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Biointerface sensing is a cutting-edge interdisciplinary field that merges conceptual and practical aspects.
Wearable bioelectronics enable efficient interaction and close contact with biological components such
as tissues and organs, paving the way for a wide range of medical applications, including personal health
monitoring and medical intervention. To be applicable in real-world settings, the patches must be stable
and adhere to the skin without causing discomfort or allergies in both wet and dry conditions, as well as
other desirable features such as being ultra-soft, thin, flexible, and stretchable. Biosensors have emerged
as promising tools primarily used to directly detect biological and electrophysiological signals, enhancing
the efficacy of personalized medical treatments and enabling accurate tracking of human well-being.
This review highlights the engineering of skin-tissue surfaces/interfaces and their interactions with
wearable patches, aiming for both a broad and in-depth understanding of the mechanical and
Received 15th November 2024, physicochemical properties required for the advancement of flexible and wearable skin patches.
Accepted 9th January 2025 Specifically, the advantages of flexible bioelectronics and sensors with optimized surface geometry for
DOI: 10.1039/d4cc06078d long-term diagnosis are discussed. This insight aims to guide the future development of functional
materials that can interact with human tissue in a controlled manner. Finally, we provide perspectives on
rsc.li/chemcomm the challenges and potential applications of biointerface engineering in wearable devices.

1. Introduction interfaces between biological systems and materials or

devices.'™ The growing popularity of wearable technology has
Biointerface engineering is an interdisciplinary field that sparked widespread public interest and has substantially
focuses on designing, developing, and manipulating the impacted society and the economy, transforming personal life-

styles and the healthcare environment.*® Specifically, bioelec-
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Australia stretchable electronic materials and devices still have elastic
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moduli orders of magnitude higher than soft biological tissues,
limiting their applicability and long-term biocompatibility.®
Flexible and stretchable skin sensors are an important category
within bioelectrical devices that capture biophysiological sig-
nals and analyze biomolecules directly on the human body. In
this context, biointerface sensors make contact with appropri-
ate human body sites to extract precise information and inter-
vene by providing electrical stimulation or a visible signal.
Furthermore, the potential applications of biointerface electro-
nics that continuously and seamlessly interact with the body
could be further extended into neurology, real-time health
monitoring, diagnosis, and treatments."”>™*

Bioelectronic components are traditionally developed in
rigid and flat forms, and current systems do not guarantee
effective integration with dynamic surfaces, such as the skin’s
texture, curves, and movements. For instance, to achieve max-
imum performance, bioadhesive materials must exhibit low mod-
ulus, high electrical stability, and optimal stimulation functions.

However, the precise engineering of bioelectronic devices to
create adaptable and conformable electrode-skin interfaces
remains challenging such as poor contact, limited biocompat-
ibility, unstable fixation, tissue irritation/scar formation, and
uncontrolled mechanical buckling.'> ™ As a result, skin-device
interfaces often require customized shapes, enhanced stability,
and good electrical conductivity, which frequently rely on
physical fixation or surgical sutures.

Fig. 1 illustrates three types of bioelectrode interfaces based
on their physical interaction with targeted body parts: non-
invasive, semi-invasive (or minimally invasive), and invasive
(Table 1). (i) A non-invasive biointerface is external to the body,
making it suitable for analyzing naturally excreted biomarkers
(e.g:, fluids and gases). Examples of wearable electronic devices
involving non-invasive biointerface include sweat-sensing tools,’
dental implants monitoring saliva,® tear-tracking contact lens
sensors,” and ingestible electronics.’ (ii) A semi-invasive bioin-
terface bridges the gap between the non-invasive and invasive
modalities by positioning the sensor outside the body while
inserting the probe inside to sample extracellular fluid.">"" (iii)
Invasive biointerfaces are placed inside the body (implanted)
and come into close contact with blood, extracellular fluid, or
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Fig. 1 Biointerface classification based on patch-to-skin interactions.

specific organs. In invasive cases, the close contact between the
sensor and tissue often produces a more sensitive signal because
the concentration of the biomarker or stimulus is higher near
the tissue surface.

The foreign body response, consisting of macrophages and
their giant cells, is the final stage of inflammation and wound
healing after implantation of a medical device, prosthesis, or
biological material. Foreign body reactions and biocompatibility
issues hinder long-term operation and accurate detection.”*>*
Among the listed three types of biointerfaces, the non-invasive
biointerface is generally recognized as safe, needle-free,
infection-free, and painless. It offers the advantage of targeting
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Table 1 Comparison of non-invasive, semi-invasive, and invasive detections

Performance  Non-invasive Semi-invasive Invasive Ref.

Procedure Best suited for routine Moderate for a variety of Complex, typically used when non-invasive 5 and 20
diagnostic, monitoring, treatments where traditional or semi-invasive options are not sufficient
or certain therapeutic surgery is not necessary

Safety Very high, lower risk of High, but slightly higher risk than =~ Low with higher risk of complications, but 5 and 19
complications (e.g., infection, non-invasive and lower risk than advancements in surgical techniques and
bleeding, long recovery) invasive post-operative care have reduced risks

Comfort Very high, due to lack of High, less pain and faster recovery ~ Low, due to pain, complications, and longer 21 and 22
physical trauma than invasive recovery time

Effectiveness  Effective for diagnosis, Effective for many conditions Highly effective for complex or large 21 and 22
monitoring, and certain (e.g., tumors, organ repair), with conditions (e.g., large tumors, organ
therapeutic interventions targeted treatment failures)

Recovery None, don’t involve physical Faster, due to smaller incisions Longer, due to major incisions and greater 19

time interventions and less tissue damage tissue disruption

Cost Low, but can vary with Mid-range, more expensive than High, due to the complexity of the 10 and 11
technology non-invasive procedure, hospital stay, and recovery

Limitations Not suitable for all conditions  Limited by type and severity of Larger incisions, longer recovery, and higher 11 and 22

(e.g., wet) and may not provide
detailed information for some
conditions (e.g., biopsy or
surgery)

physiological signals such as temperature,” pressure,”®
strain,”” pH,?® and so on, as well as biochemical signals like
blood glucose levels,> saliva,®® interstitial fluid,** and sweat.*>
Additionally, non-invasive biointerfaces allow for the detection of
electrophysiological signals such as electroencephalograms,®
electrocorticograms,® electrocardiograms,® electromyograms,*®
radio waves,?” ultrasound,*® optoelectronic signals,* galvanic
skin response,’ seismocardiograms,”’ and electrochemical
processes,*? facilitating disease prevention, diagnosis, and
treatment.

Overall, advancing biointerface technology requires under-
standing the nature and principles of the human skin-elec-
trode interface, including technical engineering considerations
for various biomedical applications.** Recent reports show that
bioelectronics has progressed significantly from conventional
rigid and rectangular shapes to ultra-soft, thin, light, flexible,
stretchable, and intricately designed structures.**™*” This tran-
sition reduces mechanical incompatibility at the device-skin
interface, developing more precise and comfortable sensors
and stimulators. Information obtained from the electrode-skin
interface reveals details about both the inside and outside of
the human body, suggesting that advanced sensing and stimu-
lation technologies in medical diagnosis and treatments repre-
sent the future.’®*®*® Moreover, there is a growing interest in
materials and devices capable of converting mechanical energy
into visible patterns or signals through luminescence. Such
developments have significant implications for emerging sec-
tors such as human-machine interfaces (artificial intelligence)
and the Internet of Things (wireless sensors).”*>*

This review systematically highlights recent advances in the
interactions between wearable patches and skin interfaces,
focusing on material and skin properties, including position,
mounting, size, morphology, adhesion, friction, and biocompat-
ibility. Finally, we outline the challenges and opportunities that
will guide further developments in biointerface technology.
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condition, some may require
conversion to open surgery.

risks of complications like infections, blood
clots, or anaesthesia-related issues

