamentally constrained by their lack of mechanical
compliance, which limits their utility in emerging fields where
dynamic deformation is intrinsic to the application.*

The proliferation of fifth-generation (5G) networks,™® the IoT,”
wearable health monitoring systems,®"* and soft robotics™>™> has
further highlighted the need for antennas capable of maintaining
stable performance under mechanical deformation. These emerging
applications demand antennas that can seamlessly integrate with
dynamic surfaces and curved geometries—contexts where conven-
tional rigid antennas fail to provide adequate performance.'®™®

In response to these challenges, stretchable soft antennas
have emerged as a promising solution. These antennas are
specifically engineered to maintain stable electromagnetic
properties while withstanding mechanical strains such as
stretching, bending, and twisting.?°">* Their ability to conform
to non-planar surfaces and endure repeated deformations
without degradation opens new possibilities for applications
in flexible electronics,>*>* epidermal sensors,”*>® and body-
integrated wireless communication systems.>?*
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The realization of these mechanically adaptive antennas
hinges on advancements in both material science and struc-
tural engineering.**>* In particular, the selection of conductive
materials and soft substrates is critical to ensuring both
electrical efficiency and mechanical resilience.***® Conductive
materials must not only offer high electrical conductivity but
also exhibit the requisite deformability and durability to sus-
tain performance under dynamic stress. Recent innovations
have explored a variety of materials, including thin metal
films,”?” liquid metals,*®**° silver nanowires,'®*" graphene,*?
and MXenes,*® which are often embedded within elastomeric
substrates such as polydimethylsiloxane (PDMS) or Ecoflex.***’
These material combinations provide the necessary mechanical
robustness while preserving radiative efficiency.

Equally essential to the success of stretchable soft antennas
is the design of their structures.® The structural configuration
governs how antennas deform while maintaining functional
stability, and strategies such as serpentine,*”*® fractal,*’
origami,"* kirigami,®® and three-dimensional architecture®>>
allow for the accommodation of large mechanical strains with-
out compromising electromagnetic performance. In parallel,
scalable fabrication techniques such as printing, 3D printing,
laser patterning, and soft lithography enable the precise and
reproducible production of these complex geometries.>>?44>3

This review aims to provide a comprehensive examination of
the recent advancements in stretchable soft antennas technol-
ogy. We begin by discussing material strategies for the con-
ductive and substrate layers, followed by an exploration of
structural design principles and their corresponding fabrica-
tion approaches. Finally, we explore the integration of multi-
functional capabilities, including sensing, actuation, and
energy harvesting, highlighting the role of stretchable soft
antennas as foundational components in next-generation adap-
tive electronic systems.

2. Material selection

A typical stretchable soft antenna consists of two principal
components: a conductive material that forms the radiating
element and a substrate material that provides mechanical
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support while allowing for deformation. The conductive mate-
rial ensures reliable signal transmission, while the substrate
must impart the necessary mechanical flexibility and durability
to withstand dynamic strains. The overall performance of
stretchable soft antennas is highly contingent upon the proper-
ties of both these layers. In this section, we examine the
materials used for the conductive and substrate layers, offering
a comparative analysis to highlight their respective strengths
and trade-offs.

2.1 Conductive materials

The conductive material in stretchable soft antennas plays a
critical role in determining signal transmission efficiency and
overall device performance. It forms the radiating element that
generates and receives electromagnetic waves; thus, its electri-
cal conductivity directly impacts antenna gain, radiation effi-
ciency, and bandwidth. To maintain signal fidelity in dynamic
and deformable environments, the material must not only
possess high conductivity but also exhibit mechanical com-
pliance—tolerating bending, stretching, and twisting without
degradation of electrical properties (Table 1).

Traditional bulk metals such as gold, silver, and copper are
commonly employed in high-performance applications due to
their superior electrical properties. Gold, for instance, has an
electrical conductivity of approximately 4.1 x 10’ S m™", silver
6.2 x 10’ Sm™ ', and copper 5.8 x 10" S m™".>* These metals are
typically patterned into thin-film antenna structures using
conventional microfabrication techniques such as photolitho-
graphy, electron-beam evaporation, sputtering, or thermal eva-
poration, followed by lift-off or etching processes. While those
methods allow precise control over film thickness and geometry,
these techniques require costly facilities and are not easily
scalable. Moreover, metal films on soft substrates often suffer
from poor adhesion and mechanical failure under strain. Con-
tinuous flat metal films can only tolerate <2% strain before
cracking or losing conductivity.>>*® To address this constraint,
advanced design strategies, such as serpentine or fractal geome-
tries, are often incorporated to preserve flexibility while main-
taining electrical conductivity. These approaches are discussed
in detail in the structural design and fabrication section.
Alternatively, metallic nanowires (NWs), particularly silver nano-
wires (AgNWs), are used to fabricate deformable antennas via
spray-coating or vacuum filtration to create a percolated
network.”” Notably, wavy networks of silver nanowires have been
employed to fabricate optically transparent radio-frequency anten-
nas with reversible stretchability of up to 40%, demonstrating the
potential of NW-based systems in deformable antennas.’®>°

Liquid metals, such as eutectic gallium-indium (EGaln),
offer significant advantages in terms of stretchability and
electrical conductivity. EGaln, for example, exhibits a conductivity
of approximately 3.46 x 10°S m ™" and its ability to undergo large
deformations (up to 300%) without compromising electrical
performance makes it an ideal candidate for applications invol-
ving continuous deformation.”® Liquid metal antennas are
typically fabricated by injecting EGaln into microchannels pat-
terned in elastomeric substrates such as PDMS or silicone.'”"®

This journal is © The Royal Society of Chemistry 2025
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Such designs enable reconfigurable or stretch-tunable antennas.
However, challenges such as oxidation and integration with PCBs
require encapsulation strategies and surface treatment to main-
tain long-term reliability.

