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Frommaterials to systems: resonant
inductive coupling for wireless
bioelectronics
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Doyoung Kim1,4, Janghoon Joo1,4, Bogeun Kim1,4, Young-Jin Park2 , Sang Min Won1 &
Jae-Young Yoo1,3

Wireless bioelectronics require alternatives to rigid, bulky batteries for long-term monitoring. This
paper reviews resonant inductive coupling (RIC) as an efficient biocompatible power strategy
surpassing conventional batteries.We summarize fundamental RIC principles and design parameters
for biological environments. We then discuss material and structural strategies for soft, electrically
stable coils and their integration into sensing, communication, and closed-loop platforms. Finally, we
highlight recent advances in bioresorbable inductive coil systems.

Recently, the rapid advancement of wireless technology has enabled clinical
and biomedical research to overcome the inherent limitations of conven-
tional tethered electronics, including motion artifacts, subject discomfort,
and immune responses1–3. The comfort and unobtrusiveness of wireless
systems provide a significant advantage for long-term physiological mon-
itoring, allowing continuous collection of health data without restricting
movement or daily activity4–6. However, as wireless systems evolve toward
prolongedmonitoring, the persistent challenge of sustainable power supply
has emerged as a critical bottleneck. In particular, increasing power con-
sumption inherently leads to larger battery size and weight, thereby hin-
dering long-term biocompatibility and usability7–9. To address this issue,
researchers have explored alternative power solutions such as nanogen-
erators and wireless power transfer (WPT) systems10–23.

Among the power-harvesting approaches investigated to support the
energy requirements of wireless bioelectronic systems, nanogenerators
convert biomechanical or thermal energy into electrical energy through
mechanisms such as thermoelectricity10, pyroelectricity11,
piezoelectricity12,13, and triboelectricity14,15 (Table 1). Although harvesting
energy from biological sources is appealing because it can be obtained
directly fromnatural human activity, the intermittent and lowpower output
remains a substantial obstacle to continuous operation in implantable and
wearable systems16,24. Due to these limitations, WPT has attracted con-
siderable attention, as it can provide reliable and high-power delivery by
wirelessly transmitting energy from an external source to an implanted
receiver. WPT can be realized using various energy carriers or conversion
mechanisms, including photovoltaics (PV) that harvest visible17 and near-
infrared (NIR) light18, radio-frequency (RF) radiation19,20 and inductive
coupling21,22 that utilizes magnetic fields at specific frequency bands, and

capacitive coupling23 that exploits electric-field interactions (Table 1).
Among these approaches, resonant inductive coupling (RIC) is dis-
tinguished by its ability to achieve stable and efficient power transfer even in
dynamically changing biological environments25,26 (Fig. 1a), because near-
field magnetic coupling is minimally affected by tissue properties and small
positional shifts, and the inherently high energy-transfer efficiency sup-
ported by an appropriate quality factor (Q-factor) reduces the impact of
such minor variations on overall performance27.

Beyond its robustness, integrating the RIC scheme into a wireless
device provides additional advantages, as the intrinsic simplicity of the
inductor-capacitor (LC) resonator, which consists only of an inductive coil
and a matching capacitor28–30, enables the miniaturization of bioelectronics
for use in space-constrainedanatomical sites andhelps fulfill hardware-level
biocompatibility requirements. For example, by reducing the coil area to
10mm × 5mm, the entire circuit can be miniaturized for implantation in
small anatomical regions, such as the spinal cord of rodents31. Furthermore,
the structural simplicity permits diverse design adaptations, including
changes in geometry and material composition, which in turn enable
mechanical compliance with biological tissue32–34. As a result, RIC-based
circuitry allows straightforward design optimization that reduces subject
discomfort, maintains conformal contact during physiological motion, and
minimizes inflammatory responses during chronic implantation.

In this review, we introduce the theoretical principles underlying how
inductive coils harvest power from externally generatedmagnetic fields and
summarize key design strategies for implementing inductive coils within
RIC systems. We further provide an overview of structural and material
approaches that enhance the biocompatibility and mechanical compliance
of RIC-based resonators. Finally, we highlight representative studies that
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integrate RIC circuitry intomodern bioelectronic platforms, demonstrating
how these systems have been extended to enable advanced functionalities
such as wireless sensing and biodegradability.

Basic principle of inductive coupling
Building upon the motivation outlined in the Introduction, RIC enables
wireless energy transfer by exploiting magnetic field interactions between
two resonant coils. The fundamental mechanism can be understood

without resorting to full mathematical treatment. A transmitting (TX)
coil (or resonator in the case of RIC) generates a time-varyingmagneticfield
(B) from the alternating current (AC), according to the Ampère-Maxwell
law,

∇×B ¼ μ0Jþ μ0ε0
∂E
∂t

� �� ð1Þ

Fig. 1 | Resonant inductive coupling (RIC) in wireless bioelectronics.
aConceptual overview of RIC circuitry, bioelectronic applications, and key features.
Coil-based RIC architectures enable soft and miniaturized implementations that
support both skin-mounted and implantable wireless devices, including applications
targeting mechanically dynamic and soft organs such as the brain and heart. Data
acquired from these devices can bewirelessly transmitted to external devices through

inductive coupling-based communication. Reproduced from ref. 34 with acknowl-
edgement to the Royal Society of Chemistry. Reproduced from refs. 64,159,200,201
under the Creative Commons CC BY 4.0 license. Reproduced with permission from
ref. 182. Copyright 2022, John Wiley and Sons. Schematic illustrations of b skin
effect, c attenuation of magnetic field in biological media, and d biological effects of
magnetic field exposure.
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where J is the current density, E is the electric field, μ0 is the permeability of
free space, and ε0 is the permittivity of free space. The generated magnetic
field produces a time-varying magnetic flux (Φ),

Φ ¼
Z

s
B � dS � �� ð2Þ

where S is the surface enclosed within a receiving (RX) coil. When the
magnetic field passes through the receiving coil changes, it induces an
electromotive force (EMF, Ε) in accordance with Faraday-Lenz law.

E ¼ � dΦ
dt

� �� ð3Þ

These equations indicate that the induced EMF depends on the
magnetic field strength, coil area, and operating frequency.When designing
an RIC system, these parameters must be selected carefully because they
determine the available voltage and influence the overall design envelope.
Since the induced EMF is alternating, rectification and power-conditioning
circuitry are required to deliver a stable output for bioelectronic
applications.

In bioelectronics, an inductive coil of a resonator is typically imple-
mented in planar form, as its compatibilitywith diverse form factors enables
more efficient use of space compared to a solenoid-type inductor. The
inductance (L) of a planar coil is primarily determined by its geometric
parameters, such as the number of turns of coil, coil shape, and coil dia-
meter. Among the diverse approximate formulas for planar coil inductance,
the equation based on the current sheet approximation (CSA) demonstrates
high accuracy, with less than 3% error compared to field solver
simulations35. The equation is given as follows.

L ¼ c1
μN2

2
dout þ din

2

� �
ln
c2
a
þ c3aþ c4a

� �
� �� ð4Þ

In this equation, μ and N denote the magnetic permeability and the
number of turns of the inductive coil, respectively. The terms dout and din
correspond to the outer and inner diameters of the coil, respectively. The fill
factor (a) is defined as (dout − din) / (dout + din). The layout-dependent
coefficients (ci), as detailed in the referenced study35, allow the model to
accurately represent both circular and polygonal planar coil geometries.
During optimization, we must balance inductance against device size. A
higher inductance increases stored magnetic energy and can improve
coupling, but also enlarges the coil footprint and raises series resistance36.

The efficiency of a resonator is represented by its quality factor Q,
defined as the ratio of stored to dissipated energy,

Q ¼ ω×
ðstored energyÞ

ðdissipated energyÞ ¼
ωL
R

� �� ð5Þ

where ω is the angular frequency, L the inductance, and R the resistance.
Higher Q-factors improve energy transfer efficiency, but they also increase
sensitivity to fabrication variability and detuning caused by environmental
changes such as shifts in coil alignment or tissue properties. Coil material,
conductor thickness, and operating frequency must therefore be chosen to
achieve adequate Q while ensuring durability and tolerance to
misalignment.

As RIC operates at themutual resonant frequency between the two LC
resonators, it is essential to define this frequency. The LC resonators used in
bioelectronics applications generally consist of an inductive coil and a
matching capacitor. The resonant frequency(f0) depends on both the
inductance (L) and the capacitance (C) of the resonator.

f 0 ¼
1

2π
ffiffiffiffiffiffi
LC

p � �� ð6Þ

In practical designs, L is fixed by coil geometry, and the matching
capacitor C is selected to tune the resonant frequency to the desired band,
generally within 100 kHz37 to 200 MHz38 for bioelectronic applications.
Choosing the operating frequency requires balancing penetration depth,
coil size, coupling behavior, regulatory constraints, and safety
considerations.

