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ABSTRACT
Skin‐integrated wearable electronics enable continuous, medical‐grade monitoring and therapy in daily life, but must balance 
conflicting needs related to mechanics, power, and communication. This review uses a dual‐interface approach that separates 
the sensor–receiver interface, which handles wireless data and energy transfer, from the sensor–skin interface, where physi
ological signals are converted and mechanical and biological integration occur. We first reviewed wireless connections designed 
for skin electronics, focusing on Bluetooth Low Energy (BLE), Radio Frequency Identification (RFID)/Near‐Field Communi
cation (NFC) systems, and hybrid systems. Next, we examine sensor–skin interfaces ranging from mediated contact layers such 
as hydrogels for wearable ultrasound and soft conductive electrodes, to skin‐conformal direct‐contact methods based on 
structural mechanics, and ultrathin epidermal devices. Finally, we discuss cross‐interface coupling, emphasizing how antenna 
layouts, power budgets, and body‐induced RF effects limit mechanical design, and how skin mechanics influence link reli
ability. We conclude by exploring opportunities in battery‐free and energy‐autonomous systems, body‐coupled communication, 
and integration with artificial intelligence (AI)‐enabled digital health, positioning future electronic skins as soft, networked 
platforms that are comfortable and reliable.

1 | Introduction

Wearable electronics that intimately integrate with the human 
body are driving a paradigm shift in personalized healthcare. 
Skin‐integrated devices are increasingly deployed for contin
uous cardiovascular and metabolic monitoring, motion and gait 
analysis, rehabilitation tracking, and human–computer inter
action in virtual or augmented reality environments [1, 2]. 
Across these scenarios, they are expected to capture physiolog
ical signals over extended periods while remaining unobtrusive, 
comfortable, and compatible with natural daily activities. At the 
same time, they must also support reliable wireless communi
cation to external receivers and, in many cases, operate under 
stringent power budgets or even in battery‐free modes. 

However, incorporating components such as batteries, displays, 
or high‐performance processors can add bulk and stiffness, 
undermining the thin, flexible, and lightweight characteristics 
essential for skin‐compatible wearables and making it difficult 
to simultaneously satisfy requirements on mechanics, energy, 
and communication. To reconcile this conflict, many systems 
offload tasks such as data processing, storage, and user inter
action to external platforms, such as smartphones or nearby 
receivers, via wireless communication links, allowing the on‐ 
body module to remain minimal, soft, and discreet. This 
architectural decoupling allows the on‐body module to remain 
minimal, soft, and discreet. Fundamentally, such designs hinge 
on two critical interfaces: (1) the sensor–receiver Interface, 
which governs wireless transmission and, in some cases, energy 
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exchange between the wearable sensor and external receiver; 
and (2) the sensor–skin interface, which forms the physical and 
functional contact with the body where biosignals are trans
duced. This article reviews recent advances across both in
terfaces, organized within this dual‐interface framework. We 
highlight representative technologies and application examples 
in healthcare, motion monitoring, and human–computer 
interaction, identify key engineering challenges in jointly opti
mizing mechanics, power, and communication, and discuss 
how their convergence can enable seamless, long‐term health 
monitoring and therapeutic interventions.

2 | Sensor–Receiver Interface

The sensor–receiver interface governs how a skin‐mounted de
vice communicates with external receivers (e.g., smartphones, 
base stations) and how it may harvest energy. The ideal link 
supports stable, long‐range data transmission and adequate 
power delivery, while also minimizing on‐body hardware, such 
as batteries. Several wireless technologies have been adopted in 
skin electronics, each with unique design considerations and 
trade‐offs.

2.1 | Bluetooth Low Energy (BLE)

BLE has emerged as a foundational wireless communication 
protocol in wearable electronics, prized for its robust data 
transfer capabilities, extended range, and energy efficiency. 
Recent versions, including Bluetooth 5.0 and later, support 
multi‐device connections and enable reliable transmission over 
distances ranging from tens to hundreds of meters [3–6]. These 
features make BLE especially suitable for continuous, body‐ 
distributed health monitoring with sensor networks to accom
plish goals such as thermal and fever mapping, full‐body 
movement analysis, and multilocation respiratory sounds 
tracking [7–9] (Figure 1A–C).

One of BLE's key advantages is its ability to maintain persistent, 
automatic synchronization with external receivers—typically 
smartphones—without requiring user intervention or repeated 
pairing over a relatively larger range. Additionally, because of 
pairing, BLE offers privacy. This makes it particularly attractive 
for home‐based, multi‐signal health monitoring scenarios where 
continuous sensing, automatic data processing, real‐time alerts, 
and cloud storage are essential. Ma et al. [10] Present a wearable 
textile wristband for real‐time, wireless monitoring of potassium 
in sweat (Figure 1D). Similarly, a smart maternal health patch 
used BLE to stream Electrocardiogram (ECG) and Photo
plethysmogram (PPG) data from postpartum women to the 
cloud, supporting remote clinical monitoring and early detec
tion of complications [11] (Figure 1F). The Rogers group has 
also implemented BLE in multiple neonatal monitoring systems 
to noninvasively track vital signs, cardiopulmonary sounds, 
and full‐body movement in infants across hospital and home 
settings [8, 9] (Figure 1E). Kwon et al. [12] Leveraged 
these features in a BLE‐enabled epidermal patch designed 
for sleep apnea screening, which wirelessly transmitted Elec
troencephalography (EEG) and Electrooculography (EOG) 

data to a mobile device for real‐time sleep‐stage classification 
(Figure 1G).

BLE modules typically require dedicated power sources, such as 
batteries or supercapacitors, which increase device thickness 
and stiffness and add maintenance requirements. Even with 
state‐of‐the‐art low‐power chipsets and aggressive duty cycling, 
typical BLE links still operate in the sub‐milliwatt to milliwatt 
power range during active transmission, making them non‐ 
trivial loads for fully battery‐free or ultrathin energy‐ 
harvesting systems. Although enabling long‐range, continuous 
monitoring, the battery increases in size and weight, limiting 
skin conformity and lifespan. Advances in ultrathin batteries, 
flexible storage, and wireless power are addressing these issues 
[13–15]. BLE remains key for wearables due to its ecosystem, 
connectivity, and efficiency. The future involves integrating BLE 
into skin‐like, soft platforms that do not require bulky batteries, 
necessitating co‐engineering of electronics, materials, and 
power.