Conductive polymers, including poly(3,4ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS) and polyaniline,
provide a lightweight and flexible alternative to metals. These
materials can be processed into thin films and exhibit electrical
conductivities ranging from 5 to 1500 S m~",*" which is gen-
erally lower than that of metals. These materials are often
deposited by printing, spin-coating, or drop-casting onto soft
substrates to form the antenna pattern. Although their elec-
trical performance is lower than that of metals, conductive
polymers provide superior conformability and can endure
repeated deformations, making them ideal for applications
where flexibility is prioritized.®

Low-dimensional materials, such as graphene, carbon nano-
tubes (CNT), metallic niobium diselenide (NbSe,), and MXenes,
represent a promising class of conductive materials due to their
outstanding electrical properties and mechanical resili-
ence;®% graphene, with a conductivity of approximately
4.3 x 10*> S em™',* and MXenes, exhibiting electrical conduc-
tivity values as high as 1.5 x 10* S em ',°® with excellent
flexibility and stretchability. These materials can be directly
patterned onto substrates via spray coating or 3D printing, or
alternatively fabricated as freestanding films through vacuum
filtration followed by transfer onto soft substrates. This versatility
in processing, combined with their high intrinsic conductivity
and stretchability, enable them to retain high performance even
under continuous mechanical deformation, making them indis-
pensable in the design of future soft and wearable communica-
tion systems.**°%%”

The selection of conductive materials plays a pivotal role in
determining not only the electromagnetic performance of
stretchable antennas but also their mechanical robustness,
biocompatibility, and integration compatibility. While the pre-
vious sections have outlined individual material categories and
their typical properties, a comparative overview is essential to
clarify the trade-offs involved in practical implementation. To
this end, we present a performance-based analysis of five
representative material classes—liquid metals, metallic nano-
materials, conductive polymers, conductive inks, and two-
dimensional (2D) materials—benchmarked against five critical
metrics: electrical conductivity, stretchability, processability,
durability, and biocompatibility (Fig. 1).

Liquid metals exhibit exceptional deformability and maintain
stable conductivity under large strains; however, their high surface
tension and limited biocompatibility necessitate careful encapsu-
lation strategies. Metallic nanomaterials, such as silver nanowires,
combine high conductivity with scalable printing compatibility, yet
are prone to fracture or delamination under cyclic loading. Con-
ductive polymers offer inherent softness and biocompatibility but
are often constrained by moderate conductivity and environmental
instability. Conductive inks are well suited for low-cost, large-area
fabrication—particularly on textile substrates-though they generally
suffer from limited stretchability and mechanical endurance.

Nanoscale Horiz., 2025, 10, 2809-2827 | 2811
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Table 1 Conductive materials used in stretchable soft antennas
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Material type Conductive material

Electrical properties Strain (%) Cycle number Ref.

Liquid metal EGaln 3.4 x10°Sm™ 86 NA 10
2.8 x10°Sm™* 48 NA 68
0.0456 Q sq ! 10 NA 69
3.46 X 10°Sm™* 200 1000 70
8.1x10°Sm™* 300 100 71
3.46 x 10° Sm™" 50 NA 13
23 x10°Sm™* 60 NA 72
3.46 x 10°Sm™* 20 NA 73
3.46 X 10°Sm™* 72 NA 74
29.4 x 10°° Q cm 50 NA 75
29.4 x 10°° Q cm 120 100 17
EGaln & copper 3.46 x 107 Sm™! NA NA 76
GaInSn 3.46 x 10°Sm™* 30 NA 77
3.46 X 10°Sm™* 300 NA 60
3.46 X 10°Sm™* 40 NA 78
Metal Copper 5.8 x 10’ Sm™* 100 5000 50
5.8 x 10 Sm™* 70 100 79
5.8 x 10 Sm™* 30 NA 80
5.96 x 10’ Sm™* 40 NA 81
5.8 x 107 Sm™! 30 NA 82
CuNWs 6319 pQ cm 30 500 83
CuO NPs 3.7 x 10*Sem™! 20 1000 84
Au/Ni 1x10°Sm™* 20 NA 85
AgNFs 5% 10" Sm™* 100 3000 41
AgAu 85x10°Sm™! 35 NA 86
Ag flakes 1.837 x 10° S m™ ! 50 NA 87
Ag NW 3.8Qsq" 40 300 58
Silver particle 7.5 x 107° Q cm 30 NA 88
Pt 70-6400 Q cm 50 500 14
Metallic microcoils 7.8 mQ cm 50 NA 89
Silver-plated knitted textile 114 x 10> S m ™" 100 100 90
Multifilament silver plated thread 500 £ 100 Q m 80 100 91
Elastic conductive composites ~ Ag-PDMS 6.58 x 10°Sm ™! 20 NA 6
1.19 x 10° Sm™* 80 NA 92
1000 S cm™* 15 NA 93
Ag/PU-PEI 4000 S cm™* 50 NA 94
Smart polymer nanocomposite 1.59-6.58 x 10° Sm™' 10 400 5
0SCs 80-90 QO m 70 50 95
Steel wool-based elastic conductive composites 170 S m ™" 80 150 96
ECC 5% 107* Q cm 100 800 97
107* Q cm 40 NA 98
ECA 1.6 x 10 * Q cm 20 NA 99
SWCNTSs/PANI 1.35Qsq " 20 700 63
Ink AgNWs-PBS85 0.002 Q cm 35 NA 100
Silver conductive ink 18 Qsq " 35 NA 101
Silver ink polysiloxane composite 10-70 Sem ™! 20 NA 20
Silver-polymer composite ink 0.4 x 10°Sm™ 20 NA 102
Silver ink 849 S em™* 110 NA 103
8.49 x 10* Sm™ 100 1000 104
PE 873 214.53 mQ sq " 25 NA 105
Shieldex Kiel +30-based LHP 1.08895 x 10> Sm™* 25 NA 106
Nanomaterials CNT-Ag 1x10°Sm™* 10 1000 7
Ag/laser-induced graphene 1.2 £ 0.06 Q sq " 15 NA 107
Graphene 1300-170 Q sq* 30 NA 108
MXene-SWNT 2.9 x10°Sm* 150 500 43
GNF-RGO 447 x 10*Sm™* 40 NA 42

Note: the table above contains three key parameters for the electrical properties of a material: electrical conductivity (S m™"); electrical resistivity (Q cm);

sheet resistance (Q sq~ ).