The characteristics of magnetically coupled resonators are commonly
described in terms of the coupling coefficient (k) ormutual inductance (M).
These two parameters are interrelated, and their relationship can be
expressed as follows.

k ¼ Mffiffiffiffiffiffiffiffiffi
L1L2

p ð0 ≤ k≤ 1Þ � �� ð7Þ

Mutual inductance is typically calculated based on Neumann’s for-
mula, which is given as follows:

M ¼ μ0
4π

I
C1

I
C2

dl1 � dl2
r1 � r2
�� �� � �� ð8Þ

where μ0 is the permeability of free space,C denotes the current paths of the
conductor, dl is an infinitesimal line element along the path, r is the position
vector of each element. Defining the coupling parameter between the two
resonators in the RIC system enables direct expression of the system effi-
ciency in terms of the coupling coefficient and the individual characteristics
of each resonator39,40.

η ¼ k2Q1Q2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2Q1Q2

q� �2 � �� ð9Þ

Because η increases with k, the relative alignment, spacing, and
orientation of the coils are critical factors during design. Implantable
devices must maintain adequate efficiency despite inevitable motion-
induced misalignment and anatomical variability. Coil size, place-
ment depth, and orientation must therefore be optimized to improve
magnetic coupling while accommodating biological and surgical
constraints.

Up to this point, the designofRICsystemshasbeendescribed largely in
terms of coil geometry, resonant properties, and coupling behavior. In
practical bioelectronic applications, however, the overall performance of an
RIC system is also shaped by frequency-dependent losses, magnetic field
attenuation in biological tissues, and the biological safety limits associated
with electromagnetic exposure. These considerations impose additional
constraints on system design and must be incorporated into optimization
strategies.

A major frequency-dependent limitation is the skin effect. As alter-
nating current passes through an inductive coil, the Faraday-Lenz law
dictates the generation of a counter-electromotive force (counter-EMF) that
suppresses the central current density, thereby compelling a redistribution
toward the outer surface. This phenomenon can be understood through a
mechanism where induced eddy currents, driven by this counter-EMF, act
to partially neutralize the primary current within the conductor’s interior41

(Fig. 1b). This inhibitory effect becomesmore pronounced as the frequency
increases, further confining the current to the conductor’s periphery. This
localization is quantified by the skin depth (δ), where the current density
decays to 37% of its surface value,

δ ¼
ffiffiffiffiffiffi
2ρ
ωμ

s
� �� ð10Þ

where ρ denotes resistivity. As δ decreases with frequency, the effective
resistance of the coil increases, reducing Q and causing power loss. Con-
ductor thickness, cross-sectional geometry, and material choice must
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therefore be selected to minimize skin-effect-related losses, especially at
higher frequencies.

Magnetic field attenuation in biological tissues presents another fun-
damental limitation (Fig. 1c). Attenuation occurs due to the interaction of
the magnetic field with biological tissues and fluids through coupling and
absorption42. The attenuation rate depends on the magnetic field frequency
and the electrical properties of the biological tissue43,44. Since the attenuation
rate increases with both frequency and depth, the necessity for high-
frequency operation and deep tissue placement imposes significant con-
straints for implantable devices. A commonly proposed strategy for over-
coming this limitation is to place the wireless module in the subdermal
space,with the active components remainingat the target site andconnected
through elongated leads22,45,46. This approach has been validated in diverse
animal models (e.g., rat, pig, sheep, and baboon) through implantation
studies, with long-term experiments lasting up to a few months.

Finally, biological safety must be considered when defining the oper-
ating conditions of an RIC system (Fig. 1d). As outlined in IEEE safety
standards47, electromagnetic fields can induce adverse biological effects
depending on the frequency. According to IEEE standards, electromagnetic
fields below 100 kHz can induce electric fields in the human body, poten-
tially stimulating excitable tissues such as nerves. In contrast, frequencies
above 100 kHz can lead to tissue heating or whole-body thermal effects.
Consequently, IEEE C95.1‑2019 establishes exposure limits based on the
specific absorption rate (SAR) to ensure the safety of biological tissues. The
exposure limits for electromagneticfields are set at 4W kg−1 forwhole-body
exposure, and at 2W kg−1 (public) or 10W kg−1 (controlled environments)
for localized exposure.Generally, SAR values are calculatedbymodeling the
biological environment within a commercial electromagnetic simulation
environment48, according to the following equation,

SAR ¼ σ Ej j2
2ρm

� �� ð11Þ

where σ is the electrical conductivity of the tissue, E is the root-mean-square
induced electric field, and ρm is the mass density of the tissue.

Structural design strategies for mechanical compliance and
stable power harvesting
The skin and biological tissues undergo continuous mechanical deforma-
tion due to voluntary motion and internal physiological activity, and these
deformations impose significant demands on body-integrated electronic
systems. Typical skin strains range from 10% to 20% during daily move-
ments and may exceed 30% near highly mobile joints49,50. Internal organs
such as the heart can experience even larger strains, reaching 20% to 30% or
more, depending on anatomical location and functional state51. To operate
reliably under such dynamic conditions, body-integrated electronics must
achieve mechanical compliance with surrounding tissues. Mechanical
compliance prevents structural damage within the device, maintains stable
adhesion, and minimizes interference with natural physiological motion.
This requirement has motivated diverse structural design strategies that
incorporate flexible or stretchable architectures8,52–54, which reduce stress
concentration and protect vulnerable regions during deformation. As a
result,mechanically compliant systems canmaintain stable contact with the
body while supporting functions such as physiological monitoring or
therapeutic delivery.

When inductive coils are included for wireless power harvesting,
mechanical design becomes even more critical because deformation can
alter resonant frequency, effective coil area, and quality factor. Reliable
wireless operation, therefore, requires structural strategies that preserve coil
geometry and electromagnetic characteristics during bending, stretching,
and twisting. To address this, several geometric approaches such as mini-
mizing form factor, implementing serpentine layouts, and inducing con-
trolled buckling have been developed. Figure 2 summarizes representative
examples, highlighting how structural mechanics directly influence bioin-
terface integration and power harvesting performance.

One of the simplest yet highly effective approaches to enhance
mechanical compliance is thickness reduction. A thinner device exhibits
lower bending stiffness and minimized mechanical stress at the interface,
which facilitates improved conformal contact with the curved and dynamic
surface of the biological tissue. Considering themechanical properties of the
epidermis (modulus: 140–600 kPa; thickness: 0.05–1.5 mm) and dermis
(modulus: 2–280 kPa; thickness: 0.3–3mm)55, body-integrated devices
typically require bending stiffness that should not exceed 5 µN·m56. In the
case of ultrathin electronics such as e-skins or organ-conformal bioelec-
tronics, bending stiffness values below 1 nN·m are generally preferred to
maintain full conformal contact over microscale curvatures and skin
wrinkles, without inducing discomfort to the user or measurement errors
due to unstable sensor-tissue interfaces55,57. At the structural level, this
requirement has led to the use of thin-film metal traces and coils with
thicknesses of only a few tens of micrometers, encapsulated within soft
polymer layers that are less thana fewhundredmicrometers thick.Reducing
planar dimensions can further enhance conformal contact by localizing
mechanical mismatch and limiting strain accumulation, which reduces the
likelihood of delamination or performance degradation during motion.
Figure 2a presents a wireless device with a compact form factor that utilizes
an inductive coil (16mm in diameter) to wirelessly harvest power from an
external transmitter coil2. The harvested energy, which is dependent on the
position and angle of the device, powers the embedded near-field com-
munication (NFC) chip, enabling continuous monitoring and wireless
transmission of body temperature and skin pressure. The device is encap-
sulated in a soft silicone polymer andhas an overall thickness below500 µm.
This enables robust conformal contact with the skin even under external
pressure, and its small size allows multiple units to be distributed across the
body for full-body spatiotemporal mapping (Fig. 2b). Beyond enhancing
mechanical compliance as a body-integrated device, a smaller planar
dimension of the coil can stabilize power harvesting performance under
deformation. The fractional change in the coil’s effective areaunder bending
is given by

4S
S

� ðd=RÞ2
32

� �� ð12Þ

where S is the effective coil area, d is the coil inner diameter, and R is the
bending radius58. As both the magnetic flux through the inductive coil and
its inductance are proportional to the effective area, a smaller inner diameter
results in reduced shifts in resonant frequency and less reduction in har-
vested power during bending. Therefore, the coil’s relative insensitivity to
bending enables it to reliablymaintain power harvesting functionality under
mechanical deformation. For example, a rectangular coilwithdimensionsof
10mm×5mmexhibited only a 0.12 decrease inQ-factor, which is less than
1%of its planar value of 18.7, when bent to a radius of 5mm31. The resonant
frequency also increased by only 0.1MHzunder the same conditions. These
results highlight that, although smaller inductive coils inherently generate
less harvested power, they can maintain consistent power harvesting per-
formance even during normal movements of animals.

In addition to improving the mechanical compliance and power har-
vesting stability of the coil, the coil diameter is often constrained to the
millimeter scale due to application-specific limitations. For example, wire-
less neural optogenetic stimulation devices attached to the skull of small
animals such as rats typically employ device sizes below 15mm× 15mm59.
Device dimensions are also limited to a few tens ofmm2 in applications such
as photoplethysmography (PPG) sensors at the fingernail60 or smart lens for
intraocular pressure61 and glucose level monitoring62. In such cases, the coil
inductance may become excessively low, making it difficult to harvest suf-
ficient power to operate the device. To address this, two inductive coils can
be connected in series to increase the total inductance and Q-factor. When
the coils are designed such that current flows in the same direction, they are
cumulatively coupled, and the total inductance can exceed the simple sumof
their individual self-inductances. This total inductance is given by Eq. (13),
where L is the total inductance, L1 and L2 are the self-inductances of each
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coil, M is the mutual inductance, and k is the coupling coefficient. The
coupling coefficient k, ranging from 0 to 1, represents the strength of the
magnetic coupling between the two inductors and is determined by factors
such as the distance and alignment between the coils.

