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Customized surface adhesive and wettability
properties of conformal electronic devices
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Conformal and body-adaptive electronics have revolutionized the way we interact with technology,

ushering in a new era of wearable devices that can seamlessly integrate with our daily lives. However,

the inherent mismatch between artificially synthesized materials and biological tissues (caused by

irregular skin fold, skin hair, sweat, and skin grease) needs to be addressed, which can be realized using

body-adaptive electronics by rational design of their surface adhesive and wettability properties. Over

the past few decades, various approaches have been developed to enhance the conformability and

adaptability of bioelectronics by (i) increasing flexibility and reducing device thickness, (ii) improving the

adhesion and wettability between bioelectronics and biological interfaces, and (iii) refining the

integration process with biological systems. Successful development of a conformal and body-adaptive

electronic device requires comprehensive consideration of all three aspects. This review starts with the

design strategies of conformal electronics with different surface adhesive and wettability properties. A

series of conformal and body-adaptive electronics used in the human body under both dry and wet

conditions are systematically discussed. Finally, the current challenges and critical perspectives are

summarized, focusing on promising directions such as telemedicine, mobile health, point-of-care

diagnostics, and human–machine interface applications.

Wider impact
Recent research on flexible electronic devices has focused on preparation technology, mechanical performance control, and bioelectronic applications.
However, current reviews lack a systematic summary of key characteristics such as adhesion and wettability. This paper explores progress in surface wetting and
adhesion control to ensure long-term stability and adaptability in wet or underwater environments. We describe the application strategy of flexible electronics
in interface contact, summarize essential performance characteristics, and discuss the different signal types relevant to detecting human health. Additionally,
we systematically review the applications of flexible electronics in the human body and in vivo under various adhesion and wetting conditions, address current
challenges, and propose feasible countermeasures. The future development trends, including waterproof, breathable, and wet adhesion applications, are also
discussed. We hope this review will guide researchers in advancing flexible electronics for biodegradable diagnostics, point-to-point diagnostics, and human–
machine interfaces.

1 Introduction

Traditional electronic devices are fabricated using metal- or
metal-derivative-based conductive elements deposited on thick,
inflexible substrates and are attached to the surface of the

human body through external auxiliary devices.1–14 The
changes in the mechanical signals caused by human physiolo-
gical reactions or skin deformation during body movements are
then converted into electronic signals, such as capacitance and
resistance, to realize real-time monitoring. Traditional electro-
nic sensors are often rigid and fragile and have poor contact
with conformal skin,15–28 resulting in a poor usage experience
and unstable signals.29,30

Soft and flexible electronics offer distinct advantages for
integration of multiple functions with exceptional mechanical
and biological compatibilities. These advantages include (1)
enhanced mechanical durability of the devices, (2) the ability to
conformingly interact with bio-tissues or establish three-
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dimensional connections, (3) reduced mechanical interference
with bio-systems, and (4) long-term compatibility with

biological systems. Flexible electronics are ideal devices cap-
able of delivering mechanical and electrical stimulations to
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produce quantitative electrical signals.31–37 Biological inte-
grated electronic devices can be thinner, softer, and more
flexible and are thus suitable for establishing a conformal
interface with the human skin. These features improve the
wearing experience, signal detection, and treatment efficiency
of integrated devices, allowing them to outperform traditional
diagnostic instruments or wrist-mounted wearable devices. As a
result, portable integrated electronic devices can facilitate
accurate healthcare monitoring, disease diagnosis, and seam-
less human–computer interactions.38–46

However, it is worth noting that the practical applications of
these flexible and wearable electronic products for long-term use
must take into account the integrity and sensitivity changes of the
devices,47–50 including various hydration conditions of both the
environment (external) and the human body (internal).51–53 Exter-
nal environmental factors include exposure to rain and bathing,
while internal factors include sweat and lipid secretion from the
skin. Accumulation of water molecules inside flexible electronic
devices or prolonged exposure to water on their surfaces can lead to
bacterial contamination. Sweat secreted during motion monitoring
using flexible electronics cannot be expelled from the body’s sur-
face, leading to corrosion of devices and batteries, decreased
sensitivity, poor wearing comfort, and potential safety risks.54,55

To address this challenge, constructing hydrophobic and hydro-
philic surfaces on flexible electronic surfaces using capillary force to
expel sweat from the body can extend the lifespan of flexible
electronic devices.54

In recent years, researchers have effectively adjusted the wetting
properties between the surface of flexible electronics and liquids
during their construction, enabling their extensive application
under different hydration conditions.55 Examples include water-
proof wearable devices, sweat sensors,56,57 underwater swimming
sensors,58 contact lenses,59 blood flow and pressure monitoring
sensors,60 and internal sutures for surgery.61 Additionally, encoun-
tering hydrated environments during prolonged use can also
reduce the adhesion strength at the device/interface. Therefore,
the consistency between the external and internal interfaces of the
human body and flexible electronic surfaces has also been widely
studied. When flexible electronics come into close contact with the
skin interface, their sensitivity improves significantly, but their
performance can be influenced by interface factors such as skin
folds and hair growth on the skin. Researchers can enhance the
adhesion of flexible electronics to the skin interface through
material selection and structural design. By reducing device thick-
ness and adopting biomimetic structural designs, flexible electro-
nics can find a wide range of applications both externally and
internally in the human body, including surgical masks with
sensors,62,63 wound dressing sensors,64 electromyographic (EMG)
monitoring sensors,65,66 electroencephalographic (EEG) monitoring
sensors67 and human–machine interaction with electronic
tattoos,68 as shown in Fig. 1.

Recent reviews on flexible electronics have mainly focused on
preparation techniques, mechanical performance control, and their
applications as integrated bioelectronic devices.75–78 While these
reviews offer a fundamental understanding of the latest develop-
ments in flexible electronics across interdisciplinary fields, this

review aims to discuss progress from the perspective of surface
wetting and adhesion control to ensure the long-term stability and
adaptability of flexible electronics in humid or underwater environ-
ments (Section 1). Starting with strategies for designing consistent
electronic devices, we delve into adhesiveness, categorizing it into
dry adhesion and wet adhesion. We further discuss surface wetting
from the perspective of surface modification and the construction
of micro/nano-bioinspired structures, concluding with different
structures of materials (Section 2). Next, we introduce the perfor-
mance characteristics that flexible electronics should possess (Sec-
tion 3). Subsequently, we discuss different types of signals
monitored using wearable electronic devices adhered to the body,
as well as the manifestations of different signals (Section 4).
Specifically, based on the application areas of different surface
adhesion and wetting conditions on the human body, we system-
atically summarize the applications of consistent and adaptable
electronics, including on-body and in-body applications (Section 5).
Finally, we summarize the current challenges and key perspectives
(Section 6), with a focus on directions such as electronic health,
mobile health, point-to-point diagnosis, and human–machine
interface applications.

2 Design strategies of conformal
electronics for the human body

In people’s daily lives, wearable electronic devices have become
indispensable in the field of healthcare.20,79 These devices
capture physiological and biochemical signals from the human
body in real-time and portably, providing valuable health
information directly to the wearer.80,81 Ensuring that these
devices adhere closely to the skin is crucial for improving the
accuracy and stability of monitoring signals. However, factors
such as hair, sebum, and the varying external moisture environ-
ment often pose challenges to the adhesion of wearable elec-
tronic devices.82,83 Therefore, continuously exploring and
innovating design strategies to overcome these practical appli-
cation challenges is particularly important. To address the
aforementioned issues, a series of carefully planned strategies
have been developed, focusing on four core areas: optimization
of dry adhesion mechanisms, innovation in wet adhesion
technologies, precise regulation of wettability treatment, and
in-depth optimization of material structure and composition.
In terms of adhesion strategies, we particularly focus on
effectively dealing with the interference of hair and sebum to
ensure secure and comfortable contact between the device and
the skin. Meanwhile, managing wettability is equally crucial
because sweat after exercise, water flow during showers, and
moisture in daily activities can all impact device performance.
By designing innovative surfaces that rapidly drain liquids or
by coating advanced hydrophobic materials, we can precisely
regulate the wettability environment of the material, maintain-
ing its optimal working state. Additionally, the selection of
materials and structural design are key elements in enhancing
both adhesion and wettability. The materials we carefully select
must not only possess excellent biocompatibility and durability
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but also exhibit stable adhesive properties under various environ-
mental conditions. Through optimizing structural design, we can
further enhance these properties, ensuring that wearable electronic
devices can provide accurate and reliable health monitoring ser-
vices in various scenarios. By comprehensively employing advanced
strategies in dry adhesion, wet adhesion, and wettability treatments
and material structure design, it is possible to develop wearable
electronic devices that effectively address practical application
challenges. This will drive the development of these devices
towards higher levels of functionalities, such as waterproofing,
self-cleaning, and high sensitivity.

2.1 Adhesion

It is well known that the surface of human skin is made up of
complex structures, with rough textures visible on fingerprints,

wrinkles, creases and pits on the face.84,85 This complexity
poses a challenge to the effective application of traditional
rigid electronic devices to skin texture structures.86,87 Thus,
the emergence of wearable electronics allows them to establish
conformal contact with the rough, wet, hairy, curvy and tex-
tured surfaces of human skin, which is essential for obtaining
high-quality bio-signals.88 In response to different usage sce-
narios, adhesion can be categorized into dry adhesion and wet
adhesion according to the requirements of the usage scenario.
Dry and wet adhesion design strategies and the advantages and
disadvantages of applications are summarized in Table 1.

2.1.1 Dry adhesion. Reducing the thickness of wearable
electronic devices can effectively enhance their adhesion to the
skin and mechanical flexibility.96,97 Fujie et al.98 reported that
by reducing the thickness of the device to several hundred

Fig. 1 Schematic illustration of the applications of wettable wearable electronics. Image of a ‘‘Wireless sensing suture’’: adapted with permission under a
Creative Commons CC BY License from ref. 61. Copyright 2021 The Authors, published by Springer Nature. Image of a ‘‘Multimodal sensory face mask’’:
adapted with permission under a Creative Commons CC BY License from ref. 69. Copyright 2022 The Authors, published by Springer Nature. Image of a
‘‘Wireless smart bandage’’: adapted with permission under a Creative Commons CC BY License from ref. 70. Copyright 2022 The Authors, published by
Springer Nature. Image of ‘‘Electronic tattoo’’: reproduced under terms of the Creative Commons Attribution 4.0 International License from ref. 71.
Copyright 2021 The Authors, published by American Association for the Advancement of Science. Image of a ‘‘Flexible arterial-pressure sensor’’: adapted
with permission under a Creative Commons CC BY License from ref. 60. Copyright 2021 The Authors, published by Elsevier. Image of a ‘‘Flexible sweat
sensor’’: reprinted (adapted) with permission from ref. 72. Copyright 2022, American Chemical Society. Image of a ‘‘Corneal sensor’’: adapted with
permission under a Creative Commons Attribution 4.0 International License from ref. 73. Copyright 2021 The Authors, published by Springer Nature.
Image of a ‘‘Machine-learning sensor’’: reproduced with permission from ref. 74. Copyright 2021, Elsevier.
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nanometers, strong adhesiveness to the human body can be
achieved without the need for external fixation methods. This
design enables wearable flexible electronic products to effec-
tively adhere to dry skin surfaces, laying a solid foundation for
their application in specific usage scenarios. Therefore, it is
necessary to flexibly choose the structure and type of materials
according to the application scenarios of wearable devices,
allowing them to form good contact with interfaces under dry
conditions. To achieve better adhesion between wearable
devices and interfaces under dry conditions, the materials
can be designed in the form of ultra-thin films, tattoos, nano-
network structures, and microstructures, which can effectively
achieve better interface adhesion through surface treatment.
Additionally, different material types can provide design ideas
for wearable devices, such as hydrogels and carbon-based
materials. Using the thin and light characteristics of electronic
tattoos, graphene electronic tattoos can be designed to control
their thickness, which is 463 � 30 nm, and can be directly
laminated onto human skin. The graphene layers stacked
together in the electronic tattoo form graphite, maintained by
van der Waals forces between the layers. Thus, the seamless fit
between the graphene electronic tattoo and the skin interface is
achieved through van der Waals forces (Fig. 2a).99 To improve
the comfort and breathability of wearable devices, those
designed with nano-network structures can enhance adhesion
to the skin surface by increasing surface roughness and effec-
tive contact area, maintaining this adhesion over time. The
increased contact area of the nano-network structure provides
good breathability, helps reduce the risk of inflammation
related to wearable electronic devices on the skin surface, and
improves wearer comfort (Fig. 2b).47 Hydrogels, with their
softness and high hydration properties, can adapt to any sur-
face to form interface adhesion and improve adhesive strength.
Chemical modification or functionalization of hydrogels can
adjust their surface hydrophilicity or hydrophobicity to suit dry
adhesion environments. Additionally, the high fatigue resis-
tance of hydrogels provides strong mechanical performance
for the design of wearable electronic devices. Liu et al.100

created ion-crosslinked hydrogel skin using ionic and covalent

crosslinking and bio-adhesives. This hydrogel skin has strong
surface adhesion, firmly adhering to the skin even under dry
conditions, adapting to complex skin structures, and providing
high breathability to prevent skin irritation (Fig. 2c). To meet
adhesion assurance needs while ensuring multifunctionality,
electronic tattoos are created using a layer-by-layer method to
achieve wrinkle amplification. Moreover, these electronic tat-
toos do not require external treatments such as solvents or
heating when transferred to different surfaces, allowing them
to firmly adhere to the skin surface. To improve wearer comfort,
wearable devices are designed as textiles for better breathability
(Fig. 2d).71 Microfluidic sensors integrated into fabrics utilize
the characteristics of hollow microchannel structures to mini-
mize the contact area with the skin, addressing the challenges
of poor breathability and comfort of wearable electronic pro-
ducts. For better reversible adhesion on specific surfaces, many
biological microstructures, such as micropillars, microcavities,
or microgrooves, have inspired designs in nature. These struc-
tural features help enhance adhesion performance on complex
surfaces and under dry conditions. Wearable electronic pro-
ducts designed based on these unique biological microstruc-
tures closely adhere to the human skin interface and provide
reversible adhesion, extending the lifespan of wearable devices.
Wearable devices made by simulating micro-hair interface
structures establish seamless conformal adhesive contact with
the irregular surface of the skin (Fig. 2e).101 Furthermore, by
designing and regulating microstructures, the hydrophilicity or
hydrophobicity of the material’s surface can be controlled to
achieve adhesion under dry conditions. Increasing the rough-
ness and effective contact area of the microstructure surface
can improve the adhesion between the material and the
interface.

2.1.2 Wet adhesion. The wet adhesion of wearable devices
refers to their ability to effectively adhere to surfaces in the
presence of sweat, oil secretions, and external humid environ-
ments, thereby extending the lifespan of wearable electronics in
everyday use. Establishing an environment that accommodates
the wet interface between wearable devices and the human
body is crucial. To enhance the wet adhesion of wearable

Table 1 Dry and wet adhesion design strategies and advantages and disadvantages of applications

Application
scenario Strategies Advantages Limitations Ref.