Among these, 2D materials-especially MXenes-offer a well-
balanced combination of high conductivity, mechanical flexibility,
and processability. Although MXenes are inherently susceptible to
oxidation, recent advances in surface passivation and encapsula-
tion have substantially improved their ambient stability, enabling
their integration into stretchable electronic platforms. This bal-
ance positions them as promising candidates for applications
requiring both reliable electrical performance and mechanical

2812 | Nanoscale Horiz., 2025, 10, 2809-2827

adaptability. Ultimately, achieving high-performance stretchable
antenna systems requires careful optimization of these material
trade-offs to meet the functional demands of specific applications.

2.2 Substrate materials

Substrate materials serve as the mechanical backbone of
stretchable soft antennas, ensuring structural integrity while
accommodating repeated deformation. Beyond mechanical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Performance benchmarking of stretchable conductive materials. Radar
chart comparing five representative classes of conductive materials—metallic
materials, conductive inks, conductive polymers, liquid metals, and two-
dimensional (2D) materials—across five key performance metrics: conductivity,
stretchability, processability, durability, and biocompatibility. Each axis is
scored from 1 to 5, with higher values indicating relatively better performance
within this evaluation framework. The chart provides a comparative visual
guide for material selection in stretchable and wearable electronic systems.
Note: to quantitatively evaluate the multifunctional performance of these
material categories, we established a five-dimensional scoring system cover-
ing conductivity, stretchability, processibility, durability, and biocompatibility.
Each metric was assigned a score from 1 (low) to 5 (high) based on reported
trends and representative performances in the literature. Metallic materials
received the highest score in conductivity (score = 5), due to their excellent
and stable electrical performance under standard operating conditions. Liquid
metals achieved the highest score in stretchability (score = 5), reflecting their
intrinsic molecular flexibility and ability to maintain conductivity under large
strain. Conductive polymers scored highest in processibility (score = 5), due
to their compatibility with scalable fabrication techniques such as screen and
inkjet printing. In terms of durability, defined as electrical stability under cyclic
strain, 2D materials performed relatively well (score = 4), although advances in
composites and encapsulation strategies are gradually closing the gap for
other materials. Biocompatibility was rated highest for conductive polymers
(score = 5), particularly those specifically engineered for skin-contact appli-
cations. This scoring framework is intended as a general reference for
material screening, though actual performance may vary depending on
material formulation, processing methods, and application contexts.

support, substrates play a pivotal role in determining the
electrical performance of antennas through their dielectric
properties — most notably, the dielectric constant (&), which
governs impedance matching, bandwidth, and radiation effi-
ciency. A higher ¢ enhances electric field confinement and unit
capacitance, typically lowering the resonant frequency and
narrowing the bandwidth, which may cause impedance mis-
matches. Conversely, a lower ¢ generally improves radiation
efficiency and broadens the operational bandwidth. Conse-
quently, substrates with moderate dielectric constants (approxi-
mately 2.5-4.0) are commonly preferred to achieve a balanced
trade-off between antenna miniaturization and communication
performance. In this section, we review commonly employed
stretchable substrates, highlighting both their mechanical
characteristics and dielectric behavior (Table 2).

Elastic fabrics are widely employed in wearable antennas
due to their light weight, breathability, and ability to conform
to non-planar surfaces, such as the human body.'® These

This journal is © The Royal Society of Chemistry 2025
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textile substrates generally exhibit low dielectric constants in
the range of 1.2-1.7,"'°™'> which minimizes electromagnetic
energy absorption and promotes efficient radiation. Despite
their advantageous mechanical properties, the hygroscopic
nature of textiles poses a significant challenge: moisture uptake
alters both their mechanical stiffness and dielectric
properties."*® In addition, surface roughness and porosity can
affect the uniformity and adhesion of conductive materials,
influencing the antenna’s impedance and stability.'® These
factors must be carefully considered during the design and
characterization of wearable antenna systems to ensure robust
and reliable operation under real-world conditions.

Silicone elastomers such as polydimethylsiloxane (PDMS) and
Ecoflex offer exceptional stretchability, up to 200% for PDMS and
1000% for Ecoflex, biocompatibility, and low modulus, making
them ideal candidates for skin-integrated and biomedical
applications."**""* With dielectric constants generally ranging from
2.6 to 3.4""%"7 these materials strike a practical balance between
electrical insulation and impedance tunability.

Polyimide (PI), particularly in the form of commercially
available films such as Kapton, offers a compelling combination
of mechanical durability, thermal stability, and favorable dielec-
tric properties. PI substrates typically exhibit a dielectric con-
stant of approximately 2.5-3.5, enabling stable electrical
performance across a wide frequency range.''® PI films can
achieve high stretchability (up to 100%) through structural
design innovations, such as the incorporation of kirigami pat-
terns or composite approaches.’® These modifications enable PI-
based substrates to retain their mechanical integrity and elec-
trical performance under large deformations, making them
suitable for advanced flexible electronic applications.

Thermoplastic polyurethane (TPU) represents another class of
mechanically robust and easily processable substrates.®'*'>°
These materials typically exhibit higher dielectric constants, in
the range of 2.4-4.2, which can aid in confining electromagnetic
fields but may also introduce increased dielectric loss and impe-
dance mismatch. Notably, their high fatigue resistance under
repeated loading makes them well-suited for long-term operation
in dynamic environments.""

To enable stable and efficient antenna performance under
deformation, substrate materials must exhibit a balanced
combination of moderate ¢ and low dielectric loss (tand),
ensuring both electrical functionality and mechanical compli-
ance. The tanJ quantifies energy dissipation within the sub-
strate, with higher values leading to signal attenuation, heat
generation, and potential reliability concerns. To facilitate
material selection, we provide a comparative overview of repre-
sentative substrates based on their dielectric parameters
(Fig. 2). Textile-based materials (e.g., PET fabrics) offer ultralow
¢ (1.2-1.7) and minimal loss, supporting broadband wearable
systems, though their hygroscopicity and surface roughness can
compromise integration. Silicone elastomers (e.g:;, PDMS, Ecoflex)
combine moderate ¢ (2.6-3.4), low tan J (<0.04), and high stretch-
ability, rendering them well-suited for skin-conformal and biome-
dical applications. Slightly stiffer substrates like polyimide (PI)
maintain excellent thermal stability and dielectric uniformity,

Nanoscale Horiz., 2025, 10, 2809-2827 | 2813


https://doi.org/10.1039/d5nh00383k

Published on 12 Difuu-sandaa 2025. Downloaded on 2025/11/26 7:41:44 PM.