2.2 | Radio Frequency Identification (RFID) and 
Near‐Field Communication (NFC)

RFID encompasses a broad range of technologies where tags 
communicate with readers via modulated radio waves. Tags can 
be passive, harvesting energy entirely from the reader's field, or 
active/battery‐assisted, in which an onboard battery enhances 
communication range and supports more power‐intensive 
sensing or processing functions. NFC is a specific subset of 
high‐frequency (13.56 MHz) RFID that operates over very short 
distances through inductive (near‐field) coupling, with stan
dardized protocols supported directly by smartphones and many 
consumer devices. Besides NFC, low‐frequency RFID (typically 
125–134 kHz) also relies on inductive coupling and provides 
good penetration through lossy media, but the relatively large 
coil antennas and discrete components required make it less 
suitable for thin, skin‐conformal wearable formats, so it is used 
less often in epidermal devices. In contrast, far‐field Ultra‐High 
Frequency (UHF) RFID, usually operating between 860 and 
960 MHz, can read tags from several meters using backscatter, 
but often requires dedicated readers, and on‐body UHF an
tennas are affected by tissue detuning and absorption [16]; 
therefore, the necessary reader setup can make deployment in 
daily environments more complex [17].

Beyond these basic frequency‐dependent trade‐offs, thin, 
patterned radio frequency (RF) antennas can be fabricated from 
soft, biocompatible materials that add negligible bending 
stiffness, they can be integrated on highly compliant 
tissues—including ocular surfaces in smart contact lenses 
[18]—without significantly perturbing native mechanics, and 
are therefore widely adopted in wearable and skin electronics 
[19] (Figure 2A). In such systems, RFID/NFC links usually play 
three tightly coupled roles: the RF field provides an energy 
source for battery‐free operation; the tag integrates a sensing 
element and load‐modulates signal, which is backscattered to 
serve as the data channel to external readers. The balance 
among these three roles largely determines the form factor, 
range, and usability of the system, and guides design choices 
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such as antenna geometry, matching networks, and whether to 
introduce local energy storage or additional sensing circuitry.

First, the flexible RFID/NFC antenna can act as a sensor. 
Changes in geometry, strain, pressure, tissue proximity, or 
surrounding permittivity perturb the antenna's resonant fre
quency, quality factor, and backscattered amplitude. By tracking 
these RF signatures, one can infer mechanical or physiological 
variables without adding separate sensing elements. This strat
egy has been widely explored in textile RFID strain and 
compression sensors, where knitted or embroidered antennas 
on garments monitor motion, posture, or joint kinematics in a 
fully passive, battery‐free manner [20, 24, 25] (Figure 2B). Such 
antenna‐as‐sensor designs are attractive for wearables because 
they minimize component count and can be seamlessly inte
grated into clothing, bandages, or soft substrates.

Second, RFID/NFC tags can harvest energy from the incident 
RF field. In NFC‐based epidermal systems, inductive coupling 
between a powered reader coil and a thin, flexible sensor 
antenna generates an alternating current voltage that is 
rectified to supply the on‐tag electronics. This mechanism has 
enabled fully battery‐free, skin‐like platforms for microfluidic 
sweat patches that perform on‐demand biochemical analysis 
of lactate, pH, and glucose [21], full‐body pressure and tem
perature mapping [22], and stretchable optoelectronic skins 
for cardiovascular monitoring and ultraviolet exposure 
assessment using NFC‐driven LEDs and photodetectors [23] 
(Figure 2C–E). These examples illustrate how NFC's short‐ 
range, inductively powered architecture is well matched to 
applications where the user or caregiver can bring a smart
phone or dedicated reader into close proximity for intermit
tent readout.

FIGURE 1 | Representative BLE‐enabled wearable health monitoring system. (A) Miniaturized wireless sensor for mapping thermoregulatory 
responses on the skin. Reproduced with permission from Ref. [7]. Copyright 2023, Elsevier. (B) Skin‐integrated sensor network for quantifying 
full‐body movement behaviors and vital signs in infants. Reproduced with permission from Ref. [8]. Copyright 2021, The Author(s). (C) Wireless 
acousto‐mechanical sensor patches for multilocation respiratory and cardiopulmonary sounds monitoring. Reproduced with permission from Ref. 
[9]. Copyright 2023, Springer Nature. (D) Monolithically integrated in‐textile wristband for real‐time, wireless sweat potassium monitoring. 
Reproduced with permission from Ref. [10]. Copyright 2023, The Author(s). (E) Broadband acousto‐mechanical epidermal patch capable of 
detecting body motion and voice. Reproduced with permission from Ref. [9]. Copyright 2023, Springer Nature. (F) Cloud‐integrated smart 
nanomembrane patch for continuous ECG and PPG monitoring in postpartum women. Reproduced with permission from Ref. [11]. Copyright 
2024, The Author(s). (G) Soft at‐home sleep monitoring patch that wirelessly records EEG and EOG for sleep‐stage classification and sleep apnea 
assessment. Reproduced with permission from Ref. [12]. Copyright 2023, The Author(s).

SmartSys, 2026 3 of 18

 20975430, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sys3.70013 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [29/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Third, the RFID/NFC link acts as the communication channel 
[26]. In fully passive tags, sensor outputs modulate the load on 
the antenna, which then influences the amplitude, phase, or 
frequency of the backscattered signal received by the reader. For 
NFC, the data rates are sufficient for low‐bandwidth physio
logical variables and configuration commands, and the ability to 
use consumer smartphones as readers greatly simplifies system 
deployment. In the NFC‐based skin platforms mentioned 
earlier, pressure, temperature, sweat analyte levels, or optical 
biometrics are encoded into the backscattered or load‐ 
modulated signal and read through tap‐to‐scan interactions 
with a phone or simple handheld reader. Conversely, UHF 
RFID‐based wearable systems can target many tags over a 
meter‐scale distance [27], but they usually require specialized 
readers and must contend with body absorption and orientation 
sensitivity.

Most skin‐like RFID/NFC wearables have been designed as fully 
passive, battery‐free devices to maximize softness, thinness, and 
long‐term safety. Eliminating the battery removes a major source 
of mechanical stiffness and potential failure, and it also avoids 
concerns about leakage or overheating. At the same time, some 
tags deliberately incorporate small batteries. These battery‐ 
assisted designs can support higher instantaneous power, 

longer read range, local signal preprocessing, and buffered data 
logging between interrogations. The trade‐off is an increase in 
thickness, reduced mechanical compliance, finite battery 
lifetime, and the need for recharging or replacement. Choosing 
between purely passive NFC/RFID and battery‐assisted archi
tectures is therefore application dependent: passive tags are ideal 
for lightweight, disposable, or spot‐check sensing, whereas 
battery‐assisted tags are better suited for high‐duty‐cycle sensing, 
on‐board computation, or more continuous connectivity.