Dry
adhesion

Ultrathin film High frequency performance and low power
consumption

Achieving bendable and flexible devices is more
challenging

89

Nanomesh Excellent mechanical robustness, high skin adhesion,
breathability, and anti-drying properties

High manufacturing technology and operational
challenges

90

Hydrogel Highly efficient, self-reinforcing and long-lasting inter-
facial adhesion

Unadhered interfaces tend to harden, toughen, and
lose adhesiveness

91

Tattoos Flexible and stretchable, with a modulus similar to
human tissue, causing no damage

Cannot simultaneously achieve joining, conforming to
creases, and being multilayered

71

Microstructure Provides strong, reversible adhesion adaptable to var-
ious non-flat surfaces

Susceptible to skin hair growth and thicker 92

Wet
adhesion

Wet compat-
ibility factor

Self-regulating adhesion Additional processing steps increase operational com-
plexity and affect production efficiency

93

Bioadhesives Enhanced adhesion by chemical bonding Low bond strength, poor dynamic reversibility, weak
environmental resistance

94

Microstructure Reusability and reduction of external pressure Applying to soft, non-flat skin poses challenges 95
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devices under humid conditions, one can focus on surface
compatibility, material selection, surface modification, and
bio-inspired adhesives. Relying solely on intermolecular forces
for adhesion between wearable electronic products and biolo-
gical surfaces is ineffective. Therefore, it is essential to improve
the capability of wearable electronic products to maintain
excellent electrical performance in humid environments. Con-
sidering wet compatibility factors becomes critical to ensure
that electronic devices adapt better to humid conditions.
Additionally, the design of bio-adhesives and microstructures

has proven effective in addressing the challenges of poor
compatibility of wearable devices in humid environments.
Wet adhesion designs for wearable devices can utilize materials
compatible with wet surfaces, enabling the fabrication of
wearable contact lenses. The human eye has a moist biological
interface, and using commercial disposable soft contact lenses
made of wet-adaptive materials can reduce eye damage and
discomfort. Untreated commercial contact lenses possess
unique properties such as biocompatibility, softness, breath-
ability, transparency, wettability, and seamless adaptation to

Fig. 2 Schematic illustration of dry adhesion and wet adhesion. (a) Nano-graphene tattoos with reduced device thickness adhere to the surface of the
skin. Reprinted (adapted) with permission from ref. 99. Copyright 2017, American Chemical Society. (b) Stretchable skin electronics with nanomesh
exhibit high conformability and adhesion to the skin. Reproduced with permission from ref. 47. Copyright 2017, Springer Nature. (c) Conceptual setup of a
hydrogel adhered to the knee for gait measurement, demonstrating good adhesion capability. Reproduced with permission from ref. 100. Copyright
2021, John Wiley and Sons. (d) Multilayer tattoos adhered to dry skin, capable of embedding optical images into creases of the finger joints. Reproduced
under terms of the Creative Commons Attribution 4.0 International License from ref. 71. Copyright 2021 The Authors, published by American Association
for the Advancement of Science. (e) Cross-sectional diagram of a microstructured sensor improving conformal contact with the skin. Reproduced with
permission from ref. 101. Copyright 2014, John Wiley and Sons. (f) Schematic diagram of a wet-compatible corneal sensor for recording ERG signal.
Adapted with permission under a Creative Commons Attribution 4.0 International License from ref. 73. Copyright 2021 The Authors, published by
Springer Nature. (g) Conceptual illustration of a bioadhesive adhering to human skin during heavy sweating and prolonged coverage. Reproduced with
permission from ref. 102. Copyright 2023, John Wiley and Sons. (h) Schematic representation of microstructures generating reversible skin adhesion
energy for patch applications. Reprinted (adapted) with permission from ref. 103. Copyright 2022, American Chemical Society.
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Fig. 3 Schematic diagrams of material structure design of wearable electronics. According to the different structures adapted to different external environments, they can be
divided into four categories: 1D fibers, 2D sheets, 3D bionic structures and metamaterials. Image of a ‘‘Twisted fiber’’: reproduced with permission from ref. 105. Copyright
2024, Springer Nature. Image of a ‘‘Core–sheath fiber’’: reproduced with permission from ref. 104. Copyright 2020, John Wiley and Sons. Image of a ‘‘Hexagonal’’ structure:
reprinted (adapted) with permission from ref. 109. Copyright 2020, American Chemical Society. Image of a ‘‘Network’’: reproduced with permission from ref. 111. Copyright
2018, Royal Society of Chemistry. Image of a ‘‘Fractal’’ structure: reproduced with permission from ref. 108. Copyright 2014, Springer Nature. Image of a ‘‘Serpentine’’ structure:
reproduced with permission from ref. 108. Copyright 2014, Springer Nature. Image of a ‘‘Wrinkle’’ structure: reproduced under terms of the Creative Commons Attribution 4.0
International License from ref. 71. Copyright 2021 The Authors, published by American Association for the Advancement of Science. Image of a ‘‘Pyramid array’’: reproduced
with permission from ref. 118. Copyright 2014, John Wiley and Sons. Image of a ‘‘Pillar array’’: adapted with permission under a Creative Commons CC BY License from ref. 116.
Copyright 2018 The Authors, published by John Wiley and Sons. Image of a ‘‘Dome array’’: reprinted (adapted) with permission from ref. 120. Copyright 2018, American
Chemical Society. Image of a ‘‘Spiral’’ structure: reproduced with permission from ref. 114. Copyright 2015, American Association for the Advancement of Science. Image of a
‘‘Sponge’’ structure: reproduced with permission from ref. 117. Copyright 2017, John Wiley and Sons. Image of an ‘‘Origami’’ structure: reprinted (adapted) with permission from
ref. 115. Copyright 2024, American Chemical Society. Image of a ‘‘Kirigami’’ structure: reproduced with permission from ref. 122. Copyright 2017, Elsevier.
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various corneal shapes. This corneal sensor is made by inte-
grating serpentine circuits in a directly written form on these
commercial contact lenses, maintaining direct contact with
tears during human eye electroretinogram (ERG) tests
(Fig. 2f).73 By selecting appropriate bio-adhesives (polymers,
hydrogels, and nanocomposites), adhesion performance can be
maintained under humid conditions without affecting the
functionality of wearable devices. Introducing bio-adhesives
can provide adhesion in humid environments and waterproof
effects. Polymer wet-adaptive electronic skin, made using elec-
trospinning technology, adheres quickly to human skin and
remains stable under humid conditions without adversely
affecting skin health (Fig. 2g).102 To mitigate the issue of skin
damage, interface adhesion can be achieved through strong
chemical interactions between the skin and adhesives. Many
organisms in nature, such as tree frogs or mayfly larvae, have
unique wet adhesion surfaces characterized by special micro/
nano-structures or chemical compositions, allowing them to
effectively attach to contact substrates and capture prey in
complex environments. These biological wet adhesive surfaces
have inspired the design of artificial analogues by mimicking
their special micro/nano structures or chemical compositions.
Inspired by bionic structures, a hierarchically arrayed octopus-
inspired pattern has been designed to achieve interface adhe-
sion by generating cohesive forces between liquid molecules,
providing strong wet adhesion on the skin (Fig. 2h).103 Addi-
tionally, constructing such micro/nano-structures by roughen-
ing the material surface or using hydrophilic or hydrophobic
coatings can enhance the wet adhesion of wearable devices. For
wearable devices, direct breathability and water resistance of
the contact interface are particularly important in humid
environments. Designing the material surface with hexagonal
grid patterns to increase effective contact area and improve wet
adhesion can achieve excellent wet adhesion effects.

2.2 Materials’ structure

The successful manufacturing of wearable flexible electronic
products relies heavily on the selection of materials. To achieve
excellent conformal adhesion on rough, curved, soft, and
textured biological surfaces and tissues, various types of mate-
rials need to be considered, including nanocomposites, hydro-
gels, and polymers. Additionally, besides material types,
the material structure is also a crucial factor. By designing
structures with one-dimensional (1D), two-dimensional (2D),
three-dimensional (3D), and hybrid configurations, a skin-
conforming surface matching the skin’s texture can
be achieved, meeting the adhesion, breathability, and stretch-
ability requirements of flexible electronic devices. These
structures include fiber structures,104–106 patterned sheet
structures,107–113 biomimetic microstructures,114–120 and super-
structures (Fig. 3).111,121–123 In fibers, the structure typically
appears in a 1D form, primarily in the form of twisted fibers
and core-sheath fibers, allowing effective adaptation to small
strains. In the application of electronic tattoos, the substrate
materials and circuit designs are generally presented in a 2D
structure to facilitate conformal contact with the skin and

deformation adaptation during movement. Common 2D mate-
rial structures include four main types: hexagonal structures,
network structures, serpentines, and fractal structures. Differ-
ent types of structures serve different functions in various
application scenarios. Hexagonal structures can mimic the
internal structure of organisms to regulate the Poisson’s ratio
and adapt to the target strain range. Network structures can be
appropriately matched based on the unique mechanics of
biological tissues to adapt well to the stress–strain curve of
human skin. Serpentine structures achieve good stretchability
and conformity in limited area regions, while fractal structures
disperse stress over specific areas, reducing stress concen-
tration and increasing interface area to enhance adhesion,
playing a particularly important role. Inspired by biological
structures, mimicking these special biological structures in 3D
form, such as pyramid structures, column arrays, dome struc-
tures, and porous sponge structures, effectively enhances the
sensitivity of strain sensors and enhances adhesion to the
interface. Additionally, common 3D microstructures in daily
life, such as skin folds and spiral structures, have a ‘‘folding’’
effect, enabling materials to withstand greater tension when
exceeding their deformation capacity. Therefore, they can be
used to improve the ability of flexible electronic devices to
maintain structural integrity during stretching. To reduce the
occurrence of stress-induced cracking in materials under low
strains, superstructures such as origami and kirigami have
been developed, transforming flat material structures into
three-dimensional surface features through specific processing.
Origami structures achieve controllable deformation through
different folding methods and angles, allowing flexible electro-
nic devices to adapt to different shapes and surfaces. The
structural design of kirigami can provide maximum area cover-
age, enhancing device stretchability through rotation and
deformation, while ensuring mechanical integrity even under
stress beyond the rated strain. Hence, it is essential to select
suitable structures by evaluating application scenarios to meet
the requirements of high area coverage, improved stretchabil-
ity, and interface contact conformity in flexible electronics.

2.3 Wettability theory

The friction between traditional rigid inorganic materials and
soft organic human tissues leads to various adverse conse-
quences, including skin irritation, tissue damage, and a
reduced signal-to-noise ratio (SNR).124 Therefore, many
researchers are actively working to advance and utilize more
flexible and scalable structural designs, as well as the selection
of materials, to address these issues. Flexible electronics are
attached to the skin and can adapt their structure, texture, and
shape to achieve various functions.125–128 However, flexible
electronics face challenges in the interaction occurring at the
solid–liquid interface between flexible electronics and the skin.
This hydrated environment arises from sweating during physi-
cal activity or exposure to external wet conditions such as
rain or bathing. Hence, for the construction of flexible electro-
nics, it is essential to consider the interactions between device
surfaces with different wetting properties and liquids,
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exhibiting distinct contact angles (CAs). Specifically, low (or high)
surface energy results in CA values 4901 (or o901), indicating a
hydrophobic (or hydrophilic) state. To enable flexible electronics
to adapt to environments with different wetting characteristics,
the conversion between hydrophobic surface functional groups
and hydrophilic functional groups must be controlled. Funda-
mentally, the control of the liquid wetting behavior on a solid
surface is of utmost importance. The CA, which is the angle
formed between a solid surface and the tangent drawn through
the edge of the liquid droplet at the three-phase contact line, is a
widely recognized parameter for measuring the wetting behavior
of a liquid on a solid surface. According to the basic theory of
wetting of a liquid on an ideally smooth surface proposed by
Young in 1805, the CA can be measured using Young’s equation
(eqn (1)),129 as illustrated in Fig. 4a:

cos yY ¼
gSA � gSL

gLA
(1)

where yY represents the Young’s CA of the liquid on a solid
surface, and gSA, gSL, and gLA are respectively the solid–air, solid–
liquid, liquid–air interfacial energies. When the CA of a liquid–
solid combination is known, the equation can be calculated with
high precision.

However, Young’s equation is not sufficient for measuring
the CA with credible precision for rough and structured sur-
faces or liquids that exceed the yield force. Two conditions may
exist when wetting occurs on a rough or structured surface. The
first condition is characterized by complete wetting of the
surface with liquid, and the cavities of the rough structure
are full of liquid. This condition is suitable for the Wenzel
equation, as depicted in Fig. 4b. Using the Wenzel equation,
the surface roughness was further considered to explain liquid
wetting on a rough solid surface, as per the following
equation:130

cos yw = r cos yY (2)

r ¼ roughness factor ¼ actual surface area

projected surface area
(3)

where yw represents the Wenzel CA on a rough solid surface, r
indicates the roughness factor that is represented as the ratio of
the actual surface area to the projected surface area, and yY

denotes the Young’s CA on a smooth surface. The value of r is
always greater than one. However, there is a defect in the
Wenzel equation of continuous liquid wetting that does not
explain liquid-wetting behavior with CAs greater than a certain
degree, and discontinuous liquid wetting is observed, as seen
in Fig. 4c. Thus, the Cassie–Baxter equation is used to interpret
the presence of a porous external phase, i.e, an entrapped gas
phase, on a solid surface with a prominent rough structure,
which was the reason for the discontinuous contact between
the beaded droplets and the solid surface, thereby reducing the
contact between the beaded droplets and the protruding sur-
face. The apparent Cassie–Baxter CA (yCB) takes into account
the total contribution of each phase, which is referred to by the
following equation:131

cos yCB = f1 cos y1 + f2 cos y2 (4)

where f1 represents the geometrical fractional contact area of a
solid–liquid interface and f2 represents the geometrical frac-
tional contact area of a liquid–air interface. The solid–liquid
and liquid–air contact fractions were summed to 1 as follows (f1

+ f2 = 1). y1 indicates the CA of the liquid droplet on the solid
phases. y2 denotes the CA of the liquid droplet on the air
phases. The contact angle between the liquid and the air was
1801. If the solid fraction is expressed as f, the air fraction is
expressed as 1 � f. In summary, the Cassie–Baxter equation can
be modified as follows in Fig. 4d:

cos yCB = f cos y1 + (1 � f)cos 1801 (5)

cos yCB = f cos y1 + f � 1 (6)

Therefore, based on the above equation, surfaces with advan-
cing and static water CAs greater than 1501 were defined as
superhydrophobic.132 In contrast, surfaces with CAs less than
101 are defined as superhydrophilic.

2.3.1 Wettability method. Inspired by various natural plant
microstructures such as lotus leaves, water lilies, and rose

Fig. 4 Schematic illustration of wettability theory and construction of biomimetic structures. (a) Schematic of water contact angle (yw) in air. (b) Droplet
on a structure’s surface. (c) Droplet was detached from the structure’s surface. (d) Droplet detached on a structure surface. (e) Controlling surface
hydrophilicity and hydrophobicity transformation.
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petals, the construction of micro/nano-scale structures on sub-
strate materials can be achieved to control wetting properties
by mimicking the micro/nano-level structures of these
plants.133,134 Wetting properties primarily depend on the sur-
face’s micro/nano-structures and chemical composition.135,136

Patterning of wetting surfaces can be accomplished by con-
structing different micro/nano-structures, while chemical sur-
face modifications play a role in regulating hydrophilicity and
hydrophobicity. Creating different micro/nano-structures helps
to adjust the transition between substrate material’s hydrophi-
licity and hydrophobicity, while chemical surface modifications
can regulate the transition of substrate material’s hydrophili-
city to superhydrophilicity or hydrophobicity to superhydro-
phobicity (Fig. 4e). Treatment and wetting methods are
summarized in Table 2.