Minireview

Table 2 Soft substrates and their properties for stretchable soft antennas
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Substrate Dielectric constant Dielectric loss Thickness Strain (%) Cycle number Ref.
Ecoflex 3.05 0.017 1.5 mm 10 NA 122
3.125 0.01 1.5 mm 25 500 19
2.2 NA 1.57 mm 15 NA 107
3.03 0.01 1. 7 mm 15 200 123
2.5 0.01 1.45 mm 72 NA 74
2.1 NA NA 50 NA 75
2.8 0.02 2 mm 100 100 90
1.8 NA 1.6 mm 300 100 71
3.125 0.01 1.5 mm 15 200 46
2.5-3.0 NA 150 pm 50 NA 13
VHB 3.2 0.03 1 mm 100 1000 103 and 104
PDMS 2.7 NA 1.25 mm 20 NA 85
2.74 0.057 2 mm 20 NA 6
2.7 0.01 2 mm 25 NA 106
3 NA 4.5 mm 40 NA 124
2.67-3.00 0.01-0.05 1.1 mm NA NA 76
2.67 NA 90 um 50 500 14
2.67 NA 0.2 mm 35 NA 125
2.63 0.076 2 mm 35 NA 101
3 NA 3 mm 20 NA 20
2.8 NA 1.1 mm 20 NA 73
3 0.014 1.35 mm 30 NA 80
2.8 0.02 100 pm 40 NA 81
2.5-3.0 0.01-0.05 NA 40 300 58
2.8 0.02 1 mm 15 NA 126
4.5 0.02 NA 20 NA 127
2.8 NA 1.5 mm 100 5000 50
PI 2.55 NA 12 ym 70 100 79
2.55 NA NA 30 NA 82
Fabric 1.4 NA 300 pm 30 2000 128
TPU 2.48 0.0783 0.19 mm 20 NA 129
4.12 NA 3.1 mm 30 NA 88
2.85 0.09 NA 15 300 119
DEE (dielectro-elastic elastomer) 5 0.0074 700 pm 30 1000 130
PAAm (hydrogel) 79 NA 7 mm 48 NA 68
Silicone elastomer 2.8 0.02 0.5 mm 30 NA 108
Dragon skin 1.8 NA 0.4 mm 30 NA 131
Solaris 2.5-3.3 0.2-0.5 0.2-2 mm 32 NA 132
EVA copolymer 2.8-3.2 0.002 0.2 mm 25 NA 133
Textile&PE773 1.7 0.012 0.5 mm 25 NA 105
SEBS 2.3 0.07 2 mm 40 NA 134
Rubber/PVA 3.6 0.06 NA 40 NA 42
TC5005 2.8-3.1 NA 5 mm 300 NA 60

favoring high-frequency circuit embedding. For applications
requiring repeated actuation or large strain—such as soft robot-
ics—thermoplastic elastomers (TPU, SEBS, rubber/PVA) offer high
fatigue resistance, moderate-to-high ¢ (2.4-4.2), and acceptable
loss (~0.04-0.08). Highly stretchable adhesives such as VHB and
Solaris also deliver functional ¢ with extreme deformability,
enabling use in dielectric elastomer actuators (DEAs) and reconfi-
gurable systems. While hydrogels like PAAm exhibit an ultrahigh ¢
(~79), their substantial dielectric loss (~0.3) restricts their suit-
ability in low-loss or high-frequency communication settings.
Collectively, these considerations underscore that rational sub-
strate selection—balancing dielectric behavior, mechanical resili-
ence, and environmental stability—is pivotal for the design of next-
generation stretchable antenna systems.

3. Structural design and fabrication

For materials that inherently lack stretchability and are prone
to cracking or delamination under mechanical deformation,

2814 | Nanoscale Horiz., 2025, 10, 2809-2827

structural design offers a compelling strategy to overcome these
limitations. By geometrically reconfiguring intrinsically rigid
conductors, such as bulk metals or certain nanomaterials, it
becomes possible to impart macroscale stretchability without
compromising electrical functionality. Structural strategies are
typically classified into two principal categories: 2D structural
engineering, which operates within the plane of the material,
and 3D structural engineering, which introduces out-of-plane
topologies to accommodate more complex deformation modes.
Each category is coupled with specific fabrication techniques
designed to preserve or enhance the mechanical-electrical
coupling essential for stretchable soft antenna applications.

3.1 2D structural engineering

2D structural engineering focuses on in-plane geometric mod-
ifications to enhance the deformability of materials without
affecting their electrical properties. These strategies are parti-
cularly effective for materials that lack intrinsic stretchability.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Dielectric properties of stretchable substrate materials. Compara-
tive mapping of representative stretchable substrates based on their
dielectric constant (¢) and dielectric loss (tan d). Elastomeric materials such
as PDMS, TPU, Ecoflex, and VHB exhibit moderate dielectric constants (¢ ~
2-4) coupled with low dielectric loss, making them well-suited for
stretchable, low-loss electronic applications. In contrast, hydrogels like
PAAM show significantly higher dielectric constants (¢ ~ 80) alongside
markedly increased dielectric loss (~0.30), which may restrict their use in
radio-frequency systems where low energy dissipation is critical. Ellipses
delineate the approximate performance regions characteristic of each
material class. (Data adapted from Table 2.)
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Serpentine configurations, characterized by curved geometries
such as meandered or zigzag paths, have proven effective in
enhancing stretchability by distributing mechanical strain along
non-linear trajectories. This design strategy is widely adopted for
metallic films, which inherently lack stretchability, enabling their
integration into soft and deformable systems without compromis-
ing electrical continuity. High-resolution fabrication methods
such as laser cutting and photolithography are employed to
pattern these structures with precision, ensuring mechanical
compliance while preserving antenna functionality. For instance,
a radio-frequency dipole antenna fabricated from a 30 pm-thick
copper foil, patterned into unit cells comprising three serpentine
cycles vig laser milling, demonstrated a resonant frequency shift
from 1.24 GHz at 0% strain to 1.08 GHz under 45% uniaxial
elongation (Fig. 3a and b)."* Similarly, a multilayered stack
antenna incorporating laser-patterned serpentine aluminum
films achieved reversible stretching up to 30% strain while
operating at 13.56 MHz, maintaining stable performance over
3000 cycles at 5% strain and 1000 cycles at 10% strain (Fig. 3c and
d).”*® Furthermore, a silver-plated knitted textile embedded
in an Ecoflex matrix and patterned with serpentine rectangular
meshes exhibited linear downshifts in resonant frequency from
3.45 GHz to 2.75 GHz as the antenna was stretched from 0% to