Across these RFID/NFC architectures, antenna layout and power 
budget must be co‐optimized with mechanics and skin coupling. 
Planar coils and meandered traces are typically routed along low‐ 
strain directions or placed near neutral mechanical planes so that 
bending and stretching do not fracture conductors or strongly 
detune the resonance, whereas worst‐case on‐body detuning and 
posture‐dependent shadowing are explicitly accounted for in the 
link budget. Full‐wave electromagnetic simulations on realistic 
body phantoms, coupled electro–mechanical modeling, and 
the use of soft decoupling layers or ground planes, together 
with antenna diversity and adaptive transmit‐power control, 
are increasingly used to mitigate human‐induced RF loading 
and maintain stable read range and link reliability during daily 
motion [28–30].

FIGURE 2 | NFC/RFID‐enabled wearable platforms for sensing and power/data transfer. (A) Wireless theranostic smart contact lens for 
monitoring and controlling intraocular pressure in glaucoma. Reproduced with permission from Ref. [18]. Copyright 2022, The Author(s). 
(B) Passive and wireless all‐textile wearable sensor system for motion monitoring. Reproduced with permission from Ref. [20]. Copyright 2023, 
The Author(s). (C) Battery‐free, skin‐interfaced microfluidic/electronic platform for simultaneous electrochemical, colorimetric, and volumetric 
sweat analysis. Reproduced with permission from Ref. [21]. Copyright 2023, The Author(s). (D) Battery‐free, wireless sensor array for full‐body 
pressure and temperature mapping. Reproduced with permission from Ref. [22]. Copyright 2018, AAAS. (E) Stretchable, battery‐free 
optoelectronic skin for wireless optical characterization of the skin using NFC‐powered LEDs and photodetectors. Reproduced with permission 
from Ref. [23]. Copyright 2016, The Author(s).
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2.3 | Hybrid RFID–BLE System

To merge the benefits of passive RFID with BLE’s connectivity 
and ecosystem support, hybrid architectures have been pro
posed [31]. These systems feature chip‐free, battery‐free tags on 
the skin, however a separate reader module—often integrated 
into clothing or accessories—collects signals and transmits data 
via a standard radio link. In such setups, the on‐skin tags are 
optimized for stretchability, conformability, and passive opera
tion, while the reader manages tasks that are more difficult on 
soft, ultrathin substrates, such as high‐power transmission, 
complex modulation, and multi‐sensor coordination.

An example is the BodyNET concept, where stretchable, skin‐ 
conforming RF sensor stickers wirelessly connect to flexible 
readout circuits on clothes [32] (Figure 3A). The on‐skin tags 
are chip‐free and battery‐free, acting as passive sensors for sig
nals such as respiration, pulse, and body movement. The reader 
aggregates these data and transmits them wirelessly to external 
devices for storage and analysis. By physically separating the 
soft, skin‐mounted sensors from the more rigid, power‐ 
demanding communication hardware, systems such as Body
Net maintain high comfort and mechanical robustness while 
enabling reliable, long‐range data transfer through standard 
radios such as BLE.

Major challenges include co‐designing multiple RF links (tag‐to‐ 
reader and reader‐to‐gateway), managing power and heat in the 
reader, ensuring robustness during clothing deformation and 
daily activities, and controlling costs. Despite these challenges, 
hybrid RFID–BLE architectures present a promising path to
ward scalable body‐area networks that combine the advantages 
of battery‐free, stretchable sensors with seamless connectivity to 
consumer devices and cloud systems.

2.4 | Other Wireless Communication 
Technologies for Sensor–Receiver Interfaces

Beyond BLE and RFID/NFC‐based systems, other wireless 
technologies have also been adapted as sensor–receiver in
terfaces in wearable electronics [35]. For short‐range applica
tions, Zigbee and related low‐power mesh protocols 
(e.g., Thread) offer moderate data rates with multi‐hop 
networking, enabling coverage across a room or building with 
numerous nodes and offering benefits for body sensor networks 
[36, 37]; however, they typically require dedicated gateways and 
have a smaller consumer ecosystem compared to BLE. As a 
further‐range method, Wi‐Fi offers high data rates and seamless 
integration with existing network infrastructure, making it 
attractive for applications that require continuous streaming of 
large datasets (e.g., high‐density EEG [38] or ultrasound signal 
acquisition [33] [Figure 3B]), but its comparatively high power 
consumption and rigid radio modules limit suitability for thin, 
battery‐constrained skins [39]. Low‐power wide‐area network 
(LPWAN) technologies such as Long Range (LoRa)/Long Range 
Wide Area Network (LoRaWAN), Narrowband Internet of 
Things (NB‐IoT), and Long‐Term Evolution for Machines (LTE‐ 
M) extend communication ranges to kilometers at the expense 
of lower data rates, making them suitable for sparse 

physiological measurements or environmental/context sensing 
in remote monitoring scenarios, especially when wearables are 
used outdoors and away from a receiver [34] (Figure 3C). Their 
dependence on operator infrastructure or dedicated gateways 
and relatively bulky radio front‐ends currently limits their use in 
ultrathin, skin‐like devices, but they are promising for long‐ 
range, low‐duty‐cycle health monitoring. Overall, these addi
tional protocols occupy distinct niches in terms of range, data 
rate, power consumption, and ecosystem support, and are 
typically used when applications demand capabilities (e.g., high 
bandwidth or kilometer‐scale coverage) that go beyond what 
BLE or RFID/NFC alone can provide.

In practice, these wireless options occupy different regions of 
the range, data rate, and power space, and therefore suit various 
wearable applications. BLE offers meter‐scale range and mod
erate data rates while leveraging the smartphone ecosystem, 
making it attractive for frequent, moderate‐volume streaming of 
signals such as ECG, PPG, and motion in home‐monitoring 
scenarios. RFID/NFC links, on the other hand, provide very 
low power operation and can be implemented as fully battery‐ 
free tags, with centimeter‐ to meter‐scale read ranges and rela
tively low data rates, making them better suited for intermittent, 
on‐demand readouts of slowly changing variables such as sweat 
biomarkers, tissue pressure distributions, or hydration levels. 
High‐throughput radios such as Wi‐Fi enable continuous 
transmission of large data streams (e.g., high‐density EEG or 
ultrasound imaging), but at the cost of increased power con
sumption and bulkier, more rigid radio modules, which are 
difficult to integrate into ultrathin, skin‐like form factors. 
LPWAN technologies trade off data rate for kilometer‐scale 
coverage and multi‐day or multi‐week operation, making 
them suitable for sparse vital‐sign or context logging in outdoor 
or resource‐limited environments where fixed receivers are 
unavailable. Choosing the right sensor–receiver technology de
pends on factors such as payload size and duty cycle, acceptable 
latency, whether a smartphone or local gateway can act as the 
receiver, and whether the on‐skin node can remain battery‐free 
or needs to support a rechargeable power source. These trade‐ 
offs can be further clarified by summarizing representative 
protocols and applications in Table 1.