L ¼ L1 þ L2 þ 2M ¼ L1 þ L2 þ 2k
ffiffiffiffiffiffiffiffiffi
L1L2

p
� �� ð13Þ

Such positively coupled inductive coils can be fabricated by patterning
the coils on both copper layers of a copper/polyimide/copper (Cu/PI/Cu)
multilayer foil in a mirrored configuration that preserves the current flow
direction, followed by interconnection through vias63 (Fig. 2c). The
enhanced power harvesting performance of this series coil configuration is
well demonstrated64 (Fig. 2d). The red line in the graph represents the power
harvesting performance of the double-sided coil with two 6-turn coils, while
the black line shows the performance of the single-sided 6-turn coil. As the
load resistance exceeds 1 kΩ, the difference in harvested power becomes
increasingly marked. When a low-dropout (LDO) external regulator is
included, the output voltage is clamped near 3.3 V, leading to a different
behavior. TheQ-factor also reflects this difference, with the single-sided coil

exhibiting a value of 17.37 at the resonant frequency, whereas the double-
sided coil reaches 24.51. Although the series connection slightly increases
resistance, the gain in inductance and Q-factor outweighs this drawback.
Similarly, a study demonstrated the use of a double-sided coil with a dia-
meter of approximately 10mm and a Q-factor of 16 to wirelessly power an
NFC chip and additional components such as an operational amplifier60. By
coupling with a smartphone at a distance up to 30mm, the system enabled
wireless acquisition of physiological signals, including blood oxygen
saturation and heart rate. This range can exceed 100mmwhen commercial
long-range reader electronics are used.

While bending-tolerant coil structures provide improved compliance
for out-of-plane deformation, many epidermal and wearable applications
experience significant in-plane strain as well. To ensure stable harvesting
performance under such conditions, coils must accommodate tensile strain
without substantial distortionof electromagnetic properties. To achieve this,
structural approaches previously used in stretchable electronics, including
serpentine traces65,66, mesh layouts67, 2D spiral geometries68,69, and kirigami-
inspired patterns70,71, have been adapted for inductive coils. Figure 2e shows
an example of such a coil design, exhibiting a stretchability exceeding 20%72.

Fig. 2 | Structural Approaches for Mechanical Compliance and Stable Power
Harvesting. a Ultrathin wireless sensor with an inductive coil, an NFC chip, and a
pressure sensor, encapsulated in soft silicone for conformal skin contact. b Distributed
array of skin-mounted wireless sensors that transmit physiological data for full-body
spatiotemporal mapping. Scale bar, 8mm. Figure 2a and 2b are reproduced with
permission from ref. 2. Copyright 2018, The American Association for the
Advancement of Science. c Double-sided inductive coil architecture formed by mir-
rored spirals on the top and bottom copper layers. Reproduced with permission from
ref. 63. Copyright 2025, The American Association for the Advancement of Science.
d Comparison of power harvesting performance for single- and double-sided coils.
Reproduced from ref. 64 under the Creative Commons CC BY 4.0 license. e Stretchable
inductor that localizes tensile strain into serpentine interconnects while maintaining
the geometry of the planar spirals. f S-parameter response of the stretchable
spiral–serpentine structure showingminimal variation under 20% strain. Figure 2e and

2f are reproduced with permission from ref. 72. Copyright 2021, American Chemical
Society. g Finite element analysis (FEA) of a serpentine-integrated inductive coil under
20% strain. h Return loss measurements under 20% strain show only a slight resonant
frequency shift (~0.2MHz) and a minimal change in loss depth (~1 dB). Figure 2g and
2h are reproduced with permission from ref. 74 under the Creative Commons CC BY-
NC 4.0 license. i 3D helical coil formed via mechanically guided assembly.
j Experimental and simulated return loss characterization of the 3D helical coil under
50% strain. Figure 2i and 2j are reproduced with permission from ref. 84. Copyright
2019, John Wiley and Sons. k 3D serpentine-helix combination coil fabricated by
winding a planar serpentine precursor around a rod. Scale bar, 20mm. l Inductance of
the serpentine-helix coil measured under 50% uniaxial stretching, 50% biaxial
stretching, and release, illustrating its electromagnetic behavior across large deforma-
tion states. Figures 2k and 2l are reproduced with permission from ref. 85. Copyright
2023, John Wiley and Sons.
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The demonstrated device was primarily designed for GHz-range wireless
power transfer applications. However, the same structural strategy of
interconnecting planar spirals with stretchable serpentine traces could be
adapted forMHz-range inductive coils inwireless power transfer systems to
maintain performance under significant mechanical strain. Two compact
spiral inductors were formed on the upper metal layer and connected to
stretchable serpentine traces through vias in the intermediate PI layer. This
architecture localized tensile strain in the serpentine interconnects while
keeping the spirals largely undeformed, which helped preserve the elec-
tromagnetic properties. Figure 2f highlights the strain-tolerant behavior
derived from scattering parameter (S-parameter) measurements, showing
minor variation in S-parameter-derived metrics under elongation up to
20%. In another example, a commercial unshielded wire-wound inductor
coil was integrated with serpentine interconnects, enabling the device to
maintain stable power harvesting characteristics and normal operation
under equal-biaxial strains exceeding 100%73. Another approach is to make
the inductive coil itself stretchable rather than limiting stretchability to the
interconnects. In this design, in-plane tensile strain is accommodated by
embedding serpentine geometries directly into the inductive traces, enabling
the entire coil to elongate without substantial degradation in electrical
characteristics. Finite element analysis of a device under 20% uniaxial
stretching shows that the maximum equivalent strains in the copper layer
remain below 3%, which is lower than the fracture strain (~5%) of copper,
ensuring mechanical reliability74 (Fig. 2g). This strain-localizing geometry
preserved the coil’s electromagnetic performance, as confirmed by
S-parameter measurements that revealed only a slight resonant frequency
shift (~0.2MHz) andminimal change in return loss depth (~1 dB) between
theunstretched and20%stretched states (Fig. 2h).Demonstrated aspart of a
wireless power transfer link for a soft, skin-mounted haptic interface in
virtual reality applications, this stretchable coil enabled stablepowerdelivery
during large deformations, ensuring consistent device operation during
interactive use. Similarly, stretchable coil designswith serpentine geometries
have been used in other applications, showing negligible differences in
reflection coefficients before and after smart lens molding75, maintaining
stablewireless power transfer for electrocardiogram(ECG)and temperature
monitoring/transmission with only a 5.8% resonant frequency shift
(13.6MHz to 12.8MHz) under 30% stretching76, and exhibiting almost no
change in S-parameter (resonant frequency shift ≤0.2MHz, return loss
variation ≤0.1 dB) under 20% stretching in a sweat pH sensing and NFC
transmission device77.

Although 2D stretchable coil architectures offer some directional tol-
erance, they generally provide only limited stretchability even under uni-
axial stretching due to strongly localized regions of stress concentration78.
Their limitations become more pronounced under complex, multi-
directional loading conditions, similar to actual body movements, often
leading to irreversible deformation. In contrast, 3D stretchable coil struc-
tures, realized through mechanically guided assembly into out-of-plane
geometries such as helical or buckled forms, exhibit both higher and mul-
tidirectional stretchability. These structures arise when planar precursors
undergo controlled out-of-plane deformation to minimize internal strain79,
typically achieved by bonding to prestrained substrates followed by strain
release or by stretching after partial adhesion80–83. Bonding sites that remain
attached to the substrate during buckling are formed via siloxane bonding
using silicone rubber or oxide layers, enabling controlled 3D buckling. To
stabilize such buckled 3D architectures, a two-stage encapsulation strategy
was introduced, in which planar precursors are first bonded to an elastomer
substrate and then stretched to a defined encapsulation strain to induce
controlled buckling before the encapsulation layer is applied84. Subsequent
release of the substrate produces a mechanically stable 3D configuration
after encapsulation. By adopting this buckling approach, identical planar
precursors can achieve substantially higher stretchability than their 2D
counterparts. For instance, the yield strain of a serpentine design increased
from 9% in 2D to 61% in 3D, while that of a fractal design rose from 11% to
46%. Although spring-like 3D helical coils are also fabricated based on this
two-stage encapsulation concept, their fabrication sequence is slightly