2.3.2 Surface treatment. Each material possesses unique
properties, resulting in differences in their wetting character-
istics. When designing wetting properties for flexible electro-
nics, selecting materials with appropriate wetting properties
can prolong the device’s lifespan and reduce interference from
wetting environments on device signals. Therefore, commonly
used surface treatment methods include chemical modifica-
tion, plasma treatment, and UV irradiation. Chemical modifi-
cation involves introducing chemical modifiers that react or
interact with the material surface.150 Specifically, chemical
modifiers can form chemical bonds or functional groups with
functional groups on the material surface, leading to changes
in surface properties such as surface energy, hydrophilicity, or
hydrophobicity. Thus, understanding the chemical composi-
tion of the materials used, such as functional groups, is
beneficial for altering material surface wetting properties using
chemical modification methods. Common hydrophobic func-
tional groups include alkyl groups (such as methyl, ethyl, and
propyl), fluorine-based groups, silicon-based groups, and nitro
groups (Fig. 5a). For example, commonly used materials for
encapsulation and substrates include silicone rubber (Ecoflex)
and polydimethylsiloxane (PDMS). On the other hand, common
hydrophilic functional group types include carboxyl, amino,
hydroxyl, ethoxy, and siloxane groups (Fig. 5a). For instance,
common thin-film substrate materials used for direct writing
include polyethylene terephthalate (PET), polyimide (PI), and
polyurethane (PU). Additionally, the type of material structure
also aids in regulating wetting properties. Porous materials
such as textiles, sponges, and nanonetwork structures can
construct liquid drainage channels through surface treatment.
This method typically controls the material’s surface energy to
adjust wetting performance. Higher surface energy leads to
better spreading of liquids on the surface, resulting in stronger
wetting. Generally, low surface energy reagents are substances
with low polarity. Common types include fluorides such as
polytetrafluoroethylene (PTFE), polyethylene, silicone oil, and
Ecoflex, which have low surface energy, reducing interactions
with other surface materials. Compounds containing fluorine
atoms typically exhibit extremely low surface energy due to the
high electronegativity of fluorine atoms, weakening their inter-
actions with other molecules. In contrast to low surface energy

reagents, high surface energy reagents typically exhibit high
attraction and affinity on the liquid surface. Common types
include hydroxides and oxides, such as glass surfaces, which
usually have high surface energy because their surfaces readily
interact with water and other polar solvents. Hydroxyl (–OH)
compounds, amino (–NH2) compounds, carboxyl (–COOH)
compounds, and nitroso (–NO) compounds typically have
higher surface energy as these compounds can interact with
water molecules through hydrogen bonding. Thus, adjusting
surface wetting properties can be achieved by controlling the
free combination of functional groups in materials. The free
combination of functional groups is achieved through inter-
molecular interactions such as van der Waals forces or electro-
static interactions. Besides utilizing the properties of functional
groups for surface treatment, plasma treatment and UV irradia-
tion are also commonly used surface treatment methods that
can alter material surface properties, thereby affecting their
wetting properties. Plasma treatment involves using excited
gases to form plasma, generating high-energy ions, radicals,
and excited-state molecules. These active species react with
the material surface, causing physical and chemical changes
to the surface. Plasma treatment can increase surface
energy, making the surface more reactive, thereby enhancing
wetting (Fig. 5b).151 UV irradiation utilizes UV light with
sufficient energy to break chemical bonds on the material
surface, initiating a series of chemical reactions such as cross-
linking, oxidation, or removal of surface contaminants. After
UV irradiation treatment, the surface’s active functional group
content can increase, thereby improving wetting performance
(Fig. 5c).152

2.3.3 Increasing surface roughness. Increasing surface
roughness can enhance the contact area between the liquid
and solid surface. When a liquid comes into contact with a
rough surface, liquid molecules can enter into the tiny crevices
and cracks, forming a larger liquid–solid contact area, which
helps improve the wetting performance of surfaces with either
hydrophilic or hydrophobic properties. Additionally, rough
surfaces can also slow down the sliding of liquids on the
surface, further enhancing the wetting performance. Therefore,
constructing different or specific micro/nanostructures can
significantly influence surface energy. These structures can
control the surface morphology, texture, and topological struc-
ture, enabling surfaces to exhibit superhydrophobic or super-
hydrophilic properties.

Various methods, such as spraying, dipping, electrospin-
ning, laser ablation, chemical etching, and electrochemical
deposition, can be employed to prepare surfaces with differ-
ent roughness levels. For instance, dipping involves immer-
sing the substrate into a solution containing micro/
nanoparticles or additives (Fig. 5d).151 Similarly, spraying
entails spraying a solution or suspension containing micro/
nanoparticles or additives onto the target surface (Fig. 5e).153

Both methods utilize the deposition or attachment of parti-
cles or additives onto the surface to alter its morphology and
increase its roughness. However, these methods are not
particularly suitable for treating porous materials because
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Table 2 Treatment and wetting methods

Treatment Method Principle Advantages Limitations Application fields Ref.

Surface
treatment

Chemical
modification

Chemical modifiers react with or
interact with the material’s
surface

Precise surface
control, diverse
options, and
sustainability

Materials limitations, proces-
sing complexity, potential
effects on durability and
stability

Used for developing
waterproof, paper-
based flexible
electronics

137

Plasma
treatment

Gas is heated to high tempera-
tures, forming plasma and gen-
erating high-energy ions, free
radicals, and excited molecules

Enhance surface
activity, enable
efficient surface
modification, and
suit all material
types

Requires professional equip-
ment, may affect material flex-
ibility and mechanical
properties, and demands strict
control of processing conditions

Used to develop
superhydrophobic
smart clothing

138

Ultraviolet
irradiation

Photosensitive oxidation
removes organic compounds
material surfaces

Ideal for surface
bond modifica-
tion; The process
is simple, low-cost,
and efficient

May affect material stability;
Requires specialized light sour-
ces and equipment; Limited by
lighting coverage

Nanoribbon coatings
are prepared for oil–
water separation as a
post-treatment

139

Increasing
surface
roughness

Electrochemical
deposition

Metal ions in the electrolyte are
reduced and deposited on the
electrode via electric current

Simple, con-
trollable, cost-
effective; Enables
high-resolution,
high-purity
deposition

Requires electrodes and elec-
trolytes; Process depends on
electrolyte composition

Used for patterning
materials on flexible
substrates

140

Spray A particle or additive solution is
sprayed onto the surface for
using spraying equipment

Simple, low cost,
and suitable for
large-scale appli-
cation; Enables
large areas coating

Controlling coating thickness is
difficult; Solution and spray
parameters need optimization

Textiles with motion
sensing, self-powered
interfaces, and
superhydrophobicity

141

Laser ablation The laser locally heats the mate-
rial surface, inducing thermal
changes

High precision
and resolution;
Enables local, fine
processing

Requires high-power lasers and
control systems

For transparent and
stretchable liquid
metal electronics

142

Dip coating Immerse the surface in a particle
or additive solution

Simple, low-cost,
high-efficiency,
and mechanized

Poor microstructure control and
low precision

Used for developing
breathable, hydro-
phobic wearable
water droplet
collectors

143

Electrospinning A high electric field ejects the
polymer solution from the noz-
zle, forming fibers, and deposit-
ing a film on the receiver

Simple and cost-
effective
preparation

Affected by fiber formation
conditions and electric field
control

Used for developing
environmentally
friendly, high-
performance water-
proof breathable
films

144

Chemical
etching

Material is exposed to a corrosive
solution, causing chemical reac-
tions with the surface

Low cost, high
reliability, high
capacity, and
broad applicability

Surface topography is
uncontrollable

Used to prepare
microfluidic devices
with controllable
adhesion surfaces

145

Soft lithography Photosensitive materials are
processed with soft molds

Enable high-
resolution and
high-purity struc-
ture preparation

Requires integration with other
technologies

Used to develop
wearable, self-
cleaning hybrid
energy harvesting
systems

146

Photoetching A photoresist is applied to the
photosensitive material, and
light is projected through a
mask. Exposure and develop-
ment cause chemical or physical
changes, creating the desired
pattern

Achieve complex
structures and
patterns

Requires precision masks and
lighting devices; Suitable only
for photosensitive materials

Used to develop fric-
tion nanogenerators
with super-
hydrophobic
interfaces

147

Laser direct
writing

Laser beam focuses on the
material surface to create fine
structures, patterns, or textures

Precision machin-
ing and writing on
the material
surface

Equipment is costlyand the
process range is limited

Used to develop
wearable elastic skin
with adjustable
wettability

147

Customizing
surface wet-
ting pattern

Mask processing Certain areas are exposed to the
active medium to locally adjust
the surface chemistry

Create intricate
patterns in tar-
geted areas

Processing range is limited, and
pattern are prone to damage

Flexible sensors for
biodegradable
applications

148

Printing Prepare inks to meet specific
wettability requirements

Low production
costs and material
savings

Improving print quality and
achieving smooth printing is
challenging

Used for designing
and manufacturing
flexible radio fre-
quency identification
antennas

149
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porous structures are susceptible to contamination by
pollutants.

Electrospinning is a unique fabrication method that differs
from spraying and dipping. It utilizes electrical forces under high
electric fields to eject nano/microstructure solutions from a nozzle,
forming fibers, which are then deposited onto a receiver to form a
film (Fig. 5f).151 This method is commonly used for the production
of flexible electronic textiles and can be combined with other
surface modification methods to construct higher roughness
micro/nanostructures and achieve different wetting properties.

Laser ablation involves local heating of the material surface
using a laser to induce thermal effects and create physical or

chemical changes (Fig. 5g).154 On the other hand chemical
etching exposes the material to specific corrosive solutions.
Active components in the solution react with the material
surface, resulting in the dissolution of part of the material
surface and the formation of tiny recesses or pores, thereby
increasing surface roughness. By controlling parameters such
as solution composition, temperature, immersion time, and
stirring speed, the etching rate and surface morphology during
the chemical etching process can be adjusted to regulate the
material’s surface roughness (Fig. 5h).155

Electrochemical deposition involves applying an electric
current to the electrode surface to reduce and deposit metal

Fig. 5 Schematic illustration of wettability methods. (a) Common chemical modifications used in surface treatments. (b) Electronic textiles for
unidirectional sweat transmission, electrophysiological monitoring and body temperature visualization. Reproduced with permission from ref. 151.
Copyright 2023, John Wiley and Sons. (c) Molecular changes of poly(styrenesulfonate) chains when mixed fibers are illuminated. Reproduced with
permission from ref. 152. Copyright 2020, Springer Nature. (d) Dip coating to apply the solution on the surface of the material. Reproduced with
permission from ref. 151. Copyright 2023, John Wiley and Sons. (e) Schematic diagram of the preparation process of united superhydrophobic–
hydrophilic polypropylene/graphene nanosheet films with mixed wettability, chemical resistance, and passive anti-icing properties. Reproduced with
permission from ref. 153. Copyright 2022, Elsevier. (f) Electrospinning to prepare fiber fabrics with wettability. Reproduced with permission from ref. 151.
Copyright 2023, John Wiley and Sons. (g) Schematic diagram of liquid metal circuit fabrication based on selective laser ablation. Reproduced with
permission from ref. 154. Copyright 2022, Elsevier. (h) Preparation routes for hydrophilic and hydrophobic micro/nano dual-scale all-polymer particles.
Reproduced with permission from ref. 155. Copyright 2022, Elsevier. (i) Schematic diagram of the ZIF-8/Zn electrode electrochemical deposition
process. Reproduced with permission from ref. 156. Copyright 2022, John Wiley and Sons. (j) The process in which photoresist undergoes two-photon
absorption, triggers chemical reactions and changes. Adapted with permission under a Creative Commons CC BY License from ref. 157. Copyright 2023
The Authors, published by Springer Nature. (k) Fabrication of hydrogels with surface roughness gradients by soft lithography. Reprinted (adapted) with
permission from ref. 158. Copyright 2020, American Chemical Society. (l) Experimental device using a pulse overlap strategy to obtain straight
microchannels. Reproduced with permission from ref. 159. Copyright 2023, Elsevier. (m) Manufacturing process of modified silk film with chemical
patterning on the surface of silk film. Reprinted (adapted) with permission from ref. 160. Copyright 2019, American Chemical Society. (n) Schematic
diagram of composite ink for direct writing printing. Reproduced under terms of the Creative Commons Attribution 4.0 International License from
ref. 161. Copyright 2024 The Authors, published by American Association for the Advancement of Science. (o) Schematic diagram of a graphene ink
screen printing process. Reprinted (adapted) with permission from ref. 162. Copyright 2019, American Chemical Society.

Review Materials Horizons

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

16
/2

02
5 

10
:5

6:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/d4mh00753k


This journal is © The Royal Society of Chemistry 2024 Mater. Horiz., 2024, 11, 6289–6325 |  6301

ions dissolved in the electrolyte solution onto the electrode
surface, forming the desired metal deposition layer. This
method can control the morphology, structure, and roughness
of the deposition layer by adjusting parameters such as current
density, solution composition, electrode material, and process
parameters (Fig. 5i).156

In summary, the methods mentioned above for changing
surface roughness lack precise control over surface roughness,
which may result in uneven distribution of surface roughness.
However, achieving changes in surface structure roughness in
specific areas often requires expensive equipment and complex
processes, such as photolithography, soft lithography, and laser
writing technologies. Photolithography involves coating a
photosensitive material on the substrate surface and then
exposing it to light through a mask. Through exposure and
development processes, the photosensitive material undergoes
chemical or physical changes in the light-exposed areas, form-
ing the desired pattern. Subsequently, the obtained pattern is
transferred to the photosensitive material through etching,
deposition, or other processing steps, thereby achieving the
desired micro/nanostructure or pattern on the substrate sur-
face (Fig. 5j).157 Similarly, soft lithography involves applying a
photosensitive material to the substrate surface, then gently
pressing a flexible mold (typically made of PDMS) onto the
photosensitive material surface, allowing the tiny structures on
the mold to come into contact with the photosensitive material.
Next, through light exposure, the light passes through the tiny
structures of the mold, causing chemical or physical changes in
the photosensitive material in the light-exposed areas. Finally,
through subsequent processing steps such as development, the
desired structure is transferred to the photosensitive material,
thereby achieving the desired micro/nanostructure on the sub-
strate surface (Fig. 5k).158 Photolithography/soft lithography
methods can control surface roughness, thereby changing the
surface properties and functionalities of materials. Since photo-
lithography/soft lithography techniques heavily rely on the role
of templates in manufacturing micro/nanostructures, once the
template is removed from the substrate surface, the con-
structed micro/nanostructures may be damaged, making this
technology suitable for manufacturing relatively simple and
regular surface structures. In contrast, laser writing has the
advantage of precise processing and writing on the material
surface. It creates fine structures, patterns, or textures on the
material surface by focusing the laser beam on the material
surface, adjusting the surface morphology and roughness
(Fig. 5l).159