3 | Sensor–Skin Interface

Equally vital to a successful wearable is the sensor–skin inter
face: how the device physically contacts the body to obtain 
signals or interact, and how it maintains that contact through 
various movements and conditions. A high‐quality skin inter
face maximizes signal fidelity (electrical, thermal, mechanical, 
or chemical) and minimizes irritation or discomfort. Two broad 
design strategies have emerged: mediated contact, where an 
intermediate layer or structure aids the coupling between sensor 
and skin (often to improve signal or comfort), and intrinsic 
contact, where the device itself is made mechanically compliant 
and skin‐like so that it can interface directly without needing 
additional coupling materials. In practice, many advanced 
wearables use a combination of both strategies. Below, we 
discuss representative approaches under each category. A 
summary of representative sensor–skin coupling strategies and 
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their typical trade‐offs in signal quality, wear time, and comfort 
is also provided in Table 2.

3.1 | Adhesive‐Mediated Contact Interfaces

Mediated interfaces utilize gels, coatings, adhesives, or other 
interstitial layers to improve contact between a device and the 
skin. The goals include lowering interfacial impedance (for 
bioelectric sensors), enhancing acoustic or ionic coupling, ac
commodating movement to prevent slippage, and even enabling 
functions such as drug delivery or skin protection. For long‐ 

term wear, these interfacial materials must also be biocompat
ible and hypoallergenic, with adhesive formulations that mini
mize disruption of the stratum corneum and irritation during 
repeated application and removal.

3.1.1 | Acoustic Coupling—Stretchable Ultrasound 
Patch

In conventional medical ultrasound, a liquid gel is applied to the 
skin to eliminate air gaps and facilitate the transmission of high‐ 
frequency sound into the body. For wearable ultrasound 

FIGURE 3 | Hybrid and other wireless communication technologies. (A) Wireless body‐area sensor network based on stretchable passive RF tags 
and a BLE‐enabled reader module. Reproduced from our previous work. [32]. Copyright 2019, Springer Nature. (B) Fully integrated wearable 
ultrasound system that uses wireless phased arrays on the skin and Wi‐Fi for high‐bandwidth deep‐tissue monitoring in freely moving subjects. 
Reproduced with permission from Ref. [33]. Copyright 2023, Springer Nature. (C) Biosymbiotic platform for chronic, long‐range monitoring of 
biosignals in limited‐resource settings using low‐power wide‐area network connectivity. Reproduced with permission from Ref. [34]. Copyright 
2023, The Author(s).

6 of 18 SmartSys, 2026

 20975430, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sys3.70013 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [29/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



devices, a built‐in soft coupling layer is essential. Researchers 
have developed stretchable ultrasonic arrays embedded in soft 
polymers that can continuously image internal organs when 
attached to the skin, monitor central blood pressure waveforms 
from major arteries, and provide real‐time tracking of deep 
tissue vessels and cardiac dynamics [58, 59] (Figure 4A,B). In a 
2022 study, Wang et al. [60] introduced a bioadhesive ultra
sound device that can be worn for over 48 h, enabling contin
uous imaging of organs during daily activities. They designed a 
hybrid hydrogel–elastomer layer that adheres strongly to skin 
and maintains contact even during movement, eliminating the 
need for gel reapplication, a key step toward long‐term ultra
sound monitoring (Figure 4C). This demonstrates how an 
engineered intermediary, like a viscoelastic layer, can transform 
traditionally cumbersome ultrasound imaging into a wearable 
modality. Challenges include ensuring skin adhesion, biocom
patibility, and hydration; ideally, the material should be 

breathable and non‐irritating. Ongoing improvements focus on 
providing strong skin adhesion and painless removal, using 
durable, skin‐safe adhesives or switchable hydrogels.

3.1.2 | Conductive Electrodes for Bioelectric Signal 
Acquisition

The evolution of electrodes for physiological signal 
acquisition—whether ECG, EMG (Electromyography), or 
EEG—has been largely driven by two primary goals: reducing 
skin–electrode contact impedance to improve signal fidelity and 
maintaining stable attachment during motion to minimize ar
tifacts. Early systems relied on hard, dry metal electrodes con
nected via wires; although simple, their poor ionic coupling 
with skin produced noisy signals and made them highly 

TABLE 1 | Representative wireless protocols for sensor–receiver interfaces in skin‐integrated electronics and their typical operating regimes.

Protocol
Frequency 

band Typical range
Typical data 

rate Power consumption
Ecosystem/typical 

application
Bluetooth 
low 
energy 
(BLE)

2.4 GHz ISM < 100 m Up to ~1 Mbps Milliwatt‐level active power; 
low average power with 
aggressive duty cycling

Strong smartphone and 
tablet ecosystem; 
continuous streaming of 
ECG, PPG, motion, and 
multimodal vital signs in 
home and clinical 
monitoring

NFC 13.56 MHz Very short 
(centimeter level, 
~0–0.1 m)

Up to 424 kbps Fully passive or microwatt‐ 
level harvested power; 
battery‐free operation

Smartphone‐readable 
epidermal patches and 
microfluidic sweat systems 
for on‐demand biochemical 
sensing, pressure mapping, 
and temperature monitoring

UHF RFID 
(far‐field 
backscatter)

860–960 MHz Meter‐scale 
(~1–5 m) with 
dedicated reader

Tens to 
hundreds of 
kbps

Passive tags without 
batteries; reader‐side power 
dominates

Battery‐free textile or sticker 
tags for motion, pressure, 
and temperature sensing in 
body‐area networks with 
dedicated readers

Zigbee/ 
Thread 
(mesh 
protocols)

Typically 
2.4 GHz (also 
sub‐GHz 
variants)

Room‐scale 
coverage via multi‐ 
hop networking

Up to 250 kbps 
at 2.4 GHz

Low‐power radios with 
modest duty cycle; requires 
always‐on or periodically 
active mesh nodes