2. Nano-engineered wearable
skin—patch interfaces

The success of surface modification of wearable devices with
soft functional materials depends on several factors, including
size, shape, dispersion, concentration, temperature, mass bar-
rier properties, and the stress transfer performance of the
device. The synthesis techniques utilized have an impact on
factors like agglomeration. The use of highly conductive and
printable materials in developing bioelectronic devices has
resulted in flexible and stretchable designs, opening intriguing
avenues for advancing manufacturing techniques.”*>* Applying
nanoscale platforms with precise sizes, geometries, surface
functionalities, etc., offers significant potential for developing
non-invasive sensing devices, revolutionizing health monitor-
ing, data storage, and disease diagnosis, including real-time
feedback during therapy (Tables 2 and 3).** This approach
seeks to develop advanced technology that comprises reliable
and predictable systems with unique features that do not exist
naturally.>>”® Fig. 2 illustrates the potential source of electronic
systems used in flexible and stretchable configurations. These
systems may provide a promising alternative to bulky health
monitoring tools, offering enhanced comfort, reduced social
stigma, and improved patient compliance. This emerging field
of bioelectronics includes sensors, light-emitting diodes, and
other circuit components that create connections and inter-
faces with internal organs (e.g., heart and brain) as well as other
external organs like the skin or artificial skin scaffolds. There-
fore, to allow real-time health monitoring, it is essential to
consider factors such as biocompatibility, deformation, skin
irritation/allergy, fit, and so on while maintaining the structural
and functional integrity of the human physiological system.
These considerations are critical for rapidly assessing tissue
development, metabolic status, immune function, hormonal
regulation, and other aspects of human health.'®>"%

This journal is © The Royal Society of Chemistry 2025
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transfer of functional materials onto an ultrathin

conductivity under significant strain.

stretchable substrate and layer-by-layer packaging.
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2.1. Skin sensorial properties

Human skin is essential for perception, encompassing haptic,
thermal, proprioceptive, and pain-sensing functions through the
movement of ions, while also being mechanically resilient and
able to self-healing for protection.”? The mechanical properties of
human tissue are important for the structure and function of the
human physiological system. In Fig. 3, the electrode-skin inter-
face represents a model of human skin as the largest organ in the
body, a convenient and accessible source of information about
the body’s internal state through visual inspection and
palpation.”* The main function of the skin is to protect the
internal organs from hazardous microbes, UV light, weather
conditions, pollution, etc. The main function of the skin is to
protect the internal organs from hazardous microbes, UV light,
weather conditions, pollution, etc. Histological analysis revealed
that the dermis, which lies between the exterior epidermis and
the interior subcutaneous tissue (Fig. 3a and b), spans a large
area. Composed primarily of fibrous tissues like collagen, elastic
fibers, and glycosaminoglycans, the dermis has sensory and
protective properties thanks to nerve endings, glands, blood
vessels, and hair follicles. The hair follicles act as immune
sensors by releasing certain chemokines that attract immune
cells in response to mild physical stress, such as scratching.””®
By directly collecting biosignals from the skin, the potential for
convenient and adaptive non-invasive monitoring is evident.

The skin has an elastic deformation strain of 20-30%. Its
elastic modulus can vary between 1.11 kPa and 57 MPa, depend-
ing on factors like age, skin location, and testing methods.”” This
unique feature makes skin an ideal flexible substrate for wearable
devices, allowing them to adapt to the shape of the skin and
resist deformation during frequent body movements. However,
one needs to carefully consider the nature of electronics and the
skin’s mechanical properties.”®”® In addition, small changes or
fluctuations of patches can disrupt the skin’s balance, potentially
leading to misinterpretation of the signals obtained through
electronic skin sensors. Skin sensors are considered less risky
than implantable devices and, therefore, are categorized as non-
invasive. For instance, individuals with metal allergies may
experience contact dermatitis when in touch with the sensor,
which can rarely lead to systemic contact dermatitis. Most on-
skin electronics are made of waterproof materials, which hinder
the skin’s natural secretion of sweat and other fluids, leading to
excessive moisture and softening of the outermost layer called
the stratum corneum. Consequently, the skin’s protective barrier
function could be compromised, resulting in irritant contact
dermatitis, which often requires device removal. Therefore, the
long-term safety of the wearable device-skin interface lacks
adequate scientific evidence,>’"%%% highlighting the need for
continued and even expanded research.

2.2. Wearable patch-to-skin iontronic interfaces

Human skin’s self-healing nature and ion-sensing capability
provide a promising basis for developing flexible iontronic
skins (Fig. 3b). Iontronic sensors represent a novel class of soft
electronics that replicate the structure of human skin and

Chem. Commun., 2025, 61, 2858-2877 | 2863


https://doi.org/10.1039/d4cc06078d

Published on 22 lanuarius 2025. Downloaded on 03/11/2025 00:16:31.

ChemComm
(Poms |[PET  |[pss | (MoF  [iLs I
(PEDOT | [ Ecoflex | [PANI | (COF |[Polyester |[Nylon |
Synthetic
Nanoparticles Metal
Nanocomposites Organic Metal oxide
eneing Nanomaterial Inorganic SiEee
Nano-enzymes Metalloid
Source of
materials
Glucose oxidase Graphene, GO
Horseradish- Enzymatic Carbon ONT
peroxidase
Lactate oxidase Polymeric SWCNT
Tyrosinase MWCNT
Natural
{Silk ] [Cellulose } {Alginate ] {Paper } {Fibers } {Yarn }
[Gelatin ”Collagen HChitosan ] [Textile HFiIamentsH ...... ]

Fig. 2 Source of biochemical materials used for wearable patches. PDMS,
PSS, PEDOT, PANI, MOF, ILs, HOFs, COF, GO, CNT, SWCNT, and MWCNT are
polydimethylsiloxane, polystyrene sulfonate, poly(3,4-ethylene dioxythio-
phene), polyaniline, metal-organic frameworks, ionic liquids, hydrogen-
bonded organic frameworks, covalent organic frameworks, graphene oxide,
carbon nanotubes, single-walled carbon nanotubes, and multi-walled carbon
nanotubes, respectively.

mimic its mechanical sensing functionality.”®> For bioelectro-
nics to yield results comparable to skin, they must possess high
electrical conductivity, optimal optical properties, electromag-
netic and electromechanical stability, and a low elastic mod-
ulus. Researchers have prepared various conductive and
stretchable synthetic materials (Fig. 2 and Tables 2, 3) to
address the limitations of conventional materials utilized at
biointerfaces. Specifically, polymer-based nanocomposites
have been developed to measure many electrophysiological
signals, thereby ensuring high-quality performance.*®#>5
The advantage of these materials lies in the ability to fine-
tune their mechanical and electrical properties according to
specific needs and requirements.®®%>%°

Zhu et al.** constructed a simple mode of iontronic sensing
(skin-electrode mechanosensing structure (SEMS)) that did not
require artificial ionic materials, exhibiting high-pressure reso-
lution and spatial resolution, being capable of feeling touch
and detecting weak physiological signals such as fingertip
pulse under different skin humidity. They also investigated
the effect of motion artifacts on the detection of pulse signals
that contain motion-related frequencies that are different in
the frequency domain from the characteristic pulse frequency,
so that the extraction of physiological signals can be completed
without interference from motion artifacts. However, a portable
system may further be integrated to enable continuous mon-
itoring of body motion or touch without affecting the subjects’
daily life activities (Fig. 3a)””"%”