2.3.4 Customizing surface wetting patterns. When custo-
mizing surface wetting patterns, methods such as mask litho-
graphy, laser ablation, inkjet printing, and screen printing can
be employed. During plasma treatment, the exposed surface
areas through mask lithography undergo chemical reactions
with active species in the plasma, introducing new functional
groups or altering surface chemistry to adjust surface wetting
properties. Similar to plasma treatment, during UV irradiation,
molecules on the exposed surface areas through mask litho-
graphy absorb light energy, initiating photochemical reactions

that lead to the formation or breaking of chemical bonds
(Fig. 5m).160 The areas protected by the mask in both methods
prevent alterations to the surface. Laser ablation technology
enables the customization of wetting patterns on the surface by
adjusting laser energy and focusing. Inkjet printing technology
utilizes inkjet heads to spray liquid ink onto the surface,
forming the desired patterns (Fig. 5n).161 Wetting patterns with
specific chemical compositions and shapes can be created on
the surface based on the wetting properties of the ink and
substrate. Screen printing achieves rapid and efficient printing
of desired patterns on the target surface with the assistance of
designed patterns, ink, and suitable screens (Fig. 5o).162

3 Properties of wearable electronics

Wearable devices typically refer to electronic devices with
properties such as flexibility and stretchability, usually manu-
factured on flexible substrates. From a materials perspective,
the choice of materials is crucial for differentiating wearable
devices from the traditional rigid ones. However, most flexible
electronic devices with excellent electrical performance use
substrate materials primarily composed of thin films (such as
PET and polyvinyl alcohol (PVA)), gels (such as polyacrylamide
gel (PAM) and polyethylene glycol (PEG) gel), and polymers
(such as PDMS, PI, and PU). Therefore, the majority of substrate
materials have poor breathability in humid environments,
impeding the gas exchange between flexible electronic products
and the surrounding environment, hindering moisture eva-
poration and heat control.163 When wearable devices are worn
for extended periods, the poor breathability of the substrate
material and its strong adhesion to the interface can cause the
device to adhere tightly to the interface, hindering gas exchange
with the external environment. This can lead to poor breath-
ability, affecting the evaporation of sweat and potentially caus-
ing sweat accumulation, which can result in skin allergies or
dermatitis at the interface. Additionally, the accumulation of
heat generated by the device during prolonged operation can
pose a risk of burns to the wearer if effective heat dissipation is
not achieved. Therefore, more effort is needed to address the
challenge of poor breathability in substrate materials. Zhang
et al.164 proposed a Janus textile-embedded hollow microfluidic
sweat sensor (Janus-t HMSS patch) platform to address the
challenges of poor breathability and heat dissipation. The
advantage of the HMSS patch is its minimal skin coverage area
(approximately 0.22 cm2), which promotes good breathability
and sweat permeability when attached to the skin. This textile-
structured wearable device ensures comfort and efficient heat
dissipation during prolonged wear, avoiding skin inflamma-
tion, allergies, and reducing the risk of burns, providing a
protective safety function. Wearable devices often need to con-
form and adhere closely to biological tissues (such as skin,
muscles, blood vessels, brain, heart, and eyes, which are
typically soft) to accurately capture and transmit physiological
and biochemical signals, thus improving the accuracy and
stability of monitoring data. However, biological tissues are
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in different internal environments and typically have irregular
surface textures. Therefore, wearable devices on these irregular
and uneven tissue surfaces often struggle to conform to their
curved profiles, leading to poor adhesion and conformity to
tissue surfaces, reducing their adaptability and compatibility
with biological tissues. The flexibility and stretchability of
wearable devices ensure that they can adapt to various curves
and dynamic movements of the human body, providing a
comfortable wearing experience. However, most wearable
devices require adhesion to biological tissue interfaces, but
due to poor adhesion, they cannot achieve conformal adhesion
to the interface. This can lead to asynchronous deformation
and motion artifacts, reducing the accuracy of physiological
signal monitoring and weakening signal transmission. There-
fore, good adhesion and conformability of wearable devices are
crucial for ensuring close contact with the skin, reducing device
detachment caused by movement and effectively improving
data collection accuracy and stability. Most adhesives made
of silicone materials can attach to soft skin without causing
rejection reactions by the biological body, showing great
potential for application in providing biocompatibility. There-
fore, adjusting the adhesion of adhesives when used as sub-
strate materials for wearable devices can prevent damage to the
skin surface while ensuring signal fidelity. Fu et al.165 devel-
oped an elastic material capable of in situ adhesion on various
surfaces. Adhesives made from this elastic material achieved
ultra-high adhesion within 10 minutes, exceeding 3000 N m�1.
This strong adhesion is due to enhanced intermolecular forces
between the adhesive elastic material and the adherent. Addi-
tionally, the adhesive can adjust intermolecular forces at low
temperatures to reduce adhesion, making it easy to separate
from the adherent. This method provides a meaningful
approach to develop flexible electronic substrate materials with
ultra-high adhesion on dry and wet surfaces for wearable
devices. Besides the basic properties of wearable devices men-
tioned above, daily use inevitably encounters humid environ-
ments (such as rain, sweat, grease, etc.). Therefore, it is crucial
to prevent moisture from entering the device and causing
corrosive damage. Applying waterproof coatings to the device
surface is essential. Surface treatments such as constructing
gradient wettability surfaces or choosing materials suitable for
wet environments can play an important role in adapting to wet
conditions and extending the device’s lifespan. As wearers
demand wearable devices with multiple functions, such as
health monitoring, wireless communication, and human–com-
puter interaction, improving the comprehensive performance
and user experience is necessary. The single function of wear-
able devices can no longer meet the needs of users. Wearable
devices typically need to integrate various functions to meet
users’ diverse needs in healthcare, requiring improved design
and functional integration, such as chip selection and data
processing capabilities.

In conclusion, wearable devices can bend and stretch with-
out damage or failure, making them suitable for various curved
surfaces and irregularly shaped interfaces, such as smart-
watches and health monitoring devices. These devices can

better conform to human body curves, providing a more
comfortable wearing experience. Compared to traditional rigid
electronic devices, wearable devices are usually lighter because
they can use thin plastic or polymer materials. In everyday use,
wearable devices need certain waterproof and durability proper-
ties to ensure reliable long-term operation, considering envir-
onmental conditions such as water, sweat, and dust. Therefore,
as summarized in Fig. 6, the future development of wearable
devices should meet the following requirements such as good
breathability, high stretchability, excellent waterproof perfor-
mance, and controllable surface adhesion. Integrating these
superior properties allows wearable devices to operate continu-
ously and stably on moist surfaces while adhering to and
conforming to soft skin interfaces, ensuring wearer comfort.
This also promotes the development of wearable devices
towards achieving more accurate biological signal monitoring
and better user experience.

4 Types of monitoring signals in
conformable electronics

Wearable flexible electronics can be employed for moni-
toring physiological,148,149 biochemical,163,164 physical,166,167

and optoelectronic signals,79,168 making essential contributions
to the monitoring of individual health and the development of
personalized medicine. To obtain a clearer and more intuitive
understanding of the types of signals monitored by wearable
electronics and their presentation forms, refer to Fig. 7.

4.1 Electrophysiological signals

Electrophysiological signals, arising from the electrical activ-
ities within a biological organism, play a crucial role in mon-
itoring the functional status of cells or tissues for any potential
abnormalities. In the era of continuous advancements in wear-
able electronic technology, portable monitoring of human
electrophysiological signals has become possible, overcoming
the constraints of size and cost associated with traditional
devices. The application advantages of wearable electronics
stem from their ability to adhere to the body’s contours,
making them suitable for monitoring conventional electrophy-
siological signals such as electrocardiogram (ECG), EMG, EEG,
electrocorticogram (ECoG), and electrooculogram (EOG).

The generation of ECG is rooted in the role of electric
currents in controlling heart movements, ensuring the circula-
tion of blood throughout the body. ECG signals serve as a
representation of cardiac electrophysiology. Recording these
signals aids in assessing the rhythmicity and functionality of
the heart, providing valuable information for diagnosing con-
ditions such as arrhythmias and myocardial infarctions. This
plays a proactive role in early diagnosis and the formulation of
timely treatment plans for medical professionals.

When evaluating muscle activity and neuromuscular con-
nectivity, recording and analyzing the electrical signals gener-
ated by muscle activity provide effective feedback regarding
muscle function and neural conduction. This information
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Fig. 6 Properties of wearable electronics.

Fig. 7 Schematic classification of the different types of signals monitored using a wearable electronic device attached to the human body and the
manifestations of different signals.
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proves essential for diagnosing and monitoring various neuro-
muscular disorders, including myasthenia gravis, neuropa-
thies, and peripheral nerve diseases.

Electrophysiological activity in the brain, observed through
EEG and cortical brain signals, provides insights into whether
any anomalies in brain function or state are present. Timely
observations in EEG readings can aid in diagnosing epilepsy,
studying sleep disorders, and addressing neurological diseases,
providing a preventive and parallel means of treatment. ECoG
represents the electrical activity of neurons in the brain, con-
veyed to the cortical surface through ion conduction. Analyzing
these signals can be used to diagnose epilepsy.

Eye movements generate changes in electrostatic potentials,
allowing for the diagnosis of retinal functional abnormalities
through the monitoring of EOG.

In summary, wearable electronics facilitate the portable
monitoring of various electrophysiological signals, offering a
solution to the challenges posed by the size and cost of
traditional equipment. Their ability to adhere to the body’s
contours makes wearable devices suitable for monitoring a
range of physiological signals, including ECG, EMG, EEG, ECoG
and EOG. This, in turn, enables early diagnosis, proactive
medical interventions, and ongoing monitoring of individuals’
health status.

4.2 Biochemical signals

Monitoring biochemical information enables the accurate
assessment of physicochemical indicators at the deep molecu-
lar level in the human body. However, before the advent of
wearable electronic devices, obtaining biochemical information
required invasive methods, such as collecting blood samples
for detecting various chemical components in the body. Blood
sample collection, being an invasive method, involves pain, and
repeated collection can cause discomfort and pose a risk of
infection to patients.

With the continuous development of wearable electronics,
wearable biochemical sensors transform the obtained human
fluids (such as sweat, saliva, and tears) into electrical signals
through specific reactions with detected biomarkers. This
chemical-to-electrical conversion provides deep molecular
information about the human body. As is well known, different
types of bodily fluids can be obtained from various locations,
distinguishing them from one another. Therefore, the diversity
in obtaining bodily fluids is determined by the different types
of fluids available. Sweat not only regulates body temperature
but is also a crucial excretory pathway for maintaining normal
body metabolism. Sweat contains abundant electrolytes and
metabolites such as urea, uric acid, and lactate, as well as
toxins. The concentrations of these substances in sweat are
positively correlated with those in blood/urine, reflecting the
individual’s health status. The ongoing development of wear-
able biochemical sensors not only avoids damaging the human
body invasively but also demonstrates the continued relevance
of wearable electronics in humid environments. The coexis-
tence of wearable electronics with sweat, a wet-compatible

factor, does not compromise the ability to obtain biochemical
information.

Tears in human eyes contain numerous biomarkers, includ-
ing glucose, proteins, vitamin C, and pH, holding clinical
significance for diagnosing the individual’s health status. The
correlation between glucose levels in tears and blood under-
scores its potential for assessing diabetic conditions. Tear
proteins have been proven useful for early diagnosis of various
diseases, including diabetic retinopathy, iridocorneal lesions,
and dry eye syndrome. Tears also contain significant amounts
of vitamin C, providing antioxidant protection, promoting
wound healing, and treating corneal inflammation. However,
collecting tears is challenging and requires stimulation (emo-
tional, drug-induced, and electrical) to obtain them. Moreover,
such stimulation increases hormone concentrations in tear
secretion, rendering the results less convincing.

Saliva, obtained through chewing food, drinking, or oral
ingestion of medications, includes various organic and inor-
ganic biomarkers, such as glucose, nitrogen compounds,
enzymes, antibodies, hormones, cytokines, and electrolytes.
Compared to invasive blood collection methods, saliva collec-
tion is non-invasive and patient-friendly. In the era of the
COVID-19 pandemic, collecting saliva for virus testing brings
minimal discomfort and sufficient safety, allowing for rapid
sampling and screening of infected individuals.

In summary, the development of wearable electronics has
introduced wearable biochemical sensors that offer a non-
invasive means of obtaining deep molecular information from
the human body. The coexistence of wearable electronics with
various bodily fluids, such as sweat, tears, and saliva, under-
scores their potential for continuous and comfortable monitor-
ing of biochemical information. This not only enhances user
experience but also provides valuable insights into human
health.

4.3 Physical signals

Wearable electronic devices can adhere to the curved surfaces
of the human body, enabling the monitoring of various bio-
physical signals, including strain at the body’s joints, externally
applied pressure, and body temperature. Body temperature is a
crucial factor in maintaining normal physiological functions.
Conformable electronics gather information by monitoring
basic body temperature, local temperature around wounds,
and skin temperature near superficial blood vessels, providing
timely references for clinical diagnosis. Additionally, monitor-
ing strain signals during human joint movements allows for the
capture of subtle deformations. As blood flows within arteries,
it generates different pressures, and blood pressure signals,
such as pulse, can be monitored.

4.4 Photoelectronic signals

With the rapid development of wearable electronics, wearable
optoelectronic biosensors utilize the absorption characteristics
of oxygenated hemoglobin (HbO2) and deoxygenated hemoglo-
bin (Hb) to perform ratio optical measurements. The changes
in the optical signals generated by this process allow real-time

Review Materials Horizons

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

16
/2

02
5 

10
:5

6:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/d4mh00753k


This journal is © The Royal Society of Chemistry 2024 Mater. Horiz., 2024, 11, 6289–6325 |  6305

monitoring of the percentage of blood oxygen saturation,
providing essential support for assessing the health status of
the human body. Flexible electronics are implanted into
arteries to establish good contact for real-time monitoring of
pressure changes in the arteries, ensuring a comprehensive
safeguard for human health.

5 Applications of conformal and body-
adaptive electronics

Surface modification is a key strategy to meet the diverse
application requirements of wearable devices,166,169,170 particu-
larly in ensuring their stable adhesion to human skin under
various environmental conditions, including dry and wet envir-
onments. Through the construction of meticulously designed
micro/nano-structures, wearable devices can significantly
enhance their wet adhesion and wettability, effectively addres-
sing the challenges posed by moist environments such as rain
and sweat.166,170 Additionally, by leveraging the strengthening
mechanisms of intermolecular forces and chemical bonds, the
adhesion between the substrates or encapsulation materials of
wearable devices and the skin interface can be markedly
improved. Moreover, surface modification techniques utilizing
hydrophilic or hydrophobic agents can precisely regulate the
wettability of materials to meet the demands of different
application scenarios.167,171 As shown in Table 3, adopting
appropriate manufacturing processes not only ensures close
and stable contact between wearable devices and the skin
interface but also flexibly adjusts their wettability characteris-
tics, thereby greatly enhancing their adaptability and durability
in wet environments. Compared to similar products without
surface modification design, these meticulously designed wear-
able devices exhibit significant performance advantages.