modified. In this case, a planar serpentine precursor is first bonded to a
substrate that is prestrained by 150%. The substrate is then fully released to
transform the planar structure into a 3Dhelical geometry. Subsequently, the
substrate is re-stretched to the encapsulation strain (50%) before applying
the encapsulation layer. After encapsulation, releasing the substrate yields a
mechanically stable 3D helical coil (Fig. 2i). Even under uniaxial 50%
stretching, the difference in the return loss parameter remains relatively
small, as confirmed by both experimental measurements and electro-
magnetic simulations, thereby ensuring stable power delivery to a com-
mercial light-emitting diode (LED) (Fig. 2j). Beyond these demonstrations,
a novel structural design termed the 3D serpentine-helix combination has
also been reported85 (Fig. 2k). The structure is fabricated by winding a
serpentine planar precursor around a round rod with a defined rotation
angle. This structure achieves ultrahigh stretchability above 200% along all
axes and tolerates swelling, twisting, and poking. Figure 2l shows the change
in inductance of a wireless charging patch fabricated using this coil under
50% uniaxial and biaxial stretching. The inductance (at 5.57MHz)
decreased from 9.2 µH to 5.7 µH and 4.1 µH, while the Q-factor decreased
from 4.9 to 4.1 and 3.8, respectively. The decrease in coil inductance with
increasing tensile strain originates from the increased spacing between
adjacent twisted turns, which reduces themutual inductance between turns.
Although the inductance variation is non-negligible, the original study
demonstrated that stable LED illumination was maintained under these
stretching conditions, and the inductance returned to its initial value once
the applied strainwas released. This stable operation can be attributed to the
intrinsic electrical characteristics of multidirectional 3D stretchable coils.
Multidirectional 3D stretchable coil designs generally exhibit relatively low
initial inductance and higher resistance due to their structural configura-
tions that minimize internal stress. However, the resulting moderate
Q-factor reduces the sensitivity of the resonant system to inductance var-
iations, allowing stable power harvesting performance under deformation.
To achieve bothhighpower harvesting capability and stable operation in 3D
stretchable coils, structural optimization strategies that minimize mutual
inductance degradation between adjacent turns while maintaining a high
Q-factor should be explored. In addition, circuit-level compensation
approaches, such as switched capacitance-based tuning networks86,87, may
also be considered to offset inductance variations induced by mechanical
deformation.

Advanced materials for flexible, stretchable, and biointegrated
inductive coils
Inductive coils for bioelectronic systems are typically required to sustain
stable wireless operation on soft, curved, and dynamic tissues such as skin,
heart, and bladder, where persistent deformation and motion are
unavoidable22,32,88–93. Although geometric engineering strategies, including
serpentine or mesh layouts, improve device deformability, the metallic
conductors traditionally used in coil fabrication (for example, copper or
gold) remain prone to crack initiation, rapid propagation, and impedance
drift under chronic micromotion, cyclic strain, andmechanical loading94–97.
These failuremodes compromise long-term electrical stability and remain a
barrier to achieving reliable biointegrated wireless systems. This challenge
has motivated the development of intrinsically stretchable conductors such
as conductive polymers,metal nanowires, and liquidmetals, whichdissipate
applied strain within the conductive framework itself 98–102. By leveraging
ductility, porosity, or self-healing properties, such material systems have
already demonstrated mitigation of fracture and delamination in electrode
platforms.When applied to coil conductors, these attributes are expected to
define not only the mechanical compliance of the coil but also its electro-
magnetic stability and tissue interface characteristics. Figure 3 provides an
overview of these material-based strategies for realizing flexible and
stretchable inductive coils, categorized into four representative platforms:
nanowire percolation network (Fig. 3a), liquid metal (Fig. 3b), dielectro-
elastic substrates (Fig. 3c), and textile platforms (Fig. 3d). Each platform
pairs material composition with geometric architecture to achieve high
deformability and stablewireless operation, reflecting a broader shift toward
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coils that match the mechanics of soft tissue without sacrificing electro-
magnetic function.

Nanowire percolation networks offer a representativematerial strategy
for soft, deformable inductive coils that can intimately couplewithbiological
tissues103,104. Silver-based percolation networks are widely explored due to
their high conductivity and process compatibility with soft elastomers;
however, single-network designs often exhibit strain-dependent resistance
drift due to nanowire sliding, contact loss, and crack-induced network
disruption under deformation105,106. Such resistance increases elevate ohmic

loss, which can lower the coil Q-factor and compromise wireless link per-
formance in resonant inductive coupling systems under dynamic loading.
Tomitigate these limitations, hybrid percolation architectures that combine
silver particles with high-aspect-ratio nanowires (AgNP–AgNW) provide
redundant pathways and nanowire-mediated bridging across locally dis-
rupted regions, thereby stabilizing conductivity over larger strain ranges107.
Embedded directly within elastomeric matrices, these networks eliminate
the need for rigid encapsulation or serpentine interconnects, enabling
compact, low-profile coils compatible with both skin-mounted and

Fig. 3 | Advanced materials for flexible, stretchable, and biointegrated
inductive coils. a AgNF-AgNW hybrid percolation network used as NFC antennas
on soft contact lenses, showing strain-tolerant resistance under tension. Scale bars,
20 μm (SEM image) and 10 mm (contact lens optical image). Reproduced with
permission from ref. 109. Copyright 2021, SpringerNature. bGalinstan-filled liquid-
metalmicrochannel coils patterned by direct inkwriting, enabling highly stretchable
light-emitting thin-film devices with resonant frequency and Q-factors maintained
up to 200% strain. Scale bar, 200 μm (microscopy image). Reproduced with

permission from ref. 114. Copyright 2021, John Wiley and Sons. c Dielectro-elastic
elastomer (DEE) cluster substrates forming strain-invariant stretchable near-field
coils with stable return loss under uniaxial stretch. Scale bar, 10 mm (optical image).
Reproduced with permission from ref. 121. Copyright 2024, Springer Nature.
d Omniphobic silk-based textile coils (OSCs) formed from conductive yarns,
maintaining efficient wireless power transfer at 5.2 MHzunderwater exposure. Scale
bar, 100 μm (SEM image). Reproduced with permission from ref. 137. Copyright
2021, Elsevier.
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implantable applications. An additional advantage of silver-based nanowire
systems is their intrinsic optical transparency, which supports integration
into ocular and epidermal platforms where visual clarity and esthetic
acceptance are critical108. A soft contact lens system incorporating a hybrid
nanowirepercolationnetworkoffers a compelling example of this approach,
enabling wireless intraocular pressure (IOP) monitoring through a
stretchable and transparent inductive coil architecture109 (Fig. 3a). In this
design, ahybridpercolationnetworkofultra-long silvernanofibers (AgNFs)
and fine silver nanowires (AgNWs) formed a porous, randomly oriented
architecture that distributed strain and preserved electrical continuity
without localized crack formation. Embedded within a soft elastomer, this
network was configured into a stretchable NFC antenna tuned to
13.56MHz. The device maintained high optical transparency (~73% at
550 nm) and stable resonance (Q-factor ~4.8), with only a 1.5 ± 0.4%
resistance increase under 30%strain (R ~38Ω). This small resistancechange
implies only a minor increase in ohmic loss and therefore a limited
reduction in the Q-factor, consistent with the experimentally maintained
resonance and reliable NFC-based readout under deformation. In contrast,
copper foil controls fractured at low strain and lost wireless functionality,
underscoring the robustness of theAgNF–AgNWsystem. In vivo validation
in rabbits revealed negligible ocular irritation after 24–48 hours, and human
studies up to 12 hours of wear confirmed clear vision and reliable wireless
intraocular pressure monitoring. More recently, a phase-separated porous
AgNW nanocomposite (PSPN) that forms self-organized conductive net-
works along pore walls has demonstrated strain-insensitive conductivity
and electromagnetic stability under elongations up to 600%110. Its ultralow
percolation threshold and strain-tolerant conductive pathways stabilize
resistance, inductance, and Q-factor over large deformations, maintaining
power transfer efficiency of approximately 75% at 50% strain and enabling
multiplexed LC sensing under load. Together, these advances highlight the
potential of nanowire composites to support inductive coils that preserve
electromagnetic performance even under extreme mechanical loading.

Gallium-based liquidmetals, such as eutectic gallium-indium (EGaIn)
andGalinstan (GaInSn), offer an exceptional combination of high electrical
conductivity, low viscosity, and low toxicity, together with intrinsic
softness111–114. These properties have led to their widespread adoption in
stretchable inductive coils for applications in wireless sensing, power har-
vesting, and biointegrated electronics115–118. Their ability to flow and self-
heal within elastomericmicrochannels enables continuous operation under
tensile, bending, and torsional stress, without the risk of fracture or dela-
mination that limits solid-metal conductors. However, the rapid formation
of a native oxide layer complicates reliable patterning and electrical inter-
facing, necessitating nontrivial process control to ensure reproducible
integration. In practice, oxide-aware routes combine chemical oxide
reduction with selective wetting on photolithographically patterned metal
traces119. Subsequent encapsulation enables precise definition of liquid-
metal conductors and stable electrical contacts. Using this strategy, a pat-
terned GaInSn NFC antenna was realized that remained stretchable up to
~30% while maintaining a resonant frequency near 13.56MHz with a lar-
gely preserved Q-factor. These results indicate that careful surface and
process engineering can mitigate oxide-related integration challenges
without sacrificing RF stability. Despite these advances inmanufacturability
and interfacial reliability, a remaining RF-level constraint arises from the
intrinsically lower conductivity of gallium-based liquid metals compared
with conventional metals such as copper or gold. For example, the con-
ductivity of GaInSn (σ ~3.46 × 106 S m−1) is roughly an order of magnitude
lower than that of copper and gold, which can increase conductor loss and
reduce the coil Q-factor. As discussed in Eq. (10), the skin depth (δ) sets the
effective current-carrying thickness at MHz frequencies, making the
microchannel cross-section (thickness/width) a key design parameter for
limiting AC resistance and maintaining high-Q operation under deforma-
tion. This consideration becomes especially important for ultrathin, highly
deformable platforms, where geometric constraints and deformation-
induced variations in channel cross-section can otherwise amplify
frequency-dependent loss and compromise wireless powering efficiency.