Dense body or room sensor 
networks where multi‐hop 
connectivity is needed, and 
a smartphone alone is not 
sufficient

Wi‐Fi 2.4 GHz/ 
5 GHz ISM

Tens of meters 
within the existing 
Wi‐Fi infrastructure

Multi‐Mbps to 
hundreds of 
Mbps

Tens to hundreds of 
milliwatts; continuous 
connection can significantly 
increase power and thermal 
load

High‐throughput streaming 
of large datasets, such as 
high‐density EEG or 
wearable ultrasound 
imaging, where thicker, 
more rigid modules are 
acceptable

LPWAN 
(LoRa, NB‐ 
IoT, 
LTE‐M)

Sub‐GHz ISM 
or licensed 
cellular bands

Up to kilometers 
(outdoors, line‐of‐ 
sight)

Approximately 
0.3–50 kbps

Tens of milliwatts during 
brief transmission bursts; 
very low average power with 
long sleep intervals

Sparse logging of vital signs, 
activity, or environmental 
context in remote and 
resource‐limited settings, 
where fixed gateways or 
cellular base stations act as 
the receiver
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sensitive to motion [61, 62]. Traditional gel electrodes addressed 
these issues by incorporating a salt‐infused, water‐rich gel that 
hydrates the stratum corneum and provides a low‐impedance 
ionic bridge between skin and electrode, enabling cleaner bio
potential recordings. However, liquid gels dry out over time, can 
irritate skin, and are not well‐suited for long‐term wear or 
repeated attachment [63, 64].

Advances in soft materials have led to hydrogels and other 
compliant ionic conductors that replicate the electrical perfor
mance of wet gels while offering superior comfort, mechanical 
conformity, and long‐wear stability. These hydrogels—composed 
predominantly of water with polymer networks engineered for 

stretchability and biocompatibility—maintain low impedance 
and contact even under deformation, capable of collecting mul
tiple bioelectric signals with high signal quality [40, 41]. For 
instance, freeze‐resistant hydrogel electrodes capable of reliable 
ECG monitoring down to −40°C maintain both softness and 
conductivity where conventional gels stiffen or fail [42] 
(Figure 5A,B). Beyond hydrogels, porous, moisture‐retaining 
interfaces—such as polydimethylsiloxane (PDMS) infused with 
conductive polymers—can sustain a “wet‐like” ionic interface for 
days by capturing sweat or saline within pores, producing stable, 
high‐signal‐to‐noise ECG and EMG recordings during daily mo
tion [41, 43] (Figure 5C,D). More recently, spider cuticular 
pad–inspired viscoelastic gelatin–chitosan hydrogel dampers 

TABLE 2 | Representative sensor–skin coupling strategies and their trade‐offs in signal quality, wear time, and comfort.

Interface type
Typical signals/ 

modalities

Coupling quality/ 
contact 

impedance
Wear time and 

comfort
Breathability/ 
irritation risk

Representative 
examples

Conventional Ag/ 
AgCl gel 
electrodes

ECG, EMG, EEG Low impedance and 
high signal quality 
initially; impedance 
increases as gel 
dries

Hours to one day; 
gel drying and skin 
maceration limit 
long‐term use

Limited 
breathability; 
potential irritation 
or allergy due to gel 
and strong 
adhesives

Traditional clinical 
monitoring 
electrodes used in 
hospital ECG/EMG/ 
EEG systems

Soft conductive 
hydrogels/porous 
sponge electrodes

ECG, EMG, EOG, 
impedance sensing

Very low and stable 
impedance; mimics 
wet‐gel contact

Multi‐day wear with 
sustained signal 
quality; soft 
mechanics reduce 
pressure points and 
motion artifacts

Generally good 
breathability for 
porous designs; 
long‐term hydration 
must be controlled 
to avoid maceration

Porous 
PDMS–hydrogel 
sponge electrodes 
and freeze‐resistant 
hydrogels used for 
long‐term ECG/ 
EMG recording 
[40–43]

Medical adhesive 
tapes

ECG/EMG 
electrodes, 
temperature 
patches, strain and 
pressure sensors

Moderate to good 
coupling;

Hours to days; 
comfort governed by 
adhesive strength, 
stiffness, and skin 
sensitivity

Breathability and 
irritation risk vary 
widely

Commercial 
wearable patches

Microneedle‐based 
or minimally 
invasive interfaces

Interstitial fluid 
biomarkers, 
impedance, 
localized 
stimulation, and 
drug delivery

Very strong ionic or 
electrical coupling 
with minimal 
motion artifacts 
once inserted

Hours to possibly 
days; local 
discomfort or safety 
constraints can limit 
duration and 
application sites

Localized disruption 
of the skin barrier 
requires careful 
biocompatibility, 
sterilization, and 
infection control

Microneedle‐based 
smart bandages [44]

Skin‐conformal 
structural 
interfaces 
(stretchable 
circuits on 
elastomers)

Distributed strain, 
pressure, 
temperature, 
multimodal sensor 
arrays

Good mechanical 
conformity and 
stable contact over 
large areas; 
electrical contact 
quality depends on 
local electrode 
design

Designed for day‐ 
long or multi‐day 
wear, low bending 
stiffness and 
softness improve 
perceived comfort

Elastomeric 
substrates may limit 
breathability

Serpentine and 
island–bridge 
layouts enabling 
stretchable circuits 
[45–52]

Ultrathin 
epidermal 
electronic tattoos 
(5–10 μm)

ECG, EMG, EEG, 
temperature, strain, 
optical, and 
multimodal sensing

Excellent conformal 
contact with 
minimal interfacial 
layers; high‐fidelity 
signals with low 
motion artifacts

Highly comfortable 
and almost 
imperceptible; wear 
time limited by 
mechanical 
durability and sweat

Very low added 
stiffness; 
breathability 
governed by the 
base film and any 
adhesive layers used

Electronic tattoo 
systems that 
laminate directly 
onto the skin 
surface [53–57]
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have been introduced as a material‐level bandpass filter: their 
frequency‐dependent transition from rubbery to glassy state 
dampens low‐frequency mechanical noise (tens of hertz) while 
transmitting higher‐frequency biosignals [65] (Figure 5E). 
Laminating this hydrogel between skin and sensors suppresses 
motion artifacts from breathing, walking, or tapping in real time, 
enabling nearly noise–free recordings of neck vibration, ECG, and 
EEG without digital filtering, with damping tunable via temper
ature. These developments show how ionically conductive, me
chanically compliant, and sometimes frequency‐selective 
interfaces extend wet‐electrode performance into long‐term, 
skin‐conformal wearables while filtering motion noise at the 
material level rather than through signal processing.