100%, demonstrating excellent compliance and consistent
electromagnetic response under large strain deformation
(Fig. 3e and f).”°

Fig. 3 (a) Optical images of antennas integrated onto elastomer substrates under various applied tensile strains. SMA connectors are soldered at the
antenna feed points for radiofrequency (RF) characterization. Reproduced from ref. 135 with permission from Wiley-VCH GmbH, copyright 2016. (b)

Measured Si; return loss spectra of antennas comprising unit cells with three serpentine cycles, recorded under increasing levels of tensile strain.

135

Reproduced from ref. 135 with permission from Wiley-VCH GmbH, copyright 2016. (c) Microscopy images illustrating the multilayer antenna fabrication
process, including via formation using a micro-punching tool for vertical interconnections. Reproduced from ref. 136 with permission from MDPI, copyright
2022. (d) Demonstration of mechanical compliance, showing the stretchable and bendable performance of optoelectronic devices integrated with the
multilayered antenna.**® Reproduced from ref. 136 with permission from MDPI, copyright 2022. (e) Schematic illustration of the textile-based microstrip
antenna design, with both the patch and ground plane engineered using meshed rectangular serpentine units. Reproduced from ref. 90 with permission
from American Chemical Society, copyright 2021. (f) Evolution of resonant frequency and S;; parameters as a function of uniaxial strain up to 100%,
demonstrating the antenna’s strain-dependent tunability.>® Reproduced from ref. 90 with permission from American Chemical Society, copyright 2021.
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Additionally, horseshoe and spiral geometries provide
further compliance, leveraging rotational freedom and arc
curvature to accommodate stretching. Spiral-shaped copper
antennas were reported to tolerate up to 15% uniaxial strain,
with stretch-induced frequency shifts depending on the arc angle
and periodicity of the horseshoe elements (Fig. 4a—f)."*'** These
shapes allow more uniform deformation and can be system-
atically optimized through parametric coupling of mechanics
and electromagnetics.

Collectively, these 2D geometric strategies—serpentine,
mesh, horseshoe, and spiral—serve as effective tools for
enabling stretchability in otherwise brittle conductors. When
combined with scalable and precise fabrication techniques
such as laser cutting, photolithography, and 3D printing, they
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form a versatile platform for designing stretchable soft anten-
nas with reliable mechanical and radiofrequency performance
under large strains.

Beyond geometric engineering, emerging low-dimensional
materials with intrinsically high electrical conductivity have
demonstrated remarkable potential for enhancing stretchabil-
ity through the formation of crumpled or wrinkled structures
(Fig. 4g-i).**"*"713% Such stretchable conductors represent pro-
mising candidates for next-generation deformable antenna
systems. For instance, an ultrastretchable conductor was fabri-
cated by depositing a crumple-textured composite coating of
two-dimensional Ti;C,Tx MXene nanosheets and single-walled
carbon nanotubes (SWNTs) onto a latex substrate. This hybrid
structure was employed to construct a high-performance dipole
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Fig. 4 (a) Optical images of a hierarchically structured microstrip antenna featuring a double-arched patch geometry, fabricated by applying a pre-strain
of 15%. Reproduced from ref. 19 with permission from Nature Publishing Group, copyright 2021. (b) Mechanical and electromagnetic performance of the
antenna shown in an under applied tensile strain, demonstrating its strain-insensitive characteristics.® Reproduced from ref. 19 with permission from
Nature Publishing Group, copyright 2021. (c) Definition of geometric parameters used in the serpentine mesh structure, enabling controlled mechanical
compliance and tunable electromagnetic behavior. Reproduced from ref. 123 with permission from Elsevier Ltd, copyright 2021. (d) Optical images of the
fabricated stretchable microstrip antenna under relaxed and stretched states. Reproduced from ref. 123 with permission from Elsevier Ltd, copyright
2021. (e) Comparison between simulated (black) and measured (red) resonance frequencies for antennas with varying patch widths, highlighting the
impact of geometry on resonant behavior. Reproduced from ref. 123 with permission from Elsevier Ltd, copyright 2021. (f) Experimentally measured
resonance frequencies for antennas with different meshed architectures subjected to tensile strain ranging from 0% to 15%, illustrating structure-
dependent frequency stability.’?> Reproduced from ref. 123 with permission from Elsevier Ltd, copyright 2021. (g) Schematic and digital images of a
stretchable dipole antenna based on a hybrid single-walled carbon nanotube (SWCNT)-MXene conductive film, shown under various strain levels.
Reproduced from ref. 43 with permission from Wiley-VCH GmbH, copyright 2019. (h) Scanning electron microscopy (SEM) images of the SWCNT-
MXene coating on the antenna wing subjected to different degrees of uniaxial strain, revealing the evolution of the microstructure during deformation.
Reproduced from ref. 43 with permission from Wiley-VCH GmbH, copyright 2019. (i) Simulated and measured |Sy;| parameters and corresponding
resonant frequencies of the SWCNT-MXene antenna under different strains, demonstrating robust RF performance under mechanical loading.*®
Reproduced from ref. 43 with permission from Wiley-VCH GmbH, copyright 2019.
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antenna capable of enduring uniaxial strains up to 150% while
maintaining reflected power below 0.1%. As the strain
increased from 0% to 150%, the antenna’s resonant frequency
exhibited a linear shift from 1.575 to 1.375 GHz. Remarkably,
during fatigue testing, the SWNT-MXene antenna maintained
excellent stability, with nearly unchanged reflection coefficients
(|S11] ~ —33 dB at 1.425 GHz) over 500 cycles under 100%
uniaxial strain.** Such stretchable conductors, combining scal-
able fabrication, mechanical compliance, and stable perfor-
mance, have considerable promise for scalable deployment in

View Article Online

Minireview

3.2 3D structural engineering

While two-dimensional (2D) structural strategies enhance in-plane
stretchability, accommodating complex deformation modes—par-
ticularly those involving out-of-plane displacement—necessitates
the implementation of three-dimensional (3D) structural config-
urations. These 3D architectures significantly improve mechanical
resilience and enable dynamic, reversible shape reconfiguration
under various mechanical stimuli.