Addressing these RF and mechanical constraints simultaneously, a repre-
sentative liquid-metal-based stretchable coil was fabricated by direct ink
writing of silicone microchannel walls on a 7 µm-thick silicone microsheet,
followed by Galinstan injection114 (Fig. 3b). The resulting ultrathin system
exhibited unprecedented deformability, maintaining stable wireless opera-
tion at the NFC frequency (13.56MHz) under extreme mechanical modes
including 200% uniaxial strain, 3.0mm bending radius, and 180° twist. In
terms of performance, the coil achieved a high Q-factor (~29 at rest, >22 at
200% strain), ensuring reliable power transfer even under large deforma-
tions. Simulations showed that Q-factor saturates for channel thicknesses
>500 µm (δ ~90 µm at 13.56MHz), supporting the use of a ~530 µm
Galinstan channel to limit skin-effect loss. The device also retained stable
operation over 1000 cycles of 100% strain without performance degrada-
tion. Polydopamine (PDA) coating enabled suture-free, conformal adhe-
sion to wet biological tissues, as demonstrated on ex vivo porcine intestine,
porcine heart, and chicken leg. This result underscores the potential of
ultrathin liquid-metal-based coil for stable and minimally invasive tissue-
device integration, offering a promising route toward next-generation
implantable bioelectronic systems. The ultrathin, soft substrate, with a low
flexural rigidity (D <10−2 nN·m, defined as the resistance of a thin film to
bending) matched the mechanics of brain tissue, further minimizing
detachment under motion and highlighting the advantage of tissue-
conformal device mechanics.

Beyond developing stretchable coil architectures, a distinct challenge
that remains for inductive coil systems is resonant frequency drift under
deformation, a limitation not directly resolved by these earlier approaches.
In stretchable inductive coil systems, geometric deformations induced by
strain alter inductance and capacitance, resulting in resonant frequency
shifts that directly degrade power transfer efficiency and wireless commu-
nication stability in dynamic biological environments32,120. These limitations
underscore the central challenge: to realize inductive coil systems whose
resonance remains invariant undermechanical deformation. The dielectro-
elastic elastomer (DEE) concept addresses this limitation by embedding
clusters of high-dielectric ceramic nanoparticles (for example, barium
titanate (BaTiO3), effective permittivity (εeff) = 1500) into a soft elastomer
matrix to form a composite with strain-tunable permittivity121. Upon
stretching, the initially spherical clusters deform into ellipsoids, decreasing
the effective permittivity (Δεeff-30% ~2.1 at 13.56MHz) in proportion to
strain. This reduction in εeff compensates for the capacitance increase
induced by coil stretching, thereby stabilizing the resonant frequency even
under substantial deformation (Fig. 3c). Experimental demonstrations
confirm this principle, as inductive coils formedonDEEsubstratesmaintain
resonance at 13.56MHz under strains up to 30%, whereas Ecoflex-based
controls exhibit frequency downshifts of several hundred kilohertz121–123.
Consistent with this stabilization of resonance, wireless power transfer
efficiency remains nearly unchanged across 0–30% strain. In practicalWPT
setups, DEE-based receivers powered LEDs reliably during deformation,
underscoring the ability of substrate-level permittivity tuning to suppress
resonance drift. This stability preserves power transfer efficiency and
enables continuous operation of skin-mounted WPT systems during
deformation, including pulse-rate monitoring and wireless readout over
distances up to 30m. By decoupling geometric strain from permittivity,
DEEs establish a substrate-centric strategy for deformation-invariant
inductive operation, complementing conductor-network approaches such
as PSPN.

Textile-based platforms represent another materials framework for
biointegrated inductive coils. Their softness, breathability, and ability to
deform with the body arise from their woven or knitted architectures124,125.
Textiles accommodate multidirectional strain, bending, and twisting while
enabling efficient thermal and moisture exchange with skin126–128, making
themwell-suited for garment-integratedand long-termwearable systems129.
Beyond mechanical advantages, the multi-scale adaptability of textiles
(spanning their hierarchical level from fibers to yarns to fabrics) supports
diverse fabrication strategies, including embroidery of conductive threads,
knitting orweaving of conductivefilaments, andprinting of conductive inks
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onto fabric substrates125,130–135. These approaches enabledirect incorporation
of inductive elements into garments, yielding coils that are washable, skin-
friendly, and mechanically resilient. Near-field-enabled clothing, for
example, uses embroidered conductive yarns to form inductive relay net-
works that extend NFC operating range up to 1m and power multiple
battery-free sensors during movement136. A more material-centric
demonstration can be found in omniphobic silk-based coils (OSCs),
reported as a platform for washable, breathable, and stretchable e-textiles137

(Fig. 3d). Conductive yarns were fabricated by electrospinning silk fibroin
blended with multi-walled carbon nanotubes and chitin-derived carbon
nanoflakes, then twisted and sewn into spiral geometries using conventional
embroidery. The coils retained their textile-like porosity and were rendered
omniphobic via silanization, preserving air permeability (~90mm s−1)
while resisting water, sweat, oils, and stains. The resulting OSCs endured
repeatedmechanical deformation (≥2500 stretching cycles) and laundering
(≥50 machine-wash cycles) without significant performance degradation,
confirming their robustness and washability. When operated at 5.2MHz,
the coilsmaintained stablewireless power transfer (η >65%under strains up
to 70%) and remained fully functional even during water immersion. These
findings indicate that textile-based inductive coils provide a practical
example of combining durability, washability, and reliable wireless perfor-
mance in wearable platforms.

Passive RIC-enabled architectures for functional body-
integrated devices
Building on material and structural strategies that enable mechanically
compliant anddeformation-tolerant inductive coils, thenext essential step is
to consider how the harvested power is utilized within body-integrated
devices. RIC-powered systems can be broadly categorized into two archi-
tectural classes, passive and active, which differ fundamentally in how
harvested AC power is processed and utilized within the device (Fig. 4a).
These architectures define the operational capabilities, power budget, and
system complexity of battery-free bioelectronic platforms. The passive RIC-
enabled architecture (left panel of Fig. 4a) delivers the harvested AC power
directly to the functional load with minimal processing, typically involving
only simple rectification. By eliminating power management circuits or
microcontrollers, passive devices achieve extremely compact, lightweight,
and flexible form factors that are well-suited for miniaturized, soft, or
implantable bioelectronic platforms. Despite their simplicity, passive RIC-
enabled systems support a broad set of biomedical functions, including
electrical stimulation, optoelectronic activation, Joule heating, and electro-
chemical triggering. These capabilities have enabled battery-free applica-
tions across electrophysiology138–141, optogenetics31,142, soft robotics143,144, and
controlled drug release145–147.

As a representative example, a fully biodegradable conductive nerve
conduit composed of a molybdenum (Mo)/poly(ɛ-caprolactone) (PCL)
compositewas integratedwith a passive RIC-poweredwireless stimulator to
deliver therapeutic electrical stimulation across long peripheral nerve gaps,
thereby promoting axonal regeneration and functional recovery148 (Fig. 4b).
The harvested RF voltage was half-wave rectified by a single diode to gen-
erate monophasic stimulation pulses, enabling fully wireless and battery-
freeoperation.The receiver coil, consistingof adouble-sided17-turn copper
coil on a 110 µm polyimide substrate, supported stable coupling and ther-
apeutic stimulation. Another demonstration employed a flexible wireless
optoelectronic device integrating a rectangular inductive coil with a
microscale LED for spinal optogenetic stimulation (device dimensions
≈11.9mm × 5.07mm × 0.15mm)142 (Fig. 4c). The RX coil consisted of a
planar multi-turn copper coil configured as a double-sided inductive coil,
enabling wireless power harvesting via RIC at 13.56MHz. The harvested
alternating current was rectified using a two-diode half-bridge rectifier to
drive an LED positioned on a narrow probe that could be inserted into the
epidural space above the spinal cord. This configuration enabled localized
optical stimulation of spinal afferent circuits in freelymovingmice, allowing
fully implantable andbattery-free optogeneticmanipulationof spinal neural
pathways without the need for tethered optical fibers. In a further example,

RIC-driven Joule heating has also been used to activate shape-memory
polymers for soft microrobotic actuation90. In this system, a copper coil
harvested RF power to heat an AgNW/PI nanocomposite film, raising its
temperature above the polymer’s glass transition threshold, which triggered
reversible bending and twistingmotions. Even under bending and twisting,
the coil maintained a stable resonant frequency and harvested >1W at
15MHz (≈80% power transfer efficiency). Based on this stable wireless
power transfer capability, a remotely actuated soft robotic system was
demonstrated using an external RF power trigger and proposed as a plat-
form capable of gently gripping or conformally interfacing with various
biological organs such as the bladder, arteries, and heart. Beyond robotics,
passive RIC architectures have also been used for on-demand drug
release149,where electrolysis-inducedbubble generation ruptures a sacrificial
fuse layer.Reliable operationwasmaintained evenunder severalmillimeters
of coil misalignment.