5.1 In vitro conformal electronics

Wearable devices widely employ materials such as hydrogels,
textiles, and various polymers like Ecoflex, PDMS, PET, PU, and
PI. These materials are highly regarded for their exceptional
softness, skin-friendliness, and biocompatibility. However,
when interfacing with biological tissues such as skin and
muscles, which have mechanical moduli ranging from 60 to
850 kPa and dynamically changing contact interfaces, the
mismatch in mechanical properties and insufficient interface
adhesion can lead to increased signal noise, reduced sensitivity
to physiological signals, and even compromised device func-
tionality. For materials with weak interface adhesion, tradi-
tional methods of securing devices with adhesive tapes often
result in skin irritation or prolonged mechanical constraint,
limiting the long-term application potential of flexible electro-
nic devices. Flexible polymer materials, with their excellent
stretchability, tear strength, and fatigue resistance, have
become ideal choices for manufacturing wearable devices. They
can withstand significant deformation without breaking and
maintain stable performance under repeated deformations. To
further enhance the conductivity and flexibility of wearable

devices, researchers embed conductive nanomaterials (such as
carbon nanotubes (CNTs), graphene, noble metal nanospheres,
and nanowires) into stretchable elastomers, creating wearable
devices that combine flexibility and conductivity. Among these,
CNTs are the preferred reinforcing and conductive nanofillers
for manufacturing stretchable elastomer strain sensors due to
their unique high aspect ratio and superior mechanical, elec-
trical, and thermal properties. Additionally, by finely proces-
sing thermoplastic materials, it is possible to create 2D films
that can seamlessly conform to and adapt to the skin surface,
significantly reducing irritation and damage while enhancing
wearing comfort. This enables wearable devices not only to
seamlessly adhere to the skin interface for monitoring physio-
logical, biochemical, physical, and optoelectronic signals but
also to be flexibly applied to areas such as hands, face, muscles,
and joints on the body surface. These devices can accurately
capture subtle signals related to human activity by utilizing the
characteristic tension generated by joint movements. There-
fore, careful selection of materials and meticulous design of
structures are key to improving the interface adaptability of
wearable devices. The adhesion and wettability between wear-
able devices and biological tissue interfaces become crucial
factors in establishing reliable interface connections, enhan-
cing device performance, and expanding application ranges.

To improve material adhesion to the skin surface, reducing
material thickness can be effective. Xu et al.167 used a cold
pressing method to produce ultra-thin polyacrylamide (PAAm)
and sodium alginate (PAAm–alginate) hydrogel films with
thicknesses below 10 mm. These hydrogel films, with thick-
nesses ranging from 10 to 500 mm, showed Young’s moduli
between 34.3� 0.2 and 540.2� 81.3 kPa, comparable to human
skin. When the thickness decreased from 500 mm (34.3 � 0.2
kPa) to 10 mm (540.2 � 81.3 kPa), Young’s modulus increased
tenfold. These hydrogel films can seamlessly adhere to and
conform to the skin’s texture. The expansion ratio of the
hydrogel film, at a humidity of 90%, was 1.82 � 0.02, demon-
strating good water absorption and retention. Additionally, a
high water vapor transmission rate (WVTR) of 1890.0 � 134.4 g
m�2 d�1, three times that of thin PDMS, allows for effective
management of skin moisture and sweat, ensuring a balanced
microclimate between the device and the skin. These charac-
teristics make them suitable for ultra-thin hydrogel interface
optoelectronic devices. Hydrogel/electronic integrated patches
can be repeatedly attached and detached without damaging the
device or irritating the skin (Fig. 8a). Exploring skin breath-
ability ensures that the design of wearable device materials
meets skin breathability requirements, effectively addressing
issues like itchiness and allergies caused by sweat accumula-
tion at the skin interface. Using self-adhesive conductive poly-
mers can improve adhesion without reducing device thickness.
Zhou et al.171 prepared a self-adhesive conductive polymer
(SACP) by polymerizing a composite solution of poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS)
with a supramolecular solvent (b-cyclodextrin and citric acid).
This polymer, with a low modulus (56.1–401.9 kPa), high
elongation (700%), high interface adhesion (41.2 MPa), and
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high conductivity (1–37 S cm�1), is a promising candidate for
soft electronic products. Adhesion tests proved that the self-
adhesive film has strong bonding capabilities due to various
interactions like hydrogen bonding, ionic interactions, and van
der Waals forces. The citric acid and cyclodextrin components

ensure good interfacial adhesion. The film demonstrated high
adhesion performance on various substrates (PI 4 150 N m�1;
poly(ether-ether-ketone) (PEEK) 4 120 N m�1; Al, Cu,
PET 4100 N m�1; PTFE 480 N m�1; PDMS 4 30 N m�1). Its
conformal adhesion to human skin allowed it to be used as a

Fig. 8 Schematic diagrams illustrating the application of dry adhesion in flexible electronics. (a) Ultra-thin hydrogel films suitable for skin-integrated
electronics. Adapted with permission under a Creative Commons CC BY License from ref. 167. Copyright 2022 The Authors, published by John Wiley and
Sons. (b) Self-adhesive ink for monitoring EMG signal on the skin. Adapted with permission under a Creative Commons Attribution 4.0 International
License from ref. 171. Copyright 2022 The Authors, published by Springer Nature. (c) Pressure sensors with microhair structures for highly conformal skin
contact and pulse detection. Reproduced with permission from ref. 101. Copyright 2014, John Wiley and Sons. (d) Sensors mounted on the knees to
monitor the corresponding signals of flexion, squatting, and jumping. Reproduced with permission from ref. 172. Copyright 2021, John Wiley and Sons.
(e) The thickness of the device is reduced by means of laser induced graphene for monitoring ECG signal. Adapted with permission under a Creative
Commons CC BY License from ref. 173. Copyright 2024 The Authors, published by John Wiley and Sons. (f) Build a skin interface platform with biomedical
adhesives for monitoring biochemical information. Adapted with permission under a Creative Commons CC BY License from ref. 174. Copyright 2021
The Authors, published by Springer Nature. (g) ECG signal monitoring is realized by controlling material thickness by means of electrospinning.
Reproduced under terms of the Creative Commons Attribution 4.0 International License from ref. 175. Copyright 2024 The Authors, published by
American Association for the Advancement of Science. (h) Inspired by kirigami, a 2D flat surface is transformed into a 3D surface for monitoring EMG
signal. Adapted with permission under a Creative Commons CC BY License from ref. 176. Copyright 2018 The Authors, published by John Wiley and Sons.
(i) The ionic hydrogel interface was constructed to monitor physiological signals. Adapted with permission under a Creative Commons Attribution 4.0
International License from ref. 177. Copyright 2023 The Authors, published by Springer Nature. (j) Comfortable electronic devices attached to face mask
for collecting environmental and biological data. Adapted with permission under a Creative Commons CC BY License from ref. 69. Copyright 2022 The
Authors, published by Springer Nature. (k) HMI device is used to control the position movement of chess pieces. Adapted with permission under a
Creative Commons CC BY License from ref. 178. Copyright 2023 The Authors, published by Springer Nature.
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conductive interface between the skin and electromyogram,
monitoring the biological electrical signals of the hand. SACP
electrodes showed no significant signal attenuation even after
ten uses (Fig. 8b). However, achieving real-time diagnostics
remains challenging due to the irregular and fine topologies of
the human body. Inspired by biological structures like insect
leg gears, cricket cerci for airflow sensing, and beetle locking
devices, Bao et al.101 developed a flexible wearable pressure
sensor with a micro-hair interface structure for effective contact
with irregular skin surfaces. Using PDMS to create the desired
geometric structure, the micro-hair interface enhanced non-
invasive adhesion to the skin. This wearable device exhibited
minimal delay (o0.03 s) and excellent stability over long-term
cyclic testing (43000 cycles under 10 kPa loading and unload-
ing). The micro-hair structure improved signal strength when
measuring weak signals like deep jugular vein pulses (JVPs)
(Fig. 8c). Wearable devices can be adapted to and adhere to the
skin interface by surface treatment and reducing device thick-
ness. Strain sensors in wearable devices are crucial for detect-
ing minor deformations caused by pulses and heartbeats and
significant deformations from joint and muscle movements.
Monitoring joint movements requires flexible materials with a
wide sensing range and high sensitivity. Xu et al.172 created
carboxylic styrene butadiene rubber (XSBR)/hydrophilic sericin
(SS) non-covalently modified carbon nanotubes (CNTs) sensors
with good mechanical strength (12.58 MPa) and high conduc-
tivity (0.071 S m�1) by incorporating SSCNTs into XSBR. These
sensors, with CNTs evenly dispersed in XSBR, demonstrated
the required flexibility and mechanical strength. They could
stretch to 200% or even 400% of their original length without
breaking, with a high gauge factor (GF) of 2.41 in a small strain
range (0–3%), enabling the monitoring and identification of
human activities. XSBR/SSCNT sensors exhibited good adhe-
sion when attached to the elbow using 3 M VHB tape, monitor-
ing large deformations during elbow movements (Fig. 8d).
However, the uneven dispersion of carbon nanotubes in elas-
tomers can lead to aggregation, affecting the overall perfor-
mance of the composite materials and causing poor self-
adhesion. To address this, Zhu et al.173 proposed mixing PI
powder with the PDMS precursor and PEIE additive (PEIE acts
to form a complex with the Pt catalyst in PDMS to reduce its
crosslink density, thereby enhancing adhesion). These mixed
materials are cured at 80 1C for 3 hours, resulting in a stretch-
able bioadhesive composite material. By combining laser-
induced graphene (LIG), PI particles are carbonized to form
conductive porous 3D LIG patterns, while the original PDMS is
converted into microstructured silica. This adhesive composite
material (LIG@PI/PDMS/PEIE) has an extremely thin thickness
of 100 mm, providing strong adhesion and low bending stiff-
ness, allowing it to easily adhere to curved human skin or
tissues without the need for additional adhesive layers. Addi-
tionally, by adjusting the content of PEIE, the adhesion
strength of the PI/PDMS/PEIE composite material to the con-
tact interface can be controlled. After more than 1000 cyclic
tests, LIG@PI/PDMS/PEIE demonstrated stable electromecha-
nical performance. Thus, the stretchability of LIG@PI/PDMS/

PEIE can be further improved when combined with stretchable
designs such as serpentine, wavy, or kirigami structures. This
adhesive material can be used to create stretchable patches for
capturing ECG signals with a SNR of 24.7 dB, comparable to the
SNR of gel electrodes (26.4 dB). Due to its good adhesion
strength, it can sustain adhesion for more than 24 hours. In
reversible adhesion tests, after 1 and 2 cycles of peeling and
reattaching, the patch still maintained high SNRs of 23.6 dB
and 23.3 dB, respectively, during ECG measurements. More
importantly, it can capture high-fidelity electrophysiological
signals, such as ECG and EMG, even during dynamic deforma-
tion. The LIG@PI/PDMS/PEIE electrodes recorded electrophy-
siological signals during finger stretching or compression,
showing no abnormal deviations in the sinus ECG waveform
and maintaining a high SNR of 22.8 dB during a 15 s measure-
ment (Fig. 8e). In terms of biochemical signal monitoring,
Rogers et al.174 proposed building a skin interface platform to
accurately and reproducibly analyze sweat rate and loss, as well
as skin temperature, using a soft wireless platform. This plat-
form, constructed in a wearable form, integrates a thermal
sensing module for sweat monitoring and bluetooth low energy
functionality for wireless data transmission. The skin interface
platform also includes a thermal actuator, short and straight
liquid channels, and a biomedical adhesive (3M 1524) to
measure upstream and downstream temperatures relative to
the flow direction, capture sweat, and align with the channel
pores and inlets to provide waterproofing and ensure the plat-
form can adhere to the skin interface. Tests during cycling and
rest for the sweat rate, sweat loss, and chloride, glucose, and pH
levels in sweat revealed that at 10, 14, and 23 minutes of
exercise, the sweat volume (Sf) reached 11.1, 20.7, and 31.63
ml, respectively. Chloride concentrations reached 61.7, 62.3,
and 64.5 mM at 8, 14, and 26 minutes of exercise, respectively.
Glucose concentrations were 39.2 mM and 70.6 mM at 14 and 23
minutes of exercise, respectively. These results indicate that the
skin interface platform can better help understand the correla-
tion between sweat-related parameters and the physiological
state. Additionally, the skin interface platform demonstrated
multifunctionality by measuring skin temperature, obtaining
key parameters that complement sweat in the context of skin
heat loss, body heat content, and central temperature regula-
tion (Fig. 8f). To obtain long-term, high-quality electrophysio-
logical signals, the key is to establish a stable, low-impedance
interface between the electrode and human skin. However, the
need for adhesives to achieve good adhesion effects makes it
challenging to meet the requirements for long-term continuous
health monitoring. Therefore, developing self-adhesive and
breathable materials for long-term health monitoring is crucial.
Wang et al.175 proposed using gelatin as the hydrogel matrix
and adding PU as the reinforcement layer prepared by electro-
spinning. The PU nanomesh is dip-coated in a diluted gelatin
hydrogel solution at high temperatures (55 1C to 75 1C) and
then gelled at physiological or ambient temperature, resulting
in a 10 mm thick PU nanomesh reinforced breathable hydrogel
sensor. This method reduces the thickness to 10 mm, signifi-
cantly reducing bending stiffness and increasing skin
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compliance. Due to its ultrathin geometry and porous struc-
ture, the ultrathin hydrogel exhibits a high WVTR of 1669.3 �
23.5 g m�2 day�1, almost the same as that of an open bottle
hydrogel (1742.8 � 18.3 g m�2 day�1). Thus, the breathability of
the ultrathin hydrogel is sufficient to allow gas diffusion from
the underlying skin. Since the hydrogel contains a large
amount of water, its resistance to drying is crucial. The ultra-
thin hydrogel contains glycerin, providing water-locking cap-
ability, with only a 1% water loss after 21 days of storage under
ambient conditions. In contrast, the ultrathin hydrogel without
glycerin dried rapidly within 24 hours, with a water loss of up to
41.1% after 2 days of storage. Cyclic stretching experiments
showed that under 100% strain, the ultrathin hydrogel can
withstand 1000 cycles of stretching and releasing, exhibiting
excellent mechanical performance. Young’s modulus of the
ultrathin hydrogel is lower than that of human skin (0.1 to
2 MPa), making it highly compatible as a skin sensor. The
ultrathin hydrogel enables ultra-irregular and seamless skin
contact, with the peeled ultrathin hydrogel presenting a clear
replication of micro-skin textures. Additionally, due to its ultra-
low Young’s modulus and self-adhesiveness, the ultrathin
hydrogel can move with the skin’s natural motion during
stretching and compression without the need for additional
fixing devices or adhesives. After 200 adhesion/separation
cycles, it still maintained good adhesion performance, with
an area adhesion energy exceeding 90%, demonstrating the
capability for repeated use in health monitoring. Therefore,
this ultrathin hydrogel was used for long-term, continuous
wireless ECG monitoring, successfully capturing characteristic
waveforms with an SNR of 32.8 � 1.6 dB, while commercial gels
showed similar waveforms but a lower SNR of 29.7 � 1.0 dB
(Fig. 8g). Furthermore, ECG signal monitoring can also be
achieved by introducing stretchability and/or deformability into
planar electronic devices, allowing them to adhere consistently
to 3D curved surfaces with minimal invasiveness. Hu et al.176