Therefore, measuring the stiffness, extensibility, and mechan-
ical strength of wearable electronics is important in evaluating
patch-to-skin interfaces and tissue-engineered skin replacements.
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Fig. 3 Skin sensing capability and patch-to-skin iontronic interfaces. (a)
Mechanosensitive electrode system contacts on arm tissue, where the skin
acts as the anionic material and the counter electrode as the cationic
material. (b) Skin wound healing mechanism. The inset illustrates the ion-
rich nanofiber composition, showing how collagen fibers and the elastic
matrix of the skin can heal with the aid of fibroblasts. (c) Mechanical
terminology and material stiffness at cylindrical micropillar and skin inter-
faces before, during, and after the onset of buckling. (d) The effects of
electrical stimulation on the skin surface and the skin—electrode interface
during loading, along with a simplified equivalent circuit of the SEMS. (e)
Equivalent circuit model for the skin-gel-electrode interface. Eye is the
half-cell potential between the hydrogel and the electrode; C. and R,
represent the capacitance and resistance of the metal electrode; Ry, is the
resistance of the hydrogel; Egs is the half-cell potential between the
hydrogel and epidermis; Cs and R represent the capacitance and resis-
tance of the epidermis; Ry is the resistance of the dermis and subcuta-
neous layer; E,, Cp, and R, represent the corresponding effect of sweat
glands as a parallel conduction path through the epidermis. (f) Various
forms of conductive materials used in wearing patches.
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For a material with initial length L and cross-sectional area A4, a
force F induces a change in dimension. Given these parameters, it
is possible to calculate the stress (F/4), the strain (AJ/L, Al
represents a change in dimension), and Young’s modulus of
elasticity (i.e., stress/strain). In this regard, a high modulus value
indicates a stiff material.

Fig. 3c illustrates how a deformed pillar can exhibit different
shapes during a compression test, depending on its length-to-
radius aspect ratio and relative stiffness to the substrate.
Additionally, capacitance in iontronic systems is directly pro-
portional to the skin contact area at the electrode biointerface.
Three contact phases are Ajnitial, Atransitions aNd Afinal, Tepresent-
ing the initial contact zone, transition phase, and post-
instability contact zone, respectively. To analyze the deforma-
tion, the difference in the contact surface between the initial
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and final states is normalized by the square of the radius (R?).
This calculation is performed using Hertz contact models
around the Euler buckling load point.®*®®® The most significant
change in the contact area or maximum sensitivity, occurs
immediately after the initiation of buckling instability, espe-
cially when the aspect ratio is large. Specifically, the slender
micropillars undergo buckling instability to maximize the
change in contact area when subjected to external loads
(Fig. 3c and d). A pillar with a semi-spherical end is pressed
into the skin in the pre-buckling configuration. However, in the
post-buckling regime, the pillar bends over with its axis parallel
to the substrate, and its side area is compressed against an
elastic plane. Both the pre- and post-buckling contact areas can
be calculated using contact mechanics models.®® During load-
ing (Fig. 3d), the flexible micropillar structure (e.g., polydi-
methylsiloxane), allows precise changes in the contact area at
the skin-electrode interface, mimicking a capacitor with capa-
citance per unit area significantly higher than that of traditional
devices. The sensing electrode in this system exhibits excellent
biocompatibility and breathability, similar to a patch stuck on
the skin, which can be achieved through minimal contact with
the skin via the flexible micropillar structure.”’ The gaps
between the pillars facilitate air circulation, prevent moisture
build-up, and thus ensure skin dryness. Although PDMS is
inherently airtight and waterproof, the counter electrode can
adapt perfectly to the skin’s texture, ensuring consistent ion-
tronic capacitance throughout the interface (Fig. 3e).”>
Furthermore, in Fig. 3d, the simple equivalent circuit of
SEMS can be represented by two capacitors: C, for SE and C, for
CE, C, is a constant and set as ~ 100 nF cm 2. These capacitors
are connected in series with a resistor (R;, i.e., the resistance
between the two electrodes). The entire series circuit is then
connected in parallel with the coupling capacitance CE of the
electrode. The recorded capacitance (C) can be approximately
estimated using the formula: 1/C = (1/C;) + (1/C,). The signal
output mainly depends on C; since C, remains constant, which
fluctuates with the applied pressure. The distance between the
two electrodes has a negligible impact on C due to the ionic
nature of the skin (when we put a metal electrode in conformal
contact with the skin, free electrons serve as the carriers in the
electrodes while ionic fluxes contribute to the conduction in the
tissue to exchange electronic and ionic signals). During the test,
C decreases as the applied frequency increases. When pressure
is applied, the system’s micropillars bend downwards, coming
into close contact with the skin and thus C is increased. A
decrease in initial C or the initial contact area will increase
sensitivity based on the definition of sensitivity. A spacer, a
perforated polyethylene terephthalate membrane is inserted
between the SE and the skin to enhance sensitivity by reducing
the initial contact area, thus ensuring consistency between
different devices (Fig. 3f). The impedance values between the
electrodes and the skin, with and without spacers, for both SE
and CE, usually range from 10* to 10° Q in the frequency range
(10*-10° Hz). Once the pressure exceeds 15 kPa, the system’s
response becomes saturated. Therefore, the pressure-sensing
electrodes are designed in two variants: one has a tunable

This journal is © The Royal Society of Chemistry 2025
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surface microstructure to create an interface sensitive to
applied pressures, while the other is firmly attached to the
skin (usually, the detection limit of human skin is ~100 Pa,
and the response time is 30-50 ms).>

Xia et al.®* reported a capacitive-type active wearable electro-
nic skin, using a microgel layer as the component responsible
for deformation. Electronic skins have a unique structure that
generates optical and electronic signals in response to pressure
changes. The electronic skin’s single-layer microgel film has
high-pressure sensitivity (10.1 kPa~') and low detection pres-
sure (2 Pa), making it suitable for monitoring cardiovascular
risks in a wearable mode. A protective layer of dead cells
(stratum corneum) on the skin is a challenge for accurately
recording physiological signals. In addition, the electrical noise
caused by relative motions at the skin-electrode interfaces is a
primary affecting factor of the signal quality for wearable and
epidermal electronic sensors.”” Sweat glands are another impor-
tant factor, which naturally keeps skin moist due to the hydrated
and porous nature of the corneum. Sweat ducts act as pumps,
transporting sweat to the skin surface, where the sweat infiltrates
into the porous corneum either through high pressure within the
ducts or by diffusion.>® Various ions, such as K*, Na*, and Cl ™, are
present in sweat at concentrations around 10 mM, increasing the
ionic conductivity of the corneum. Therefore, when the sensing
and counter electrodes come into conformal contact with wet
skin, the iontronic interface’s capacity to separate electrons and
ions may become higher than that of dry skin.** The gradual
change in the baseline is due to the different states of skin
hydration. The change does not hurt detecting dynamic physio-
logical signals and touching signals. In addition, prolonged heavy
sweating with high NaCl concentrations (e.g., cystic fibrosis) can
increase the risk of NaCl imbalance (capacitance baseline rises
upon sweating).’>®” Importantly, the spacer in the SEMS can be
removed to provide a more comfortable attachment experience.