Beyond mechanical conformability and low impedance, in
terfaces for long‐term electrophysiology must also address 
moisture management and skin breathability [66, 67]. Breath
able, water‐vapor‐permeable adhesive matrices and porous 
hydrogel–elastomer composites enable transepidermal water 
loss and sweat evaporation, which helps prevent maceration, 
rash, and discomfort during multi‐day use. Designing coupling 
layers with controlled water‐vapor transmission rates and 
sweat‐wicking microstructures is therefore essential to main
taining stable ionic conduction while preserving skin health 
under high‐sweat conditions.

3.1.3 | Multifunctional Layers

Mediated Sensor–Skin interfaces have evolved from basic 
couplants into multifunctional, flexible layers combining 

sensing, actuation, and therapeutic delivery. In chronic wound 
care, “smart bandages” exemplify how integrating sensors and 
actuators enables closed‐loop strategies. For example, Jiang 
et al. [68] developed a battery‐free, wireless bandage with a 
hydrogel electrode for sensing and electrical stimulation. 
Changes in impedance and temperature detect early signs of 
infection, with data processed internally and used to adjust 
stimulation (Figure 6A). Other designs include Mostafalu 
et al.’s [69] pH and temperature sensors with a microheater 
and drug carriers, and Derakhshandeh et al.’s programmable 
bandage with microneedles and pumps delivering growth fac
tors [44] (Figure 6B,C). Recently, the ABLE platform by Shi 
et al. [70] Embeds skin bacteria in a hydrogel on electronic 
mesh, enabling stable sensing of EMG, impedance, tempera
ture, and humidity (Figure 6D). Bacteria modulate immune 
responses in psoriasis, whereas electrical stimulation manages 
safety and tissue environment, integrating monitoring and 
treatment.

Overall, these develop from simple couplants to multifunctional, 
bioactive layers that sense native physiology and actively 
intervene—using drugs, electrical stimulation, or living 
cells—at the interface, enabling robust closed‐loop tissue con
trol. In many of these systems, mechanically soft coupling layers 
also function as impedance‐matching media, isolating rigid 
components from the skin. Low‐modulus foams, hydrogels, or 
graded encapsulation stacks can redistribute stress and reduce 
motion‐induced strain transfer, thereby minimizing motion ar
tifacts in both electrical and optical readouts. Combining such 
engineered coupling layers with chemical sensing and thera
peutic functions will be crucial for maintaining signal integrity 
during realistic, ambulatory use.

FIGURE 4 | Wearable ultrasound devices enabled by engineered acoustic coupling layers. (A) Conformal ultrasonic device for noninvasive 
monitoring of central blood pressure waveforms at the body surface. Reproduced with permission from Ref. [59]. Copyright 2018, Springer 
Nature. (B) Stretchable ultrasonic phased‐array system for continuous monitoring of deep‐tissue hemodynamics. Reproduced with permission 
from Ref. [58]. Copyright 2021, Springer Nature. (C) Bioadhesive ultrasound patch for long‐term continuous imaging of diverse organs during 
daily life activities. Reproduced with permission from Ref. [60]. Copyright 2022, AAAS.
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3.2 | Skin‐Conformal Direct Contact Interfaces

Skin‐conformal direct contact interfaces are designed to mimic 
the mechanical properties of skin, allowing the device to bond 
directly to the body without the need for significant interme
diate couplants. These devices can stretch, bend, and twist along 
with the body, maintaining close contact even during move
ment. The key goal is to reduce the device's thickness and 
stiffness, ensuring it does not hinder natural skin mobility and 
can sometimes adhere through van der Waals forces alone. 
Achieving this involves innovations in materials—such as 
stretchable conductors, plastics, and gels—and in structural 
design, including serpentine interconnects and island–bridge 
configurations.

3.2.1 | Structural Engineering for Stretchability

One major approach is to construct devices from conventional 
electronic materials (which are often rigid or brittle) but in 
shapes and layouts that allow large deformations. Island–bridge 
configurations, filamentary serpentine traces, and buckled or 
wavy interconnects are used to mechanically decouple local 
strain in the soft substrate from strain in the hard chips, thus 
allowing silicon devices and packaged components to ride on an 
elastomeric matrix while maintaining low strain in the active 
regions [45–52] (Figure 7A–E). Building upon these principles, 
three‐dimensional architectures that embed pre‐designed 
stretchable circuits within elastomers further increase integra
tion density and functional complexity compared with single‐ 

FIGURE 5 | Skin interfaces that enhance bioelectric signal quality and suppress motion artifacts. (A) Freeze‐resistant, highly stretchable 
organohydrogel electrodes enabling reliable ECG monitoring at ultralow temperatures. Reproduced with permission from Ref. [42]. Copyright 
2024, Wiley‐VCH. (B) High‐performance ionic‐conducting hydrogel electrodes that maintain low impedance and support multimodal biopotential 
sensing (including EEG) with high signal quality. Reproduced with permission from Ref. [40]. Copyright 2022, Royal Society of Chemistry. 
(C) Hydrogel‐based wearable EEG electrodes designed for medical applications and long‐term recording. Reproduced with permission from Ref. 
[41]. Copyright 2024, Wiley‐VCH. (D) Stretchable sponge electrodes with moisture‐retaining porous structures for motion‐artifact‐tolerant, long‐ 
term electrophysiologic recordings (e.g., ECG/EMG). Reproduced with permission from Ref. [43]. Copyright 2022, The Author(s). (E) Spider 
cuticular pad–inspired viscoelastic gelatin–chitosan hydrogel dampers that act as material‐level bandpass filters to selectively suppress low‐ 
frequency mechanical noise while transmitting physiological signals. Reproduced with permission from Ref. [65]. Copyright 2022, AAAS.
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layer designs, while still enabling conformal contact over curved 
skin surfaces [71] (Figure 7F). Through such structural engi
neering schemes, large‐area systems can follow skin motion and 
maintain stable contact quality or electrical performance at the 
skin–device interface, even though the underlying materials are 
not intrinsically stretchable. These structural strategies support 
recent epidermal demonstration platforms where large‐area 
skin‐conformal systems combine sensing, power, and wireless 
modules while maintaining strong contact and signal quality 
during daily activities.