proposed developing ultrathin silver nanowires (AgNWs)/pary-
lene hybrid films and converting them from 2D to 3D geome-
tries using kirigami-like laser cutting, for use in deformable
structures on 3D surfaces. To develop ultrathin hybrid films,
AgNWs were spin-coated on a silicon wafer to form an AgNW
network. At room temperature, a parylene film was deposited
on the silicon wafer via chemical vapor deposition to serve as a
barrier layer protecting the AgNWs from oxidation in the
environment. The hybrid film was then laser-cut into the target
shape and the silicon wafer was peeled off as a single electrode
sheet. The hybrid film was adhered to a PET substrate to
achieve the 2D to 3D geometric conversion. Using the excellent
conductivity and ultrathin conformal contact properties of the
AgNWs/parylene hybrid film, the fabricated AgNWs/parylene
hybrid film was used as the electrode for ECG signal monitor-
ing. When attached to the skin, the impedance of the AgNWs/
parylene hybrid electrode was 4.7 kO at 40 Hz, increasing to
15.6 kO after 20 cycles of attachment/detachment, still lower
than 54 kO for commercial electrodes, demonstrating the
stability of the AgNWs/parylene hybrid electrode in repeated
attachment and detachment cycles during ECG signal

monitoring (Fig. 8h). To improve the accuracy of monitoring
signals, integrating machine learning is an effective way to
mitigate motion artifacts generated during exercise. Gao
et al.177 proposed an independent stretchable device platform
composed of hydrogel electrodes and functional electronic
components, integrating a signal processing unit connected
through a coplanar serpentine copper network. By doping
AgNWs into an ionic hydrogel interface with a PDMS skeleton,
they created an ionogel with stretchability and high conductiv-
ity, maintaining firm contact with the throat. This ionogel has a
higher modulus (B200 kPa) providing greater load and strain-
bearing capacity (tensile stress/strain of 14 kPa/200%). The
added AgNWs not only provide high conductivity but also result
in lower contact impedance compared to commercial gel
electrodes, thus generating high-quality surface EMG signals.
The composite hydrogel has lower tensile strain and about 8
times the peel force, enabling easy removal from the skin of
infants or the elderly. Additionally, the composite hydrogel
exhibits high mechanical compliance and robustness, includ-
ing a skin-like Young’s modulus of 89.5 kPa and low force
hysteresis of less than 6.4%, with a tensile strain of 30%,
ensuring comfortable integration on the skin during various
deformations. The designed copper serpentine network has a
maximum principal strain (3%) still lower than the fracture
strain of copper (5%), facilitating high-quality monitoring dur-
ing skin/body movements. This modified hydrogel, with excel-
lent contact impedance, enables health monitoring (such as
continuous, non-invasive monitoring of localized vibrations
and muscle activity on the throat and other parts of the body)
and, combined with an efficient convolutional neural network,
can distinguish various activities, with data processing on a
cloud server further promoting remote rehabilitation and dis-
ease diagnosis (Fig. 8i). While surface modification and
reduced thickness enhance wearable device adhesion to the
skin, hair and skin oils can still affect conformability and
adhesion. Inspired by geckos, Dagdeviren et al.69 developed a
thin adhesive layer that improved the adhesion between various
commercial masks and the skin, enhancing signal accuracy and
sensitivity. Adhesion tests showed that the adhesive layer
maintained repeatable adhesion with different masks, even
after 100 cycles of attachment and detachment. A conformable
multimodal sensory face mask (cMaSK) design, adapted to
different face sizes and shapes, showed effectiveness despite
facial hair (Fig. 8j). Human–machine interaction (HMI) electro-
nic devices bridge the virtual world and humans, providing
immersive interactive experiences. These devices need flexibil-
ity to conform to the skin surface, resisting bending deforma-
tion and ensuring continuous stable operation. Chen et al.178

developed a bending-insensitive, unpixelated, and waterproof
epidermal interface (BUW epidermal interface) for accurate
HMI. This interface, comprising a 20 mm thick PET film, CNTs,
and methylcellulose (MC), demonstrated excellent touch mon-
itoring, adhesion, and durability. The thin PET film provided
waterproofing, CNTs ensured interaction, and MC offered
adhesion. The BUW epidermal interface exhibited fast response
and recovery times (o8 ms) and maintained stability over
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long-term cycling (420 000 cycles). Its potential for wearable
applications was evident from its conformal adhesion and
signal transmission capability (Fig. 8k). The adhesion perfor-
mance of wearable devices at the interface in a dry environment
can be improved by adjusting the thickness of the device,
adding fillers in the polymer, constructing micro/nano-
structures, and constructing network crosslinking structures,
so that wearable devices can exhibit conformal adhesion at the
interface and improve the accuracy and reliability of monitor-
ing signals. It provides a valuable idea for the preparation of
wearable devices.

In dry environments, adhesives used to prepare wearable
devices achieve interface adhesion through van der Waals
forces, electrostatic forces, and hydrogen bonding interactions.
However, under wet or underwater conditions, the effectiveness
of these mechanisms significantly decreases, impacting inter-
face adhesion. Therefore, developing an adhesive that works
well under both dry and wet conditions is essential. Inspired by
the biological structure of octopus suckers, Pang et al.179

developed an adhesive with dome-shaped protrusions that
can achieve reversible and repeatable adhesion on rough skin
surfaces under various conditions (dry, wet, underwater, and
oil-immersed). Under dry and wet conditions, the adhesive
strength of the octopus-inspired architectures (OIAs) patch
increased rapidly with preload. Moreover, comparing dense
arrays of OIAs with different radii, it was found that a dense
array of OIAs with a radius of 50 mm significantly increased
normal adhesion under wet or oil-immersed conditions
(approximately 37 kPa under wet conditions, 41 kPa under
water, and 154 kPa in silicone oil). After more than 10 000
cycles of attachment and detachment, the OIA array remained
highly adhesive and tensile-resistant. To verify its adhesion on
rough skin, PDMS patches with OIAs loaded with phosphate-
buffered saline (PBS) were compared to those without PBS. The
patches with liquid PBS-loaded OIAs achieved high conformal
attachment and detachment with a low preload of 10 kPa.
Additionally, PBS-loaded OIA patches can be applied to wounds
to promote healing (Fig. 9a). To ensure adhesion in wet and
underwater environments while maintaining easy separation
from the skin interface, Bartlett et al.187 developed an adhesive
inspired by octopus suckers’ ability to independently control
suction. This adhesive can activate or release adhesion. The
adhesive elements mainly consist of flexible silicone arms
covered with a soft pneumatic driving membrane. By adjusting
the handle structure, the compliance of the suction cups
achieves reliable adhesion in unstructured environments with
low preload. The compliance adjustment rod can also indepen-
dently control adhesion strength and toughness. Thus,
octopus-inspired adhesive elements tightly bond with the skin
interface, forming wearable gloves for autonomous adhesion
control and dexterous underwater object manipulation. Adhe-
sion is achieved by driving negative pressure to activate the
adhesive when it contacts the acrylic substrate and reaches a
predetermined load. The use of a soft elastomer material for
the membrane and stem maintains reversible adhesion. This
reversibility is achieved through active membrane control,

enabling quick (o0.1 s) switching between high and low
adhesion states, with adhesion strength switching 450 times
from ON to OFF and remaining reusable over multiple cycles.
The adhesion of wearable devices in wet environments (such as
rain, sweat, grease, etc.) is usually disturbed by moisture,
resulting in adhesion failure. The construction of micro/nano-
structures is conducive to improving their adhesion at the
interface in a wet environment, so that wearable devices can
exhibit conformal adhesion at the interface and such adhesion
can be self-adjusted, effectively guaranteeing the safety and
comfort of wearers and providing a valuable way for the
development of wearable devices.

The conformal and non-invasive bio-interface between wear-
able devices and human skin is highly beneficial for wearable
electronic products. Therefore, it is advantageous to treat the
material structures of the devices (such as designing them with
bionic structures) and reduce the thickness of the devices to
enhance adhesion at the device interface. In terms of material
selection, self-adhesive polymers, for example, can improve
interface adhesion. However, wearable devices inevitably
encounter water environments when exposed to activities such
as exercise, rain, or bathing. Accumulation of moisture at the
wearable device interface can affect wearing comfort and per-
formance. To maintain good performance in humid environ-
ments, the materials of wearable devices need suitable
wettability. Common materials exhibit different wettability
characteristics—textiles: cotton has high hydrophilicity, poly-
ester shows low hydrophilicity, nylon has moderate hydrophi-
licity, and spandex has low hydrophilicity; polymer materials:
Ecoflex is hydrophobic, PDMS is highly hydrophobic, PET is
hydrophobic, PU is relatively hydrophilic, and PI is intermedi-
ate between hydrophilicity and hydrophobicity. For wearable
devices that need to adhere to the skin for a long time,
addressing moisture and heat management is essential. By
designing the surface wettability of the wearable device, such
as applying hydrophobic or hydrophilic coatings, changing the
surface roughness through micro-nano structures, or modify-
ing the chemical properties of the material surface via plasma
treatment, wettability can be controlled. These methods help
improve the material’s breathability or transport sweat away
from the skin, enhancing efficient gas exchange and moisture
regulation, thus reducing the risk of inflammation and infec-
tion. Porous structures (sponges, textiles, nano-networks, ser-
pentine curves, planar hexagons, etc.) are primarily used for
breathability design. Huang et al.188 developed sponge-
structured fibrous cellulose aerogel flexible electrodes using
thermal-induced phase separation. This unique sponge struc-
ture provides flexibility compatible with skin structure and
porous properties for moisture absorption and evaporation.
Additionally, coating with polypyrrole-wrapped silver nano-
wires (AgNWs@PPy) enhances antibacterial performance, redu-
cing skin inflammation. While porous structures improve
breathability, they also allow pollutant accumulation. Sweat
from sweat glands during physical activity can penetrate these
structures. Thus, surface treatment for waterproofing and self-
cleaning is necessary. Martinez et al.180 achieved hydrophobic
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and oleophobic properties by spraying a fluorinated alkyl silane
solution onto all-polymer-based coils, repelling low-surface-
tension liquids (water, sweat, blood, and most oils). This
behavior results from the interaction between fluorinated poly-
mer particles and the surface, with particle sizes below 10 mm
aiding in covalent attachment without interfering with textile
gas transmission (breathability 90.5 mm s�1). Additionally,
omniphobic silk-based coils (OSCs) demonstrate excellent

strain tolerance up to 500% and rapid response and recovery
(30 ms). Their serpentine pattern design makes OSC-powered
electronic textiles flexible, twistable, and highly stretchable
(strain up to e = 100%), not restricting movement or comfort.
OSC-powered textiles’ omniphobic properties allow operation
even when fully immersed in water, protecting embedded
electronics from short circuits, sweat, washing cycles, or acci-
dental spills. They maintain performance after over 100 wash

Fig. 9 Illustration depicting applications of wet adhesion in flexible electronics as well as methods for constructing wetting properties. (a) Adhesive with
intricate, irregular topological structures adhering to moist, non-flat surfaces. Reproduced with permission from ref. 179. Copyright 2017, Springer
Nature. (b) Wireless operation achievable when immersing hydrophobic electronic textiles based on OSCs in water. Reproduced with permission from
ref. 180. Copyright 2021, Elsevier. (c) Janus silk electronic textiles utilized for unidirectional biofluid management and monitoring. Reprinted (adapted)
with permission from ref. 181. Copyright 2021, American Chemical Society. (d) Biomimetic Janus textiles featuring conical micro-pores directing sweat
output pathways on the human body. Reproduced with permission from ref. 182. Copyright 2019, John Wiley and Sons. (e) Formation of gradient wetting
point channels across fabric thickness, endowing skin-like textiles with dual properties of directional water transport and hydrophobicity. Reproduced
under terms of the Creative Commons Attribution 4.0 International License from ref. 138. Copyright 2020 The Authors, published by American
Association for the Advancement of Science.
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cycles, including soaking and drying, with a static CA of

yH2O
app ¼ 155�. Integrating OSCs into textiles via sewing enables

continuous wireless power supply through magnetic resonance
coupling. For example, OSC-sewn wristbands can power photo-
plethysmography (PPG) sensors, wirelessly transmitting real-
time PPG signals to paired devices for non-invasive heart health
monitoring (Fig. 9b). Constructing anisotropic surface geome-
tries with roughness and wettability is an effective strategy for
unidirectional fluid transport, reducing unnecessary moisture
and sticky experiences and showing great potential for accel-
erating sweat evaporation and body temperature regulation.
Designing and modifying silk materials can provide ideas for
comfortable electronic textiles in humid environments. Zhang
et al.181 developed Janus dual-sided electronic sportswear
inspired by lotus leaf asymmetry. One side is hydrophilic silk
fabric (with a water contact angle (WCA) of 01), and the other
side is hydrophobic (WCA of 139 � 2.11) achieved through
octadecyltrichlorosilane (OTS) solution treatment and plasma
processing. This Janus wettability structure effectively trans-
ports sweat unidirectionally, keeping the hydrophobic side dry
and the hydrophilic side moist, regulating skin humidity.
Traditional textiles (silk, cotton, polyester (PE), and wool)
exhibit different adhesion levels at the skin interface, ranging
from 14.6 to 18.5 mN cm�2. Silk garments exhibit negligible
skin adhesion (as low as 0 mN cm�2). These data indicate that
the silk scaffold forms a dry interface with the skin, eliminating
adverse wet stickiness. Silk electrodes, created by adding con-
ductive carbon paint to hexafluoroisopropanol-stabilized
degummed silk yarns, are selectively woven into the Janus silk
substrate’s hydrophilic side as biofluid sensing electrodes.
These are connected to a printed circuit board to record
discrete changes in sweat, glucose, pH, and K+ every minute.
Collected data are transmitted wirelessly to smartphones for
signal transduction, conditioning, processing, and analysis.
The synergy between the Janus silk substrate and silk electro-
des removes excess biofluid unidirectionally, creating a com-
fortable microclimate and enhancing skin comfort. During
exercise (0–10 min), the temperature of the silk-covered area
is slightly lower than the original silk area (e.g., a 1.5 1C
decrease at 10 min) due to accelerated sweat evaporation and
heat removal. Janus silk has a shorter response time for
recording biofluid content during exercise than original silk,
improving sampling and analysis efficiency (Fig. 9c). Textile
moisture transport performance significantly affects physiolo-
gical comfort, largely depending on surface wettability. Tradi-
tional hydrophilic textiles like cotton become saturated with
sweat, causing unwanted wet stickiness, while hydrophobic
textiles like PE repel water externally but not internally. Hence,
developing new functional textiles for efficient sweat transport
and preventing overcooling is crucial. Inspired by biological
structures like cactus spines and spider silk, which have unique
asymmetrical gradient structures for directed water transport,
constructing asymmetric surface structures enhances rapid
sweat removal. Wang et al.182 constructed asymmetric hydro-
philic conical micropores on commercial Janus PE/nitrocellu-
lose (NC) membranes through laser ablation and modification.