In general, ion gels and hydrogels are commonly used as
ionic materials in iontronic sensing; however, ion gels are often
toxic and highly absorbent, while hydrogels are prone to dehy-
dration in the air.’® One of the most effective approaches to
address these shortcomings is to replace traditional covalently
cross-linked gels with supramolecular hydrogels cross-linked by
dynamic hydrogen bonds. However, they tend to over-swell and
disintegrate in aqueous environments because the presence of
water molecules breaks hydrogen bonds, thus further weaken-
ing their mechanical strength.”® This instability and poor
mechanical properties prevent their long-term use and imple-
mentation. So, such problems would be resolved by using phase
separation methods to improve the stiffness of hydrogels and
limit over-swelling by increasing the physical cross-linking
density and reducing the flexibility of chain segments. Recently,
researchers have developed phase-separated hydrogels that
incorporate energy dissipation mechanisms such as hydrogen
bonding, ionic bonding, hydrophobic association, and crystal-
lization to enhance strength and toughness.'*'°! In addition,
Xu et al.'®® designed a dehydration-hydration approach to
transform soft and weak hydrogels into tough and recyclable
supramolecular phase-separated gels using copolymerization of
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sodium styrenesulfonate and sulfobetaine methacrylate in aqu-
eous polyvinyl alcohol (PVA) solution, followed by dehydration via
air drying and rehydration via swelling in water. This approach
led to phase separation and the formation of domains consisting
of strong polymer-polymer interactions that are critical for
forming phase-separated gels.'® Li et al.'® reported a biocom-
patible skin-electrode interface patch for monitoring surface
electromyography (sEMG) signals, incorporating a hydrogen-
bonding network into a polyvinyl alcohol-based hydrogel. Speci-
fically, hydroxyethylidene diphosphonic acid (HEDP) and 2-
hydroxyphosphonoaceticacid (HPAA) were used to modify the
hydrogen-bonded cross-linking network (Fig. 3e)."°>'% In this
system, the hydrogen bond between the polymer chain and the
HEDP molecule is disrupted due to the presence of HPAA, which
releases hydroxyl groups of the polymer chains. These hydroxyl
groups then interact with the skin tissue through hydrogen
bonding, providing adhesion for the hydrogel.'” HEDPH, is a
tetra-acid with two pK, values around 2-3 and the other two
around 7. At a skin pH of 6-7, HEDP primarily exists as a dianion
(HEDP>"). As sweat pH rises due to changes in the concentra-
tions of protons, sodium, and chloride ions, various strategies are
employed to ensure conformal contact between the electrode and
the skin. These strategies include matching the elastic modulus
to promote a better fit, reducing the electrode-skin interface gap
through adhesion, and improving ion and electron conduction
through enhanced electrical conductivity.*3>'°%1%

2.3. Wearable patch-to-skin haptic interfaces

Haptic feedback stimulates tactile sensations through physical
stimuli (e.g., vibration patterns), and plays an essential role in
providing both sensory input and visual cues. The haptic inter-
face is crucial for encoding tactile information, making it a key
component in intelligent human-machine interfaces. It enables a
closed-loop system where the human body can detect and
respond to tactile feedback.''®'*" The development of thin and
flexible materials for haptic interfaces is critical for enhancing
virtual reality (VR) experiences, improving wearable devices, and
advancing robotics and prosthetic technologies. However, a
major challenge in using electrotactile stimulation for haptic
sensing is the wide range of perceived sensation intensities. This
variation is often due to changes in the impedance of the
electrode-skin interface, especially when electrodes begin to peel
off or when the user sweats."> For example, delivering haptic
feedback to the hand via a glove-like haptic interface is frequently
constrained by the bulkiness, rigid structure, and attached
cables.'™® Nonetheless, electrotactile techniques provide an effec-
tive solution for minimizing the size of contact areas.'®'** Unlike
other stimulation technologies such as electromagnetic,''®
piezoelectric,"** hydraulic,"*® or ultrasonic,"'” which rely on more
complex feedback mechanisms electrotactile stimulation is sim-
pler and more achievable. This is due to the use of thin, flexible
skin-integrated electrode interfaces that apply currents directly.
Wearable electrotactile devices, such as silicone finger tubes
and tattoo-like thin films, have been developed to be thin,
flexible, and lightweight."'®'" These devices can be comforta-
bly attached to the skin without irritating.’*>**' However, the
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requirement for additional power sources and signal genera-
tors limits their operational range and may create a feeling of
confinement. Additionally, wireless haptic interface systems
face several challenges, including limited operating range due
to relatively large actuators (e.g., 18 mm in diameter) with
significant spacing (e.g., 21 mm), high power consumption,
and suboptimal weight characteristics for skin mounting (e.g.,
~130 g in total). Furthermore, these systems lack program-
mable control over the intensity of haptic sensations.®

In the rapidly growing VR, augmented reality (AR), and
mixed reality (XR) industries, genuine haptic feedback allows
users to experience realistic touch sensations with objects in the
virtual world (the metaverse), thus enhancing the immersive
experience.'*'?>'?* These interfaces provide tactile sensations
that enable humans to interact with computer systems and
other machines. By displaying tactile images on the skin, the
enhanced VR or AR experiences go beyond what visual and
auditory inputs alone can provide (Fig. 4a and b). Signals
obtained from various sources, including direct graphical user
interface input and wireless sensor networks (Fig. 4b), power
multimodal actuators that improve the intensity and energy
efficiency of haptic interactions. These interfaces can provide
over extended wireless distances and offer both battery and
battery-free options. Additionally, the lower packaging layer
houses the electronics and exposes the actuators through octa-
gonal openings, allowing direct contact with the skin. Such
interfaces have applications for education, training, medicine,
rehabilitation, gaming, entertainment, social networks, military
exercises, surgery, and more.">* Precise spatiotemporal modula-
tion of these systems ensures resolution that meets or exceeds
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the requirements established by two-point discrimination tests,
engaging skin mechanoreceptors across most body areas, except
for the hands and face,"*"*** which have the highest resolution
(2-4 mm). Other areas, like the upper arms, thighs, back, and
abdomen, have lower resolution (~40 mm), likely due to the
less dense distribution of mechanoreceptors.'*®

The direct physical interface between the eccentric rotating
mass (ERM) actuator and the skin produces complex deforma-
tion patterns, resulting in enhanced sensory perception. This is
a significant advancement over voice coil-type actuators. Duong
et al."”” introduced a slim button design that integrates multi-
modal audio and haptic feedback, improving the tactile inter-
face in electronic devices. This button uses a film-type actuator
made of blended relaxor ferroelectric polymers, poly(vinylidene
fluoride-trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-
CFE)] and poly(vinylidene fluoride-trifluoroethylene) [P(VDF-
TrFE)],"”® which generate mechanical vibrations through the
fretting vibration phenomenon. The actuator delivers tactile
feedback at frequencies ranging from 50 to 300 Hz and audible
sounds at higher frequencies between 0.5 and 1 kHz. The
lateral wave propagation across the skin is generated at an
operating voltage of 3.3 V, with amplitude decreasing as the
distance from the source increases. This motion is consistent
with Rayleigh waves, traveling at a velocity of ~12.5 m s "
These vibrations provide sensory substitution for amputees,
enabling feedback control in prosthetic robotic interfaces.'*’

Moreover, Yao et al.'*° introduced a soft, ultra-thin, minia-
turized wireless electrotactile (WeTac) system, which delivers
electrical currents through the hand to create tactile sensations,
serving as an integrated tactile interface. WeTac features a dense
array of tactile pixels across the hand, allowing for both tactile
stimulation and accurate measurement of users’ sensation
thresholds. This system synchronizes with VR, AR, and robotic
systems via Bluetooth low-energy wireless communication,"*"'**
allowing users to experience tailored tactile feedback when
interacting with virtual objects."*'** Thus, the WeTac system
enables highly precise reproduction of virtual or remote touch
experiences, expanding the potential for immersive applications.

2.4. Skin-mountable electronic material systems

Skin-inspired electronic materials are developed with new
functionalities to address the limitations of electronic materials
for bio-integrated wearable devices (Fig. 5 and 6).”""* These
devices require materials with high modularity, scalability, elec-
trical conductivity, excellent fatigue resistance, electromechanical
stability, a low modulus similar to human skin, and biocompat-
ibility to improve portability and integrate seamlessly with the
user’s body and lifestyle, for health monitoring, human-machine
interfaces, and the internet of things.""**°>"** To fulfill these
necessities, conductive and stretchable composites based on
inorganic/organic nanomaterials have been reported, such as
metal nanoparticles, nanowires, nanoribbons, nanofibers, and
nanomesh (Fig. 6a and b)."**"**> The synergetic effect of metals,
conductive polymers, carbon materials, and hydrogels has devel-
oped wearable and implantable sensors with promising
properties.’*'°13¢ For example, Namkoong et al.®® fabricated a
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flexible and switchable conductive nanocomposite film composed
of AgNW and PEDOTY/PSS using a simple and affordable micro-
molding technique. In addition, Zhang et al®® used a blend
solution based on PDMS/PSS, water-based polyurethane, and b-
sorbitol to produce flexible organic dry electrodes that enable long-
term monitoring of electrophysiological signals.