3.2.2 | Emerging Stretchable Materials

Another strategy realizes skin‐conformal direct contact by 
exploiting intrinsically stretchable electronic materials so that 

both the substrate and electronic components share tissue‐like 
softness and stretchability. Stretchable conductors, dielectrics, 
and semiconductors have been assembled into large‐area ar
rays of field‐effect transistors, optoelectronic elements (LEDs, 
photodetectors), electronic skin, and energy‐harvesting mod
ules that can withstand substantial tensile strain while pre
serving electrical performance [72–82]. Representative 
examples include nanocomposite conductors formed by metal 
nanowires, carbon nanotubes, or graphene embedded in 
elastomeric matrices, “twining spring” fiber–nanowire archi
tectures that maintain high conductivity up to several hun
dred percent strain, and elastic printed circuit boards based 
on liquid‐metal particle networks that retain robust percola
tion pathways under extreme deformation [77, 83–86] 
(Figure 8A–D). In parallel, semiconducting polymer systems 
have been engineered to combine mixed electron–ion con
duction with tissue‐like mechanics. Recent work on immune‐ 

FIGURE 6 | Multifunctional mediated sensor–skin interfaces for closed‐loop wound care and inflammation management. (A) Wireless, closed‐ 
loop smart bandage integrating impedance and temperature sensing with electrical stimulation for accelerated wound healing. Reproduced from 
our previous work. [68]. Copyright 2023, Springer Nature. (B) Smart bandage that combines pH and temperature sensing with a microheater and 
drug reservoirs for on‐demand treatment of chronic wounds. Reproduced with permission from Ref. [69]. Copyright 2018, Wiley‐VCH. 
(C) Wirelessly controlled smart bandage with 3D‐printed miniaturized needle arrays for active and programmable drug delivery. Reproduced with 
permission from Ref. [44]. Copyright 2020, Wiley‐VCH. (D) An active biointegrated living electronics platform that embeds engineered bacteria in 
a hydrogel on an electronic mesh for multimodal sensing and electrical stimulation to manage inflammation. Reproduced with permission from 
Ref. [70]. Copyright 2024, AAAS.
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compatible semiconducting polymers shows that molecular 
design at the backbone and side‐chain level can endow these 
stretchable components with additional non‐electrical 
functionalities—such as reactive oxygen species scavenging 
and immunomodulation—while maintaining high charge‐ 
carrier mobility and softness, thereby simultaneously sup
porting signal transduction and active suppression of foreign‐ 
body responses at the biointerface [87] (Figure 8E). These 
material‐level innovations are enabling skin‐conformal circuits 
whose direct contact with tissue can improve both mechani
cal integration and long‐term biological compatibility.

3.2.3 | Ultrathin Epidermal Electronics

Ultrathin and flexible electronic systems, often referred to as 
epidermal electronic devices, can conform to skin microtexture. 
These ultrathin electronics blend into the epidermis, with low 
bending stiffness, making them barely felt. The 2011 epidermal 
electronics by Kim et al. [53] exemplify this: a 50‐μm‐thick 
sensor and interconnects that measure ECG, EMG, and tem
perature, adhering via van der Waals forces without conven
tional adhesives and surviving daily motions (Figure 9A). 
Their elastic modulus and curvature matched skin, allowing 

FIGURE 7 | Structural engineering strategies for stretchable electronic systems. (A) Stretchable electronic surfaces that integrate viscoelastic, 
plastic, and brittle materials spanning many orders of magnitude in Young's modulus. Reproduced with permission from Ref. [49]. Copyright 
2012, Springer Nature. (B) Schematic illustration of innovative structural engineering concepts for printed, flexible, and stretchable electronics 
(e.g., serpentines, island–bridge layouts, buckled structures). Reproduced with permission from Ref. [48]. Copyright 2020, Wiley‐VCH. (C) Process 
for building stretchable single‐crystal silicon devices on elastomeric substrates to achieve high‐performance stretchable electronics. Reproduced 
with permission from Ref. [47]. Copyright 2006, AAAS. (D) Fabrication scheme and on‐finger bending demonstration of aerosol‐jet printed 
freestanding stretchable conductive wires for sensing applications. Reproduced with permission from Ref. [46]. Copyright 2019, The Author(s). 
(E) Exploded‐view layout of a stretchable battery system and self‐similar serpentine interconnect geometries for mechanically robust, wireless‐ 
rechargeable stretchable power modules. Reproduced with permission from Ref. [45]. Copyright 2013, Springer Nature. (F) Design and 
characterization of a three‐dimensional, four‐layer integrated stretchable electronic system with high device density and mechanical compliance. 
Reproduced with permission from Ref. [71]. Copyright 2018, Springer Nature.
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movement with the body for comfort and quality signals. Sub
sequent devices use polymer nanosheets or tattoo decal tech
niques to make devices thinner (down to 5‐10 μm), further 
enhancing invisibility [54–57] (Figure 9B). For example, 
Gogurla et al. [55] reported a carbon nanotube/silk nanofiber 
electronic tattoo with an overall membrane thickness of 
approximately 2 μm and a mass of about 0.4 mg for a 
1.2 cm × 1.2 cm patch, which conforms to fingerprint‐level skin 
texture while remaining mechanically robust under repeated 
bending, stretching, and twisting (Figure 9C). In that system, 
the ultrathin on‐skin membrane is still connected to off‐skin 
power and readout electronics, highlighting a common trade‐ 
off between on‐skin imperceptibility and reliance on external 
modules.

In the context of our dual‐interface framework, the skin–device 
contact in these tattoo‐like systems still forms the sensor–skin 
interface; however, unlike mediated interfaces that rely on a 
distinct gel, tape, or hydrogel layer between the device and skin, 
the ultrathin electronic stack itself functions as a quasi‐ 
epidermal layer that laminates directly onto the skin surface, 
sometimes supported only by van der Waals forces or a 
nanometer‐scale adhesive coating. As a result, adhesion energy, 
moisture transport, and surface chemistry remain critical 
design parameters, even though no thick “interface layer” ex
ists. Careful engineering of these factors is necessary to sustain 
long‐term contact and signal fidelity. This direct, skin‐like 
interface enhances mechanical conformability, signal accu
racy, and wearer comfort but also increases the devices’ 