Contact angle tests showed that the PE layer exhibited signifi-
cant hydrophobicity in air (80.0 � 1.61), while the NC layer
exhibited significant superhydrophilicity (E01). Embedding
this structure into textiles resulted in Janus PE/NC textiles with
hydrophobic/superhydrophilic interface effects. The hydropho-
bic layer maintained a relative water content close to zero,
whereas the superhydrophilic layer’s relative water content
increased rapidly (1246% within 35 s). This demonstrated that
once water was brought into contact with the hydrophobic
layer, capillary forces and enhanced conical micropores quickly
transported water through the Janus PE/NC textiles to the
superhydrophilic layer. This confirmed that Janus PE/NC tex-
tiles could unidirectionally transport liquid from the hydro-
phobic to the superhydrophilic layer. Observing the dynamic
transmission process of methylene blue-dyed aqueous solution
on the hydrophobic layer of Janus PE/NC textiles further
validated this. After absorbing water, Janus PE/NC textiles
exhibited very low skin adhesion (0 mN cm�2). This is because
the wet skin covered by Janus PE/NC textiles dried within
seconds due to spontaneous directional water transport, result-
ing in minimal adhesion to human skin. In contrast, wet cotton
fabrics typically exhibited high wet adhesion (21 � 1 mN cm�2)
due to the hydrophilic nature of cotton cellulose fibers. Thus,
Janus PE/NC textiles can reduce unwanted wet adhesion
(Fig. 9d). Designing wearable devices with wettability or hydro-
philic treatment, or using multilayer materials with different
wettability as asymmetric structures, is crucial for developing
wearable devices with both wettability and conformal adhesion.
Wearable devices developed using these methods show that
liquids tend to transfer from the hydrophobic (e.g., hydropho-
bic or oleophobic) side to the hydrophilic (e.g., hydrophilic or
oleophilic) side before the hydrophilic side saturates. However,
they face challenges in transporting liquids in the opposite
direction. To overcome this, Lao et al.138 were inspired by
the skin’s ability to autonomously expel sweat to protect
the body from external liquid pollutants. They developed a
fabric with directional liquid transport similar to ‘‘skin’’.
Hydrophobic treatment was applied to hydrophilic
cotton fabric by adding TiO2 nanoparticles coated with
1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) to create
a superhydrophobic interface. CA tests showed the superhy-
drophobic fabric had a CA of 1521, compared to 01 for the
original cotton fabric. Using a mask method, selective plasma
treatment created patterned areas on the fabric, resulting in
porous gradient wettability channels. Plasma treatment pro-
duced significant CA differences between exposed spots and
non-exposed non-spot areas. The non-exposed areas’ CA
decreased slightly after plasma treatment, while the exposed
spots’ CA significantly decreased, forming a wettability gradient
through the fabric’s thickness. When used for unidirectional
liquid flow, the fabric’s primary superhydrophobicity repelled
transported or external liquids from the surface. To demon-
strate directional water transport, a blue silica gel bead-filled
glass container was covered with the fabric and observed for
color change, indicating moisture entry. Superhydrophobic
finishing and plasma treatment did not adversely affect the
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WVTR and air permeability at 35 1C, but they increased tensile
strength and modulus due to nanoparticle incorporation. After
wear cycles, the CA of non-spot areas slightly decreased, such as
to 1391 after 10 000 cycles (P 4 0.05), and further to 1161 after
25 000 cycles (P o 0.05). This method’s advantages support
developing smart high-performance clothing, especially sports-
wear, with significant value for industry and consumers
(Fig. 9e). When wearable devices encounter a wet environment
on the human body, their waterproof performance can be
effectively improved by designing the wettability of the material
surface, such as constructing a hydrophobic coating. Construct-
ing Janus asymmetric structures enables the device to transport
sweat and enhances its self-cleaning capability. Building gra-
dient wettability structures facilitates sweat transport, helping
to maintain a dry interface. These wettability design strategies
offer new approaches for developing the waterproof and self-
cleaning functions of wearable devices.

5.2 In vivo conformal electronics

In exploring innovative designs for the interfaces between
wearable devices and human tissues, the diversity and unique
environmental characteristics of organs such as the eyes, heart,
brain, and blood vessels (especially their softness and moist
environments) have become core elements in the design pro-
cess. To achieve long-term, stable interactions with low damage
to biological tissues, particularly when in contact with soft
tissues like the brain, modulus matching becomes a key design
factor. Traditional neural probes, which use high-modulus
materials such as metals or silicon (with moduli reaching
hundreds of GPa), exhibit significant mechanical mismatches
with brain tissue, often inducing inflammatory responses and
chronic neural damage. The advent of stretchable electronic
devices actively addresses this technical challenge, ushering in
a new era of high adaptability to complex biological surfaces
and dynamic environments. These advanced wearable devices,
with their exceptional flexibility and adaptability, can closely
conform to various complex human surfaces, such as the
cerebral cortex, ensuring ultimate comfort and stability in wear.
To further enhance the performance of devices in moist envir-
onments, innovative material selection strategies (such as
incorporating moisture-compatible materials) and sophisti-
cated structural designs (such as constructing micro/nano-
structures and optimizing device thickness) are employed to
achieve fine control over the wettability of biological tissues.
Optimizing wettability not only helps to enhance interface
harmony but also effectively reduces interface friction, lowering
the risk of potential inflammatory responses, thereby ensuring
the continuous stability and accuracy of monitoring signals
while improving the overall comfort and safety for the wearer.
Moreover, by carefully adjusting the adhesion between wear-
able devices and the interface (using advanced methods such as
micro/nano-structures and adding specific fillers into poly-
mers), the devices can be more securely attached to tissue
surfaces, significantly reducing issues of signal fluctuation
caused by displacement or detachment. Special treatments of
the material surface not only endow the materials with

excellent mechanical properties, effectively mitigating potential
damage caused by mechanical stress mismatches to the tissue,
but also significantly enhance their biocompatibility, reducing
the risk of immune responses during implantation or wear.
Coupled with stretchable and diversified structural designs,
these devices can flexibly respond to the dynamic changes of
the biological body, optimizing interface interaction experience
and further improving the efficiency and accuracy of signal
transmission. Therefore, actively exploring new materials with
high modulus matching to biological tissues and innovative
structural designs has become the core task in regulating the
wettability and adhesion of wearable device interfaces. This is
also key to promoting the in-depth application of wearable
technology in fields such as medical care and health
monitoring.

Park et al.183 introduced a revolutionary soft smart contact
lens. This contact lens achieved breakthroughs in materials
science by using selected silicone elastomer materials, ensuring
excellent wettability and comfort, mimicking the natural moist-
ure environment of the eye, and effectively reducing discomfort
from prolonged wear. Additionally, advanced interface adhe-
sion technology allows the contact lens to maintain stable
monitoring during eye movement or blinking, providing users
with seamless health monitoring experiences. The core tech-
nological highlight of this contact lens is the integration of a
continuous network made of 1D ultra-long silver nanofibers.
This innovative design not only endows the contact lens with
stretchable and transparent electrode properties but also
equips it with antenna functions, demonstrating excellent
mechanical durability and efficient signal transmission on
curved structures. Placing this design outside the pupil avoids
visual interference while ensuring the sensor operates continu-
ously and stably. To further enhance the device’s durability and
its ability to adapt to eye movements, a stress-adjustable hybrid
structure of the substrate was introduced, comprising mechani-
cally reinforced islands and elastic joints, effectively resisting
mechanical deformation caused by eye movements and pro-
tecting the delicate internal electronic components from
damage. Moreover, by integrating advanced wireless commu-
nication technology, this contact lens can transmit collected
biological data (such as glucose, cholesterol levels, and electro-
lyte concentrations) to smartphones or other smart devices in
real-time, providing users with immediate and accurate health
monitoring feedback (Fig. 10a). Further advancements have
been made in applying wearable devices to arterial health
monitoring. Bao et al.60 proposed using biocompatible PDMS
as the packaging or encapsulating material, adjusting the
PDMS ratio (23 : 1) to achieve low compressive modulus proper-
ties for manufacturing pressure-sensitive elements. Copper,
due to its exceptional electrical conductivity, is widely utilized
in electrodes, electrical interconnects, wireless antennas, and
other applications. In the construction of wireless capacitive
sensors, to ensure human safety, PDMS is commonly employed
as an encapsulation material to effectively encapsulate the
copper layer, thereby offering a protective function. These
wireless capacitive sensors can be wrapped around arteries
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during surgery, continuously monitoring post-operative arterial
health, including potential complications such as stenosis,
reduced blood flow, and thrombosis. To improve sensor sensi-
tivity, the material structure was designed into pyramid-shaped
elastic microstructures, enhancing adhesion between the
device and arteries. Using PI (thickness 80 mm), a thin and
flexible material, as the substrate allows for designs suitable for
a wide range of artery sizes and implantation locations. Char-
acterization of the sensor’s performance yielded sensitivities of
0.015 � 0.0035 kPa�1 at 0–3 kPa, 0.0022 � 0.00049 kPa�1 at
3–38 kPa, and 0.00038 � 0.00011 kPa�1 at 38–100 kPa. The
sensors maintained stable electrical signals after tens of thou-
sands of cycles in repeated experiments over more than 24
hours, demonstrating the repeatability and consistency of the
sensor manufacturing. To verify the effect of sensor adhesion
on signal enhancement, the response to pulsation in polyolefin
tubes was tested, with 1 pound of artificial fat, skin, and muscle
layered on the sensor surrounding the artificial artery to better
simulate typical in vivo environments. The sensor’s signal
response was stronger, possibly due to tighter contact between

the sensor and the polyolefin tube. This technology provides a
new solution for wireless monitoring of arterial health and
supports early detection and prevention of pre-symptomatic
diseases. Continuous monitoring of arterial health allows doc-
tors to identify potential issues early and take appropriate
measures, effectively reducing the risk of severe diseases such
as strokes and heart attacks (Fig. 10b). In addition to choosing
soft materials such as PDMS and PI, hydrogels are also an
excellent choice, offering effective mechanical properties for
wearable devices used in healthcare. However, most hydrogel
patches mixed with conductive materials exhibit uneven dis-
tribution, leading to unstable conductivity. Furthermore, most
hydrogels have poor adhesion performance on wet and deform-
able surfaces due to the high swelling of hydrophilic polymer
matrices, reducing their adhesion capability at interfaces.
Therefore, hydrogels need to enhance their self-adhesiveness
to ensure stable fixation on wet dynamic tissues. Recently, wet-
adhesive hydrogels have advanced significantly, but these
hydrogels may pose cytotoxicity risks due to in situ chemical
crosslinking reactions and are mostly non-degradable. To

Fig. 10 Schematic diagrams illustrating the applications of wet adhesion and wettability in the human body. (a) Stretchable transparent smart contact
lens system. Reproduced under terms of the Creative Commons Attribution 4.0 International License from ref. 183. Copyright 2018 The Authors,
published by American Association for the Advancement of Science. (b) Biocompatible flexible arterial pressure sensor. Adapted with permission under a
Creative Commons CC BY License from ref. 60. Copyright 2021 The Authors, published by Elsevier. (c) Hydrogel self-adhesive cardiac patch for treating
myocardial infarction, composed of conductive polydopamine hybridized PPEDOT NPs and a PGA interpenetrating GelMA network. Reproduced with
permission from ref. 184. Copyright 2024, Elsevier. (d) Ultra-thin brain electrode array for conformal contact. Reproduced with permission from ref. 185.
Copyright 2020, IEEE. (e) Asymmetric structure self-pumping dressing for wound healing. Reproduced with permission from ref. 186. Copyright 2018,
John Wiley and Sons.
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address this, Ou et al.184 developed the PPG hydrogel by
constructing conductive polydopamine hybrid PEDOT nano-
particles (PPEDOT NPs) and polyglutamic acid (PGA) interpe-
netrating gelatin methacryloyl (GelMA) networks. PEDOT NPs
uniformly distributed in the polymer network form good con-
ductive pathways. The hydrogel network structure provides
hydrophilicity, enabling wet adhesion during dynamic defor-
mations, such as heartbeats. The wet adhesion of the hydrogel
is achieved through a desolvation strategy in ethanol, regulat-
ing polymer chain entanglement to form a desolvation network.
When the hydrogel comes into contact with wet tissue surfaces,
the desolvated network rapidly absorbs interfacial water, dis-
rupting the hydration layer and allowing direct interactions
between the adhesive groups in the hydrogel and heart tissue.
Stretching tests demonstrated that the PPG hydrogel has high
flexibility (fracture strain 490%), softness (a Young’s modulus
of 138 kPa), and high fatigue resistance. In stretch-adhesion
experiments, the adhesion strength of the desolvated PPG
hydrogel (13 kPa) was higher than that of the PBS-swollen
PPG hydrogel (5.8 kPa), confirming the importance of the
desolvation process for wet adhesion performance. PPEDOT
NPs establish high conductivity paths in the hydrogel network
and create a dynamic redox balance system of phenol and
quinone groups, where oxidation and reduction correspond
to phenol to quinone transitions. The PDA and PEDOT in
PPEDOT NPs form an electron donor–acceptor complex, main-
taining a sufficient number of phenol groups, thus enhancing
the long-term adhesion of the PPG hydrogel to wet pig heart
tissue. The PPG hydrogel also exhibits adhesion to various wet
substrates (e.g., glass slides (7 kPa), stainless steel surfaces
(10 kPa), fresh pig muscle (9 kPa), and PTFE substrates
(22 kPa)). To further demonstrate the stable conductivity of
the hydrogel, it was adhered to the wet and curved surface of an
ex vivo pig heart and used as an adhesive electrode to record
ECG signals by simulating heartbeats through pressing. The
PPG hydrogel, placed in deionized water to construct a circuit
for LED illumination, maintained a stable conductivity
of 415 S m�1, higher than that of biological tissues (0.3–
0.7 S m�1), validating its normal operation in wet environments
and compensation for electrophysiological conduction in heart
tissue. Measuring the resistance changes during compressive
deformation with a GF of 0.69 reflected the mechanical sensi-
tivity of the PPG hydrogel. Without using glue, the PPG hydro-
gel adhered directly to fresh pig hearts, demonstrating excellent
wet adhesion, remaining firmly attached even under tap
water rinsing. The polyphenol groups and RGD sequences in
the PPG hydrogel interact covalently and non-covalently (hydro-
gen bonds and electrostatic interactions) with amino and thiol
groups on tissue surfaces, achieving instant adhesion. These
properties of the PPG hydrogel promote its application as
an adhesive and conductive cardiac patch in myocardial
infarction treatment (Fig. 10c). To further explore human
cognitive abilities, it is essential to understand brain functions.
Obtaining electrical signals from brain folds can contribute
to the completion of neural mapping, which can be
achieved through real-time monitoring using EEG electrodes,