However, the scalable and cost-effective development of
wearable electrodes with controlled interfacial engineering
between soft polymers and carbon nanomaterials remains a
challenge."'**™*° various fabrication techniques have been
developed to create skin-like wearable materials through vacuum
deposition, lithography, etching, transfer printing, the ‘cut-and-
paste’ method, laser patterning, screen printing, inject printing,
and direct skin drawing.®>”"'*! For example, Kim et al'*?
reported three types of biocompatible nanocomposites such as
(i) PDMS/SWCNT (2 wt%), which exhibits an uneven and rough
surface morphology (due to the clustering effect of SWCNT in the
growth state and the presence of randomly entangled aggregate
structures) and contact resistance of 1871 Q, (ii) PDMS/SWCNT
(1 Wt%)/r-GO (1 wt%), exhibits uniform surface properties and
low contact resistance of 63 Q, and (iii) PDMS/SWCNT (1 wt%)/
r-GO (1 wt%)/fabric, which possesses a more tightly and uni-
formly bonded structure, resulting in a long and wide conductive
path and a significant reduction in contact resistance (15 Q).
These three types improve the resistivity of conductive and
electrical properties of materials, the third electrode made from
optimized nanocomposite showed comparable or superior per-
formance to commercial Ag/AgCl gel electrodes.*®

However, most stretchable electronic materials and devices
still have elastic moduli orders of magnitude higher than soft
biological tissues, limiting their applicability. Meanwhile, Li
et al.® presented stretchable transistor arrays and active-matrix
circuits via a soft interlayer design strategy with modules of less
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than 10 kPa, more than two orders of magnitude lower than the
current state-of-the-art.>! In addition, Qin et al.'** fabricated
high-performance flexible pressure sensors using a new class of
graphene-like 2D transition metal-carbon (nitrogen) com-
pounds (MXene) with polyvinylpyrrolidone (PVP) through the
laser ablation process,"*> which have outstanding features,
including high sensitivity (~1.25 kPa™'), low detection limit
(~0.6 Pa), wide detection range (up to 294 kPa), fast response
and recovery time (~30/15 ms), and mechanical stability of
over 10 000 cycles."**'*® To improve the sensitivity, the sensor’s
elastic modulus can be further reduced, which can be deter-
mined using eqn (1):

g0e; A

where C represents the capacitance, ¢, is the vacuum permit-
tivity, ¢, is the relative permittivity, A represents the area facing
the upper and lower electrodes, and d represents the distance
between the electrodes.’®” In addition, the sensitivity, S of the
capacitive sensor is determined as in eqn (2):

(C-G)/C _AC/Cy

=" ap AP @)

C is the instantaneous capacitance under load, C, is the initial
capacitance (load-free), and AP is the change in applied pressure.

Furthermore, Shi et al.'*® developed a flexible crack-based
strain sensor with improved surface adhesion and cycling dur-
ability, containing different flexible substrates (latex, PDMS,
Ecoflex, and TPU)."* These substrate modification materials
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(mercapto-modified, double bonds, and epoxy functional groups)
all have surface adhesion (lap-shear) strength © > 130 kPa with a
conductive layer including bovine serum albumin (BSA), conduc-
tive nanofillers (carbon black, CNT), PEDOT:PSS, GO, and/or
MXene with a strong t > 100 kPa, and multifunctional polymers
(BSA, gelatin methacryloyl (GelMA), and tetra-poly(ethylene glycol
diacrylate) (tetra-PEGDA))."*"*! As a result, the MXene/BSA-SH
sensor exhibits strong surface adhesion through chemical bonds,
making it resistant to peeling by 3 M tape. On the other hand,
artificial skin technology uses deformable ionic materials, includ-
ing ILs, ionogels, and hydrogels, to create an interface that closely
resembles human skin in terms of tactile perception.'>>'>?
Amoli et al.’*” have designed a synthetic multicellular hybrid
ion pump that mimics biological cell structures, consisting of
hydrogen-bonded-1-ethyl-3-methylimidazoliumbis(trifluoro-
methylsulfonyl)imide [EMIM|[TFSI ] ion pairs on the surface of
silica microstructures integrated into the TPU elastic matrix. Fig. 6c
illustrates that ion mechanoreceptors enable the reversible ion
pumping triggered by hydrogen bonding in response to external
stimuli. The resulting ion-mechanical skin is ultra-sensitive (5.77-
48.1 kPa~ ") over a wide pressure range (0-135 kPa) at an extremely
low voltage of 1 mV. It surpasses the pressure-sensing ability of
natural skin mechanoreceptors such as Merkel cells, Meissner
corpuscles, and Pacinian corpuscles.’® Fig. 6d shows the design
of a pressure-sensitive and piezoelectric ionic mechanical skin, with
a synthetic multicellular hybrid ion pump (SMHIP) structure
consisting of [EMIM'][TFSI"] ion pairs confined to the surface
of silica microstructures embedded in TPU. This arrangement
mimics the structure of an artificial plasma membrane, where
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TFSI™ anionic layers attach to the surface of silica microspheres
through H-bonding with silanol groups. Surrounding these
anions are EMIM" cations, which are attracted to the anions
via Coulomb bonding and m-n stacking interactions of the
imidazolium rings. This interaction mimics biological integrins,
which are proteins involved in cell-extracellular matrix (ECM)
adhesion, facilitating the rapid transmission of mechanical
stimuli from the ECM to the cell. The SHMIP IL-silica-TPU
membrane acts as the pressure-sensing matrix, sandwiched
between deformable AgNW/PDMS electrodes that stimulate
the top layer of human skin.">">%

3. Interaction of wearable
patch-to-skin interfaces

There has been significant interest in studying skin interaction
and the interface with flexible wearable devices for precisely
monitoring physiological signals (Fig. 7a).*® Various theoretical,
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dinate system. (a) Types of non-covalent interactions between skin and
wearable devices. (b) Morphology of the skin contact edge under normal
contact S’ (red elliptical curve) and horizontal sliding S’ (black elliptical
curve). (c) Deformation of the skin during sliding friction and the modeling
process using a double ellipse model, where r is the perpendicular distance
between any point in the contact region and the vertical line passing
through the center of the sphere O, p is the contact pressure, W is the
normal load, A is the contact area, R is the probe radius, and [ and I’ are the
radii of the contact (i.e., a function of W and R).
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computational, and experimental models have been used to
study biomechanics, cosmetics, clinical research, and consumer
goods in understanding the interaction and friction properties
of human skin, as well as their practical applications.”®7213%16
Physical skin models such as surrogate skin (Lorica soft) and
dermis equivalent test the properties of skin materials.'®" In
addition, the effects of adhesion on skin friction were studied
using skin slices, and the friction properties of synthetic and
biological alternatives were compared.'®> Due to the complex
nature of human skin, including factors such as metabolism,
excretion, body temperature, and moisture, it is difficult to fully
characterize these properties through isolated studies of skin
friction or skin equivalent. Furthermore, current advanced
technologies require bioelectronic components that adhere to
the skin or are connected wirelessly to external hardware to
perform tasks such as data collection, processing, and storage
functionalities.>* 3> 103164

Greenwood'® reported friction experiments on rubber and
found that the uplift resistance was due to the geometric stress
caused by lifting the skin, preventing the probe from sliding.
They proposed a model to calculate the resistance produced by
elastic deformation. In the case of low and high interfacial
adhesion, local deformation can occur, which mainly leads to
friction losses due to the rubber deformation. In such cases, the
friction between hard spherical or conical sliders and the
rubber would be higher for rubbers with low Young’s moduli
and larger hysteresis loss. Guan et al.'®® used a non-invasive
method to conduct in vivo skin friction experiments. They
observed that lifting the skin before the probe during friction
tests involved horizontal movements.