Active RIC-enabled platforms for advanced body-integrated
devices
While passive systems provide structural simplicity and mechanical
advantages, their operation is inherently tied to the instantaneous coupling
between the TX and RX coils. Output intensity, waveform shape, and
functional timing depend on the external magnetic field21,150,151, and multi-
channel operation requires either multiple coils or distinct resonant
frequencies152,153. To overcome these limitations, active RIC-enabled plat-
forms integrate electronic circuits that regulate harvested power and enable
digitally programmable device behavior (Fig. 4a, right). Active systems
typically include a power management integrated circuit (PMIC) that
converts harvested AC power into regulated direct current (DC) power.
This power then drives a microcontroller (MCU) or application-specific
integrated circuit (ASIC), enabling advanced functionalities such as multi-
channel neural stimulation, sensor readout, closed-loop control, data pro-
cessing, or wireless communication154. Although these active systems
require additional circuitry and incur higher power overhead compared
with passive configurations, they offer substantially enhanced functional
versatility and enable sophisticated, multi-modal operations under fully
wireless and battery-free conditions. One demonstration involved a double-
sided RX coil that powered an MCU for digitally controlled electrical
stimulation155. Another incorporated an ASIC capable of delivering con-
sistent neural stimulation across 16 independent channels156. Digital
instructions can also be wirelessly encoded by short modulation bursts
applied to the TX coil, which theMCU interprets as data157,158. This strategy
enabled multimodal optogenetic stimulation, where LED selection, fre-
quency, and duty cycle were controlled through on-off-keying modulation
applied to a cage-enclosing TX coil159.

For applications requiring bidirectional data communication, NFC-
enabled system-on-a-chip (SoC)platformsprovide bothpower delivery and
data exchange through inductive coupling while operating with low power
consumption4,34,160,161. Inmost body-integrateddevices,NFCdevices operate
in a passive mode, harvesting energy from the NFC reader-generated
alternating magnetic field and transmitting data back to the reader by
inducing detectable variations in the magnetic field. An NFC-enabled
implementation of amechanically compliant neural interface is built on the
electronic tent architecture162 (Fig. 4d). The system integrates anNFCcircuit
board at the center node, a sensor layer distributed along the chassis, and an
inductive coupling coil formed on the radial circular support, enabling
wireless readout of sensor data through NFC communication with an
external reader board. Owing to its highly flexible tent-like structure, the
device can be compressed and inserted through a syringe and thendeployed
to conform to the brain surface. The inductive coil is fabricated from thin
degradable metal traces (~1.5 μm). With this configuration, the integrated
sensors enable temperature measurements on the brain surface during
infrared-lamp heating, evaluation of thermal conductivity by monitoring
temperature responsesduring Jouleheatingwhile changing the surrounding
environment, and strainmeasurements during abdominal squeezing. In the
neural-recording configuration of the device, the sensing nodes correspond
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to electrode interfaces used for wired electrocorticography (ECoG) mea-
surements. As a further application, a smart bandage has been introduced in
which the wound impedance is measured through an analog front-end
interface integrated with an NFC SoC and then transmitted to an external
reader, which adjusts the RF power to regulate the intensity of electrical

stimulation for wound healing, thereby enabling closed-loop wound
management163 (Fig. 4e). This NFC-based configuration simplifies data
communication; however, because NFC requires a bandwidth of at least
1MHz to support stable modulation for data transfer, the Q-factor is
typically suitable in the range of 7–10164. This constraint on the Q-factor

Fig. 4 | Practical applications of RIC-enabled body-integrated devices.
a Schematic overview of passive and active RIC-enabled architectures for battery-
free bioelectronic systems. (i) Passive devices deliver rectified inductive power
directly to a functional load for simplified, compact operation, whereas (ii) active
systems incorporate power-management and control electronics to support pro-
grammable and multimodal functions. The lightning icon in (a) was created with
BioRender.com. b Passive RIC-enabled wireless nerve stimulator using a biode-
gradable Mo/PCL conductive conduit for therapeutic stimulation for peripheral
nerve regeneration. Reproduced with permission from ref. 148. Copyright 2023,
John Wiley and Sons. c Passive RIC-powered optogenetic implant integrating a
microscale LED and inductive coil for wireless optical stimulation of the spinal cord
in a freely moving animal. The miniaturized device enables battery-free optogenetic
modulation. Reproduced with permission from ref. 142. Copyright 2021, Springer
Nature. d NFC-enabled flexible sensing platform integrating an inductive coil and
NFC circuit for wireless monitoring of physiological parameters such as strain and
temperature on the brain tissue surface. Inset, infrared image taken during the

wireless operation of the heater. Reproduced with permission from ref. 162.
Copyright 2024, Springer Nature. e Smart bandage integrating an NFC SoC and
analog front-end circuitry for impedance-based wound monitoring, implementing
closed-loop electrical stimulation by adjusting the RF power delivered through the
external reader. Scale bar, 10 cm. Reproduced with permission from ref. 163.
Copyright 2022, Springer Nature. f Active RIC-enabled implantable system com-
bining a litz-wire inductive coil, BLE SoC, and 32-channel electrophysiology
interface for sub-scalp neural recording and wireless data transmission. Scale bar,
1 cm. Reproduced from ref. 169 under the Creative Commons CC BY-NC-ND 4.0
license. g Active RIC-enabled multimodal bioelectronic system integrating an
inductive coil with a BLE SoC for sensing, data processing, and closed-loop neu-
romodulation. The platform combines electrophysiological sensing (EEG/EMG),
on-chip computation, and optical stimulation to enable autonomous closed-loop
control, such as seizure detection and suppression in a freely moving animal.
Reproduced with permission from ref. 170. Copyright 2023, Springer Nature.
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significantly limits the harvested power, making it difficult to use for high-
power applications like driving actuators or advanced sensors157.

To overcome the low power harvesting, Bluetooth Low Energy (BLE)
SoCs integrated with inductive coils can be used, communicating through a
dedicated RF antenna to avoid the Q-factor constraints of the coils and to
reduce data communication interference. Furthermore, BLE SoCs have
communication ranges extending over tens of meters165, data rates of up to
250 kB s−1166, and enhanced computational power, making them suitable
for battery-free biomedical applications that demand high-power delivery
or advanced functionality22,167,168. Figure 4f shows an implantable device
with an inductive coil that integrates a BLE SoC and a 32-channel elec-
trophysiology sensor, designed to be placed beneath the scalp for har-
vesting power via RIC and recording brain neural signals169. The inductive
RX coil is fabricated from 0.12mm litz wire to reduce losses from the skin
effect while maintaining mechanical flexibility, and a separate ferrite layer
is incorporated to concentrate the magnetic flux into the coil. Depending
on its position within the home cage, the device can harvest more than
300mW of power, and it supports a mode where neural signals from four
implanted electrodes are sampled at 11 kHz and transmitted along with
acceleration signals via BLE at a data rate of 92 kB s−1 to an external
application. Beyond wireless data transmission, the computational cap-
ability of BLE SoCs enables the execution of algorithms such as closed-loop
control and embedded artificial intelligence (AI) directly on-chip, without
the need for external readers or processors. Examples include a closed-loop
optogenetic control system that monitors bladder expansion and delivers
optical neural stimulation to regulate urination45, as well as an on-device AI
platform that analyzes preprocessed electroencephalography (EEG) signals
to detect seizure activity and autonomously trigger therapeutic interven-
tions, such as drug release or optical neural stimulation170 (Fig. 4g). Active
RIC-enabled systems therefore expand the operational space of wireless
bioelectronics, enabling programmable, multimodal, and computationally
capable platforms that function entirely without batteries while main-
taining reliable inductive power harvesting.

Resonant wireless sensing application
The conventional approach to fulfilling the needs for real-time wireless
monitoring in clinical and medical research is the use of wireless commu-
nication protocols such as BLE and NFC8,34,163,171. However, the
semiconductor-based active components (e.g., MCU) essential for wireless
communication remain rigid and bulky relative to the electrodes, thereby
compromising the mechanical compliance with soft tissue of the device172.
This challenge motivates chip-less approaches, in which the elimination of
rigid components leads tomodulusmatching, while wireless functionality is
preserved. In this context, resonant wireless sensors that rely on inductive
coupling provide a compelling solution. Typically, these resonant sensors
employ a resonant circuit consisting of a capacitive sensor and an inductive
coil173–179. When this wireless sensor is coupled to the reader coil connected
to an external readout device (e.g., vector network analyzer (VNA)), var-
iations in the sensing element can be detected wirelessly through the
resulting changes in the impedance or return loss of the reader coil180,181 (Fig.
5a). For example, increasing in the resistive component of the sensor can be
detected as a decrease in the return loss amplitude182, while changes in
capacitance lead to shifts in the resonant frequency, in accordance with Eq.
(6). Consequently, the RIC scheme allows the implementation of chip-less
resonant sensors capable of real-time wireless readout, along with battery-
free operation and device miniaturization.

One of the fundamental architectures of resonant wireless sensors in
bioelectronics is the stacked structure, in which a dielectric layer is inter-
posed between two inductive coils173. When the dielectric layer undergoes
deformation under applied pressure, its capacitance changes, leading to a
shift in the resonant frequency of the resonator. The dielectric layer is
typically micro-patterned to enable efficient detection of biosignals with
subtle pressure variations (e.g., intracranial pressure, pulse). Instead of a
stacked structure, configuring the device into a thin, elongated form that can
be wrapped enables application to arterial pressure monitoring174 (Fig. 5b).