For instance, a 3D antenna featuring a spiral hemispherical
geometry demonstrated reversible stretchability up to 30%,

next-generation stretchable soft antenna systems. with less than 1% shift in resonant frequency after 100 cycles
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Fig. 5 (a) Optical images (bottom) and finite element analysis (FEA) results (top) of the meanderline-based hemispherical electrically small antenna
(MHESA) under equal-biaxial tensile strains of 0%, 9%, 18%, and 30%. Reproduced from ref. 82 with permission from Wiley-VCH GmbH, copyright 2018.
(b) Voltage standing wave ratio (VSWR) characteristics of the MHESA under different levels of applied strain. The VSWR reflects the impedance matching
with the transmission line; values approaching 1 indicate near-ideal matching.®? Reproduced from ref. 82 with permission from Wiley-VCH GmbH,
copyright 2018. (c) Optical images (top) and FEA results (bottom) of the 3D Au/PI serpentine-like antenna under various tensile strains (scale bar, 1 mm).
Reproduced from ref. 140 with permission from Nature Publishing Group, copyright 2017. (d) S1; parameters of the 3D serpentine-like antenna under
different applied substrate strains.}*° Reproduced from ref. 140 with permission from Nature Publishing Group, copyright 2017. (e) Schematic illustration
of a dual-bellows Pt robot functioning as a reconfigurable dipole antenna, and photographs of the sending (left) and receiving (right) Pt robots.
Reproduced from ref. 14 with permission from The American Association for the Advancement of Science, copyright 2019. (f) Left: Return loss of the
reconfigurable dipole antenna under compressive strains ranging from 0% to 50%. Right: Resonant frequencies as a function of compressive strain before
and after 500 cycles of robotic actuation. Reproduced from ref. 14 with permission from The American Association for the Advancement of Science,
copyright 2019. (g) Pulse signals sent by the Pt sender robot were successfully received by the Pt receiver robot. The frequencies of the transmitted and
received signals were identical.** Reproduced from ref. 14 with permission from The American Association for the Advancement of Science, copyright
2019.
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of compression and release, attributed to its mechanically
resilient design (Fig. 5a and b).*? Similarly, antennas incorpor-
ating buckled serpentine geometries exhibited exceptional fre-
quency stability, with resonant frequency deviations below 1%
under tensile strains reaching 200% (Fig. 5¢ and d)."*° A dipole
antenna utilizing a conductive Pt-elastomer origami structure
showed a resonant frequency increase from 741.8 to 783.5 MHz
as compressive strain increased from 0% to 50%. This strain-
dependent frequency response remained consistent over 500
cycles of robotic actuation, enabling robust wireless tracking of
the actuation status in dual-bellows Pt robots (Fig. 5e-g)."*
Furthermore, the integration of Kirigami-inspired designs into
3D assembled structures provides mechanical decoupling
between radiating elements and the deformable substrate. This
strain isolation mechanism effectively suppresses frequency
variation under complex deformation modes—including bend-
ing, stretching, compression, and random dynamic perturba-
tions—and supports stable operation under 100% strain for
over 5000 mechanical cycles with negligible frequency drift.>°
Despite the functional benefits of various structural strate-
gies, each presents inherent trade-offs in practical engineering
applications. To systematically visualize the performance trade-
offs across different structures, Fig. 6a presents a radar chart
comparing eight representative architectures along three key
dimensions: strain tolerance, fabrication complexity, and
mechanical robustness. The results reveal distinct performance
distributions, reflecting inherent design compromises between
deformability, manufacturability, and structural stability. Ser-
pentine and spiral structures offer simple geometries and are
compatible with scalable fabrication techniques, making them
suitable for basic flexible devices. However, they may experi-
ence mechanical fatigue and resonant frequency drift under
prolonged cyclic loading. Mesh architecture provides isotropic
compliance and uniform stress distribution but often rely on
high-resolution microfabrication, which increases process
complexity. Kirigami and origami-inspired designs exhibit
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excellent compliance and reconfigurability under large defor-
mation, yet are constrained by intricate patterning, limited
reproducibility, and mechanical weakness at hinge regions.
Buckled structures, typically formed through prestrain-release
techniques, enable out-of-plane deformation and stress delo-
calization, offering high mechanical robustness under large
strains. In contrast, wrinkled architectures, often realized in
nanomaterial-based conductive films, deliver ultrahigh stretch-
ability and low fabrication complexity, although their long-term
stability under cyclic strain may be compromised by interfacial
delamination or fatigue. This comparative visualization offers
an intuitive and quantitative framework to support application-
specific structural selection and multi-objective design optimi-
zation in flexible and wearable electronic systems.

3.3 Deformation-electromagnetic coupling and
compensation strategies

Mechanical deformations—including stretching, bending, and
compression—can alter an antenna’s geometry, current distribu-
tion, and dielectric environment, leading to shifts in resonant
frequency, radiation pattern, and polarization. This phenomenon,
known as deformation-electromagnetic (EM) coupling, presents a
critical challenge to maintaining stable EM performance in
stretchable antenna systems under dynamic conditions. As evi-
denced in previous examples, such coupling is a recurring issue
across various designs. (Fig. 6b) summarizes reported strain-
induced frequency shifts (Af) across diverse antenna types. Even
moderate strains frequently cause resonant frequency variations
exceeding 20%, highlighting the sensitivity of these systems to
mechanical inputs and the need for strategies that decouple
mechanical strain from electromagnetic response.