The geometrical morphology of the contact area was repre-
sented by combining two elliptical models, as shown in Fig. 7b.
The optical system uses the Greenwood model to project the
contact morphology of the skin and provide characteristic
accuracy of skin deformation. This model applies to small
and large deformations and separates adhesion friction from
deformation friction based on the ratio between indentation
depth and probe radius. In Fig. 7c, the first step is to establish
symmetrical boundaries for both the left half region (purple
solid line and black dotted line) and the right half region (black
solid line and purple dotted line). The next step is to fill the
symmetrical region by converting the dotted lines to solid lines.
This configuration allows for the use of a standard elliptical
model to fit the data, as S’ shown in Fig. 7b.

The contact morphology shows symmetry with the x-axis
during the horizontal movement phase. Before mounting, the
length equal to half the axis of the ellipse (represented by the
red curve in Fig. 7b) is assumed, while % is determined by
measuring half the distance between the two y-axis intersections
and the contact limit. The remaining half-axis length [ is
adjusted accordingly. However, the small strain assumption
may not be applicable due to the different indentation depths
in the experiments. In light of these challenges, a model was
created to determine lift-off resistance, taking into account the
expected contact morphology and the hyperelastic properties of
human skin. The lifting resistance model was constructed in the
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polar coordinate system through coordinate transformations.
Eqn (3) and (4) express the total uplift resistance:

U

! LI
2 R r 2(*2pr? cos ¢

F=2 r——— —cos ¢drd :J J ————drd¢ (3
LLP vVR2 -2 R $drdg 0Js VR — 2 ¢ G

s = ab/\/a2 cos? ¢ + b2sin’ ¢ and
(4)

s = a’b/\/b2 cos? ¢ + a2 sin® ¢

The total horizontal resistance taking into account both lifting
resistance and adhesive friction can be calculated using the
equation Fyo = Faqn — F, where F, Faqp, and Fy, represent lifting
resistance force, adhesion friction force, and experimental
horizontal resistance force. However, human skin has non-
ideal elastic properties (e.g., hysteresis), which causes a differ-
ence between the loading and unloading curves during the
elastic recovery process. Therefore, the skin cannot transfer
the same amount of elastic work as observed or expected during
horizontal sliding, resulting in a loss of energy that must be
compensated for by frictional work. The deformation friction
Fy4er can be calculated using eqn (5):

%r 2pr? cos ¢
0Js V R2 — 7’2

where o represents the proportion of the component in the
overall elastic work, expressed as a fraction of the elastic loss.
Friction properties are influenced by both contact force and
contact area, in which the indentation depth increases by the
expansion of the contact area, thus amplifying the adhesive
component of friction, ie., a larger indentation depth corre-
sponds to a larger degree of deformation. Moreover, the detec-
tion of sliding friction is often overlooked, and advanced
techniques are lacking due to the limited understanding of
surface sliding. While conventional force detection is related to
tactile perception, sensing sliding friction is crucial for detect-
ing slides, categorizing materials, and recognizing surface
roughness during sliding interactions. Overall, the detection
of sliding friction relies mainly on sensor networks that map
pressure changes to estimate object movement.'®” However,
this approach is limited when the object partially slips from the
sensor array or when the size of the object is smaller than that
of the sensor array. These limitations hinder the widespread
application of sliding friction force in tactile interaction.'®®*¢°

Fyef = oF = fo drd¢ (5)

3.1. Non-invasive chemical bioadhesive interfaces

Non-invasive chemical bioadhesive materials that can form
strong bonds with biological tissues or surfaces without requiring
invasive procedures are desired, relying instead on chemical
interactions (Fig. 8a and b). Developing these interfaces offers
benefits such as minimal tissue damage, reduced pain, improved
patient comfort, and biocompatibility. These materials have the
potential to revolutionize medical treatments, drug delivery
systems, wound healing, and related fields by providing effective
and practical solutions.*"”® While some chemical adhesives have
commonly been used to enhance the surface adhesion of sensors,

2870 | Chem. Commun., 2025, 61, 2858-2877

View Article Online

Highlight

- Elastomers Elastomers

Patch {7 < N
& \‘*\\ }‘rouﬂn l Gaps
TThickness lAdhesion l Stretchability T Voids LConformabiIity
c d
Showering with SHE Non-adhesive 1-Ve Temp
) i
Dissipatin: Adhesive +Ve Temp
[ 6 6 - P S A m m—

patch

6o, 6
: [y Patzh ,/‘,-3 Absorbing interfacial water;

% Adhesive material

— Covalent bond —lonic bond
-- Hydrogen bond == Hydrogel patch

Impedance and multi-sensor

High modulus (rigid)

Oxygen barrier

At

i ST

Double-sided adhesive of hydrogel

Low modulus (flexible)

Fig. 8 Various adhesion properties of hydrogel patches for skin inter-
faces. (a) Stretchable hybrid wearable electrodes (SHE) exhibit soft and
adhesive properties for direct skin application. The inset shows the
mechanics of the skin—electrode interface during conformal contact. (b)
Improper patch contact with voids. (c) Water effect on SHE adhesion,
leading to weaker contact. (d) Temperature's effect, with decreasing
temperatures reducing adhesion. (e) Dry adhesive electrodes supported
by a hydrogel layer ensure skin—patch contact. (f) The role of hydrogel in
the presence of a skin ulcer, designed to measure tcPO, and local tissue
impedance.

they can often lead to skin allergies or damage and are vulnerable
to moisture in wet environments. For example, a dehydrated
hydrogel loses its softness, stretchability, and shape, implying that
additional seals or chemicals are needed to prevent water loss.>?
Thus, electronic components must have strong adhesion proper-
ties to adhere to the skin in both dry and wet conditions while
avoiding non-chemical contamination of the applied surface.*'”*
Chun et al.®” improved the adhesion properties of graphene-coated
fabrics (GCFs) by integrating octopus-like patterns (Ops), allowing
the GCFs to maintain their strong adhesion in both dry and humid
environments without extra chemicals. In dry conditions, the Ops
added suction stress to the van der Waals force, while in wet
environments, suction stress and capillary force were dominant.
GCFs with Ops exhibited higher normal adhesion force than GCFs
without Ops in both dry and wet conditions (high sensitivity at a
fine pressure range <1 kPa). This indicates that GCF with Ops can
be effectively used in developing waterproof wearable sensors and
electrode systems that easily adhere to human skin (Fig. 8c)."”*
Additionally, polymer-ionic liquid gels (PIL gels) provide
another viable option for flexible ionic conductors. Ionic liquids
(ILs), which are salts with low melting points, provide a non-
volatile solution at room temperature, solving the freezing and
dehydration problems encountered with hydrogels in electrode-to-
skin interfaces. Therefore, PIL gels exhibit improved stability
compared to hydrogels, and their utility in a wide range of
iontronic devices has been verified. However, the high cost and
toxicity of synthetic ILs pose significant challenges to the
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commercialization and transdermal applications of PIL gels.®"'">
Lim et al'”® developed a skin-device interface with tissue-like
properties for bioanalysis and transdermal therapy using ultrathin
(~150 pm) poly(acrylamide) (PAAM) hydrogel film that provides
extremely suitable contact with human skin (i.e., no air gap at the
surface/interface) due to their intrinsic softness (Young’s modulus
of polyimide (PI), PAAM hydrogel, and human skin: 2.5 GPa, 8 kPa,
and 50-150 kPa, respectively).*® This hydrogel film forms a stable,
water-retaining, semi-solid surface between the wearable bioelec-
tronic device and the human skin. When the human skin tem-
perature reaches ~43 °C, oxygen molecules are released from the
blood vessels (Fig. 8d)."”* These oxygen molecules diffuse outward
from the heated skin surface and must pass through the hydrogel
layer to reach the electrode (Fig. 8e). The hydrogel facilitates both
heat and mass transfer, accurately sensing transcutaneous oxygen
tension (tcPO,) by diffusing oxygen, which is electrochemically
reduced on the working electrode (maximum oxygen reduction
peak in CV is near —0.7 V)."”® Surface temperatures were mon-
itored using an infrared camera. The devices are coated with a
multi-layer oxygen barrier film to prevent oxygen exchange
between the device and the external environment (e.g., PI/Al/PI,
PEDOT/PSS/PAAM, etc.) (Fig. 8f). This covering layer (encapsula-
tion) not only limits oxygen flow but also protects the hydrogel
from drying out, thereby maintaining the electrochemical perfor-
mance of the hydrogel electrode surface.