A thin film-type resonator wrapped around an artery exhibits capacitance
changes due to arterial occlusion level or pulsation. Experimental results
show that the resonant sensor exhibits a linear response under pressure
variations (0–2 kPa). In vivo experiments in rodent models demonstrate
that resonant wireless sensors not only highlight capacity for miniaturiza-
tion but also achieve accuracy comparable to commercial devices (<1.6%).

In resonant sensors, the inductive coil can extend beyond resonance,
acquiring functional versatility. If a solenoid-type inductor is utilized as a
catheter, it can be combined with multiple capacitive sensors to monitor
arterial pressure, pulse rate, and flow through resonant frequency shifts175

(Fig. 5c). The inductive stent preservesmechanical rigidity while improving
the Q-factor by reducing resistance (20–2 Ω) through electroplating gold
(Au) onto stainless steel. Chip-less, low-profile design of the resonant
wireless sensor enables the avoidance of flow noise even with large flow rate
variations (0–1000mLmin−1). Consequently, in vivo rabbit studies
demonstrated that a miniaturized resonant sensor integrated with an
inductive stent couldbedeployed throughnarrowandcurved arteries (e.g., a
right iliac artery of 1.93mm in diameter), thereby allowing wireless
hemodynamic monitoring.

However, the limited stretchability of the sensor restricts its applica-
tions andmechanical compliancewithbiological tissues. Long-termwireless
monitoring of connective tissues (i.e., ligaments and tendons) necessitates
material modifications to ensure mechanical property matching between
the capacitive sensor and the inductive coil. A composite combining elas-
tomeric fibers with Ag nanoparticles represents a viable candidate for the
conducting pathway in resonantwireless sensors176 (Fig. 5d). Inherently soft
materials enable biocompatible stretchability (tensile strains of~40%),while
three-dimensional capacitive sensors can detect strains as small as 0.001%.
Material unificationof the coil and sensor eliminates soldering requirements
and enhances mechanical robustness. In vivo studies on a porcine model
validated the effectiveness of thematerial-modified resonantwireless sensor
for long-term (~3 weeks) monitoring of physiological tissues beyond vas-
cular applications.

For intraocular pressure monitoring, resonant wireless sensors should
possess mechanical compliance to avoid corneal damage and discomfort,
while ensuring high sensitivity. Embedding GaInSn liquid metal into the
channels of a soft silicone lens (modulus ~0.08MPa) to form an inductive
coil offers a promising solution for resonant sensing177 (Fig. 5e). The reso-
nator for wireless sensing utilizes two liquid coils in a stacked structure to
form a capacitor. The stretchable resonant sensor, which endures up to
120% tensile strain, exhibits simultaneous changes in inductance and
capacitance arising from corneal expansion and deformation. Owing to its
highly stretchable feature, inductance variation of the coil under strain
enhances sensitivity compared to sensors limited to capacitance changes.
Thus, the sensor achieves threefold higher sensitivity (1595 ppm mmHg−1

on the human eye) compared to conventional inductive sensors, without
causing corneal damage.

Beyond the dynamic movements of physiological tissues, analyzing the
composition of biofluids (e.g., blood, saliva) yields significant data for clinical
and medical research183. These biochemical constituents can be wirelessly
detected through the integration of electrochemical materials with the
resonator. For example, integrating a glucose-sensitive layer with a flexible
resonator microprinted using Ag ink enables wireless glucose monitoring178

(Fig. 5f). This glucose sensor is designed in the form of a resonant wireless
sensor not only to enable wireless sensing but also to reduce wound size and
recovery time compared with conventional implantable devices. The reso-
nant wireless sensor architecture offers an ultra-thin form factor, which
allows the device to be rolled, therebyminimizing the implantation area. The
glucose sensor, including the protective layer has a thickness of 250 µm and
can be rolled to a diameter of 1.7mm for injection. This approach reduces
wound size by 73% and recovery time by 45%, along with reliable func-
tionality from a broad linear detection range (0.5–14mM glucose).

The method of attaching a resonant wireless sensor to the tooth is
proposed to sample oral biofluids and differentiate consumed foods179

(Fig. 5g). As the active layer, biopolymer films or responsive hydrogels
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respond to variousfluid characteristics (e.g., alcohol content, salinity, sugars,
pH, and temperature) and modulate the wireless response of the sensor.
Discrimination of fluids is achieved through changes in resonant frequency
and return loss amplitude. For example, alcohol increases the resonant
frequency, whereas salinity causes a significant decrease in return loss
amplitude with a slight decrease in frequency. This wireless discrimination
capability, together with a compact form factor suitable for attachment to
tooth surfaces, represents advantages of resonant wireless sensors.

Bioresorbable inductive coil systems
While earlier sections havemainly highlighted the broad utility of inductive
power harvesting and data communication systems for implantable

bioelectronics, most receiver coils remain configured for chronic use and
persist in the bodybeyond the therapeutic ordiagnosticwindowofneed. For
short-term applications such as immediate post-operative monitoring,
temporary cardiac rhythm stabilization, or transient neuromodulation to
accelerate nerve repair, these permanent receivers represent an unnecessary
long-termburden138. Their retention can triggerfibrotic encapsulation, limit
magnetic resonance imaging (MRI) compatibility, and, in many cases,
necessitate secondary surgical extraction184–186. The emergence of bior-
esorbable inductive coils offers a direct route to overcome the limitations of
permanent receivers. In such systems, the coil not only mediates wireless
power harvesting but also defines the device’s operational lifetime: as the
constituent conductors or dielectric supports undergo hydrolysis and

Fig. 5 | RIC-based resonant wireless sensors. a Schematic overview of a resonant
wireless sensing application. (i) RIC-based wireless sensing via return loss mea-
surements using an external readout system, and (ii) wireless readout of physiolo-
gical signals from an implanted sensor using this scheme. Reproduced with
permission from ref. 198. Copyright 2019, Springer Nature. b Arterial pressure
wireless monitoring application. To achieve high sensitivity, the dielectric layer of
the capacitive sensor is micro-patterned (SEM image). Scale bar, 100 μm (left) and
3 mm (SEM image). Reproduced from ref. 174 under the Creative Commons CC
BY-NC-ND 4.0 license. cWireless vascular sensing system. A stent-like geometry
allows the integration of two capacitive sensors. Scale bar, 3 mm (left) and 2 mm
(right). Reproduced from ref. 175 under the Creative Commons CC BY-NC 4.0

license. d Suturable, wireless strain sensor based on a double-helical structure
composed of elastomer and Ag nanoparticles. Scale bar, 1 cm. Reproduced with
permission from ref. 176. Copyright 2021, Springer Nature. e A soft lens-type
intraocular pressure sensor and an optical image of its attachment on the human eye.
Reproduced from ref. 177 under the Creative Commons CC BY-NC-ND 4.0 license.
f Implantable glucose sensor utilizing a shape memory polymer to minimize the
incision size. Scale bar, 5 mm. Reproduced from ref. 178 under the Creative Com-
mons CC BY-NC-ND 4.0 license. gMiniaturized oral cavity and food consumption
sensor attached to human teeth. Reproduced with permission from ref. 179.
Copyright 2021, Springer Nature.
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resorption, the LC resonance progressively deteriorates until power transfer
ceases187. In effect, the materials themselves encode the temporal window of
operation, aligning device lifetime with clinical needwhile eliminating risks
associated with chronic retention152 (Fig. 6a). These coils are constructed
fromcollections of transient electronicmaterials, including conductors (e.g.,
magnesium (Mg),Mo, tungsten (W), zinc (Zn), iron (Fe), calcium (Ca), and
conductive composites, etc.), dielectrics (e.g., silicon dioxide (SiO2), mag-
nesium oxide (MgO), silk fibroin, collagen, poly(lactic-co-glycolic acid)

(PLGA), poly(lactic acid) (PLA), etc.), and semiconductors (e.g., silicon (Si),
germanium (Ge), zinc oxide (ZnO), silicon nanomembranes, etc.), each of
which dissolves into biocompatible products through hydrolytic reactions
in biofluids186,188–190. By selecting appropriate combinations of materials,
geometries, and encapsulation strategies, device lifetimes can be tuned from
days to months. Under physiological conditions (37 °C, pH 7.4), Mg typi-
cally exhibits the fastest dissolution rates (~1–12 µm day−1), Zn corrodes
more slowly (~0.1 µm day−1), and Mo degrades at only tens of nanometers

Fig. 6 | Bioresorbable applications of inductive coils. a Conceptual overview of a
transient bioresorbable RF system. The system (i) delivers inductively powered
therapy or monitoring during operation and (ii) then disappears via bioresorption
without the need for surgical retrieval. The heart schematic in (a) was created with
BioRender.com. bTransient wireless cardiac pacing device based on a bioresorbable
inductive receiver and epicardial contact pads, dissolving in phosphate-buffered
saline (PBS, pH 7.4) at 37 °C. Scale bars, 10 mm. Reproduced with permission from
ref. 150. Copyright 2021, Springer Nature. c Implantable LC gastric pH sensor

combining a serpentine inductor in a pH-responsive hydrogel with a biodegradable
capacitor for postoperative leakage monitoring, dissolving under accelerated con-
ditions in PBS (pH 7.4) at 75 °C. Scale bars, 10 mm. Reproduced from ref. 197 under
the Creative Commons CC BY 4.0 license. d Bioresorbable electronic surgical mesh
(BESM) for hernia repair, in which a PLCL mesh integrates Mg inductive coils for
wireless pressure monitoring and on-demand drug release, with the entire construct
dissolving in PBS (pH 7.4) at 37 °C. Scale bars, 10 mm. Reproduced with permission
from ref. 199. Copyright 2023, John Wiley and Sons.
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per day (mass-loss measurements)191. These intrinsic differences in corro-
sion kinetics provide a materials-based handle to tune the operational life-
time of bioresorbable coils, with the actual duration further determined by
device thickness, geometry, and encapsulation strategy. In addition, com-
plementary dielectrics (e.g., PLGA, silk fibroin) and transient semi-
conductors (e.g., silicon nanomembranes, ZnO) preserve circuit stability,
while careful structural design is required to mitigate crevice corrosion at
stress points such as vias, bends, and coil terminations152.