Geometric distortions often underlie these effects. For
instance, transverse stretching of a circular patch antenna
induces ellipticity due to the Poisson effect, altering its effective
electrical length and thus its resonant frequency. Analytical
models indicate that frequency increases as the minor axis

f
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Fig. 6 Electromechanical trade-offs in structural designs for stretchable antennas. (a) Radar chart comparing representative structural designs---ser-
pentine, horseshoe, mesh, kirigami, wrinkled, origami, buckled, and hemispherical spiral—based on three engineering metrics: strain tolerance,
mechanical robustness, and fabrication complexity. (b) Summary of reported strain-induced frequency shifts (Af) versus applied strain across various
stretchable antenna types, categorized by material and structural strategies, including conductive elastomer composites, nanomaterials, liquid metals

(LM), dielectric elastomer elastomers (DEE), and 2D/3D architectures.
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contracts and decreases with elongation along the major axis.
To mitigate such changes, structural design strategies aim to
stabilize the current path and preserve electrical dimensions.
Serpentine and arch-shaped layouts distribute local strain and
minimize current path elongation. Slotting techniques, such as
lateral slot insertion in circular patches, have been shown to
redirect surface currents and suppress frequency drift. For
example, Yang et al achieved a strain-insensitive antenna
(<0.8% frequency variation) under 58.8% elongation by intro-
ducing lateral slots to compensate for transverse deformation.™*"

Material-based compensation provides an additional control
layer. Dielectrics with strain-dependent permittivity, such as
nanoparticle-doped elastomers, dynamically adjust capacitance
under mechanical loading. Kim et al. demonstrated that incor-
porating high-permittivity ceramic nanoparticles into elasto-
meric substrates suppressed frequency downshifts during
stretching by reducing dielectric constant. Similarly, auxetic
structures, which exhibit negative Poisson’s ratios, expand
laterally under tension, offsetting geometric changes and
enhancing dimensional stability.**°

Multiphysics simulation plays a central role in evaluating
and optimizing such strain-resilient designs. Antennas are initi-
ally modeled using EM solvers (e.g., CST, HFSS) to establish
baseline performance. Mechanical deformation is then simu-
lated using finite element platforms (e.g., COMSOL) under
defined strain conditions. Deformed geometries are subse-
quently re-imported into EM solvers to assess changes in scatter-
ing parameters, radiation patterns, and polarization. This
iterative workflow, often informed by electrical length theory,
enables optimization toward frequency-stable operation.*! Final
validation typically involves in situ measurements using vector
network analyzers during mechanical actuation.

This integrated approach—linking geometry, materials, and
simulation—forms the foundation for developing stretchable
antennas with consistent EM performance under deformation.
As wearable systems and soft robotics continue to evolve,
coupling-aware design frameworks will be essential for
enabling reliable, multifunctional wireless interfaces.

4. Functional integration

The advancement of stretchable soft antennas has transcended
their traditional role in wireless communication, evolving into
multifunctional platforms capable of environmental sensing,
physiological monitoring, and energy harvesting. This integra-
tion is pivotal for the development of autonomous, compact
systems in next-generation wearables and soft robotics.

For example, a textile-based stretchable microstrip antenna
has been demonstrated with intrinsic strain sensing, allowing
for simultaneous wireless communication and mechanical
deformation monitoring. This integration offers a powerful
solution for wearable devices that require real-time data trans-
mission and monitoring of mechanical deformations.®® Fractal-
inspired designs, such as Hilbert patterns embedded in
antenna patches and ground planes, offer up to ~40%

This journal is © The Royal Society of Chemistry 2025
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stretchability with a maximum gain of 2.95 dB at 2.5 GHz.
Their resonant frequency shifts linearly with strain, allowing
for wireless joint motion detection using RF receivers (Fig. 7a
and b).'*? P. X. Si et al. developed a passive, flexible patch
antenna system incorporating structurally decoupled modules
to achieve simultaneous angle sensing and energy harvesting.
Notably, this battery-free system maintains stable radio fre-
quency signal output under dynamic bending and conformal
skin contact, illustrating its strong potential for low-power, on-
skin wireless interaction platforms.'** Furthermore, near-field
communication (NFC) coil antennas fabricated through a
strain-free embroidery technique demonstrate high deforma-
tion resilience, maintaining stable inductance, resonant fre-
quency under up to 50% elongation and 16 mm bending
radius. These embroidered coils were integrated into a
battery-free, energy-harvesting body sensor network. The com-
plete system delivers stable power and wireless body tempera-
ture monitoring under mechanical deformation (Fig. 7c)."**

These demonstrations underscore the growing potential of
stretchable antennas as multifunctional nodes within wearable
electronic systems. However, realizing system-level integration
requires more than optimizing the antenna’s intrinsic perfor-
mance—it necessitates the seamless incorporation of sensing,
power management, and communication modules onto a
mechanically compliant platform. This level of functional
integration is essential for enabling closed-loop, multimodal
systems capable of real-time interaction.*’ Yet, it introduces
significant technical challenges due to fundamental mis-
matches in material properties, electromagnetic characteris-
tics, and mechanical deformation behavior among constituent
components.

For example, although conductor materials such as silver
nanofibers, MXene, and liquid metals offer excellent electro-
magnetic performance, they are susceptible to conductive path-
way degradation under repeated stretching, leading to
compromised interconnect reliability. Additionally, the elastic
modulus mismatch between soft substrates (e.g., PDMS, PU,
Ecoflex) and rigid modules can generate interfacial stress
concentrations, resulting in delamination or signal distortion.
To address these issues, researchers have developed strategies
such as modular layout partitioning, soft encapsulation, and
mechanical stress-buffer layers to improve system-level
mechanical conformity. A notable example is the MXene/SWNT
composite system reported by Li et al, which integrates
antenna and EMI shielding functionalities while maintaining
stable conductivity under strains up to 800%."* Engineered
wrinkling and plasma surface treatment further enhance elec-
tromagnetic compatibility and mechanical robustness.