stereoelectroencephalography (SEEG) electrodes, and ECoG
electrodes. Among these types, ECoG electrodes can obtain
precise signals within cortical folds without causing severe
brain damage. Numerous flexible ECoG monitoring electrodes
have been widely reported, such as electrode arrays made from
Au–TiO2 nanowire conductors embedded in PDMS and Au–PI
materials. These electrodes possess flexibility, stretchability,
and high electrode density while maintaining compatibility
with the cortical surface. However, due to the PDMS electrode
array’s substrate thickness of 80 mm, it cannot effectively cover
the highly folded brain surface. Additionally, brain electrode
arrays based on Au/PI materials are not very effective in
monitoring ECoG signals. To address this challenge, the key
lies in balancing the mechanical properties and conformal
adhesion of materials and effectively controlling material thick-
ness. To this end, Xiao et al.185 developed a novel ultra-thin
(2.2 mm) ECoG electrode that improves electrode flexibility by
controlling material thickness to enhance conformal contact. A
2 mm-thick sacrificial layer of silicon dioxide was thermally
grown on a silicon wafer, followed by spin coating of an ultra-
thin PI substrate layer. A gold layer was then deposited and
patterned using UV lithography and electron beam evaporation
to form the metal layer. Successive spin coatings of the PI
encapsulation layer and aluminum hard mask were applied.
The mesh structure was etched using UV lithography, alumi-
num etching, and oxygen plasma dry etching methods, and the
recording sites were exposed in the same manner. Finally, the
electrode device was released in hydrofluoric acid and trans-
ferred onto a silk membrane. Additionally, a water-soluble silk
membrane was used as the support layer, making the ultra-thin
device easier to handle and ensuring that it could wrap around
and adhere firmly to the brain’s folds once the membrane
dissolved, achieving comprehensive neural mapping. After
completing the fabrication and assembly of the ultra-thin brain
electrode device, it was applied to different animal brain
models (from cats to sheep, with increasing complexity and
number of sulci). By comparing the conformal attachment of
the brain surface with sulci to the normal attachment area, the
effectiveness of the conformal attachment achieved through
specific treatments of the electrode materials was demon-
strated, offering new opportunities for diagnosing and treating
various neurological diseases (Fig. 10d). To adapt to the wet
environment of the human body, the wet adhesion of wearable
devices can be improved by selecting moisture-compatible
materials, constructing micro/nano-structures and building
network crosslinking structures. These strategies offer new
avenues for the application of wearable devices in the human
body. In addition to better fitting and adhering to internal
organs or tissues, the wettability design of materials can
significantly enhance the ability of wearable devices to adapt
to fluid environments. For example, depositing a thick and
dense hydrophobic layer on hydrophilic fabrics, nanofibers,
and hydrogels can make it a waterproof outer layer for devices.
In daily life, it is inevitable to sustain skin wounds caused by
sharp objects. To better treat wounds, controlling bleeding and
removing excess biological fluids (such as wound exudate,
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sweat, and urine) is usually necessary. Accumulation of biolo-
gical fluids around wounds often causes infection, hindering
healing. However, traditional hydrophilic dressings have
unique hydrophilicity that can absorb some biological fluids,
but they inevitably leave biological fluids at the wound–skin
interface. This indicates that the surface wettability of wound
dressings usually affects the wettability behavior of biological
fluids around the wound. Most traditional dressings are made
of hydrophilic materials that are easily wetted by biological
fluids, resulting in overhydration of the wound. In contrast, a
hydrophobic material coated on the outer layer of the dressing
acts as a waterproof layer, preventing accidental contact of
external fluids with the wound but not promoting the removal
of biological fluids. Recently, several materials with asymmetric
wettability have demonstrated unique water droplet transfer
capabilities, such as polyester fabrics with wettability gradients,
PU/polyvinyl chloride composite fiber membranes, and single-
sided fluorinated cotton fabric membranes. Due to the low cost
and flexible, durable network structure of medical gauze, it is
traditionally used as a wound dressing. Its cotton microfibers
interpenetrate, forming a super-hydrophilic network. PU, a
hydrophobic, biocompatible medical material, also has easy
processing characteristics. Therefore, Wang et al.186 con-
structed a self-pumping dressing by electrospinning hydropho-
bic PU nanofiber arrays onto the cotton microfibers of a
hydrophilic medical gauze. To demonstrate the one-way drai-
nage capability of the self-pumping dressing, green fetal bovine
serum (FBS) droplets were added. When the droplets came into
contact with the hydrophobic layer, they were pumped through
to wet the hydrophilic layer. When the droplets came into
contact with the hydrophilic layer, they quickly wetted it but
were blocked by the hydrophobic layer. As FBS continued to
drip in, the self-pumping process proceeded one-way from the
hydrophobic side to the hydrophilic side. This process occurs
because when liquid droplets land on the self-pumping dres-
sing’s hydrophobic nanofibers, the liquid comes into contact
with multiple contact points of the hydrophilic microfibers and
the wetting force drives the fluid to wet the hydrophilic micro-
fiber network. This self-pumping dressing can one-way absorb
excess biological fluids from the hydrophobic side to the
hydrophilic side, preventing biological fluids from wetting the
wound. To explore the wetting behavior of water droplets on
hydrophobic PU nanofiber arrays, 2 mL of water droplets were
dropped onto low-density (6.7 � 1.5%) hydrophobic nanofiber
arrays. The droplets seemed to partially penetrate the hydro-
phobic nanofiber arrays and maintained a perfect spherical
shape (CA E 1461), indicating that higher hydrophobic nano-
fiber density makes water droplets harder to penetrate. There-
fore, controlling the density of the hydrophobic nanofiber
arrays can regulate water droplet penetration. In practical
applications, the hydrophobic layer should serve as the wound
contact layer to effectively drain excess biological fluids
(Fig. 10e). Under normal circumstances, implantable wearable
electronic devices face the wet environment inside the human
body, so it is necessary to carry out wettability design on the
material surface. For example, by mimicking the Janus

structure to prevent potential bacterial infections, one side
can be designed as a low adhesion or super hydrophobic
surface, using droplet rolling to clean surface particles, provid-
ing excellent water resistance and preventing device damage.
The other side can be treated with a strong adhesive according
to the texture of the organ or tissue to ensure the biocompat-
ibility of the flexible electronic products in the body and extend
the service life of the equipment. The construction of an equal
gradient wetting interface can also play a role in adapting to the
body’s wettability environment.

6 Conclusion and outlook

In this review, we innovatively approach the field of conformal
and human-adaptive electronic devices from the perspective of
surface engineering, delving into the latest breakthroughs,
particularly focusing on the fine-tuning strategies of surface
adhesion and wettability in wearable devices. The core of this
strategy lies in the meticulous design of material wettability.
This includes adjusting surface wettability properties by apply-
ing hydrophobic or hydrophilic coatings or constructing micro/
nano-scale structures to alter surface roughness, thereby reg-
ulating wettability. Moreover, plasma treatment technology can
significantly modify the chemical properties of the material
surface, achieving precise wettability control. These measures
aim to optimize the wettability behavior of wearable device
substrates and encapsulation materials, ensuring stable and
close wetting connections with the skin or other contact inter-
faces in humid or underwater environments (such as rain or
sweat-soaked scenarios). This greatly reduces signal noise and
interference, significantly enhancing the quality and reliability
of signal acquisition, which is invaluable for accurately captur-
ing physiological indicators such as heart rate and electromyo-
graphic signals. Given the inherent complexity and variability
of the human skin surface, including natural features like
wrinkles and hair, ensuring that the devices adapt flexibly
and conform closely to these irregular surfaces presents a
significant challenge. To address this, we explore a variety of
innovative strategies such as precisely controlling device thick-
ness, ingeniously constructing bio-inspired micro/nano-
structures (drawing inspiration from the strong adhesion
mechanisms of gecko feet and octopus suckers), designing
nano-network structures, and skillfully integrating functional
fillers into polymer matrices. These approaches aim to multi-
dimensionally regulate the surface adhesion of materials to
achieve conformal contact, ensuring that the devices seam-
lessly integrate and conform to these complex and variable
surfaces while maintaining comfort and stability during pro-
longed wear. Our research centers on the synergistic optimiza-
tion of wettability and adhesion, aiming to enhance the
adaptive adhesion and wettability regulation capabilities of
wearable devices across diverse human organs/tissues (such
as the face, hands, eyes, joints, as well as blood vessels, heart,
muscles, and brain), thereby providing a solid foundation for
precise monitoring of physiological and biochemical signals.
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To this end, we visually present the signal monitoring capabil-
ities of wearable devices on different interfaces inside and
outside the human body through Fig. 11, profoundly revealing
the current challenges, coping strategies, and future directions.

However, we must soberly recognize that research on con-
formal and human-adaptive electronic devices is still in its
infancy. Despite numerous pioneering studies and proof-of-
concept demonstrations, promoting their commercialization
still requires overcoming numerous hurdles, especially the
deep-level challenges in the regulation and design of surface
adhesion and wettability. Next, we will delve into these specific
issues, aiming to identify the bottlenecks in current research
and inspire more innovative ideas and solutions from research-
ers to collectively drive the flourishing development of the
flexible electronics field.

(I) Water-soluble polymers, owing to the abundance of
hydrophilic groups (including cationic, anionic, and polar
nonionic groups) in their molecular structure, can easily dis-
solve or swell in water, forming stable aqueous solutions or
dispersion systems. This characteristic endows them with
unique advantages in the field of wearable devices: good
hydrophilicity and biocompatibility make these polymers ideal

for long-term contact with human skin, effectively reducing the
risk of irritation and allergic reactions. However, when used as
substrates or encapsulation materials for wearable devices, the
sweat generated during the wearer’s physical activities poses a
challenge. The infiltration of sweat may lead to the degradation
of the water-soluble polymer substrate, thereby affecting the
accuracy and reliability of the monitoring signals and even
causing device failure or damage. To address this issue, mate-
rial selection becomes crucial. Considering the introduction of
hydrophobic and flexible materials (such as PDMS, Ecoflex,
etc.) as substrates for wearable devices, these materials not only
maintain excellent performance under substantial external
force or frequent friction but also confer waterproof character-
istics to the device, thereby effectively extending its service life.
This strategy not only solves the stability problem of water-
soluble polymers in humid environments but also enhances
the overall durability and practicality of wearable devices.

(II) Commonly used substrate materials for wearable
devices, such as PDMS, PU, and PI, generally face the issue of
poor breathability. When these materials are used as substrates
for wearable devices and tightly fit the human skin, their low
breathability hinders the smooth discharge of sweat, leading to

Fig. 11 Monitoring signals generated from various parts of the human body using wearable electronics and their corresponding challenges and future
perspectives.
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sweat accumulation at the contact interface, which may infil-
trate the device, causing corrosion and damage. Additionally,
the heat generated during the long-term operation of wearable
devices, due to poor breathability, cannot be effectively dissi-
pated to the outside, increasing the risk of skin burns for the
wearer. To solve this problem, there is an urgent need to
explore substrate materials with better breathability. Textiles,
with their unique porous structure, become a promising
choice. Using textiles as substrate materials for wearable
devices can significantly enhance the breathability of the
devices, effectively preventing sweat accumulation and infiltra-
tion. Furthermore, carefully designing the material surface
wettability, by constructing gradient wettability interfaces or
asymmetric Janus structures, can further optimize the process
of rapid sweat transport and evaporation. This design can
accelerate the flow of sweat on the material surface, promoting
rapid evaporation of sweat, thereby reducing heat accumula-
tion at the contact interface and maintaining dryness and
comfort of the interface. Such innovations not only solve the
problem of poor breathability of wearable devices but also
improve the comfort of the wearer and the overall performance
of the devices.

(III) Ensuring an appropriate balance of adhesion between
wearable devices and the contact interfaces inside and outside
the human body is a major challenge in device design. Exces-
sive adhesion can cause significant mechanical stress and
pulling force on the skin when removing or moving the device,
leading to epidermal tearing, abrasion, or peeling, which is
particularly detrimental to sensitive or fragile skin. Moreover,
strong adhesion can compress the skin, affecting breathability
and blood circulation, causing the skin to become moist, red,
and swollen and even inducing skin lesions. Conversely, if the
adhesion is too weak, wearable devices may not securely fit the
skin, leading to unstable and inaccurate monitoring signals.
This is especially critical in healthcare and health monitoring
fields, where the accuracy and stability of signals are directly
related to disease diagnosis and prevention. Therefore,
researchers must pay close attention to the adhesion properties
of materials when designing wearable devices to ensure user
comfort while guaranteeing accurate monitoring signals. To
this end, surface treatment strategies such as constructing
micro/nano-structures, designing nano-network structures, or
optimizing device thickness can effectively regulate the adhe-
sion between the material and the skin interface, achieving an
ideal adhesion balance.

(IV) During physical activities, the secretion of sweat on the
skin surface significantly reduces the shear viscosity in the
region, which may weaken the adhesion of wearable devices,
even leading to device detachment from the skin interface, thus
weakening signal strength and reducing data reliability. More-
over, the accumulation of sweat at the interface between the
wearable device electrodes and the skin provides an ideal
environment for bacterial growth (such as proteins, amino
acids, etc.), which over time, softens the stratum corneum of
the skin, weakening its natural barrier function, making the
skin more susceptible to microbial invasion and infection,

thereby increasing the risk of skin infections. Therefore,
researchers must pay special attention to the biocompatibility
and antibacterial ability of materials when designing wearable
devices. To effectively address the problems caused by sweat
accumulation, an innovative design approach is to adopt an
asymmetric Janus structure. Specifically, this involves design-
ing the hydrophobic side of the material to be in direct contact
with the skin to repel sweat, while the other side adopts a
hydrophilic material, placed externally to better handle or
direct sweat. This carefully designed structure not only reduces
sweat accumulation but also effectively exerts antibacterial
effects, providing safety guarantee for the long-term use of
wearable devices.

(V) Wearable devices play a key role in health monitoring
and therapeutic diagnostics, so ensuring the accuracy and
stability of monitoring signals is crucial. However, during
long-term health monitoring, inevitable body movements and
physiological activities (such as walking, running, breathing,
heartbeat, etc.) can interfere with signal measurement. Even
external environmental factors (such as device movement or
vibration) can introduce motion artifacts, severely affecting the
quality of bioelectrical signals, leading to distorted monitoring
data, which threatens the accuracy of health assessments and
diagnostics. To address this problem, multiple aspects need to
be considered. First, material selection is key, with priority
given to materials that match the mechanical properties of
tissues (such as softness and stretchability) to reduce interface
instability caused by mechanical mismatches between the
device and biological tissues. Secondly, optimizing material
structure design, such as adopting ultra-thin, strain-adjustable,
and stretchable designs, can significantly enhance the device’s
adaptability to dynamic tissue changes, effectively reducing
interface impedance fluctuations. Finally, from the perspective
of surface engineering, strategies such as introducing micro-
structured surfaces or using physical/chemical adhesives can
enhance the adhesion between wearable devices and biological
tissues, ensuring long-term stability at the contact interface,
thereby further improving the accuracy and reliability of mon-
itoring signals.

Addressing the shortcomings and challenges faced by wear-
able devices from the perspective of surface engineering, wett-
ability design and interface adhesion optimization are key
breakthroughs to enhance their performance. Wettability
design, through the fine-tuning of surface hydrophilicity and
hydrophobicity, effectively enhances the stability and reliability
of devices in complex physiological environments, significantly
reducing the risk of performance degradation due to liquid
residue formation or infiltration. Simultaneously, interface
adhesion optimization, through innovations in micro/nano-
structures, the application of high-performance adhesives,
and the development of smart adhesive materials ensure the
firm adherence of devices in dynamic human environments,
significantly reducing signal interference and data distortion
caused by detachment or displacement. These strategies pave
new ways for researchers, aiding in the development of multi-
functional wearable devices that integrate precise and stable
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signal monitoring and waterproof and self-cleaning properties,
further promoting their extensive applications and rapid devel-
opment in advanced fields such as healthcare, personalized
health monitoring, instant diagnostics, and human–machine
interaction. Although wearable devices have made significant
progress in the medical field, their potential remains vast and
yet to be fully explored. To achieve a high degree of conformity
and perfect adaptation between wearable devices and the
human body, characteristics such as lightweight design, excel-
lent durability, wireless connectivity, waterproof stability, and
reversible adhesion ability are considered indispensable. Look-
ing forward, research will focus on developing more sensitive
sensor technologies, promoting the deep integration of data
transmission and machine learning technologies, and con-
structing real-time monitoring systems for personal health
status, thereby empowering a new era of proactive health
management. This in-depth discussion not only reviews and
broadens the research horizons of wearable devices but also
lays a solid theoretical and practical foundation for achieving
the grand blueprint of personalized and proactive health
management.
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