3.2. Non-invasive mechanical bioadhesive interfaces

Mechanical adhesion plays a key role in the connection between
bioelectronics and skin interfaces. This adhesion is influenced by
various factors such as geometry, humidity, viscosity, surface
tension, gas counter pressure, size, thickness, weight, stretch,
and softness. For instance, when a low-viscosity adhesive is applied
to the surface of the skin, it forms a mechanical anchor between
components such as electrodes, hydrogels, and the skin itself.
Surface roughness can improve adhesion strength by increasing
surface contact area; however, excessive roughness can reduce
adhesion strength due to stress peaks, cavities, and fewer contact
points, which limits the long-term biocompatibility of the
material.""*"”” Given the growing demand for more biocompatible
and less skin-irritating alternatives, dry adhesive patches offer
notable advantages over acrylic polymer-based adhesives. They
exhibit reproducible and reversible adhesion and are less affected
by surface contamination and environmental factors such as water
(Fig. 8c).”""'”® To overcome these limitations, Bae et al** intro-
duced a dry skin patch with enhanced adhesion, using synthetic
micropillars. The base of these pillars is made from a rigid
material such as hard PDMS (Young’s modulus ~ 8.2 MPa) with
a higher curing agent content, while the upper layer consists of
flexible PDMS with a lower amount of curing agent (Young’s
modulus ~0.8 MPa) (Fig. 8e)."”®'”® This synergetic combination
enables the creation of monolithic integrated composite PDMS
micropillars with improved strength, adhesion, and durability. The
lower region acts as a stabilizer, while the tip layer ensures effective
contact with human skin. The tip of the composite micropillar has
a relatively low modulus, which facilitates uniform contact on
rough skin surfaces. The roughness of the skin can be modeled as
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an array of spherical caps according to eqn (6) (where % is the
height, r is the radius, and 4 is the separation distance between the
caps). The elastic deformation of the tip layer can be calculated by
analyzing the contact between a spherical cap and the flat tip of a
spatula, as shown in eqn (7). The radius of the contact area can be
determined by algebraic manipulation of a unit cell.'**'%"

r2——_ (6)

()

ajKR =

where w, F, and FE represent the work of adhesion, preload, and
elastic modulus, respectively. A lower modulus increases the
contact area, and composite micropillars with low-modulus spa-
tulas exhibit a greater adhesion force compared to homogeneous
micropillars.

In addition, Kim et al.”® developed a method to combine
miniaturized electronic packages with ultra-thin connectivity plat-
forms to enhance signal processing and long-range Bluetooth
connectivity. The wireless and stretchable hybrid electronics (SHE)
eliminate the need for conductive gels and adhesives. For instance,
thin Au/PI electrodes (1.2 pm thick) arranged in a stretchable mesh
layout can conform to complex skin structures and adapt to tissue
movements, reducing film thickness to improve skin contact
(Fig. 8a and b).'® The main elastomer, ~500 um thick, helps
maintain the integrity of the electrodes during application and
recovery. However, practical applications of these designs have been
limited due to the fragility of the ultra-thin films upon removal and
difficulties connecting them to rigid electronic packages.'®®

Moreover, increased substrate thickness can affect signal
exposure, quality, and accuracy in physiological monitoring,
especially when considering skin roughness (Zrough and Arough)-
Proper contact is achieved when the adhesion energy exceeds
the combined elastic energy of the skin and the bending energy
of the electrode. Adhesion is determined by the elastomer’s
work of adhesion (Jerastomer) @nd the contact surface, while
elastic energy depends on the skin modulus (Egin) and Arougn.'**
The correlation between Yejastomer aNd Eelastomer required for
proper electrode contact assumes that onboard electronics are
mechanically separated from the underlying electrodes and
bonded due to the presence of a thick and flexible elastic layer.
The adhesion energy (Yerastomer) i calculated by eqn (8), with «
representing the real fraction of PI and Au.""

T Eskin (hrough - h)

l. 64

n*EIn?

Velastomer = (1 i OC> /Lrough4 nl:ﬁrough where
b 4)~r0ugh2 (8)
_ Eskinhrough
16m*EI
/lrough* + ESkin
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In general, since animal skin differs significantly from human
skin, incorporating medical films with adhesive properties like
Tegaderm can provide a secure and reliable way to hold devices
in place, regardless of skin condition or the activity level of the
subject.'®?

3.3. Non-invasive electrical bioadhesive interfaces

The integration of bioelectronic devices with skin tissue has
traditionally involved physical attachment or surgical suturing,
but these methods often lead to issues such as poor contact,
unstable fixation, tissue damage, and potential scarring.'® Con-
ductive polymer hydrogels have emerged as promising tissue-
interfacing electrodes due to their soft, tissue-like mechanical
properties. However, a trade-off between mechanical strength
and electrical performance has hindered the development of
hydrogels that are both tough and highly conductive, limiting
their application in bioelectronics.'® Cai et al.'®® addressed this
issue by developing a locally coupled electromechanical interface
known as CoupOn, a four-layered ionotronic assembly that
mimics the cytoadhesion architecture of transmembrane pro-
teins. The CoupOn interface achieves strong interlayer adhesion
(~400 N m™") and better stability in bioelectronic applications.
In contrast, a thin elastomer with dual metal nanofilms, though
thinner (~40 pm compared to ~ 140 pm for CoupOn), exhibited
poor contact with the skin, indicating that surface smoothness
and adhesion play a more crucial role than film thickness in
achieving stable contact."®® However, the correlation between
mechanical events like muscle contraction and EMG stimulation
may vary depending on factors such as muscle type and contrac-
tion force,'®”'®® which complicates real-time prosthetic control.
Existing methods for prosthetic control, based on strain sensors,
face challenges like electromechanical delay,'® limited sensitiv-
ity to the hand gesture,'®° inability to detect strength levels,""
and reduced useability for amputees.

Current challenges in integrating bioelectrical devices with
wet and dynamic tissues stem from poor adhesion, low con-
ductivity, and high impedance.'®>'®® For instance, dry e-
bioadhesive interfaces, such as those incorporating a thin
nanocomposite graphene layer, help mitigate these issues by
facilitating water removal from the tissue surface through
hydration and subsequent swelling in the thickness direction.
This allows the interface to quickly establish a secure connection
with tissue in <5 s, exhibiting robust interfacial toughness
(>400 ] m~?) and high electrical conductivity (>2.6 S m™ "),
which surpasses that of biological tissues (0.3-0.7 S m ). In
general, e-bioadhesive interfaces can be engineered to maintain
high water content, tissue-like softness, anisotropic swelling, and
strong adhesion while remaining electrically conductive.'***%>
For example, the NHS ester groups in the e-bioadhesive interface
form covalent bonds with primary amine groups on tissue
surfaces, enabling a permanent bond, even under wet conditions.
These bonds can be easily reversed within 5 minutes using a
biocompatible solution, ensuring trauma-free device removal.'®
Additionally, the anisotropic swelling of the interface minimizes
misalignment or delamination between the device and tissue in
wet environments.
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3.4. Non-invasive biocompatible adhesive interface

Evaluating biocompatibility typically involves tests for cytotoxi-
city, skin irritation, and local tissue reactivity.'®” Skin irritation
tests, for example, assess both the safety and comfort of the
device on the skin. In non-invasive electrode-skin interfaces,
maintaining low contact impedance is essential to optimize
signal quality and reduce energy loss. Enhancing electrode and
material designs can improve the contact impedance between
the electrode and the skin, which is critical for both user health
and the functionality of medical devices and biosensors. Xue
et al."® reported conductive nanocomposite hydrogel tapes
(Electro-Ox hydrogel tapes), which, when applied to the bare
skin of a Japanese white rabbit, showed no signs of redness,
swelling, discharge, or infection. These hydrogel tapes exhib-
ited strong adhesion (~1268 J] m~?) within hours of covalent
bond formation. They proved effective as tissue sealants and
adhesives for wearable devices and implants, even on dynamic
and bleeding tissue surfaces.