Beyond mechanical matching, electromagnetic bottlenecks—
including electromagnetic interference (EMI) and near-field
coupling—pose additional constraints in densely integrated
platforms. These issues become particularly pronounced when
multiple RF modules, such as NFC, Bluetooth, or power coils,
are co-located, leading to parasitic interactions that distort the
antenna’s radiation pattern and impedance matching.>® Cur-
rent approaches to mitigate these effects include the use of low-
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Fig. 7 (a) Schematic of the wireless strain sensing system and the working principle of the stretchable microstrip antenna for human joint monitoring.
Reproduced from ref. 142 with permission from American Chemical Society, copyright 2023. (b) Monitoring of human joint states using the wireless strain
sensing system. Photographs of three representative joints (knee, wrist, and elbow). Received power variations for each joint at four bending angles (20°,
40°, 60°, and 80°), recorded at 5 s intervals. Background colors correspond to the joints shown in the photographs. Received power variation for knee
bending at different angles (20°, 40°, 60°, and 80°) recorded at 1 min intervals (bottom-right panel).**?> Reproduced from ref. 142 with permission from
American Chemical Society, copyright 2023. (c) Exploded-view and schematic illustration of the temperature monitoring bra for NFC communication
and temperature data acquisition via an android-based application (photograph shown). Fluctuation of the sensed temperature under controlled
conditions at 33, 35, 37, 39, and 41 °C.** Reproduced from ref. 144 with permission from Wiley-VCH GmbH, copyright 2019.
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permittivity isolation layers, frequency detuning techniques, and
magnetic shielding structures. For instance, Zhu et al. developed
a multifunctional soft system on Ecoflex incorporating a broad-
band antenna, rectifier, laser-induced graphene (LIG) sensor,
and microcontroller. Their dual-resonant antenna structure
mitigates frequency drift, while a slotted ground plane design
reduces SAR and enhances radiation directivity.""”

In wearable contexts, the proximity of antennas to the human
body further complicates system design due to strong electro-
magnetic coupling with biological tissue. This can elevate the
specific absorption rate (SAR) and degrade radiation efficiency.
According to international standards (e.g., IEEE C95.1, ICNIRP),
SAR averaged over 1 gram of tissue must remain below 1.6 W
kg ! for safe operation.'** Yet, the high permittivity of biological
tissue can lead to enhanced near-field coupling, increased SAR,
and frequency detuning.'® To address this, structural shielding
(e.g., metal reflectors, slotted ground planes) and dielectric
isolation using low-permittivity elastomers (e.g., PDMS, Ecoflex)
have been employed.'*” These strategies reduce electromagnetic
leakage toward the body while stabilizing the antenna’s operat-
ing frequency and radiation profile."*® Among various design
topologies, planar inverted-F antennas (PIFAs) are particularly
favored in wearable systems due to their integrated ground
plane, which ensures low SAR and stable front-to-back (F/B)
ratios. Advanced implementations incorporating reflector
and spacer layers have successfully reduced 1 g SAR to below
0.2 W kg~ ' without sacrificing impedance matching."**'*

Together, these system-level strategies underscore the central
role of soft antennas as not only electromagnetic radiators but
also core integrative elements in multifunctional stretchable
electronics. By addressing mechanical, electrical, and electro-
magnetic compatibility simultaneously, such designs pave the
way for fully autonomous, skin-like platforms capable of real-
time communication, adaptive sensing, and seamless operation
under continuous deformation—laying the foundation for intel-
ligent wearable interfaces and untethered soft robotic systems.

5. Discussion

Stretchable soft antennas have evolved from conceptual frameworks
into functional systems capable of maintaining stable electromag-
netic performance under significant mechanical deformation. This
advancement is largely driven by innovations in both material
selection and structural design. Deformable conductors—including
liquid metals (e.g, eutectic gallium-indium alloys), MXenes (e.g.,
Ti;C,Tx), silver nanowires, and graphene-based materials—have
demonstrated high conductivity while preserving mechanical com-
pliance when embedded in elastomeric substrates such as PDMS,
Ecoflex, or polyurethane. These composites enable repeatable
stretching, bending, and twisting without compromising radiative
efficiency. Structural design approaches, such as serpentine inter-
connects, fractal geometries, and out-of-plane architectures (e.g.,
kirigami or 3D buckled layouts), decouple mechanical strain from
electrical discontinuity by redistributing stress across engineered
geometries. These strategies are essential for preserving impedance
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matching, gain, and resonance frequency during dynamic use,
which are critical metrics in antenna engineering.

Beyond their primary role in wireless transmission, stretch-
able soft antennas are increasingly being engineered with multi-
functional capabilities. By coupling strain-sensitive geometries
with antenna circuits, recent prototypes have demonstrated real-
time deformation sensing, body temperature monitoring, and
wireless energy harvesting - features particularly relevant for
wearable health monitoring and untethered soft robotic systems.
Scalable fabrication technologies - including screen printing, 3D
direct ink writing, laser ablation, and embroidery - have enabled
high-resolution patterning on soft substrates, supporting mass
production and system-level integration.

Nevertheless, significant challenges remain. Long-term
environmental and biocompatibility stability, and low-loss
integration with sensing, power, and communication modules
demand further research. In particular, the dynamic coupling
between strain-induced geometric changes and electromag-
netic field distribution is not yet fully characterized, especially
in anisotropic or multilayered architectures.

From a translational perspective, one major barrier lies in the
scalability and reproducibility of existing fabrication techniques.
Methods such as lithographic patterning, laser machining, or
transfer printing often fall short in throughput, yield, and robust-
ness for industrial-scale manufacturing. Moreover, achieving spa-
tially uniform mechanical-electromagnetic performance across
large-area devices is complicated by inherent material heteroge-
neity and process variability. Ensuring long-term mechanical
durability and electromagnetic stability under continuous defor-
mation cycles is another pressing concern—especially for applica-
tions in wearable and robotic platforms. Integration challenges
with conventional electronics packaging and system-level assem-
bly must also be overcome to enable commercialization.

Future directions may involve the development of roll-to-roll
manufacturing processes for stretchable conductive compo-
sites, scalable printing techniques for automated structural
patterning, and standardized testing protocols to benchmark
durability, performance consistency, and user safety. The con-
vergence of materials innovation, structural mechanics, and
scalable manufacturing approaches will be key to translating
laboratory-scale prototypes into viable industrial products. As
these interdisciplinary challenges are progressively resolved,
stretchable soft antennas will be central to the realization of
seamless, low-profile wireless interfaces between soft
machines, the human body, and the digital environment.
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