FIGURE 8 | Emerging intrinsically stretchable materials and elastic circuit platforms for skin‐like electronics. (A) Intrinsically stretchable 
nanowire–polymer composite photodetector array on an elastomeric substrate, showing maintained conduction and photodetection under large 
strain. Reproduced with permission from Ref. [77]. Copyright 2013, Wiley‐VCH. (B) Three‐dimensional network morphology of nanoscale 
polymer semiconductor domains engineered to achieve highly stretchable semiconducting films with preserved charge transport. Reproduced 
with permission from Ref. [85]. Copyright 2017, AAAS. (C) Elastic multilayer printed circuit board based on a liquid metal particle network that 
maintains electrical connectivity under large deformation. Reproduced with permission from Ref. [86]. Copyright 2022, AAAS. (D) Monolithically 
integrated soft electronic skin patch showing the constituent components and its excellent conformability to human skin for neuromorphic 
sensorimotor functions. Reproduced with permission from Ref. [74]. Copyright 2023, AAAS. (E) Immune‐compatible semiconducting polymer 
designs for bioelectronics that combine high charge‐carrier mobility with suppressed foreign‐body response and tissue‐like mechanics. 
Reproduced with permission from Ref. [87]. Copyright 2025, Springer Nature.
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vulnerability to mechanical damage and sweat‐induced 
delamination if encapsulation and adhesion strategies are not 
properly optimized. In addition, they often need external 
modules. In most reported systems, the ultrathin on‐skin 
membrane is tethered (by thin wires or short‐range wireless 
links) to external modules that host the battery, higher‐power 
RF radios, data‐processing and storage circuitry, and some
times user‐interface components [28, 53–57, 88]. Fully inte
grating these elements into the same ultrathin, stretchable form 
factors is still constrained by the thickness, heat generation, and 
packaging requirements of energy storage and high‐speed 
communication hardware.

The “thin is better” approach guides skin electronics develop
ment. Combining ultrathin designs with stretchable materials 
allows devices to be both compliant and functional. Even 
though very thin functional films can be prone to cracking or 
delamination under large tensile strain, highly compliant sub
strates can introduce non‐uniform strain fields that perturb 
electrical performance. Recent work mitigates this tension by 
embedding kirigami/serpentine networks and by using liquid‐ 
metal, or nanocomposite interconnects that confine large 
strains to elastomeric regions while keeping the active layers in 
a low‐strain state [53, 85, 86].

Intrinsic contact approaches aim to conceal devices within the 
skin by employing smart layouts, soft materials, and ultra‐thin 
designs, ensuring electronics mimic skin's properties. The 
main goal is to develop skin‐like electronics that share similar 
mechanical characteristics while providing reliable electrical 
performance, although challenges in power supply, durability, 
and scalable manufacturing persist. Advances have been ach
ieved with stretchable circuits and epidermal sensors, yet 
further innovations are necessary for widespread adoption.

4 | Cross‐Interface Coupling and Outlook

Designing for sensor–receiver and sensor–skin interfaces 
together is essential because improvements in one can create 
challenges for the other. For example, adding high‐frequency 
antennas to skin‐based devices for NFC, RFID, or BLE can in
crease size and stiffness, reducing conformability. Researchers 
need to optimize antenna and mechanical designs simulta
neously, such as using stretchable serpentine traces to maintain 
resonance during deformation. Removing rigid electronics from 
the skin in the bodynet hybrid system requires a flexible reader on 
clothing, showing how enhancing one interface (comfort) de
pends on solutions for the other (wireless connection). Using BLE 
for long‐range data transfer requires batteries or rechargers, 
leading to thicker patches or textile formats. Integrating stretch
able power sources, such as batteries and harvesters, is an 
emerging field, aiming for fully untethered e‐skin with solar or 
kinetic energy, stretchable antennas, and breathable sensors.

Another cross‐interface issue is how the body influences 
communication. The body attenuates RF signals, so on‐body 
antennas must be designed to either compensate for this 
attenuation or use the body as part of the system, for example, 
through capacitive coupling or surface wave transmission to 
connect sensors, or by exploiting reflections for intra‐body 
networks. Such hybrid schemes blur boundaries, potentially 
enabling networks of sensors that use the human body as data 
infrastructure, known as “body‐coupled communication” [89].

Looking ahead, skin‐integrated electronics are promising. In
novations in soft, biodegradable, or self‐healing materials could 
make devices more compatible with the body, reducing barriers. 
5G/6G and Internet of Things (IoT) enable more real‐time data 
transfer, supporting artificial intelligence (AI)‐driven health 

FIGURE 9 | Ultrathin epidermal electronic systems that mechanically blend with the skin. (A) Demonstration platform for multifunctional 
epidermal electronics with thickness, bending stiffness, and mechanics matched to the epidermis. Reproduced with permission from Ref. [53]. 
Copyright 2011, AAAS. (B) Self‐healable multifunctional electronic tattoos based on silk and graphene that provide ultrathin, skin‐like electronic 
interfaces. Reproduced with permission from Ref. [54]. Copyright 2019, Wiley‐VCH. (C) Ultraflexible multifunctional electronic tattoo placed on 
the forearm, enabling on‐skin diagnostic and therapeutic functions while conforming to skin microtexture. Reproduced with permission from Ref. 
[55]. Copyright 2021, Wiley‐VCH.
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analysis [90, 91]. Recent demonstrations of AI‐powered elec
tronic skins that combine conformal multimodal sensor arrays 
with deep‐learning models for health‐state recognition show 
how such integration can identify clinically relevant patterns 
directly on or near the skin surface [92]. Simultaneously, ad
vances in transient bioelectronics and bioresorbable materials 
suggest epidermal platforms that safely degrade or resorb after 
use, reducing long‐term material buildup while still providing 
high‐performance sensing and therapy [93]. Powering options 
include wireless transfer, ambient energy harvesting, and high‐ 
density, flexible batteries [94, 95]. Closed‐loop systems that 
monitor and intervene—like smart bandages or drug 
patches—will need seamless integration of sensing, stimulation, 
and communication interfaces.

Ultimately, future e‐skin will likely comprise networked sensor 
arrays that measure various health parameters, thereby creating 
comprehensive health monitors connected to the cloud [96, 97]. 
Ensuring reliable contact and wireless links for each node, while 
minimizing interference and avoiding skin irritation, will be 
critical. Collaboration across disciplines among scientists and 
engineers will be crucial.

In conclusion, separating concerns into sensor–skin and 
sensor–receiver interfaces facilitates the design of advanced 
wearables. Comfort and connectivity can coexist. Innovations 
are making devices high‐performance and human‐friendly, 
paving the way for invisible, effortless wearables that provide 
continuous, meaningful data or therapy. Properly engineered 
dual interfaces will help electronic skins become a natural 
extension of our bodies.
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