Cytotoxicity and skin irritation tests further confirmed the
hydrogel electrodes’ excellent biocompatibility, indicating they
are safe for the user’s skin.*® For instance, Deng et al.* evaluated
the biocompatibility of an e-bioadhesive interface through both
in vitro and in vivo testing in a mouse model. The in vitro
cytotoxicity results were comparable to those of the control group,
while the in vivo stability of the interface’s mechanical and
electrical properties was assessed by measuring conductivity,
impedance, and surface strength between two gold electrodes
over 14 days of implantation in a mouse subcutaneous pocket.
No significant differences were observed (P > 0.05), demonstrat-
ing the interface’s good biocompatibility. Wang et al.'®® devel-
oped a biocompatible conductive biogel that can be applied to
the skin, which transitions reversibly between a liquid and a
viscoelastic gel state depending on temperature. This gel can be
easily removed with water, solving the challenge of long-term
reliable EEG recording where interfaces must ensure dependable
electrode contact, even with a hairy scalp.?’’ Dense hair can
hinder solid-like interfaces from effectively contacting the scalp,
making sophisticated structural designs (e.g., columnar or claw-
like features) critical for consistent contact.”’ Furthermore,
electrode materials must be easily removed without causing skin
damage once their designated service life ends.**””

4. Challenges and future directions

In the past decade, significant advances in biointerfaces have
enhanced real-time health monitoring, revolutionizing biome-
dical applications. However, critical technological challenges
remain in flexible and wearable skin interfaces. These difficulties
hinder the widespread adoption of high-performance bioelec-
tronics that integrate with human skin, particularly for applica-
tions involving dynamic tissues. Additionally, effective collecting
and analyzing physiological, chemical, and electrophysiological
signals requires addressing mechanical imbalances, weak adhe-
sion forces, and electrical instability, especially in wet environ-
ments common in long-term bioelectrical systems. Improving

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4cc06078d

Published on 22 lanuarius 2025. Downloaded on 03/11/2025 00:16:31.

Highlight

flexibility, stretchability, power supply integration, and protec-
tion against electrical leakage remains essential. While research
on flexible batteries is ongoing, their current mechanical and
electrical properties do not yet meet the needs of energy-
intensive wearable and implantable bioelectronic systems.
Battery-free alternatives (e.g., capacitive coupling interfaces)
show promise but are currently limited in their channel count
and data transfer capabilities, leading to increased interference,
lower signal sensitivity, and occasional device failure.

Recent data revealed that material selection, substrate pre-
deformation, and device structure are crucial in manufacturing
flexible wearables suitable for wet and dry environments. Addres-
sing these issues is critical for optimizing biocompatibility, per-
formance, and usability at the electrode-skin interface. Even small
fluctuations can disrupt the balance at the skin’s surface, poten-
tially compromising signal interpretation. Wireless skin-integrated
tactile interfaces, though limited by sensory feedback and operat-
ing frequency, offer potential applications in remote robot control
and medicine. Approaches such as advanced discrimination tests,
the integration of multiplexers, and system-on-chip designs (where
key electronic components are combined on a single chip) can
help overcome these limitations. Exploring haptic interfaces may
also broaden interactions with the skin, including detecting sur-
face and shear vibrations, static displacements, and thermal
changes. This could lead to haptic information channels in
emerging technologies like virtual reality and enhance human-
machine interfaces, a promising area for future research.

Therefore, key considerations and future research directions
can be summarized below: (1) material selection: devices
should be designed according to the specific nature of the skin
surface (smooth, rough, hairy, ulcerated, etc.) and its location
(flat, curved, etc.). (2) Theoretical and computational models:
While promising models exist, further experimental studies are
necessary to achieve biomedical advancements (e.g., hybrid
energy harvesting) (3) environmental conditions: internal body
conditions and external factors (e.g., temperature, pressure)
should be considered before application. (4) Gel-free advanced
materials: these materials are needed for intelligent skin tissue
regeneration. (5) Stability and scalability: ensuring material
stability, biodegradability, and scalability is essential for com-
mercialization and improving long-term signal monitoring and
reliability.

5. Conclusions

In summary, biointerface sensing has emerged as a transfor-
mative approach for numerous advanced applications, includ-
ing continuous health monitoring, interventional therapies,
physiological, biochemical, and electrophysiological sensing,
as well as tissue engineering. This technology involves intricate
interactions with biological components such as cells, tissues,
and organs. Wearable devices are engineered to maintain close
contact with the human body, extract precise information, and
influence tissue function through electrical stimulation and
visible signals. Achieving an optimal balance between adhesion,
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mechanical strength, conductivity, and biocompatibility is essen-
tial for high sensitivity in acquiring electrophysiological signals.
The thickness and Young’s modulus of the substrate and elec-
trode materials play a crucial role in determining the bending
stiffness of wearable electrodes, which need to be flexible and
smooth for effective contact with skin patches. In addition, the
development of stretchable electronics opens up new applica-
tions for advanced ultra-flexible energy harvesting and storage
solutions.*®* In fact, there are various power sources such as
mechanical, thermal, chemical, solar energy, etc.>*> Among them,
energy harvesting systems suitable for collecting different forms
of energy have gained attention. For example, triboelectricity is
generated during the contact-separation process of two different
materials; piezoelectricity is produced during the mechanical
deformation of piezoelectric materials; and electromagnetic
energy is generated from a conductor moving in a steady mag-
netic field.>*®* In all cases of the transduction mechanisms,
mechanical energy is converted into electrical energy. For
instance, Yu et al.>*® presented an ultra-soft polymeric substrate
with cross-dimensional nanomaterial integration, the highly
efficient and stable nanoengineered lactate biofuel cells array,
which is a battery-free, fully perspiration-powered electronic skin
that harvests energy from human sweat through it, performs
continuous multiplexed monitoring of key metabolic biomarkers
and wirelessly transmits the personalized information to a user
interface via Bluetooth low-energy.

Deformation friction contributes minimally to total friction,
with its behavior positively correlated to specific experimental
conditions. Accurate assessment of shear friction requires the
use of a hyperelastic model to calculate lifting resistance based
on the expected contact area. One of the key limitations of
flexible and stretchable electronic components in wearable
biomedical devices is their inability to store recorded data in
memory modules for long-term continuous monitoring. This
shortcoming affects their capacity to deliver advanced thera-
peutic interventions based on diagnostic patterns identified
from collected data. Conductive polymer hydrogels and their
hybrids with nanomaterials and organic electrochemical
transistors," with their suitable elastic modulus, strong adhe-
sion, excellent electrical conductivity, and biocompatibility,
offer a promising solution for the next generation of human-
machine interfaces. Therefore, further studying the interac-
tions between electrodes and skin tissue is critical for under-
standing various human activities and improving device
performance. Interdisciplinary research into electrode-skin
interfaces seeks to enhance the safety, longevity, and function-
ality of human-machine interactions, paving the way for the
seamless integration of bioelectronics into everyday life.
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