Alternative strategies for powering bioresorbable implants include
piezoelectric192 and triboelectric harvesters193, as well as transient batteries194

and supercapacitors195. While effective for simple sensing or short-term
operation, these methods generally provide limited and intermittent out-
puts. Resonant inductive coupling, when driven by an external transmitter,
enables continuous and controllable current delivery, which is essential for
functions such as pacing or neuromodulation138. At clinically relevant near-
field frequencies (e.g., 13.56MHz), magnetic coupling achieves efficient,
non-radiative energy transfer with minimal tissue absorption, while also
supporting scalable designs16. In bioresorbable formats, such coils can be
integrated with LC resonators, rectifiers, and electrodes to form complete
transient systems, extending their utility beyond power delivery to serve as
the central framework of functional implants. Recent demonstrations
include bioresorbable inductive coil systems for sensing (biochemical and
biophysical parameters)196–198, stimulation (peripheral nerve regeneration,
cardiac pacing)138,150,152, and drug delivery (wirelessly triggered
release)145,146,199. Across these applications, the inductive coil serves as the
foundation for transient implants that harvest power wirelessly and dis-
appear after completing their function.

The development of a fully implantable, bioresorbable cardiac pace-
maker establishes a leadless class of temporary pacing systems for post-
operative rhythm management, which operates via wireless power har-
vesting and resonance tuning using transient electronic materials150 (Fig.
6b). This platform enables pacing without batteries or percutaneous leads,
while all components naturally resorb after fulfilling their therapeutic role.
In this way, the device addresses key complications of conventional tem-
porary pacemakers byminimizing risks of infection, lead dislodgement, and
surgical removal. The complete system (width of 15–16mm, thickness of
250 µm, weight of 0.3 g) integrates a wireless receiver, extension electrodes,
and a myocardial contact pad, each constructed from bioresorbable mate-
rials. The receiver includes an inductive coil (W/Mg, thickness of 700 nm/
50 µm), a dielectric interlayer (PLGA, thickness of 50 µm), and a rectifier
(silicon nanomembrane diode, thickness of 320 nm), while the contact pad
provides exposed electrodes (W/Mg, thickness of 700 nm/50 µm) for direct
myocardial interface. Immersion studies in phosphate-buffered saline (PBS)
(pH 7.4, 37 °C) show substantial dissolution of the constituent materials
within 5 weeks and complete disappearance by 7 weeks, aligning device
lifetime with therapeutic needs. Electromagnetic characterization confirms
efficient inductive coupling at 13.5MHz, with near-field operation yielding
monophasic outputs (13.2 V) at the contact pads under input excitation (7
Vpp, 1mm coupling distance). Daily pacing tests further confirm stable
operation through postoperative day 4, with gradual increases in stimula-
tion threshold over time, thereby validating the chronic pacing capability of
this bioresorbable system.

Other forms of bioresorbable systems highlight the use of wireless
resonant coils not for power harvesting but for sensing.A transient, wireless,
passive pH sensor (diameter of 25mm, thickness of 700 µm, weight of
0.27 g) was designed for continuous monitoring of gastric leakage after
surgery197 (Fig. 6c). The complete system integrates a pH-responsive
hydrogel (PDPAEMA-PEGDA, thickness of 400 µm), a serpentine inductor
(Zn, wax-coated), a capacitor (PLGA dielectric, Zn electrodes, polyvinyl
alcohol (PVA) adhesive), and a bioresorbable conductive paste (W micro-
particles in candelilla/beeswax matrix). Each constituent material is fully
bioresorbable, with accelerated in vitro studies confirming complete dis-
appearance of the entire device within 92 days at 75 °C. Exposure to acidic
gastric fluid (pH ~1–3) leads to swelling of the hydrogel, expansion of the
embedded inductor, and a corresponding increase in inductance that shifts

the resonant frequency of the LC circuit. Wireless interrogation via near-
field magnetic coupling enables precise detection of these shifts with <1%
variation inΔf0/f0 across coupling distances up to3 cm through air and 2 cm
through biological tissue, with robustness against minor angular or lateral
misalignments. In aporcinemodel of gastric leakage, the systemsuccessfully
identified acid infiltration near the anastomosis site, registering a reduction
inΔf0/f0 that corresponded to a local pHof 6.3within~6000 seconds, closely
matching measurements from a commercial pH meter.

A further illustration of bioresorbable inductive coils appears in a soft
electronic surgical mesh for hernia repair, in which a poly(-
L‑lactide‑co‑ɛ‑caprolactone) (PLCL)-based scaffold integrates Mg induc-
tive coils for both wireless pressure monitoring and on-demand drug
delivery199 (Fig. 6d). In this platform, a layered LC pressure sensor, formed
by pairedMg coils and a ZnO/PLCL porous pyramid dielectric, transduces
intra-abdominal pressure into resonance shifts. A separate Mg RF coil with
an integrated microheater and Mg/SiO2/Mg capacitor lies beneath a
ciprofloxacin-loaded PLCL layer, enabling thermally triggered, battery-free
antibiotic release. The PLCL mesh maintains structural integrity for
~25 weeks and fully resorbs by ~60 weeks. In rat abdominal hernia models,
this bioresorbable electronic mesh enabled wireless tracking of intra-
abdominal pressure during recovery and on-demand antibiotic release,
yielding faster return to normal body weight, normalization of intra-
abdominal pressure within ~2 weeks, andmarkedly reduced adhesions and
associated inflammatory responses compared to commercial polypropylene
meshes.

These examples of bioresorbable resonant platforms suggest future
directions in which transient devices function as both therapeutic and
diagnostic systems, operating during critical clinical windows and then
naturally disappearing without the need for retrieval. Promising directions
involve advancing material strategies that enable tunable lifetimes, higher
fidelitywireless readouts, andmultifunctional operation, thereby expanding
the scope of bioresorbable electronics in medicine.

Conclusion and outlook
We have provided a comprehensive perspective on RIC as a core enabler of
wireless, battery-free bioelectronics. Beginning with the fundamental phy-
sical principles of inductive coupling and resonance, we discussed how coil
geometry, quality factor, operating frequency, and coupling conditions
govern power transfer efficiency in biologically relevant environments. We
also examined structural andmaterial design strategies that allow inductive
coils to maintain stable electromagnetic performance while conforming to
soft, curved, and dynamically deforming tissues.

A central theme emerging from this review is the tight coupling
betweenmechanical design and electromagnetic functionality in RIC-based
systems. Through examples of miniaturized coils, stretchable and buckled
architectures, and intrinsically deformable conductors, we showed how
mechanical compliance can be achieved without sacrificing power har-
vesting stability. Extending beyond power delivery, we highlighted howRIC
architectures support a spectrum of system-level implementations, ranging
from passive platforms for wireless sensing and stimulation to active sys-
tems that integrate power management, computation, and bidirectional
communication. We further discussed how recent advances in bioresorb-
able materials and transient electronics expand the role of RIC beyond
chronic implantation. By encoding device lifetime into material composi-
tion and structural design, bioresorbable inductive coils enable temporary
implants that operate during critical clinical windows and then safely dis-
appear, addressing long-standing challenges associated with device retrieval
and long-term biocompatibility.

Despite this progress, several challenges remain. Coil miniaturization,
misalignment, and anatomical variability continue to limit coupling effi-
ciency, while strain-induced shifts in resonance and quality factor compli-
cate stable operation in dynamic biological settings. Environmental factors
such as tissue heterogeneity, fluid exposure, and electromagnetic inter-
ference further challenge robust long-term performance. Addressing these
limitations will require coordinated advances across materials science,
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mechanical design, circuit engineering, and system-level integration.
Looking forward, emerging directions such as adaptive resonance tuning,
circuit-coil co-design, and closed-loop power management are expected to
improve robustness and efficiency under real-world conditions. The inte-
gration of on-device intelligence, including machine-learning-based signal
processing and autonomous control, offers opportunities to enhance sen-
sing fidelity, enablemultimodal data interpretation, and reduce user burden
in clinical and home-care environments. These developments position
resonant inductive coupling not merely as a wireless power transfer tech-
nique, but as a unifying platform for future wireless, biointegrated, and
transient electronic systems.
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